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Abstract. Site-directed mutagenesis using genetic constructs carrying the CRISPR/Cas system is an effective technology
thatis actively used to solve a variety of problems in plant genetics and breeding. One of these problems is to improve the
nutritional value of grain sorghum, a high-yielding heat- and drought-tolerant cereal crop that is becoming increasingly
important in the conditions of climate aridization. The main reason for the relatively low nutritional value of sorghum
grain is the resistance of its storage proteins, kafirins, to proteolytic digestion. We have previously obtained mutants with
improved kafirin in vitro digestibility using the CRISPR/Cas technology in grain sorghum variety Avance. The nucleotide
sequence of one of the genes (k71C5) of the gene family encoding the signal polypeptide of 22 kDa a-kafirin was used
as a target. The aim of this study was to investigate the manifestation of the main agronomically-important traits in
the progeny of these mutants and inheritance of high in vitro protein digestibility, and also sequencing nucleotide
sequences encoding the 22 kDa a-kafirin signal polypeptide in a number of plants from the T, generation and their
T, progeny. It was revealed that four of the six studied T, plants, as well as their progeny, had the same mutation:a T—C
substitution in the 23rd position of the nucleotide sequence of the k71C5 gene encoding the signal polypeptide, which
led to a substitution of the coding triplet CTC—CCC (Leu—Pro). This mutation is located off-target, 3’ from the PAM
sequence. It is suggested that this mutation may have arisen as a result of Cas9 nuclease errors caused by the presence
of multiple PAM sequences located close to each other. It was found that the progeny of two of the three studied
mutants (T, and T families), grown in the experimental field conditions, differed from the original variety by a reduced
plant height (by 12.4-15.5 %). The peduncle length, 1,000-grain mass, and grain mass per panicle did not differ from
the original variety, with the exception of the progeny of the 2C-1.2.5b mutant, which had a reduced grain yield per
panicle. Unlike the original variety, plants from the T, and T; generations had kernels with a modified type of endosperm
(completely floury, or floury with inclusions of vitreous endosperm, or with a thin vitreous layer). The level of grain
protein digestibility in the progeny of mutants 2C-2.1.1 #13 and 2C-1.2.5a #14 varied from 77 to 84 %, significantly
exceeding the original variety (63.4 = 2.3 %, p < 0.05). The level of protein digestibility from kernels with modified
endosperm was higher than that of kernels with normal vitreous endosperm (84-93 %, p < 0.05). The reasons for the
variation in endosperm texture in the progeny of the mutants and its relationship with the high digestibility of kafirins
are discussed.

Key words: Sorghum bicolor; CRISPR/Cas; alfa-kafirins; in vitro protein digestibility; endosperm
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HcciiegoBaHue IMOTOMCTBA MYTAaHTOB COPIro, IMOJIYVU€HHbBIX
C MCIIO/Ib30BaHMeM reHetTmdyeckoiy KOHCTpyKiumm CRISPR/Cas9,
HarlpaBJIEHHOI Ha MHAVKIIMIO MyTallnii B reHe o-KadpupuHa k1C5
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AHHoTauuA. CanT-HanpaBfieHHbI MyTareHe3 NoCPeACcTBOM FreHeTUYeCKnX KOHCTPYKUnn, Hecywmx cuctemy CRISPR/Cas,
cunTaeTcsa 3GPeKTVBHON TEXHONOIMEN, AKTUBHO MPUMEHSAEMON AN PELIEHMA CaMblX Pa3HbIX 3afay FeHeTUKN 1 cenekymm
Yy MHOTVIX BO3/ie/blBaeMbIX KySbTyp. 3epHOBOE COPro — YHMKasbHaA Mo CBOEW 3aCyXOyCTONYMBOCTY N XapOCTOMKOCTM 3Ma-
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Study of the progeny of sorghum mutants
with edited sequence of the k1C5 gene

KOBas KynbTypa, CNy»Kallasa MCTOYHUKOM KOPMOB U MULLEBOTO 3epHa B apMAHbIX PerMoHax 3eMHOro Lwapa, npuobpeTatoLyas
BCe 6onbluee 3HaUYeHVe B yC/IOBUAX rNobanbHOro notenneHna knumata. OfHOM U3 OCHOBHbIX 3afiay cenekumm copro ABnsA-
eTcA ynyyleHne CpaBHUTENIbHO HWU3KOMN NUTaTeNbHON LIEHHOCTY 3epHa, 00YCNOBIEHHON B TOM YMCSie YCTOMYMBOCTBIO €ro
3anacHbIX 6eNKoB — KahrPUHOB — K MPOTEONUTUYECKOMY pacliuenieHnto. Hamu paHee nyTem UCMONb30BaHNA TEXHONOMM
CRISPR/Cas y 3epHOBOro copro copta ABaHC OblI MOMyYEHbl MyTaHTbI C YNy4LLEHHOWN NepeBapmBaeMoCTbio KadupUHOB B
cucteme in vitro. Npu 3TOM B KauecTBe MULLEHW Obln BbIOpaH OAMH 13 YNIEHOB FEHHOTO CEMeCTBa, Koaupytolero 22 kla
o-KapupuH, a MMeHHo reH k1C5. Lienb faHHOTO NCCNeAoBaHUA — U3yYeHne NOTOMCTBa NOTyYeHHbIX HAMU paHee pacTeHUiA,
HecyLmx MyTauum B reHe k1C5, oTAMYaloLWMXCA ynyyLleHHOM NepeBaprBaeMoCTbio 6eNKOB 3epHa B cucTeMme in vitro, a UMeH-
HO: aHanNM3 Hac/eOBaHNA BbICOKOW NepeBapnBaemMOCT, NPOABNEHNA OCHOBHbIX CENEKLMOHHO LIeHHbIX MPU3HAKOB, a TakKe
BbIIBMIEHVE CTPYKTYPbl HYKNEeOTUAHON NocnefoBaTeNbHOCTY, KOAUPYIOLWEN CMrHaNbHbI nonunenTtug 22 ka a-kadupuHa
y pafa pacTeHuin n3 nokoneHna Ty 1 ux notomcTa T;. OBHapy»KeHo, UTO Y YeTbipex 13 LeCTV U3yUYeHHbIX pacTeHunii Ty, a
TaKXKe y MX MOTOMCTBa NPUCYTCTBYET OAHA U Ta e MyTauuma: 3ameHa T—C B 23-1 No3uLun HyKNeoTUAHONM NocneaoBaTenb-
HoCTU reHa k1C5, KogupyioLlen CUrHanbHbIA NOANNENTUS, KOTOpas NprBena K 3aMeHe koaupytowero Tpunneta CTC—CCC
(Leu—Pro). 3Ta MyTaumMa pacrnonaraeTca 3a npeaenamu BbI6GPaHHON MULLEHN, B HanpasfieHUn 3’ oT NoC/IefoBaTeNIbHOCTH
PAM. Bbicka3blBaeTCA NpeAnonoxeHWe, YTO flaHHaA MyTaLuA MOrfia BO3SHMKHYTb B pe3ynbTaTte owmnboK Hykeasbl Cas9, oby-
CNOBEHHbIX HANIMUMEM HECKONbKIMX nocnefoBaTenbHocTelt PAM, pacnonoxeHHbIx 6113Ko Apyr K Apyry. YCTaHOBNEHO, YTO
NMOTOMCTBO ABYX M3 TPeX 13yYeHHbIX MyTaHTOB (cembyu T, 1 Ts), BblpalleHHOe B YCIOBMAX OMbITHOrO Moss, OTANYanocb ot
NCXOAHOr0 COpTa CHUXKEHHOW BbICOTON pacTeHua (Ha 12.4-15.5 %). nuHa LBeTOHOXKM, Macca 1000 3epeH 1 Macca 3epHa
C MeTesIKM He OTAIMYANNCh OT MCXO[HOTO COPTa, 3a UCKIIoYeHeM notomcTea MyTaHTa 2C-1.2.5b, y KoToporo ypoxai 3epHa
C MeTesiKM Obln CHUXKEH. B oTiMume oT MCXO[HOrO CopTa, Y PacTeHUn 13 NoKoneHui T, n T; NPpUCYTCTBOBaNM 3€PHOBKM C
MOANDULMPOBAHHBIM TUMOM SHAOCNEPMA (MOJTHOCTHIO MyUYHUCTBIM, MO0 C BKPanJeHUAMN CTEKNOBUAHOTO SHAOCNEPMa,
MO0 C TOHKMM CTEKNOBUAHbBIM C/lI0eM). YPOBEHb NepeBapuBaemMocT 6enKoB 3epHa B notomctae mytaHToB 2C-2.1.1 N2 13
n 2C-1.2.5a N2 14 BapbupoBan ot 77 fo 84 %, 3HaUMMO MNpeBbILLanA NnokKasaTeslb UCXOAHOro copTa (63.4 £+ 2.3 %, p < 0.05).
YpoBeHb NepeBapuBaemMocTyi 6eNkoB 13 3€pPHOBOK C MOAUDULIMPOBAHHBIM SHAOCMNEPMOM Oblifl BbILLE, YeM Y 3ePHOBOK C
06bIYHBIM CTEKNOBUAHBIM SHAOCMEPMOM (84-93 %, p < 0.05). O6CyKAATCA NPUYMHbBI BapbUPOBaHWA TEKCTYPbI SHAOCNEP-
Ma y NOTOMCTBa MOJyYeHHbIX MyTaHTOB 1 ee CBA3b C BbICOKOW NepeBaprBaeMoCTblo KaprpuHOB.

Kniouesbie cnosa: Sorghum bicolor; CRISPR/Cas; anbda-KadprpuH; nepeBaprBaemocTb in vitro; sHAoCnepm

Introduction

Modifying the nucleotide sequences of genes using the
CRISPR/Cas genome editing technology is one of the most
powerful tools in plant genetics and breeding (Zhu et al., 2020;
Gao, 2021; Saini et al., 2023). In recent years, the CRISPR/
Cas technology has been intensively used in many cultivated
plant species, including sorghum, a unique drought- and heat-
resistant cereal crop that serves as a source of feed and food
grain in arid regions of the globe. Despite the fact that sorghum
is one of the most difficult cereal species to transform, many
studies have appeared on sorghum genome editing using the
CRISPR/Cas technology, which have been summarized in a
number of reviews (Balakrishna et al., 2020; Parikh et al.,
2021; Wong A.C.S. et al., 2022).

One of the most actual problems in sorghum breeding is
improving the digestibility of grain storage proteins. Sorghum
grain contains a significant amount of protein (on average
10-12 %, and in some lines up to 16-18 %), represented by
different classes of kafirins (a, B, y, d), related to alcohol-
soluble proteins — prolamins, which make up to 70-80 %
of the total protein content, and non-kafirin proteins, the
composition of which is poorly studied (Bean et al., 2018).
Different classes of kafirins differ in their molecular weight
and amino acid composition, and are encoded by different
genes. An important feature of kafirins is their resistance to
proteolytic digestion. As a result, the level of in vitro grain pro-
tein digestibility in the vast majority of varieties and hybrids
does not exceed 40-60 % (Wong J.H. et al., 2010; Elkonin et
al., 2013; Duressa et al., 2018). Such resistance of kafirins to
proteolytic digestion also reduces the digestibility of starch,
since undigested kafirins prevent complete amylolytic cleav-
age of starch granules (Zhang, Hamaker, 1998; Ezeogu et al.,
2005; Wong J.H. et al., 2009).

The resistance of kafirins to protease digestion is multi-
factorial (see reviews: Belton et al., 2006; Duressa et al., 2018).
These factors include the chemical structure of kafirins, which
are rich in sulfur-containing amino acids (especially y- and
B-kafirins) capable of forming intra- and intermolecular cross-
links, which are believed to prevent the proteolytic cleavage
of kafirins; the interaction of kafirins with polyphenols, which
inhibit protease activity. An important factor is the spatial
organization of different kafirins in the protein bodies of en-
dosperm cells. In the early stages of endosperm development,
v- and B-kafirins are synthesized and deposited in protein
bodies developing in the endoplasmic reticulum. Alpha-
kafirin, synthesized at later stages of endospermogenesis,
is deposited inside protein bodies, pushing y-kafirin to the
periphery, which forms a kind of “shell” that is difficult for
proteases to digest (De Mesa-Stonestreet et al., 2010; Duressa
etal., 2018).

As a result of the study of mutants with impaired synthe-
sis of kafirins obtained using RNA interference (see review:
Elkonin et al., 2021), it was found that partial suppression of
kafirin synthesis significantly improves the digestibility of
grain proteins and promotes the synthesis of other proteins
with higher nutritional value. In this regard, targeted induc-
tion of mutations in the genes encoding kafirin synthesis
can contribute to the production of new sorghum lines with
improved digestibility of grain proteins, which, unlike lines
carrying the genetic construct for RNA silencing, will be
devoid of transgenes.

In recent years, several studies have been published repor-
ting successful editing of a-, B-, and y-kafirin genes (Li A.
et al., 2018; Massel et al., 2022, 2023; Elkonin et al., 2023;
Li X. et al., 2024). Most of these studies targeted nucleotide
sequences encoding signal polypeptides responsible for the
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deposition of a- and y-kafirins in the protein bodies of endo-
sperm cells (Li A. et al., 2018; Elkonin et al., 2023; Li X. et
al., 2024). These mutants had improved digestibility of grain
proteins, in contrast to mutants with mutations in the f-kafirin
gene structure (Massel et al., 2023).

The aim of this study was to explore the progeny of pre-
viously obtained plants carrying mutations in the k1C5 gene,
characterized by improved digestibility of grain proteins;
namely, to study the inheritance of high digestibility, the
manifestation of the main agronomically important traits,
and to identify the structure of the nucleotide sequence of the
k1C5 gene encoding the 22 kDa a-kafirin signal polypeptide.

Material and methods

Material and growing conditions. The progenies of T, plants
with high in vitro protein digestibility, which were obtained
from the T, mutants 2C-2.1.1 [T, #11 (86.6 % digestibility)
and T, #13 (86.7 %)], Ty 2C-1.2.5a [T, #11 (92.4 %) and
T, #14 (77.3 %)], and T 2C-1.2.5b [T, #14 (91.8 %)], were
studied. These mutants were obtained in genome editing ex-
periments with grain sorghum cv. Avance using the binary vec-
tor p2C containing the Cas9 endonuclease gene and gRNA
targeted at the nucleotide sequence of the k1C5 gene enco-
ding the 22 kDa signal polypeptide of a-kafirin (Elkonin et al.,
2023). The selected T, plants with high protein digestibility
did not contain the CRISPR/Cas genetic construct (Elkonin
et al., 2023). The studied progenies (T, and T3 generations)
were grown in the experimental field of the Federal Centre
of Agriculture Research of the South-East Region (Saratov,
Russia). Plants were grown in 4-m rows with 70 cm row spac-
ing, with a plant density of 6 plants per 1 m. The panicles of
all plants were carefully bagged in parchment bags before
flowering. The following traits were analyzed: plant height,
peduncle length, 1,000-grain mass, grain yield per panicle,
endosperm type, and in vitro digestibility of grain proteins.
In each family, 10-20 plants were studied.

Grain protein digestibility. To study the digestibility of
grain proteins, the method of treating whole-milled flour with
pepsin was used (Aboubacar et al., 2001; Wong J.H. et al.,
2009). In this case, a weighed sample of flour (60 mg) was
incubated in 1 ml of 0.15 % pepsin solution (Sigma-Aldrich,
P7000; 250 units/mg) in 0.1 M potassium phosphate buffer
(pH 2.0) at 37 °C on a shaker (70 rpm).

A method based on scanning the electrophoretic spectra
of proteins obtained in SDS-PAGE was used for quantitative
assessment of digestibility (Aboubacar et al., 2001; Nunes
et al., 2004; Wong J.H. et al., 2009; Elkonin et al., 2013).
For this purpose, flour samples after pepsin digestion, as
well as control samples incubated in potassium phosphate
buffer without the addition of pepsin, were centrifuged at
13,000 rpm; the pellet was incubated in extraction buffer
(0.0125 M Na,B,0-, pH 10.0) under reducing conditions
(1 % SDS, 2 % 2-mercaptoethanol) at room temperature for
2 h, after which it was boiled (100 °C) for 5 min. Samples
were centrifuged at 13,000 rpm and separated by SDS-PAGE
on 12.5 % (w/v) polyacrylamide gel according to a modified
Laemmli method (Laemmli, 1970). 15 pul of extract were
added to each lane. Separation was monitored using protein
molecular weight markers, 10-200 kDa (Servicebio, G2058,
Wuhan, Hubei, China). Gels were stained with Coomassie
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R-250. After electrophoresis, gels were scanned using the
ChemiDoc system (Bio-Rad Laboratories, Hercules, CA,
USA); the protein amount was estimated using Image Lab 6.1
software (Bio-Rad). Digestibility indices were calculated as
the percentage difference between the protein volume in the
control sample and the digested sample, relative to the control
sample. The previously obtained Avance-1/18 mutant with a
genetic construct for RNA silencing of the gkAF1 gene was
used as a standard of high in vitro digestibility (Elkonin et al.,
2021). Experiments were performed in duplicate.

Endosperm texture. The endosperm texture was deter-
mined on cross-sections of mature kernels, which were made
using a sharp scalpel. The following types of endosperm were
distinguished: normal with a thick vitreous layer and modified,
which included floury, floury with blurred vitreous endosperm,
and floury with a thin rim of vitreous endosperm. Forty kernels
were analyzed from each plant.

Sequencing of the k1C5 gene nucleotide sequence.
To identify mutations, PCR amplicons of the k1C5 gene
(primers F: 5'"-TTGCCAGGGCTAGTTGACTG-3" and
R: 5-AGGCTTTGATCCACATGAGCA-3") were cloned into
the pAL2-T vector (Eurogen, Russia). Sanger sequencing
was performed by Syntol (Moscow, Russia) on an ABI 3130
genetic analyzer (sequencing primer: 5-TTGCCAGGGC
TAGTTGACTG-3’). Mutations in the sequenced amplicons
were identified using Chromas (https://www.technelysium.
com.au) and SnapGene Viewer 5.2.4 (https://www.snapgene.
com) computer programs.

Methods of biological statistics. To assess differences in
in vitro protein digestibility of the studied samples, one-way
ANOVA was performed using the AGROS software package,
version 2.09 (S.P. Martynov, Institute of Genetics of the Rus-
sian Academy of Sciences), and Duncan’s Multiple Compari-
sons Test. Differences in the manifestation of morphometric
traits between mutant families and the original variety were
assessed using Student’s t-test.

Results

Sequencing of the nucleotide sequence

encoding the 22 kDa signal polypeptide

of a-kafirin of the k1C5 gene

Sequencing of the nucleotide sequence encoding the 22 kDa
a-kafirin signal polypeptide of one of the genes of the k1C
gene family (k1C5) in two plants from the progeny of the
Ty 2C-2.1.1 mutant, #2 and #11 (T, generation), characte-
rized by improved digestibility of endosperm proteins (86 and
87 %, respectively), showed that they have the same mutation:
a substitution of the 23rd nucleotide, counted from the 5’-end
of the nucleotide sequence of the signal polypeptide (in the
F-chain: T—C; in the R-chain: A—G) (Fig. 1b, ). Sequencing
of a similar sequence in the original T, mutant showed that
the same mutation was also present in the parental T, plant
(Fig. 1a). Insilico analysis showed that this mutation leads to
a substitution of the coding triplet CTC—CCC, which should
result in a substitution of the eighth amino acid of the a-kafirin
signal polypeptide, namely, in the substitution of leucine, an
aliphatic non-polar hydrophobic amino acid, for proline, a
heterocyclic less hydrophobic amino acid that causes a bend
in the a-helix of the protein. Such a substitution could change
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the structural and functional properties of the polypeptide and,
as a consequence, the nature of a-kafirin deposition in protein
bodies, and thereby affect their digestibility.

Sequencing of a similar amplicon in one of the T, plants
from the progeny of another T, mutant 2C-1.2.5a #11,
characterized by improved protein digestibility (92 %), also
revealed the presence of a T—C mutation at the same site
of the nucleotide sequence encoding the signal polypeptide
(Fig. 1d). Remarkably, we identified the same mutation by

a Wild type
Tp2C-2.1.1
b Wild type

T,2C-2.1.1-Ne2

C Wild type
T,2C-2.1.1-Ne 11

d Wild type
T,2C-1.25a-Ne 11

e Wild type
To2C-1.2.5b

Study of the progeny of sorghum mutants
with edited sequence of the k1C5 gene

sequencing the DNA of another T plant 2C-1.2.5b (Fig. 1e),
regenerated from the same callus as 2C-1.2.5a. Previously,
we found the same mutation in the T, plant 2C-1.2.9, while
this mutation was absent in two other T, plants (1C-2.1.1 and
2C-1.2.4) (Elkonin et al., 2023).

Thus, four out of the six T, plants studied have the same
mutation: a T—C substitution at position 23 of the nucleotide
sequence of the k1C5 gene, and this mutation is inherited in
the T, generation.

A>G

A>G

T>C

T>C

A>G

Fig. 1. Results of sequencing of the nucleotide sequences encoding 22 kDa o-kafirin signal polypeptides
inTy2C-2.1.1 (a) and its T, progeny 2C-2.1.1, plant #2 (b) and plant #11 (c); T, 2C-1.2.5a, plant #11 (d); T, 2C-1.2.5b (e).
a, b, e - R-chain; ¢, d - F-chain. PAM sequences are underlined with a solid line; the target sequence is dashed. The
nucleotide sequence encoding the 22 kDa a-kafirin signal polypeptide was taken from the Phytozome website,

https://phytozome.jgi.doe.gov: Sobic.005G193100, Chr05: 67654898-67655764.
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Manifestation of agronomically important traits

An analysis of the manifestation of the main agronomically
important traits in the progeny of mutants with improved
digestibility of endosperm proteins obtained by us earlier
(Elkonin et al., 2023) revealed that in the T, generation, two of
them, 2C-1.2.5a and 2C-1.2.5b (families 203/23 and 200/23),
had reduced plant height compared to the original cv. Avance,
by 12.4-15.5 %, respectively (Table 1). The reduced plant
height in the 2C-1.2.5a mutant was also inherited in the
T; generation (by 5.5 %, family 208/23). The length of the
peduncle (protrusion of the paniculate internode) did not differ
in the progeny of the mutants and the original cv. Avance. The
1,000-grain mass and grain yield per panicle in all families also
did not differ from the original cv. Avance, with the exception
of the progeny of the 2C-2.1.1 mutant (T, 195/23 family),
which had larger and heavier grains, and the progeny of the
2C-1.2.5b mutant (T, 200/23 family), which had reduced grain
yield per panicle. In plants of all the studied families, most
kernels had endosperm of the normal vitreous type, charac-
teristic of the original cv. Avance. However, almost all fami-
lies contained plants that had kernels with a floury endo-
sperm, or with a blurred or thin vitreous layer (Fig. 2), i. e.,
endosperm types characteristic of mutants with impaired
kafirin synthesis (Elkonin et al., 2021). The proportion of
such kernels in some plants from families 197/23 (T3 genera-
tion of the mutant 2C-2.1.1) and 208/23 (T3 generation of the
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mutant 2C-1.2.5a) reached 35-40 % (Table 1). Often, such
kernels were smaller in size compared to kernels with normal
vitreous endosperm.

Analysis of grain protein digestibility in the progeny of
mutants 2C-2.1.1 #13 and 2C-1.2.5a #14 (both from T;)
showed that increased values of this trait, compared to the
original cv. Avance, were manifested in plants from genera-
tions T, and T3 (Fig. 3). For example, in the progeny of mutant
2C-2.1.1 #13 (Table 2, families T, 195/23 and T5 197/23), as
well as mutant 2C-1.2.5a #14 (family T5 208/23), the digesti-
bility level reached 77-84 %, exceeding the original cultivar
by 10-20 % (p < 0.05), while a significantly higher digesti-
bility level was observed in kernels with a normal vitreous
type of endosperm, characteristic of the original cultivar. At
the same time, the level of protein digestibility from kernels
with floury or blurred vitreous endosperm was significantly
higher than that of kernels with normal vitreous endosperm,
reaching 84-93 % and significantly exceeding the level of
digestibility in the original cultivar (p < 0.05), which did not
have such kernels.

Discussion

The CRISPR/Cas technology is considered one of the most
effective tools for inducing mutations at strictly defined loci
of plant genome. However, in some cases, the precision of
editing gene nucleotide sequences using the CRISPR/Cas9

Table 1. Manifestation of agronomically valuable traits in the progeny of sorghum mutants
obtained using the CRISPR/Cas genetic construct targeting the 22 kDa a-kafirin gene (k1C5)

T, mutant Progeny
Generation, Plant height, Peduncle Endosperm type' M 600r 9 Grain yield
family cm length, cm per panicle, g
cv.Avance 191/23 133.1£2.0 13.2+14 Vitreous (100 %) 328+14  32.6+3.1
2C-2.1.1 T,:195/23  132.7£3.0 14.1+1.2 Vitreous; modified (up to 4 %) 374+0.6% 313+27
T5:197/23  126.5+£2.9 13.9+1.0 Vitreous; modified (up to 24-43 %) 346+15  27.3%3.2
2C-1.25a  T,:203/23  116.6+£1.2** 154+0.6 Vitreous; modified (up to 6-10 %) 31.3+13 27.0%2.1
T5:208/23  125.8+23* 143%0.7 Vitreous; modified (up to 19-71 %) 349+1.7 27.7+29
2C-1.25b  T,:200/23  112.5+4.6** 12.8%1.0 Vitreous; modified (up to 5-9 %) 309+14  26.6+1.3%

*,** Differs from the original cv. Avance at p < 0.05 and p < 0.01, respectively. ! The proportion of kernels with a different endosperm type in different plants from

the family.

Fig. 2. Cross-sections of the kernels of the mutant 2C-1.2.5a (plants from family 208/13).

a - normal vitreous endosperm, b - floury endosperm, ¢ - endosperm with a blurred vitreous layer. Scale bar T mm.
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Fig. 3. Electrophoretic spectra of proteins from flour of sorghum kernels from different generations of the mutant 2C-2.1.1 obtained by site-directed

mutagenesis of the k7C5 gene.

a: plant #197-9/23 from the T; generation (lanes 7-12) (experiment 03.09-2, see Table S1)1. b: plant #195-3/23 from the T, generation (lanes 7-12) (experiment
13.08-1, see Table S1). On both plates: 1-3 - original cv. Avance; 4-6 — mutant with RNA silencing of the gKAF1 gene (Elkonin et al., 2021) (standard of high level of
in vitro protein digestibility); 7-9 - kernels with normal vitreous endosperm; 10-12 - kernels with floury endosperm; 1, 4, 7, 10 — control samples (without pepsin
treatment); 2,3,5,6,8,9, 11, 12 - samples after pepsin treatment (two replicates for each sample); M - molecular weight markers (Servicebio, G2058). The spectra
of samples characterized by significantly higher digestibility compared to the Avance variety (Table 2, Table S1) are marked with asterisks.

Table 2. In vitro digestibility of flour proteins from kernels with different endosperm types in some plants from the progeny
of sorghum mutants obtained by site-directed mutagenesis of the k7C5 gene

Mutant Plant, Protein digestibility (%) from kernels with different endosperm types
i
generation Normal vitreous Floury or blurred vitreous
cv. Avance 63.4+23 -
2C-1.2.5a, T, #14, selection in T, 208-2/23,T; 72.8% 79.5%
from a kernel with blurred vitreous T N N
endosperm 208-11/23,T; 84.3 84.1
208-6/23,T; 71.7 ns 84.8*
2C-1.2.5a, T, #1 203-4/23,T, 65.2 ns -
2C-2.1.1,T, #13 195-3/23,T, 73.9% 76.1%
195-4/23,T, 71.3% 79.7*
195-8/23,T, 62.3 ns 73.9%
2C-2.1.1, T, #13, selection in T, from 197-9/23, T, 68.6* 92.9%
a kernel with blurred vitreous N
endosperm 197-6/23, T, 64.7 ns 81.0
197-11/23, T, 77.1% 78.3%

Note. * Differs from the original cv. Avance at p < 0.05, in accordance with the F-criterion (Table S1); ns - no significant differences from cv. Avance when

analyzing the corresponding SDS-PAGE.

system may be flawed (Sturme et al., 2022; Guo et al., 2023;
Movahedi et al., 2023).

In our experiments, four out of six studied T plants had the
same mutation: a T—C substitution at position 23 of the k1C5
gene nucleotide sequence. This mutation is located outside the
selected target, 3'-end to the PAM (protospacer-adjacent motif)
sequence, and is therefore off-target. A detailed analysis of the
nucleotide sequence of this region of the k1C5 gene revealed
the presence of several PAM sites located close to each other:
two 5'-AGG and one 5'-TGG (Fig. 1). It is possible that due

T Supplementary Table S1 is available at:
https://vavilov.elpub.ru/jour/manager/files/Suppl_Elkonin_Engl_29_8.pdf

to such proximity, the Cas9 nuclease could make errors and
introduce breaks between the two PAM sites: AGG | AGG.
Therefore, one of the reasons for the occurrence of off-target
mutations, as our data show, may be a significant number of
closely located PAM sites. Similar examples of off-target Cas9
activity, where a mutation occurs in the target gene but outside
the chosen target, were previously found in a study editing
the Phytoene desaturase (PDS) gene in two cassava varieties
(Manihot esculenta Crantz) (Odipio et al., 2017). Notably, in
another work in sorghum on editing the nucleotide sequence
encoding the signal polypeptide of the y-kafirin gene using a
CRISPR/Cas9 genetic construct, mutations occurred not at the
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canonical site, between the 3rd and 4th nucleotides 5'-end to
the PAM, but after the 15th nucleotide of the target and beyond,
5'-end to the PAM site, but within the target gene (Li X. et
al., 2024). These facts raise questions about the accuracy of
genome editing using Cas9 nuclease in sorghum.

Another important point worthy of discussion is the de-
crease in the level of kafirin digestibility in the progeny of
the mutants we obtained. Previously, we found a significant
increase in the level of grain protein digestibility in a number
of mutants obtained in the T, generation: up to 80-87 % in
the 2C-2.1.1 mutant, up to 86 and 92 % in the 2C-1.2.5b and
2C-1.2.5a mutants, respectively (Elkonin et al., 2023). In the
T; generation, the digestibility level decreased to 68-74 % in
the 2C-2.1.1 mutant and 72-84 % in the 2C-1.2.5a mutant,
significantly exceeding, however, the same indicator in the
original cv. Avance (Table 2, Table S1); in the plants from the
progeny of the 2C-1.2.5b mutant, there were no significant
differences from cv. Avance.

Apossible reason for such a decrease in digestibility may be
different growing conditions of the plants: the T, generation
was grown in a climate chamber under conditions of regular
watering and high air humidity, while the T; plants were grown
in an experimental field plot. It is known that under drought
stress conditions, the digestibility of sorghum grain proteins is
significantly reduced in some cultivars (Impa et al., 2019). In
addition, a possible compensatory increase in the expression
of other genes controlling the synthesis of kafirins, which led
to the restoration of their content and a decrease in the level
of digestibility of grain proteins, cannot be ruled out. Such a
compensatory increase in the content of y-kafirin was previ-
ously found in sorghum mutants with impaired synthesis of
B-kafirin, which restored the overall balance of kafirins in the
grain and did not lead to an improvement in the digestibility
index (Massel et al., 2023).

Of particular interest is the variation in endosperm texture in
mutants from different generations. In Ty plants, the formation
of kernels with impaired development of vitreous endosperm
was observed (Gerashchenkov et al., 2021). Such kernels are
characteristic of sorghum mutants with partially suppressed
kafirin synthesis and high protein digestibility (see reviews:
Duressa et al., 2018; Elkonin et al., 2021). In T, plants, ker-
nels with normally developed vitreous endosperm and high
protein digestibility were formed, which was an unusual
phenomenon, given the close correlation between high di-
gestibility and floury endosperm in sorghum (Duressa et al.,
2018). In the T, and T3 generations, plants from a number of
families again had kernels with a modified type of endosperm
(floury or with a thin, often blurred vitreous layer along the
periphery of the endosperm), which were distinguished by a
significantly higher level of digestibility (Table 2). As a result
of the selection of such kernels, we obtained two T families,
208/23 and 197/23, in which plants contained kernels with
normal vitreous endosperm with a higher level of protein
digestibility than in the original cultivar. Such variations in
the endosperm texture may be a consequence of the influence
of environmental conditions on the expression of the induced
mutation, or another mutation that we have not yet identi-
fied affects the modification of the endosperm type. A more
definitive conclusion can be made in the future as a result of
additional studies.
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Conclusion

In summary, as a result of studying the progeny of sorghum
mutants obtained using the CRISPR/Cas9 genetic construct
aimed at inducing mutations in the k1C5 gene encoding the
synthesis of a-kafirin, we identified two T3 families, 208/23
and 197/23, in which the plants contained kernels with nor-
mal vitreous endosperm and a higher level of grain protein
digestibility in comparison with the original cultivar (up to
72-84 %, compared to 62—-64 % in the original cv. Avance).
Plants from these families do not have significant differences
in the manifestation of agronomically valuable traits from
the original cultivar, with the exception of reduced height
(by 5-15 %), and do not contain the CRISPR/Cas genetic
construct. Four of the six Ty plants studied harbor the same
mutation: a T—C substitution at position 23 of the k1C5 gene
sequence, and this mutation is inherited by the T, generation.
This mutation is located 3'-end to the PAM sequence, and
may be a consequence of off-target Cas9 activity, in which
the mutation occurs in the target gene but off-target due to the
presence of multiple PAM sites located close to each other.
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Abstract. RNA interference (RNAI) is a powerful tool for gene silencing. It has recently been used to design
promising plant protection strategies against pests such as viruses, insects, etc. This generally requires modifying
the plant genome to achieve in planta synthesis of the double-stranded RNA (dsRNA), which guides the cellular RNA
interference machinery to silence the genes of interest. However, given Russian legislation, the approach in which
dsRNA is synthesized by the plant itself remains unavailable for crop protection. The use of exogenously produced
dsRNA appears to be a promising alternative, allowing researchers to avoid genetic modification of plants, making
it possible to implement potential results in agriculture. Furthermore, exogenous dsRNAs are superior to chemical
pesticides (fungicides, insecticides, etc.), which are widely used to control various plant diseases. The dsRNA acts
through sequence-specific nucleic acid interactions, making it extremely selective and unlikely to harm off-target
organisms. Thus, it seems promising to utilize RNAi technology for agricultural plant protection. In this case, questions
arise regarding how to produce the required amounts of pathogen-specific exogenous dsRNA, and which delivery
method will be optimal for providing sufficient protection. This work aims to utilize exogenous dsRNA to silence
the Nicotiana benthamiana phytoene desaturase gene. Phytoene desaturase is a convenient model gene in gene
silencing experiments, as its knockdown results in a distinct phenotypic manifestation, namely, leaf bleaching. The
dsRNA synthesis for this work was performed in vivo in Escherichia coli cells, and the chosen delivery method was
root treatment through watering, both techniques being as simple and accessible as possible. It is surmised that the
proposed approach could be adapted for broader use of RNAi technologies in agricultural crop protection.
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Nicotiana benthamiana ¢ TIOMOIIL[bI0 KOPHEBOI 00PabOTKI
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AHHoTauusA. PHK-nHTepdepeHUMa — MOLLHbIA MHCTPYMEHT ANS FeHHOTO CailflIeHCUHra, 6rarofaps YeMmy 1cnosb3yeTcs
npy pa3paboTke HOBbIX MOAXOAOB C OONMbLIMM MOTEHUMANOM ANA 3alMTbl PacTEHWUA OT BMPYCOB, HACEKOMbIX U
Apyrnx natoreHoB. Kak mpaBWio, B TakMX CUCTeMax reHOM pacTeHWin ropasepraetca mopndukaumam C Lenbio
cuHTe3a fAsyuenodeuHbix PHK (auPHK), Heobxopmmbix ana PHK-vHTepdepeHUMn n nocnepymowero canneHCuHra
HEenocpeacCcTBEHHO B pPacTUTeNbHbIX KneTkax. OfHako C yyeTom 3akoHopaTenbcTBa Poccuiickon Oefepauny Takomn
noAxof He MOXKeT UCMOJIb30BaTbCA Ha CEIbCKOXO3ANCTBEHHbIX PacTEHUAX, YTO fieNlaeT HEBO3MOKHbIM €ro MpUMeHeHue
npwu ycnosun cnHTesa auPHK camnm pacteHnem. MpriMeHeHre 3K30reHHO cMHTe3npoBaHHo AUPHK moxeT ctatb nep-
CNEKTUBHbBIM CMOCOOOM 3aLUTbl PACTEHUIA, TaK Kak MO3BONAET 136eXaTb CO34aHNsA reHeTnYeCKn MoandULNPOBaHHbIX
OpraHv3MOB 1 BHEAPUTb MONYYEHHYI Pa3paboTKy B CENIbCKOM XO3AWCTBE. Takke 3K3oreHHble AUPHK umetot
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Silencing of the N. benthamiana phytoendesaturase gene
by root treatment of exogenous dsRNA

NPenMyLLeCTBO MO CPaBHEHUIO C XUMUKaTamu (GyHrumaaMmmn, MHCEKTULMAAMA U T. A.), UCMONb3yeMbIM/ 418 3aLLUTbI
pacTeHni, Tak Kak AUPHK pencTByloT nocpeAcTBOM cBoel crieunduyeckor HyKneoTUAHOW MocCnefoBaTenbHOCTY,
YTO [enaeT OMMCaHHbIN MOAXOh KpaiHe M36MpaTenbHbIM K MaToreHy M 6e3omacHbIM AnA OPYrMX OPraHUM3MOB.
B coBOKynHOCTM BbllwenepeynciieHHble dakTopbl genatt metoabl PHK-uHTepdepeHumm Becbma nepcrnekTvBHbIMA
INA NMPUMEHEHMA B CENbCKOM X03ANCTBE C LieNblo 3alyTbl PacTeHWUIA, MO3TOMY BCTAaeT BOMPOC O KPynHOMacLITabHOM
CUHTe3e 3K30reHHbIXx Monekyn AUPHK, cneumduuHbix K onpeaeneHHOMy naToreHy, U Bblbope ONTMManbHOro
cnocoba rx [OCTaBKM ANA AOCTMKEHNA 3almTHOro 3¢dekra. Llenbio HacToALen paboTbl ABNAETCA CalIEHCUHT reHa
¢duToeHpecaTypasbl Tabaka beHtxama (Nicotiana benthamiana) ¢ npuMeHeHeM 3K30reHHO cCMHTe3npoBaHHol ALPHK.
leH duTOEHAECATYpPa3bl — OUEHb YAOOHAA MOAeNb B SKCMEPUMEHTaX MO PerynAaunMm reHHON akTBHOCTH, TaK Kak ero
CalIEHCKHT COMPOBOXKAAETCA APKMM bEHOTUNNYECKM NposABfeHneM B Buge nobeneHmsa nuctbes. CuHTes guPHK
ocywecTBnAnu in vivo B knetkax Escherichia coli; B kauecTBe cnocoba focTaBkM BbibpaHa KopHeBasa 06paboTka uepes
NoONMB pacTeHMA — MaKCMMaNbHO NPOCTbIe U JOCTYMHble MaHunynauun. NpegnonaraeTca, YTo NPeANoXeHHbIV NOAX0S
MOXeT ObITb MaclWTabnupoBaH 1 afanTMPOBaH ANA 3alWTbl PACTEHUIA B CENIbCKOM XO3AMCTBE C MOMOLLbIO METOLOB, B
OCHOBE KOTOpbIX Nexxut PHK-uHTepdepeHuuma.

KnioueBble cnoBa: PHK-uHTepdepeHLUsA; reHHbI calineHCcuHr; ¢utoeHaecaTypasa; sk3oreHHasa AuPHK; Nicotiana

benthamiana; kopHeBaa 06paboTka

Introduction

In order to protect plants against pathogens and pests, agri-
culture relies on the widespread use of chemical pesticides
that are applied to the environment in large amounts. These
intense applications of chemical pesticides pose potential risks
for human health, beneficial organisms, and the environment
(Niehl et al., 2018). Therefore, it is imperative that new al-
ternative methods of controlling plant diseases be developed.
Thus, there is a need for novel tools and alternative methods
to control disease epidemics. A promising new approach with
strong potential for protecting plants against viruses and other
pathogens involves the application of dsSRNA.

dsRNA applications can be highly advantageous over
chemical compounds. Whereas chemical compounds act by
a structure-dependent mechanism, dsRNAs act through their
specific nucleotide sequence. Hence, once engineered to af-
fect a specific pathogen target with a homologous sequence,
dsRNAs and small interfering RNA (siRNA) derivatives
should act only against the targeted pathogen. It is worth
noting that, unlike chemical pesticides, dSRNA agents are
biocompatible and biodegradable compounds, natural and
universally found inside and outside organisms as well as in
food. In this way, applying dsRNA proves to be a much more
flexible and environmentally friendly approach.

However, the wide application of dsRNA treatment in
agriculture is hampered by the lack of efficient and cost-
effective methods to synthesize large quantities of dsRNA.
The main approach to obtain dsRNA has been the physical
annealing of two enzymatically synthesized single-stranded
RNAs (ssRNA) in vitro (Laurila et al., 2002). Also, the ef-
ficiency of exogenously administered dsRNA in plants can
be influenced by several factors: dsSRNA concentration/dose
and length/size, method of application, method of delivery,
plant organ-specific activity, and stability under unfavorable
environmental conditions. It is these factors that eventually
determine the rate of uptake of exogenous dsRNA by plant
cells for RNAI triggering. Given all these factors, it is neces-
sary to develop an efficient method for the large-scale synthesis
of dSRNA molecules and to choose the best method for their
delivery (Carthew, Sontheimer, 2009).

In this work, we suggest a method for regulating the acti-
vity of the phytoene desaturase gene in tobacco (Nicotiana

benthamiana) using dsRNA synthesized in Escherichia coli
cells: root treatment of plants with crude bacterial lysate
containing the target dsRNA led to photobleaching of plant
leaves by RNA interference (RNAI).

Phytoene desaturase is a key enzyme in chlorophyll syn-
thesis, with its silencing known to result in the phenotypic
manifestation of leaf photobleaching. Thus, this gene is often
used as a model for developing new approaches to regulate
gene activity. Root treatment with crude lysate allows scal-
ing up dsRNA production and minimizing delivery time and
resources. The approach developed is expected to be used
to protect agricultural plants by regulating gene activity by
RNAI.

Materials and methods

Characterization of the bacterial strain. This study used the
E. coli HT115 (DE3) strain [F-, mcrA, merB, IN(rrnD-1rnE) 1,
rncl14::Tn10(DE3 lysogen: lacUVS promoter — T7 poly-
merase) (IPTG-inducible T7 polymerase) (RNAse 11l minus)].
This strain is deficient in RNase III and therefore can be
used to generate dsSRNA. The strain was cultured in standard
Luria-Bertani (LB) liquid media or LB agar with tetracycline
(12.5 pg/mL).

Characterization of the L4440 plasmid. Plasmid L4440
(Plasmid #1654, Addgene, USA) was used in this study. The
specific feature of this plasmid (i. e. the presence of two strong
T7 promoters in opposite directions) makes it suitable for the
production of dsSRNA fragments. Also, the plasmid carries an
ampicillin resistance gene.

Selection of primers. Primers were selected using the
Primer-BLAST resource (https://www.ncbi.nlm.nih.gov/tools/
primer-blast/index.cgi) on the N. benthamiana mRNA matrix.
The selected primer variants were tested for the presence of
hairpins, self- and heterodimers using the OligoAnalyzer
tool (https://eu.idtdna.com/calc/analyzer). As a result, the
following primers were synthesized: forward 5-GGCACTC
AACTTTATAAACC-3" and reverse 5'-CTTCAGTTTTCT
GTCAAACCATATATGGAC-3' (Syntol, Russia).

Production of cDNA. mRNA was isolated using the
RNeasy Plant kit (Qiagen, USA) according to the manufac-
turer’s protocol, with the RNA sample obtained analyzed on a
Bioanalyzer Instrument 2100 RNA analyzer (SB RAS Genom-
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ics Core Facility, ICBFM SB RAS). Reverse transcription was
performed with the BiolabMix R01-250 kit (BiolabMix, Rus-
sia). The HS-qPCR SYBR Blue kit (BiolabMix, Russia) was
used to generate fragments, and amplification was performed
in a Bio-Rad IQ instrument (Bio-Rad, USA).

Cloning of the pds gene fragment. The pds gene was
cloned in two steps. Initially, the gene was cloned into the
pCR2.1 intermediate T-vector (Invitrogen, USA). Bacterial
colonies containing the gene fragment were first selected
using the blue-white screening. The final selection of clones
was carried out based on the presence of the complete gene
fragment in the restriction spectra after treatment with EcoRI
endonuclease.

Cloning into the final vector L4440 was performed using the
ligase-restriction method with the restriction endonucleases
Pstl and Ncol. For this purpose, the corresponding restriction
sites were introduced into the pds gene fragment during its
amplification (the same sites are present in the structure of
the L4440 vector). Recombinant E. coli clones were selected
on a selective medium containing ampicillin. To verify the
presence of the pds gene fragment in the L4440 vector, PCR
was performed using primers specific for the pds gene. The
final presence of the pds gene fragment and its nucleotide
sequence were confirmed by Sanger sequencing.

Transformation of the E. coli strain HT115 (DE3) with
plasmid L4440. Competent cells were prepared according to
the Nishimura protocol (Nishimura et al., 1990). For transfor-
mation, a 0.1 ml aliquot of bacterial suspension was mixed
with 5 pl of L4440 plasmid dissolved in TE buffer (100 pg)
and incubated on ice for 30 min. Next, the cells were placed in
an incubator and maintained at 42 °C for 60 s, then incubated
again on ice for 2 min and diluted 10-fold with pre-warmed to
37 °C LB broth. The suspension was incubated at 37 °C for 1 h
to develop ampicillin resistance. Then 100 pl of the suspension
was rubbed into LB agar with ampicillin (50 pg/ml), and the
cups were incubated at 37 °C for 24 h. The grown colonies
were formed by transformed bacteria.

The presence of an integrated fragment of the pds gene
was verified by PCR of selected colonies as well as by
Sanger sequencing (SB RAS Genomics Core Facility, ICBFM
SB RAS).

VIGS positive control. A model plant, N. benthamiana,
was used in VIGS experiments. Seeds of N. benthamiana were
germinated and then the seedlings were planted in plastic pots
(10 cm in diameter) containing a mixture of universal potting
soil (TerraVita, Russia), perlite and vermiculite (8:1:1, v/v),
and cultivated in a growth chamber under continuous ligh-
ting at 24 °C.

Vector construction. The VIGS vectors pTRV1 (pYL192)
and pTRV2 (pYL279) obtained from the Arabidopsis Biologi-
cal Resource Center (ABRC, USA) were described previously
(Liu et al., 2002; Burch-Smith et al., 2006). Total RNA was
extracted from leaf tissues of Nicotiana tabacum cv. SR1 (the
phytoendesaturase gene sequence in this species is identical
to that in N. benthamiana) using Trizol reagent (Invitrogen,
USA), and first-strand cDNA was synthesized using the Re-
vertAid First Strand cDNA Synthesis Kit (Thermo Scientific,
USA) according to the manufacturer’s instructions. The cDNA
pool was used to amplify the NtPDS gene fragment sequence
(GenBank accession number: AJ616742.1) by PCR using
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high-fidelity Phusion polymerase (New England Biolabs,
USA) as per the manufacturer’s instruction. The selected
primers were checked for hairpins, self-dimers, and heterodi-
mers using the OligoAnalyzer tool. As a result, the following
primers were synthesized: forward 5'-CACCGGCACTC
AACTTTATAAACC-3" and reverse 5'-CTTCAGTTTTCT
GTCAAACCATATATGGAC-3' (Syntol, Russia).

The resulting 413-bp PCR fragment was cloned into the
pENTR/D-TOPO vector (Invitrogen, USA), verified by
sequencing, and then recombined into the pTRV2 vector by
carrying out an LR recombination reaction using the Gateway
system (Invitrogen). The generated vector pTRV2::NtPDS was
transformed by heat shock into the Agrobacterium tumefaciens
GV2260 strain and used in VIGS experiments.

The A. tumefaciens GV2260 strain, carrying the pTRV1,
pTRV2, and pTRV2::NtPDS vectors, was separately inocu-
lated into Luria-Bertani liquid media containing kanamycin
(100 pg/mL) and rifampicin (25 pg/mL). The cultures were
incubated overnight with shaking at 28 °C. The cells were
harvested from the overnight cultures, re-suspended in the
induction buffer (10 mM MES; 10 mM MgCl,; 250 uM aceto-
syringone; adjusted to pH 5.5 with 1 M KOH), and incubated
for 6 h at room temperature in a shaker. After incubation,
the cells were harvested from the induced cultures and re-
suspended in the infiltration buffer (10 mM MES, adjusted
to pH 5.5 with 1 M KOH) with dilution to a final absorbance
0D, = 1.0.

For leaf infiltration, A. tumefaciens strain GV2260 cul-
tures containing pTRV1 and pTRV2 or pTRV2::NtPDS were
mixed in a 1:1 (v/v) ratio and infiltrated into lower leaves of
21-days-old N. benthamiana plants using a 1-ml needleless
syringe (Ratcliff et al., 2001; Liu et al., 2002). Infiltrated
plants were maintained under constant light for 12 hata 20 °C
temperature for effective Agrobacterium T-DNA insertion
(Brigneti et al., 2004).

Root treatment of N. benthamiana with a crude lysate
of E. coli HT115 (DE3) containing dsRNA of phytoende-
saturase. After inducing dsRNA synthesis, crude lysates of
bacterial suspensions can be used as a source of exogenous
dsRNA. Root treatments are also used to deliver target mo-
lecules for PTGS in plants (Jiang et al., 2014; Li et al., 2015;
Dubrovina, Kiselev, 2019).

Crude lysates of the E. coli HT 115 strain were prepared for
root treatment, transformed with the L4440 plasmid with an
integrated fragment of the pds gene. Bacterial lysates without
plasmid, with incorporation of the native plasmid L4440, buf-
fer, and water were used as controls.

The crude lysate was prepared in the following manner (Gan
et al., 2010). An overnight culture of the bacteria was grown
for 16 h with shaking at 37 °C in standard LB broth, with
ampicillin at a concentration of 50 pg/mL added for strains
with the L4440 plasmid insertion. The bacterial suspension
was then diluted to ODsg5 = 0.5. Next, dsSRNA synthesis was
induced by adding IPTG at a final concentration of 0.6 mM,
and the bacteria were incubated at 37 °C for 4 h. After the
required time, the suspension was centrifuged to obtain a pre-
cipitate (1,500g, 15 min, 4 °C), which was then resuspended
in ice buffer (50 mM Tris-HCI, 10 mM EDTA, pH 7.5) taken
in 1/50 of the original volume. The tubes were then placed in
ice and treated with ultrasound (20 kHz, 15 min). The resul-
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ting lysate was centrifuged (9,000 rpm, 20 min, 4 °C), and
the supernatant was used for plant treatments (2 ml per plant).

Four plants were used for each type of root treatment: wa-
ter, TrissHCI/EDTA buffer, E. coli HT115 without plasmid,
E. coli HT115 with the L4440 plasmid, E. coli HT115 with
the L4440 plasmid with an integrated pds fragment. All plants
were grown in a sterile mixture of universal soil (TerraVita,
Russia), perlite and vermiculite (8:1:1, v/v). The plants were
treated three times a week (Monday, Wednesday, Friday) for
a period of four weeks. Root treatment was carried out by
watering the plants with supernatant resuspended in 2 ml of
Tris-EDTA buffer.

Extraction of dsSRNA. 1 ml of the bacterial suspension was
centrifuged for 5 min at 10,000 rcf, and the supernatant was re-
moved. The precipitate was dissolved in 200 pl of a mixture of
1 M CH;COONH, and 10 mM isoamyl alcohol and extracted
with an equivalent volume of isopropanol:phenol:isoamy]l al-
cohol in the ratio (25:24:1). Then it was incubated for 15 min at
65 °C and centrifuged for 15 min at 10,000 rcf. The supernatant
was withdrawn and an equivalent volume of isopropanol was
added, followed by incubation for 12 hours at —20 °C. After
incubation, it was centrifuged for 30 min at 12,000 rcf. The
liquid was removed carefully. The precipitate was washed
twice with 70 % ethanol, with the precipitate resuspended in
10 pl of RNase-free water, and DNAase buffer was added.
Next, the incubation was done for 30 min, followed by the
addition of 20 ul of RNase A and 20 pl of DNase. Then,

3.000 ori

Silencing of the N. benthamiana phytoendesaturase gene
by root treatment of exogenous dsRNA

the incubation was performed for 1 hour at 37 °C. 100 pl of
a isopropanol:phenol:isoamyl alcohol mixture in the ratio
(25:24:1) was extracted. The mixture was stirred vigorously
and centrifuged at 12,000 rcf for 15 min. The supernatant was
removed, and the precipitate was washed with 200 ul of 70 %
ethanol, dried at room temperature, and dissolved with 1xTE
buffer. The presence and integrity of dSSRNA were checked by
gel electrophoresis in 1 % agarose gel.

Results

Production of exogenous dsRNA

using an RNase-deficient E. coli HT115

strain transformed with the L4440 plasmid

The E. coli HT115 (DE3) strain was used to produce dsRNA
because it is deficient in RNase III, an enzyme that normally
hydrolyzes dsRNA in the bacterial cell. The L4440 vector
was used for the transformation. Due to having two strong
T7 promoters in opposite directions, this vector can be used
to produce target dsRNA fragments.

A 404 bp fragment of the tobacco phytoene desaturase pds
gene was cloned into the L4440 vector by sticky ends using
restriction endonucleases Pstl and Ncol, with the presence of
the required fragment in the vector confirmed by sequencing.
A map of the resulting plasmid is shown in Figure 1.

The presence of the target fragments of the correct length
was confirmed by electrophoretic analysis (Fig. 2).
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Fig. 1. Map of vector L4440 containing a fragment of the pds gene of N. benthamiana (PDS_benthamiana_L4440).
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Preparation of a crude bacterial lysate

containing dsRNA fragments for silencing

phytoene desaturase N. benthamiana

Astrainin E. coli HT 115 (DE3) transfected with the PDS_ben-
thamiana 14440 vector was used to produce target dsSRNA
fragments for silencing pds genes. Induction of dSRNA syn-
thesis was performed using IPTG. Next, a crude lysate was
obtained from the bacterial suspension (Gan et al., 2010)
containing dsRNA. 2-ml aliquots of the crude lysate were
prepared for treatment of N. benthamiana plants.

Root treatment of N. benthamiana

with a crude bacterial lysate containing

dsRNA for silencing the pds gene

In this study, root treatment of tobacco with a crude bacterial
lysate containing exogenous dsRNA was performed for the
first time. Bentham tobacco (N. benthamiana) was used as
a model plant for the experiment. Experimental plants were
treated with the E. coli HT115 (DE3) crude lysate with the
PDS_benthamiana 1.4440 plasmid. After four weeks of root
treatment, N. benthamiana leaves treated with the bacterial
lysate with insertion of a phytoene desaturase gene fragment
showed photobleaching phenotypes of young leaves typical
for pds gene silencing (Fig. 3). The leaves of N. benthamiana
plants from the negative control did not change their pheno-
type throughout the entire treatment period.

Discussion

Currently, there are numerous studies indicating the possibility
of turning off or reducing the expression of certain genes to
regulate resistance, growth, and other properties of plants by
inducing RNA interference (Kamthan et al., 2015; Tiwari et
al., 2017). Yet this approach involves the stage of obtaining
a transgenic plant or using constructs based on attenuated
plant viruses.

The problem of RNA delivery without using vector systems
and modifying the genome became particularly acute after
GMOs had been banned in Russia and European countries.
Recently, reports have appeared in the scientific literature
indicating that exogenously applied double-stranded RNA
molecules (e.g. by spraying, spraying under high pressure,
using RNA molecule adhesion materials, or using transfer
proteins) are capable of penetrating into the plant vascular
system and directly into plant cells and then inducing RNA
interference, thereby increasing plant resistance to fungal and
viral infections (Numata et al., 2014; Koch et al., 2016; Mitter
et al., 2017; Wang et al., 2018). There are also few studies
on dsRNA delivery aimed at regulating gene function by ir-
rigation. For example, maize resistance to sugarcane mosaic
virus (SCMV) infection was enhanced by this delivery method
(Ganetal., 2010).

Similarly, we obtained a crude lysate containing a dSRNA
fragment of the N. benthamiana phytoene desaturase gene,
and carried out root treatment of tobacco for four weeks. As
a result, all experimental plants exhibited the phenotype of
photobleaching of young leaves, which is not uncommon for
phytoene desaturase silencing. The degree of whitening was
comparable to the positive VIGS control. Thus, we suggest
the approach that allows regulating the activity of plant genes
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500

Fig. 2. Electrophoretic analysis of dsRNA fragments synthesized in E. coli
HT115 (DE3), transformed with the PDS_benthamiana_L4440 vector.

1 - 100 bp DNA marker;

2 - total nucleic acid fraction;

3 - total nucleic acid fraction treated with DNase;

4 - total nucleic acid fraction treated with RNase A and DNase;
5 - total nucleic acid fraction treated with RNase A.

without creating GMOs and using only environmentally
friendly methods. We believe this approach to be highly prom-
ising for implementation in agriculture in order to improve
the stress tolerance of cultivated plants.

Our work is based on research by F. Tenllado and co-
authors (2003), where tobacco (N. benthamiana) was success-
fully protected from pepper mild mottle virus (PMMoV) by
spraying the above-ground parts of the plants with a crude ly-
sate of E. coli HT115 bacteria containing dsSRNA. The authors
note that this method of obtaining target dsSRNA molecules
is quite simple and economically advantageous compared
to in vitro dsRNA synthesis. The authors also show that the
use of crude lysate may be more cost-effective than the use
of a purified preparation, with no significant loss of efficacy
observed.

Since plant protection using RNAIi methods can be an
alternative to the creation of GMOs, which are prohibited
by law in the Russian Federation for agricultural purposes,
we decided to develop the idea of F. Tenllado and co-authors
(2003) and try an even simpler method of delivering dsRNA
through root treatment by watering plants with crude lysate.
We have shown that the introduction of exogenously syn-
thesized dsRNA in this way can effectively influence the
phenotype of plants, confirming that the introduced dsRNA
enters the plants through the roots and is transported to the
above-ground part of the plant, where the activity of the target
pds gene is regulated.

Conclusion

Recently, methods based on RNAI have been actively devel-
oped for plant protection, especially with the use of exoge-
nously synthesised dsRNA, as they allow avoiding the creation
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Silencing of the N. benthamiana phytoendesaturase gene
by root treatment of exogenous dsRNA

L:44 a:-24 -
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Fig. 3. Photobleaching of N. benthamiana leaves after induced silencing of the pds gene using exogenous dsRNA.

1 — water; 2 - Tris-EDTA; 3 - E. coli HT115 crude lysate without plasmid; 4 - E. coli HT115 crude lysate with the native L4440 plasmid; 5 - VIGS; 6 — crude lysate of
E. coli HT115 with the L4440 plasmid containing a fragment of the pds gene; 7 - comparison of a negative control with an experimental plant with pds silencing.
Controls in the experiment: treatments 7-4 serve as negative controls, treatment 5 serves as a positive control. Characteristics of leaf photobleaching: L - light-
ness of color in relative units (the higher the value, the lighter the shade, from 0 to 100); a - green-red channel in relative units (the lower the value, the greener

the shade, from =127 to 0).

of GMOs, which are prohibited by law for use in agriculture in
a number of countries, including Russia. However, the use of
exogenous dsSRNA molecules has a number of complications.
For example, the method of obtaining dsSRNA must be easily
scalable and cost-effective, and the delivery of the resulting
molecules must be as simple and efficient as possible. In our
work on dsRNA synthesis, we developed a system from the
E. coli HT115 strain, transformed with the 14440 plasmid
with a fragment of the Bentham tobacco phytoendesaturase
gene (N. benthamiana), and for the delivery of the resulting
molecules, we used root treatment — watering the plants with
a coarse lysate. As a result, we were able to achieve silencing
of the phytoendesaturase gene,which confirms the possibil-
ity of regulating the work of plant genes without creating
GMOs. The approach we propose can also be scaled up and
has potential for application in agriculture to protect plants
from pathogens.
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on phytohormone accumulation, growth and productivity
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Abstract. Reverse genetics methods are actively used in plant biology to study the functions of specific genes
responsible for the adaptation of plants to various environmental stresses. The present study describes the production
and primary characterization of transgenic bread wheat with silenced expression of allen oxide synthase (AOS). AOS
is a key enzyme involved in the initial step of biosynthesis of stress-related phytohormones known as jasmonates.
To induce silencing of AOS in wheat, we designed the RNA interference (RNAI) vector containing an inverted repeat
region of the TaAOS2 gene cloned from genome DNA of cv. Chinese Spring. With the help of biolistic-mediated
transformation, a number of transgenic Chinese Spring plants have been produced. Real-Time PCR analysis confirmed
the suppression of target gene expression, since transgenic dsRNAi lines accumulated only 21-44 % mRNA of TaAOS2
after leaf wounding compared to the wound-induced level in non-transgenic control. Gas chromatography-mass
spectrometry revealed that the silencing of TaAOS2 substantially reduced the accumulation of jasmonic acid (JA)
and jasmonoyl-isoleucine conjugate (JA-lle), while the production of other phytohormones, such as abscisic acid
and salicylic acid, was not affected. TaAOS2-silenced lines were characterized by shorter leaves at the juvenile stage,
demonstrated a tendency towards reduced plant height and decreased grain weight, while the average flowering
time and plant fertility (number of seeds per spike) were not affected. The obtained transgenic lines in combination
with AOS-overexpressing lines can be used for further detailed analysis of the adaptive responses controlled by the
jasmonate hormonal system.
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3amMauBaHue redHa TaAOS2 ¢ nomoibio PHK-HTepdepeHIN
BJ/IMsSIET HA HAKOIIJIeHe (UTOrOPMOHOB, POCT
U TIPOAYKTVBHOCTDb MSTKO ITIIIE€HUIIBI

AH. MMpOLL[H]/I‘{EHKOl’ 2@, A.B. TTuroaes!, E.A. AeI‘TﬂpéBl, B.I. AeI‘TﬂpéBal’ 2,3 B.B. Aaekceesa?, A.C. HYH.[]/IHZ,
C.B. AOAI‘OBZ, T.B. CaBuenko!

1 WMHCTUTYT dyHAAMeHTanbHbIX Npobnem 6ronornmn Poccrinckon akagemmm Hayk — o6ocobneHHoe nogpasgeneHne OefepanbHOro NCCnefoBaTeNibCckoro LeHTpa
«[TyLUMHCKINIA Hay4YHBIN LLEHTP BMONOrMYecKnX NccnefoBaHmnin Poccuinckorn akagemmm Hayk, MywmHo, MockoBckas obnactb, Poccus

2 Ounuan WNHCTUTYyTa 6GrioopraHnyeckon xummm um. akagemmnkos M.M. LLiemaknHa n t0.A. OBUMHHMKOBa Poccriickoii akagemun Hayk, MyLwmHo,
Mockosckas obnactb, Poccusa

3 NywwmHckni dunman Poccuiickoro 61otexHonornyeckoro yHnsepcuteta (POCBMOTEX), MywmHo, MockoBckas o6nacTs, Poccns

@ miroshnichenko@bibch.ru

AHHoTaumA. MeToabl 06paTHON FreHeTVKM aKTUBHO MCMOSb3YTCA B GUONOrMN pacTeHnii ana nusyyeHna GyHKUui
reHoB, OTBETCTBEHHbIX 3a ajanTauuio pacTeHW K PasfMYHbIM CTPECCoBbIM (akTopaM OKpyKalowen cpefbl.
[aHHaa paboTa MocBAlWEHa MOMYYEeHNIO Y NEPBMYHOMY aHanu3y TPaHCreHHbIX PAacTEHU MAFKOWM MLEeHULbl C
nofaBfIeHHON 3Kcnpeccnen ofHoro u3 reHoB anneHokcnacuHTtasbol (AOS). AOS aBnsaeTca KnouyeBbiM GepMeHTOM,
yyacTByOLWYMM B HayanbHOM 3Tane OMOCMHTE3a CTPeCcCOBbIX GUTOFOPMOHOB, M3BECTHbIX KaK »acMmoHaTtbl. [na
nopasneHna skcnpeccun reHa AOS B nuweHuue co3faH BekTop Ana PHK-uHTepdepeHUnoHHOro 3amanyvsaHus,
cofepalnii MHBEPTMPOBaHHY o6nactb TaAOS2 u3 reHoma ApoBOW MArkon nweHuubl copta Chinese Spring.
MyTem 61MO6aNNNCTUYECKON FreHeTnYecKol TpaHchopMaLmMm NonyyeH pag TpaHcreHHbIx pacteHunii Chinese Spring,
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PHK-nHTepdpepeHLMOHHOE 3amanyrBaHmne
reHa TaAOS2 B MArKOW niieHunye

B KOTOPbIX MNOAAaB/IeHME IKCMPECCU LieNIeBoro reHa noATBepPKAeHO C nomoLbto KonnyectseHHon MNLP B pexnme
peanbHOro BpeMeHH, a U3SMEHEHMNE YPOBHEN HaKOMMIEHWsA OTAESbHbIX }kaCMOHATOB BblfiB/IeHO METOAOM ra30XpOMaTo-
Macc-CneKTpomMeTpumn. B cTpeccoBbiX YyCNoBUAX (MexaHUYeckoe MOopaHeHWe JINCTOBOW MNacTUHKM MOJSOAbIX
pacTteHwuit) TpaHcreHHble dsRNAi nnH1K Hakannmeanu nuwb 21-44 % MPHK TaAOS2 no cpaBHEHWIO C HETPaHCreHHbIM
nopaHeHHbIM KOHTposieM MiweHunubl. MofaBneHne skcnpeccnn reHa TaAOS2 CywecTBEHHO CHU3WIO HakorieHue
»KaCMOHOBOW KMCNIOTbl U KOHblOraTa »acMOHOWUN-N30MeLNHa, B TO BPEMA KaK YPOBEHb COAepPKaHWUA B JIMCTbAX
Apyrnx GUTOrOPMOHOB, TakMX Kak abcuLm30Bas KWUCIOTa M CanvMUUIOBas KUCSIOTa, He M3MeHUNCA. TpaHCreHHble
JIMHWK NLWEeHWLbI C NOAABMEHHOW dKcnpeccuen reHa TaAOS2 LeMOHCTPMPOBANUN YMeHbLIEHWE AJIVHbI INCTbEB Ha
pPaHHMX CTafUAX Pa3BUTUA PACTEHWI; TakKe ANA HUX Oblna xapakTepHa TeHAEHLUMA K COKPaLLEHUNIO BbICOTbl pacTeHUI
N CHUXKEHWIO MAcCbl 3epHa. [py 3ToOM 3amanuymBaHye He MPUBESO K U3MEHEHUIO CPOKOB LIBETEHUA U He MOBANANO Ha
$epTUIbHOCTb PacTeHNI, Tak Kak CpeAHee KONMMUYeCTBO CEMAH B KOJTOCE He M3MeHWNOCh. [onyyeHHble TpaHCreHHble
JIMHWN NWEHWLbI B COYETAHUN C IMHUAMM, CBepXIKCnpeccupytowmmm AOS, ciyaT XOpOoLWNM MHCTPYMEHTOM AfiA
JanbHenwero feTasbHOro aHanusa afanTuBHbIX PeaKkLMin pacTEHUN, KOHTPOMNPYEMbIX XaCMOHATHbIM CUTHAIMHTOM.
KntoueBble cioBa: anneHoOKCUACKMHTA3a; )XacMoHaTbl; Triticum aestivum L.; PHK nHtepdepeHuus; nopaHeHmne

Introduction

Allen oxide synthase (AQS) is one of the key enzymes in the
biosynthesis pathway of jasmonic acid (JA) and its derivatives,
lipid-derived plant phytohormones collectively called jasmo-
nates. Jasmonates have various biological functions, including
the regulation of developmental and aging processes, activa-
tion of the defence system under abiotic stresses, and trigger-
ing the immune response upon attacks by fungal pathogens
and herbivores. In brief, the role of AOS in the JA biosynthesis
pathway is the production of a short-lived intermediate that
is converted to various non-volatile oxylipins in plant cells.
AOS is a cytochrome P450 enzyme that is localized in chlo-
roplasts and acts as a hydroperoxide dehydratase, converting
fatty acid hydroperoxides into allene oxides. Allene oxide
synthase is generally divided into three categories depending
on the specific catalytic substrate: 13-AOS with activity to
13-hydroperoxy-9,11,15-octadecatrienoic acid (13-HPOT),
9-A0S with activity to 9-hydroperoxy-9,11,15-octadecatrie-
noic acid (9-HPOT), and 9/13-A0OS with a mixed activity to
both 9-HPOT and 13-HPOT (Jiang et al., 2009). Allene oxide
formed by 13-AO0S is rapidly cyclized with the help of allene
oxide cyclase to a more stable product, 12-oxo-phytodienoic
acid (OPDA), the biologically active precursor of JA.

Due to the involvement of AOS-derived oxylipins in sig-
nalling and coordination of diverse adaptive responses, AOS
encoding genes have been the focus of researchers’ attention
for more than 30 years. To date, AOS genes have been identi-
fied in different dicot and monocot species; the number of AOS
genes varies from a single copy in Arabidopsis (Laudert et
al., 1996) to a family of 36 genes in the genome of sugarcane
(Saccharum officinarum) (Sun et al., 2023). The AOS gene
family is relatively conserved in structure, but expression
pattern analysis demonstrated that different homologues were
involved in various, sometimes distinct, defensive responses
across different plant species. In Arabidopsis, the model spe-
cies for the study of the functioning of the jasmonate system
for the last decades, the expression of AOS is upregulated by
avirulent fungal pathogen, mechanical stress, and the applica-
tion of jasmonates and salicylic acid (SA) (Laudert, Weiler,
1998). The expression of two AOS genes of rice (OsAOS1 and
0OsAQS2) is activated by mechanical wounding, blast fungus
infection, herbivore infestation, and JA treatment (Zeng et al.,
2021). In sugarcane, accumulation of ShAOSL1 transcripts was
reported to increase due to treatments with methyl jasmonate,
SA, and abscisic acid (ABA) (Sun et al., 2023).

At present, many AOS genes identified in plant species have
been found to play an important role in mediating resistance to
fungal pathogens and insects. The functional deficit of mRNA
of AOS leads to a decrease in resistance to necrotrophic fungi
in Arabidopsis (Chehab et al., 2011), potato (Pajerowska-
Mukhtar et al., 2008), onion (Kim et al., 2025), and wheat
(Fan et al., 2019). In line with this, the complementation
of an Arabidopsis aos knockout mutant with overexpressed
gingko HvnAOS1 and HvnAOS2 genes and potato StAOS2
alleles allowed restoring the resistance to Erwinia carotovora
and Botrytis cinerea (Pajerowska-Mukhtar et al., 2008; An
et al., 2024). Constitutive expression of the ShAOS1 gene,
isolated from sugarcane, enhanced the resistance of transgenic
Nicotiana benthamiana plants to Fusarium solani (Sun et al.,
2023). Similarly, transgenic lines of tobacco overexpressing
the onion AOS gene (AcAOS) demonstrated higher resistance
to Botrytis squamosa (Kim et al., 2025). In rice, silencing of
the OsAOS1 or OsAOS2 genes negatively affected resistance
to the chewing herbivore striped stem borer (Chilo suppres-
salis), resulting in enhanced resistance to the piercing-sucking
herbivore brown planthopper (Nilaparvata lugens) (Zeng et
al., 2021). An Arabidopsis mutant lacking functional AOS
demonstrated increased resistance to the nematode Meloido-
gyne javanica (Naor et al., 2018).

Changes in the functional activity of AOS genes can have
pleiotropic effects on various plant characteristics. Transgenic
guayule (Parthenium argentatum) with RNAi-mediated si-
lencing of AOS showed higher rubber content and biomass
(Placido et al., 2019), while the disruption of AOS activity in
Arabidopsis caused male sterility (Park et al., 2002). Trans-
genic tobacco overexpressing the wheat AOS gene displayed
improved tolerance to excessive zinc stress (Liu et al., 2014).
Transgenic emmer wheat plants constitutively expressing
the Arabidopsis AtAOS gene showed increased tolerance to
osmotic stress (Pigolev et al., 2023), whereas overexpression
of the native TaAOS2 gene had a generally negative effect on
plant growth and productivity in both emmer and bread wheat
(Miroshnichenko et al., 2024a).

In bread wheat (Triticum aestivum L.), the most important
cereal crop in temperate climate countries, the AOS family is
represented by 12 genes. According to a recent genome-wide
analysis, the AOS family consists of four groups of three ho-
moeologous genes located in each sub-genome (A, B, and D)
on chromosomes 2, 5, and 6 (Heckmann et al., 2024). The
functioning of the twelve AOS-encoded proteins significantly
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distinguishes the jasmonate system of wheat from that of the
model species, Arabidopsis, operated by a single AOS gene.
Our data indicate that under non-stress conditions, the total
content of jasmonates (12-OPDA, JA, and JA-Ile) in wheat
leaves is much lower compared to Arabidopsis (Laudert et al.,
1996). Upon mechanical injury of leaves, the level of jasmo-
nates increases in emmer and bread wheat up to 1.5-13 times
(Miroshnichenko et al., 2024a, b), whereas in A. thaliana,
the content of jasmonates increases tens of times (Kimberlin
et al., 2022). In addition, it was reported that the expression
of AOS in the leaves of bread wheat could also be induced
in response to salts and various pathogenic fungi (Liu et al.,
2014; Heckmann et al., 2024). Constitutive overexpression
of TaAOS2 resulted in pleiotropic effects in bread wheat,
including reduced length of the first four leaves, shortened
plant height, and reduced number of seeds collected per
spike (Miroshnichenko et al., 2024a). A transgenic seedling
of tetraploid emmer wheat overexpressing the AtAOS gene
from Arabidopsis showed an increased length of roots and
coleoptiles under osmotic stress (Pigolev et al., 2023).

The published data indicate that the knowledge of the
functioning of the AOS branch of oxylipin biosynthesis dis-
covered in various species cannot be directly applied to other
species. This suggests that the modification of mRNA levels
of AOS-encoding genes using reverse genetic techniques
(overexpression, RNA interference/silencing, or genome
editing) may help to uncover their functional role in specific
plant species. To gain new insights into the functions of the
AOS-encoding gene family in wheat, the present study aimed
to study jasmonate signalling in the case of reduced expression
of the TaAOS2 gene, including the modification of hormonal
status of transgenic lines and influence of AOS silencing on
growth characteristics.

Materials and methods

Construction of the RNAI expression cassette. The
expression cassette pPBAR-GFP-AOSi was constructed
using two identical fragments of the TaAOS2 gene
(TraesCS4A02G061800.1) of 333 bp, which were cloned in
opposite orientation to each other and separated by a spacer
representing the GUS gene. To avoid non-selective silenc-
ing of other genes belonging to the cytochrome P450 family
proteins, especially CYP74 enzymes (AOS, hydroperoxide
lyase (HPL), and divinyl ether synthase (DES)), we used the
fragment outside of the C-domain encoding heme-binding
site. The selected harpin arm sequence also did not contain
DNA regions, including sequences identical to the HPL and
DES genes longer than 12-20 nucleotides. The fragment cor-
responded to the central part of the protein sequence (from
L93 to W203) and demonstrated high nucleotide homology
between all AOS genes.

The RNAI construct containing the sequence 3’-TaAOS-5'-
GUS-5"-TaAOS-3" was cloned in two steps. The first RNAi
fragment was obtained by PCR from a plasmid contain-
ing the full-length AOS2 (TraesCS4A02G061800.1) using
primers: 5'-rnal-short-Notl-GATCGCGGCCGCCAGCT
GCTCTTCTCCCTCCTCG and 3'-rnal-EcoRV-GATCGA
TATCCACTTGGCGGCCTTGGTG. This fragment (335 bp)
was then cloned into the Gateway pENTRI1A dual plasmids
at the Notl and EcoRYV sites. The second element of the
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construct, containing GUS and the second RNAi sequence,
was obtained by PCR on overlapping DNA templates. The
GUS gene sequence was amplified using a pair of primers
5'RNAi-GATGACGGTATCGATAAGCTTGATATCT
ACCCGCTT and 3'GUS-(Kpnl)-GATCGGTACCATTC
GATCGAGTGAAGATCCCTTTCTTG. The second RNAi
fragment was amplified with the S'RNAI-(Dral)-GATCTT
TAAATATCCACTTGGCGGCCTTGGTG and 3'RNAi-
GATATCAAGCTTATCGATACCGTCATCCTCTTCA
CAGGCACCTACATGC primers. After amplification, the
two resulting fragments of 933 bp (containing the GUS gene
sequence) and 335 bp (containing the RNAi arm sequence)
were combined by PCR with common primers (containing
restriction sites for Dral and Kpnl). After that, the combined
GUS-RNAI sequence was cloned into the pPENTR1A plasmid,
containing the first RNAi fragment, at the restriction sites
Dral and Kpnl. The resulting construct of inverted TaAOS2
repeats was placed under the control of a strong ubiquitin
promoter from maize (ZmUbil) and an octopine synthase
transcription terminator by transfer into the vector pANIC5D
(ampR, kanR, bar, pporRFP) using the LR clonase enzyme
for Gateway cloning. The completed RNAI cassette (ocsT)-
pANICS5D::PZmUbil-RNAi(3'-TaAOS-5'-GUS-5'-TaAOS-
3")-Tocs was cut out from pANIC5D at the Sacl-SnaBI sites
and finally inserted at the Smal restriction site into the pPBAR-
GFP vector for cereal genetic transformation.

Generation of transgenic plants. Transgenic plants of
spring bread wheat cv. Chinese Spring were generated using
the biolistic-mediated genetic transformation approach as
described previously (Miroshnichenko et al., 2024a). After
rounds of in vitro selection, the herbicide-resistant rooted
plantlets were transferred to the greenhouse, and the resulting
mature plants were then analysed by PCR for the introduction
of the hairpin construct. Transgenic status of TO plants was
confirmed by the amplification of GFP-specific fragment of
606 bp using primers sGFPFor (5'-GCGACGTAAACGGC
CACAAGQ) and sGFPRev (5-CCAGCAGGACCATcTGTG
ATCQ) as described previously (Pigolev et al., 2018). To
verify the presence of left and right arms of the RNAi con-
struct, primers TaAOSRi-1 (5'-ATGAACTCGAAGGAGGT
GAAGTCGTTG-3’) and panicGUS-1 (5'-CTCTTCAGCG
TAAGGGTAATGCGAGGTA-3') generating a 500 bp pro-
duct were designed. The integration of the right hairpin arm
was confirmed by amplification of a 466 bp fragment using
the TAAOSRi-1 (5'-ATGAACTCGAAGGAGGTGAAGTC
GTTG-3") and panicGUS-2 (5-CTGCACTCAATGTACA
CCGACATGTG-3") primers. T1 seed progeny resulting from
self-pollinated primary TO plants were screened for GFP
fluorescence of pollen to identify homozygous transgenic
T1 sub-lines stably inheriting the foreign insertion, as previ-
ously described (Pigolev et al., 2018). Sets of T3—T4 seeds of
four discovered homozygous sub-lines were used for further
analysis.

TaAOS2 expression analysis. Extraction of total RNA from
wheat leaf tissue, subsequent cDNA synthesis, and quantita-
tive real-time RT-PCR analysis were performed as described
previously (Pigolev et al., 2023). To detect changes in the
expression levels of the TaAOS2 gene, the forward primer
TaAOSshbF (5'-GGCCGGAGAGAAGTTCCAC-3") and
the reverse primer TaAOSshbR (5-CTTCTCCAGCGCCTC
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TATCG-3") were used. Transcript levels were quantified with
QuantStudio™ 5 Real-Time PCR Cycler (Thermo Fisher
Scientific) using TaWIN1 as a reference gene.

JA, JA-lle, SAand ABA analysis. Intact and mechanically
damaged leaves of non-transgenic plants and mechanically
damaged leaves of four transgenic lines were used for phy-
tohormone analysis. To induce abiotic stress, blades of fully
opened 3rd leaves were wounded with forceps as described
earlier (Pigolev et al., 2023). 30 min after mechanical injury,
the leaves were collected and frozen in liquid nitrogen. The
intact leaves were sampled in parallel with wounded tissues.
For phytohormone analysis, the leaf tissues were ground in
liquid nitrogen with a mortar and pestle. Extraction of hor-
mones was performed according to the previously described
procedure (Degtyaryov et al., 2023). Dihydrojasmonic acid
(Merck KGaA, Darmstadt, Germany) and deuterated sali-
cylic acid (Cayman Chemical, USA) were used as internal
standards. Extracted samples were treated with trimethylsi-
lyldiazomethane to produce methyl ester derivatives, which
were analyzed on a gas chromatograph coupled with a mass
spectrometer detector Chromatec-Crystal 5000 (Chromatec,
Yoshkar-Ola, Russia) operating in electron ionization mode.
One-microliter samples were injected by autosampler in
splitless mode at 250 °C, and separated on a CR-5MS co-
lumn (length 30 m, inner diameter 0.25 mm, film thickness
0.25 um) with helium being used as a carrier gas (constant
flow 0.7 ml/min). Oven temperature programming was as
follows: hold at 40 °C for 1 min after injection, ramp at
15 °C/min to 150 °C, then increase at 10 °C/min to 250 °C,
hold for 10 min. Mass spectral analysis was done in selective
ion monitoring mode (SIM). The fragment ions of esterified
forms of phytohormones monitored were as follows: jasmonic
acid (JA) 224, jasmonoil-isoleucine conjugate (JA-Ile) 146,
dihydro-JA 83, salicylic acid (SA) 152, abscisic acid (ABA)
190, and deuterated SA derivative SA-d4 156. The Chromatec
Analytic 3 program was used for the data analysis.

Plant growth and productivity analysis. For the analysis,
two homozygous transgenic lines were cultivated together
with non-transgenic control in a greenhouse. Two plants were
grown in one-liter pot using a 16 h day/8 h night regime. Light
intensity was up to 200 pmol-m2s™!. The day temperature was
25 +2 °C; at night, the temperature was 20 + 2 °C. A minimum
of 15 pots per line were cultivated. The growth parameters
analyzed were as follows: the length of the 1st, 2nd, 3rd, and
4th leaves (twenty leaves were measured), the height of plants
(15 pots were analyzed), and the date of the anthesis (30 plants
were analyzed). The average number of seeds per spike and
the weight of 1,000 seeds were recorded at the end of cultiva-
tion. Statistically significant differences between control and
transgenic lines were confirmed by Student’s t-test.

Results

Generation of transgenic wheat lines

with silenced TaAOS2 expression

To produce transgenic plants, 630 morphogenic calli of wheat
cv. Chinese Spring were transformed using a particle inflow
gun with the pPBAR-GFP-AOSi plasmid, carrying the hairpin
loop sequence for silencing the TaAOS2 gene (Fig. 1a). As a
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result of the transformation, 43 putative transgenic plantlets
were regenerated using a dual selection approach (GFP+BAR)
and adapted to ex vitro greenhouse conditions. The efficiency
of transgenic plant production was 5.6 %, as PCR analysis
detected amplification of a fragment of the GFP reporter
gene in the DNA extracts of 34 primary independent wheat
plants (Fig. 1b). The insertion of the complete RNAi sequence
(3—5'-TaAOS-GUS-5'—3'-TaAOS) was confirmed for 33 in-
dependent TO plants by amplification of both the left and the
right arm fragments using specific primers (Fig. 1¢, d). In order
to get a homozygous transgenic population, T1 progenies from
TO plants were analysed for segregation of the introduced con-
struct by detection of GFP expression in pollen plants and in
T2 embryos. T1 progenies of several transgenic lines showed
the segregation for GFP expression that fit the Mendelian 3:1
ratio for a single dominant locus. T3 seeds from homozygous
T2 individuals of primary transgenic plants CSi3, CSi7, CSi9,
and CSil9 were used for further analysis.

To identify RNAi-mediated silencing, we used wounded
leaves of transgenic lines CSi3, CSi7, CSi9, and CSil9 and
compared the TRaAOS2 expression in these samples with intact
and damaged leaves of non-transgenic plants. Quantitative
real-time PCR showed that mechanical damage to non-trans-
genic leaves increased the level of TAAOS2 mRNA accumula-
tion by about 40 times from 1.6 to 67.0 (Fig. 1¢). In wounded
transgenic lines, TaAAOS2 expression was 2.3—4.7 times lower
compared to the damaged leaves of non-transgenic control,
whereas the difference with intact non-transgenic control was
not statistically confirmed.

Effect of TaAOS2 silencing on the accumulation of JA,
JA-lle, ABA, and SA in leaves of transgenic wheat plants
The basal levels of jasmonic acid (JA) and jasmonoyl-iso-
leucine conjugate (JA-Ile) in the intact leaves of Chinese
Spring were barely detectable by (GC)-MS chromatography
and fluctuated around 10 pmol/g f.w. (Fig. 2). When the
leaves of non-transgenic plants were subjected to mechanical
wounding, the level of JAand JA-lle accumulation increased
to 64.4 and 40.3 pmol/g f.w., correspondingly. Endogenous
concentrations of jasmonates in injured leaves of transgenic
plants differed among the four analyzed transgenic lines and
did not correlate with the level of TaAOS2 expression. Two
RNAI lines, CSi3 and SCi7, contained only half of the amount
of JA-Ile compared to non-transgenic Chinese Spring plants
subjected to wounding. Two other transgenic lines, CSi9 and
SCil9, showed no difference in JA-Ile content. Measure-
ment of the JA level revealed a similar pattern: JA produc-
tion in wounded leaves of transgenic lines CSi9 and SCil9
(67.8-68.8 pmol/g f. w.) did not differ from the non-transgenic
wounded plants; JA content in transgenic lines CSi3 and SCi7
decreased to 43—44 pmol/g f.w. (p < 0.05).

After wound treatment of non-transgenic wheat plants, a
significant increase in production of salicylic acid (SA) and
abscisic acid (ABA) was observed (Fig. 2): the level of SA
increased around 2.5 times from 362.7 to 914.2 pmol/g f. w.,
wounding stimulated a 4-fold increase of ABA accumulation
in leaves (2.9 vs. 12.6 pmol/g f.w.). Levels of both phyto-
hormones (SA and ABA) were not significantly different in
wounded transgenic lines and non-transgenic control.
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Fig. 1. Generation, selection, and analysis of transgenic wheat plants expressing a construct for silencing of the TaAOS2 gene.

a, Schematic diagram of the pBAR-GFP-AOSi vector used for the transformation of bread wheat cv. Chinese Spring designed for the induction
of RNAi-mediated silencing of the TaAOS2 gene. b-d, Example of PCR analysis of primary putative transgenic plants for the insertion of the
heterologous sequences. b, Amplification of the GFP gene fragment; ¢, d, amplification of the right (c) and left (d) arms of the hairpin sequence
for TaAOS2 silencing; lane M, DNA ladder as a molecular weight marker; lane P, DNA of pBAR-GFP-AOSi; lane CS, non-transgenic wheat plant
Chinese Spring; lanes labelled 1-19 represent putative transgenic wheat plants established in the greenhouse. e, Relative expression of
the TaAOS2 gene in intact and wounded leaves of non-transgenic plants and wounded transgenic plants. Stars above the graphs indicate

statistically significant differences according to Student’s t-test: * p < 0.05, ** p
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Fig. 2. The content of jasmonic acid (JA), jasmonoyl-isoleucine conjugate

<0.01, *** p < 0.005, **** p < 0.001, ns, non-significant.
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(JA-lle), salicylic acid (SA), and abscisic acid (ABA) in intact and wounded leaf

tissues of non-transgenic wheat (Chinese Spring, CS) and wounded transgenic lines with silencing of TaAOS2 (CSi3, CSi7, CSi9, and CSi19).

Stars indicate a statistically significant difference from the wounded non-transgenic Chinese Spring leaves at p < 0.01, as assessed using Student’s t-test.

Analysis of plant growth and productivity of RNAi
transgenic lines with modified content of jasmonates

In this experiment, two transgenic RNA1 lines, CSi3 and
SCi7, which showed suppression of TaAOS2 gene activity
resulting in altered JA and JA-Ille content, were compared
with the non-transgenic parent variety Chinese Spring. The
measurement of the length of four first fully developed
leaves of greenhouse-grown plants revealed a decrease in
leaf length in both RNAI transgenic lines (Fig. 3). In AOS
silencing line CSi7, the changes were more pronounced, as
the average lengths of the Ist, 2nd, 3rd, and 4th leaves were
2.2 cm (p <0.01),3.1 cm (p < 0.005), 4.8 cm (p < 0.001),
and 5.8 cm (p <0.001) shorter, correspondingly, compared to

the non-transgenic parent plants. The leaves of the transgenic
CSi3 line were shorter by 2.5-10 %, and significant leaf length
changes were confirmed by Student’s t-test for 1st, 3rd, and
4th leaves (at p < 0.05 to p < 0.001).

In addition to a reduction in length of leaves, the transgenic
CSi7 line also showed significant changes in plant develop-
ment. On average, CSi7 plants were 9.9 cm shorter than non-
transgenic control, while the transgenic CSi3 line showed
almost the same plant height as non-transgenic Chinese Spring
plants (Fig. 4b).

The average time of the first spike appearance and anthesis
was similar in transgenic and non-transgenic plants. A minor
change in the average date of flowering observed in RNAi
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Fig. 3. Analysis of leaf length of non-transgenic bread wheat Chinese Spring and transgenic lines with silencing of TaAOS2 (CSi3
and CSi7).

Values represent the lengths of 1st, 2nd, 3rd, and 4th leaves measured in 18-20 plants; the line represents the median value, the box
margins are SD of the mean, and the bar margins reflect the distribution of values from min to max. Stars indicate statistically significant

differences calculated according to Student’s t-test: * p < 0.05, ** p < 0.01, *** p < 0.005, **** p < 0.001, ns, non-significant.
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Fig. 4. Analysis of plant growth and productivity of RNAi transgenic wheat lines with modified content of jasmonates.

a, Anthesis date of the first ear; b, average plant height; ¢, mean number of seeds per ear; d, weight of 1,000 seeds. Stars indicate statistically
significant differences of transgenic RNAI lines with silencing of TaAOS2 (CSi3 and CSi7) from non-transgenic Chinese Spring (SC) plants
calculated according to Student’s t-test: * p < 0.05, *** p < 0.005, ns, non-significant.

line CSi7 (84 days vs. 83 days in CS) was not proved to be
statistically significant (Fig. 4a).

Analysis of productivity revealed a variation in the number
of seeds collected from one ear of RNAI lines. Compared to
control plants (40.2 seeds/ear), the average number of seeds
collected from CSi3 plants was slightly higher (43.6 seeds/
ear), while in CSi7 plants, it was slightly reduced (36.2 seeds/
ear). Statistical analysis, however, did not confirm the differ-
ences between the non-transgenic control and RNAi transgenic
lines to be significant (Fig. 4cC).

The measurement of grain weight revealed a decrease in
the average weight of 1,000 seeds by 4-7 % (p < 0.01) in
both transgenic RNAI lines (Fig. 4d). The mean values for
1,000 grain weight were reduced from 30.1 g in non-transgenic
control plants to 28.9 and 28.2 g in the SCi3 and CSi7 lines,
correspondingly.

Discussion
Jasmonates are known as stress-related plant phytohormones,
the activity of which is stimulated by various external stres-
sors. Last decade, to study the functioning of jasmonates in
plants, reverse genetics methods have been actively used to
regulate the expression of specific genes of the jasmonates
biosynthesis pathway. In our previous experiments, the func-
tions of AOS genes in two wheat species were studied using the
overexpression strategy (Pigolev et al., 2023; Miroshnichenko
et al., 2024a). The present study focused on the generation
and initial characterization of transgenic bread wheat plants
in which the endogenous AOS gene activity was suppressed
by RNA interference.

Previously, producing transgenic lines overexpressing the
AOS gene was challenging due to the low output of transgenic
plants in both emmer and bread wheat (Miroshnichenko et al.,
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2024a). It was observed that independently of the AOS gene
variant used for the design of the overexpression cassette
(TaAOS2 from bread wheat or AtAOS from Arabidopsis),
morphogenic tissues were characterized by rapid aging and
massive necrosis after the biolistic delivery. This resulted
in an extremely low rate of transgenic plants production,
amounting to 0.3—1.0 % for bread wheat (cv. Saratovskaya 60)
and 0.5-1.7 % for emmer (cv. Runo), which was 5—10 times
less in comparison with genetic transformation by an empty
vector (Miroshnichenko et al., 2024a). In the present study,
the down-regulation of AOS had no negative effect on the
morphogenetic development of wheat tissue culture, and the
production of transgenic wheat plants by introducing an RNA
interference cassette was not associated with any difficulties.
Transgenic plantlets were readily produced from GFP-positive
wheat tissues of cv. Chinese Spring achieving the final genetic
transformation efficiency of 5.2 % for the hairpin insertions.
The resulting transformation rate is significantly higher
compared to our previous experiments involving the other
pGFP-BAR-based vector (Miroshnichenko et al., 2022), and
it is equal to or even higher than the transformation efficiency
in other publications, describing biolistic-mediated transfor-
mation of Chinese Spring cultivar (Takumi, Shimada, 1997;
Harvey et al., 1999).

Overexpression and silencing of AOS by the genetic
transformation of wheat are supposed to have opposite ef-
fects on the capacity of cells to accumulate jasmonates. As
it is shown in the present study, the level of TaAOS2 activity
in transgenic wheat tissues expressing the RNAi construct
remains low under the induced stress (wounding) and results
in weaker accumulation of JA and JA-Ile content (Fig. 2). We
suppose that wheat explants transiently expressing the RNAi
construct also accumulate less jasmonates when subjected to
chemical stress during the selection of transgenic plants on
herbicide-containing medium. Considering the previously
reported increase of the jasmonate content in transgenic wheat
tissues under stress conditions due to the strong constitutive
activity of AQOS, especially in case of TaAOS2 overproduc-
tion (Miroshnichenko et al., 2024a), these findings, taken
together, allow suggesting that high TaAOS2 expression and
increased JA content are negative regulators of morphogenesis
and somatic embryogenesis in wheat tissue culture, as it was
demonstrated for other species (Kaminska, 2021).

The data obtained in the present study suggest that the
abiotic stress (wounding) applied to wheat plants of bread
wheat cv. Chinese Spring promotes the expression of the
TaAOS2 gene and causes higher production and accumula-
tion of various phytohormones, including JA, JA-lle, SA,
and ABA. The result supports previous studies, where the
same stimulus induced a similar response in plants of another
bread wheat cultivar, Saratovskaya 60, as well as in tetraploid
emmer wheat cv. Runo (Pigolev et al., 2023; Miroshnichenko
et al., 2024a, b). The obtained data are consistent with data
obtained for other plant species: the wound response in wheat
is similar to that in rice (Zeng et al., 2021), but significantly
weaker than in Arabidopsis (Kimberlin et al., 2022) and potato
(Pajerowska-Mukhtar et al., 2008). Previously, transgenic
guayule lines showed increased SA content due to silencing
of the AOS gene (Placido et al., 2019); in contrast to guayule
RNAI lines, there was no alteration in SA content in AOS-
silenced wheat lines. Such results support the idea that the
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effect of modified AOS activity is highly dependent on the
plant species and functional specialization of AOS genes. In
line with this, in guayule, which is a dicotyledonous plant
species, the silencing of AOS was easily detectable in intact
plants. In another dicot species, potato, downregulation of
StAOS1 was also not detected in undamaged leaves due to
extremely low mRNA levels, while the silencing of the StAOS2
gene was easily detected as intact dsSRNAI transgenic lines
accumulated no more than 10 % of the StAOS2 transcript
compared to control plants (Pajerowska-Mukhtar et al., 2008).

Due to the limited number of publications on silencing of
AOS genes in cereal species (Naor et al., 2018; Fan et al.,
2019), information on plant growth and productivity is lack-
ing. In the present study, the AOS-silenced wheat lines showed
a tendency to grow shorter leaves at the juvenile stage and
demonstrated a decrease in final plant height. Surprisingly,
a similar trend was observed in both transgenic emmer and
bread wheat overexpressing TaAOS2. However, despite the
growth modification, wheat lines with the knockdown of
TaAOS2 expression showed no change in the mean flower-
ing date. This result is contrasting to a previous study de-
monstrating that AOS-silenced guayule plants showed higher
biomass accumulation, enhanced stem branching, increased
photosynthetic rate, and increased rubber content (Placido et
al., 2019). This increase was associated with elevated rub-
ber transferase enzyme activity, increased SA content, and
decreased ABA levels (Placido et al., 2019). In contrast to
RNAI lines of guayule, AOS-silenced wheat lines showed no
significant changes in endogenous SA and ABA accumulation,
while similarly to guayule, JA and JA-Ile contents were also
reduced, explaining the markedly different effects between the
two species. The observed differences can be associated with
the presence of a larger number of AOS genes in hexaploid
wheat, which can perform compensatory functions during
TaAOS2 silencing or with other differences in the complex
regulatory system responsible for maintaining the intracellular
level of jasmonates and/or jasmonate signaling. This question
certainly requires further study.

The downregulation of AOS activity did not affect the fertil-
ity of transgenic wheat plants. For comparison, the complete
disruption of AOS function in the aos mutant of Arabidopsis
was reported to induce male sterility and failure of seed
formation (Park et al., 2002). In the present study, wheat
RNAI lines showed normal seed set, probably because there
was no complete silencing of TaAOS2. This observation is
consistent with the previous publications on RNAi-mediated
silencing of AOS genes in wheat, rice, and guayule, where
transgenic homozygous progenies were successfully generated
by self-pollination of primary plants (Naor et al., 2018; Fan
et al., 2019; Placido et al., 2019). The productivity analysis
performed in the present study revealed that the grain weight
of RNAI lines tended to decrease, while the mean number
of seeds per one ear was not changed. Conversely, when we
previously overexpressed the TaAOS2 gene in bread wheat
cv. Saratovskaya 60, this caused a decrease in the seed number
per ear (Miroshnichenko et al., 2024a).

Conclusion

Based on these experimental results, we can assume that the
downregulation of TaAOS2 had no clear beneficial effect on
the growth and productivity of bread wheat. However, these
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results were obtained on plants grown without any temporal or
prolonged biotic or abiotic stresses. Given that the functional
activity of AOS in wheat is highly dependent on external
stimuli, our further research will focus on the analysis of RNAi
lines subjected to pathogen attacks and temperature stress.
This will help to expand the understanding of the functional
effects of AOS suppression in wheat and may provide more
information on the possibility of precise genetic regulation of
the jasmonate biosynthetic pathway to achieve better growth
and productivity under various stress conditions.
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Abstract. The creation of chromosome substitution lines containing one pair of chromosomes from a related species
is one method for introgression of alien genetic material. The frequency of substitutions in different chromosomes
of the genome varies due to the selective transmission of alien chromosomes through the gametes of hybrids. The
use of monosomic lines with identified univalent chromosomes and molecular genetic SSR markers at the seedling
stage allowed rapid screening of the identity of the alien chromosome in backcross hybrids, significantly accelerating
and facilitating the backcrossing process for the creation of new chromosome substitution cotton lines. As a result of
studying the process of transmission of chromosome 2 of the A, subgenome of the cotton plant G. barbadense L. during
backcrossing of four original monosomic lines of G. hirsutum L. with monosomic backcross hybrids with substitution
of chromosome 2 of the A, subgenome, the following specific consequences of the introgression of this chromosome
were revealed: decreased crossability, setting and germination of hybrid seeds; differences in the frequency and nature
of transmission of chromosome 2 of the A, subgenome of the cotton plant G. barbadense; regularity of chromosome
behavior in meiosis; a high meiotic index; a significant decrease in pollen fertility in backcross monosomic hybrids
BC,F,; specific morphobiological characteristics of monosomic backcrossed plants, such as delayed development of
vegetative and generative organs; dwarfism; reduced foliage; and poor budding and flowering during the first year of
vegetation. All of these factors negatively impact the study and backcrossing of monosomic hybrids and significantly
complicate and delay the creation of chromosome-substituted forms concerning chromosome 2 of the A, subgenome
of cotton, G. barbadense. These specific changes likely occurred as a result of hybrid genome reorganization and
introgression of alien chromatin. Furthermore, the effectiveness of using molecular genetic microsatellite (SSR) markers
to monitor backcrossing processes and eliminate genetic material from the Pima 3-79 donor line of G. barbadense for
the selection of genotypes with alien chromosome substitutions has been demonstrated.
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V3yueHMe BIAUSHUS UHTPOTrpeCcCur XpoOMOCOMBI 2
A;-cybreHoma xjionuyaTHuka sumga Gossypium barbadense L.
IIpy 6€KKPOCCUPOBAHUM MCXOOHbIMY JIMHUSIMY Buga G. hirsutum L.

M.®. CanaMbsIH 1, 1I1.Y. Bob6oxy»xaeB L3 1II.C. AbAyKapuMoB L2 3K.C. VYpaaos 1 A.B. Pycramos 1
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2 L|eHTP reHOMIKM 11 G11ONHGOPMATUKIA AKaZleMuu Hayk Pecry6inku Y36eKncTaH, KnGparckui paroH, TallkeHTcKas 061acTb, Y36ekuctaH
3 YMpUMKCKMI rocyaapCcTBEHHDBIN Nefarornyeckunii yHnsepcutet, Ynpunk, TalkeHTcKan obnactb, Y36ekncraH
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AHHOTaumA. CO3,EI,aHI/Ie XPOMOCOMHO-3aMeLeHHbIX NHWIA, cofepalmx oaHy napy XpomMoCcoM poACTBEHHONO
BMAa, ABNAETCA OAHUM W3 cnoco6os NHTPOrpeccun 4YyxepogHoro reHeTn4yeckoro matepwana. M3BecTHO, uTO
YaCTOTa BCTpeYaeMoCTn 3ameu4eHV||7| No pa3HbIM XPOMOCOMaM reHoma pasfinyaeTca no npunynHe |/|36|/|paTeanocw|
npouecca TPaHCMUCCUN YyXKepOoaHbIX XPOMOCOM 4Yepe3 rameTbl FI/I6pI/1,ElOB. Mcnonb3oBaHMe MOHOCOMHbIX JIMHUI C
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MHTporpeccna xpomocombl 2 A-CybreHoma XxnonyaTHuKa
G. barbadense npu 6ekkpoccupoBanHuu G. hirsutum

NAEHTUOULMPOBAHHBIMY YHUBANIEHTHBIMM XPOMOCOMaMM U MOMEKYNAPHO-reHeTnYeckmx SSR-mapkepoB Ha CTagun
NPOPOCTKOB MO3BOMMIO OCYLLECTBUTb ObICTPbIA CKPUHWUHT UAEHTUYHOCTU Yy»KEPOLHON XPOMOCOMBbI Y GEKKPOCCHBIX
rmépunaoB, YUTO 3HAUNTENBHO YCKOPWIO 1 061erunno npoLecc 6eKKpoCcMpoBaHWA NPY CO3AaHNN HOBbIX XPOMOCOMHO-
3aMeLLeHHbIX IMHUI XnonyaTHUKa. B xoae nsyyeHna npouecca nepepayn XpomMocombl 2 A-cybreHoma xsonyaTHuKa
Gossypium barbadense L. npn 6eKKpPOCCUPOBAHMUM YETbIPEX WUCXOAHBIX MOHOCOMHbIX NMHWIA Bupa G. hirsutum L.
MOHOCOMHBIMY GEKKPOCCHBIMM TMOPVAaMI C 3aMeLLeHNEM XPOMOCOMBI 2 A-CybreHoMa Obiin BbIAIBNEHDI: CHUKEHME
CKpeLYMBaeMOoCTV, 3aBA3bIBAEMOCTU M BCXOXKECTU TMOPUIHbIX CEMsAH; OT/IMYMA B YacToTe M XapaKkTepe nepepauu
Xpomocombl 2 Ai-cybreHoma xnonyaTtHuka G. barbadense; perynapHocTb NoBeAeHNA XPOMOCOM B MeN03e 1 BbICOKUIA
MeNOTUYECKN NHAEKC; 3HAUUTENIbHOE CHUKeHMe GepTUNbHOCTY Mblblbl Y BEKKPOCCHBIX MOHOCOMHBIX MMOPMAOB
BC,F,; cneunduueckne mopdobronornyeckrie 0cCob6eHHOCT! MOHOCOMHbIX 6EKKPOCCHBIX PacTeHWI B BUAE 3aAePKKM
pa3BUTKA BEreTaTUBHbIX 11 FTeHePaTUBHBIX OPraHOB, HU3KOPOCIOCTU 1 CHUXKEHHOW 0BNIMCTBEHHOCTY, @ Takxke craboi
6yTOHM3aLMN N LBETEHNA B TeYeHue MepBOro roga Beretaumu. Mo-Bugumomy, Takve cneumduyeckne naMeHeHua
NPOVCXOAWMAN BCNIEACTBUE peopraHn3aumm rubpraHOro reHoMa 1 UHTPOrpPeccuMmn YyXepoaHOro XpomMatuHa. Kpomve
TOro, 6biNa NPOAEMOHCTPUPOBaHa 3GPEKTVBHOCTb UCTMONb30BAHNA MONEKYNIAPHO-TEHETUYECKNX MUKPOCATENNTHBIX
(SSR) MapKepoB Ans KOHTPONMPOBaHWA NPOLIECCOB GEKKPOCCUPOBAHWA U SIMMUHALMM TeHEeTUYECKOro maTtepuana
noHopHol nuHKK Pima 3-79 Buga G. barbadense ¢ uenbio oT6opa reHOTUMNOB C YyXePOAHbBIM 3aMeLLeHeM XPOMOCOM.
KnioueBble c1oBa: xnonuyatHuk; G. hirsutum; G. barbadense; MOHOCOMHbIE JIMHWU; XPOMOCOMHO-3aMeLleHHble TMbpuAabl;
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Introduction

Currently, the lack of genetic diversity in the cultivated cot-
ton plant Gossypium hirsutum L. (2n = 52, AD;) hinders the
development of breeding programs (Wendel, 1989). One
method of introducing alien genetic material is the creation
of chromosome substitution lines containing one pair of
chromosomes from a related species, which substitutes the
homeologous pair of chromosomes because the substitution
occurs in strict accordance with chromosome homeology
(Shchapova, Kravtsova, 1990).

Lines with alien chromosome substitutions were created in
the USA via three tetraploid cotton species (G. barbadense L.,
G. tomentosum Nutt. ex Seem and G. mustelinum Miers
ex Watt) (Saha et al., 2004, 2006, 2013), where the largest
number of lines were obtained from the G. barbadense species,
and a study was conducted on the effects of substitution on
valuable fibre quality traits (Saha et al., 2004, 2010, 2020; Jen-
kins etal., 2006, 2007). However, the active use of these lines
by other researchers indicated the absence of introgression of
the entire chromosome or a chromosomal region in some of
these lines (Gutiérrez et al., 2009; Saha et al., 2015; Ulloa et
al., 2016; Fang et al., 2023), so only 13 CS-B (chromosome
substitution) lines out of 20 had “significant introgression”
from the G. barbadense species. However, the reasons for the
lack of substitution of alien chromosomes in the lines of the
American collection have never been clarified.

Earlier, at the National University of Uzbekistan named
after Mirzo Ulugbek a collection of new monosomic lines
of G. hirsutum cotton was created via various irradiation
methods. Univalent chromosomes of 35 of these lines, which
are deficient in individual chromosomes, were identified via
translocation and molecular genetic SSR markers (Sanamyan
et al., 2014, 2022). Four monosomic lines were deficient in
chromosome 2, 18 lines were deficient in chromosome 4,
five lines were deficient in chromosome 6, one line was
deficient in chromosome 7, and another line was deficient
in chromosome 12 of the A subgenome of cotton. There is
also one monosomic line on chromosomes 17, 18, 21 and 22
of the D, subgenome of cotton and two telocentric lines on
chromosomes 6 and 11 of the A; subgenome (Sanamyan et
al., 2016a, b; Sanamyan, Bobokhujaev, 2019).

To create chromosome substitution cotton lines, we deve-
loped a new scheme based on cytogenetic and molecular ge-
netic methods (Sanamyan et al., 2022). The use of monosomic
lines with identified univalent chromosomes and molecular
genetic SSR markers at the seedling stage allowed rapid
screening of the identity of alien chromosomes in backcross
hybrids, significantly accelerating and facilitating the creation
of chromosome substitution lines.

Experiments involving many hybrids across multiple ge-
nerations have revealed new effects of alien chromosome
transmission in backcrossed progeny. The aim of our study was
to analyse the transmission patterns of chromosome 2 of the
A subgenome of cotton during backcrossing of four original
monosomic lines of G. hirsutum with the donor line Pima 3-79
of G. barbadense to create G. hirsutum/G. barbadense lines
with alien chromosome substitutions. We assessed the cross-
ability, seed set, and germination of hybrid seeds, estimated the
frequency and pattern of chromosome 2 transmission, studied
chromosome behavior during meiosis, and identified specific
morphobiological features of backcrossed monosomic plants
in the first year of vegetative growth.

Materials and methods

Plant material. The cotton cytogenetic collection of the Na-
tional University of Uzbekistan named after M. Ulugbek is
characterized by the presence of four monosomic lines (Mo11,
Mol6, Mol19, and M093) deficient in chromosome 2 of the
A, subgenome of the tetraploid cotton species G. hirsutum
(2n =52, AD,) (Sanamyan, Bobokhujaev, 2019).

The Pima 3-79 line, which was obtained from a doubled
haploid and is the genetic standard for this cotton species
in the United States (Endrizzi et al., 1985), was used as the
donor parent of the substitution chromosome (CS) from the
G. barbadense species.

Backcross hybrids obtained from crossing four monosomic
lines (Mo11, Mo16, Mo19, and M093) deficient in chromo-
some 2 of the A; subgenome of the G. hirsutum species with
previously obtained monosomic F; hybrids, which had mono-
somy for the same chromosomes as the original monosomic
plants (Sanamyan et al., 2016b), were studied. All plants of
the original monosomic lines and backcross hybrids were
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maintained year-round in a film greenhouse at the National
University of Uzbekistan.

Cytological analyses, as well as DNA extraction and
genotyping, were performed according to methods described
previously (Sanamyan et al., 2023). Elimination of G. bar-
badense chromosomes in the monosomic cotton hybrid BC,F;
was determined by the absence of marker amplification on the
G. barbadense chromosomes (paternal) and the presence of
only allele-specific PCR products of G. hirsutum (maternal).

Results

Crossability, seed set, and germination of BC,F, hybrid
seeds involving monosomic lines deficient in chromosome 2
of the A, subgenome of G. hirsutum. Four monosomic lines
of G. hirsutum deficient in chromosome 2 of the A, subge-
nome were crossed with F; hybrids (MoxPima 3-79), which
were monosomic for the same chromosomes as the original
monosomic line. All four BC,F; variants were characterized
by a significant decrease in the percentage of crossability (from
33.33109.09 %) (Supplementary Material 1)1 compared with
F4 hybrids (from 68.75 to 50.00 %) (Sanamyan et al., 2022).

The hybrid seed set of the BC;F; plants also decreased (from
52.94+12.11 to 37.31+5.91 %) compared with that of the
F hybrids (from 57.69+9.69 to 31.33%£5.09 %). Compared
with that of the Fy hybrids, the germination of the backcrossed
BC,F; seeds decreased from 88.89 to 51.61 % (Supplementary
Material 1) (from 100 to 71.43 %).

Identification of chromosome 2 substitutions in the
A; subgenome of G. barbadense in BC,F; hybrids via
chromosome-specific molecular genetic markers. For mo-
lecular analysis of backcrossed BC;F; plants, the principles
of deletion molecular analysis were used (Liu et al., 2000;
Gutiérrez et al., 2009). The study was conducted according to
our previously proposed scheme for producing chromosome
substitution cotton lines (Sanamyan et al., 2022). Molecular
genetic analysis of the backcrossed forms was performed on
backcrossed cotton seedlings at the 3-5 true leaf stage before
they were transplanted into greenhouse soil to accelerate
the isolation of monosomic chromosomes from the donor
species. Among the plants harboring all the BC;F; variants,
those with genomes containing an alien chromosome 2 of the
A, subgenome of the G. barbadense species were identified.

Previously, among the BC,F; hybrids in the BC,F;(Mo11x
xF1(7663)) cross variant in four backcross families (9,, 10,
78,, and 79,), no hybrid seedlings with polymorphic alleles
from the G. barbadense species were found, which indicated
the absence of substitutions in these monosomes. Later, in
a similar variant of the experiment in the backcross family
(494,), one (494,) monosomic backcross seedling was identi-
fied, which was characterized by the presence of polymorphic
alleles only from G. barbadense, whereas the alleles of the
L-458 line of the G. hirsutum species were not detected on the
basis of the localization of chromosome-specific SSR mark-
ers, BNL834, BNL1434, BNL1897, BNL3590, BNL3971,
BNL3972, CIR381, and JESPR179. Since all the above-men-
tioned markers were previously localized on chromosome 2 of
the A; subgenome of cotton (Liu et al., 2000; Gutiérrez et al.,
2009; Yuetal.,2011; Sahaetal., 2015; Wang et al., 2016), the

1 Supplementary Materials 1-20 are available at:
https://vavilovj-icg.ru/download/pict-2025-29/appx45.pdf
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G. barbadense during backcrossing G. hirsutum

obtained data indicated the presence of substitutions on this
chromosome (Supplementary Materials 2, 3, 19).

Previously, in the BC;F;(Mo16xF,(984)) variant, four
seedlings (922,, 9225, 923,, 923;5) with a substitution on
chromosome 2 of the G. barbadense species were already
found in two hybrid backcross families (922, and 923,)
(Sanamyan et al., 2022); however, the elimination of the
alien chromosome in BC,F; required re-examination of this
variant, where three backcross seedlings (4955, 497, and 497,)
were found in two new families, which had only alleles from
G. barbadense, whereas the alleles of G. hirsutum were absent,
which indicated the localization of seven chromosome-specific
SSR markers: BNL834, TMB0471, JESPR101, JESPR179,
CIR376, DPL0674, and NAU2277, previously localized on
chromosome 2 of the A; subgenome (Gutiérrez et al., 2009;
Yu et al., 2011; Saha et al., 2015; Wang et al., 2016) and
confirmed the presence of a substitution on this chromosome
(Supplementary Materials 4-6, 19).

SSR-based deletion analysis in the BC1F1(Mo19xF(769,))
and BC,F;(Mo093xF,(516,)) combinations with a putative
substitution of chromosome 2 of the A, subgenome of cotton
allowed us to detect alleles of the G. barbadense species in
one backcross seedling (8g) in the first variant and nine seed-
lings (74, 7, 73, 884, 88,4, 887, 893, 89, and 89) in the second,
whereas alleles of the G. hirsutum species were absent. Since
chromosome-specific SSR markers BNL3545, BNL3971,
JESPR101, JESPR179, CIR376, and DPL0674 were previ-
ously localized on chromosome 2 of the A; subgenome of
cotton (Liu et al., 2000; Gutiérrez et al., 2009; Yu et al., 2011;
Saha et al., 2015; Wang et al., 2016), the obtained data indi-
cated the presence of substitution of this chromosome in the
studied seedlings (Fig. 1, Supplementary Materials 7-9, 19).

A study of meiosis in BC;F; hybrids with identified
univalents. Chromosome pairing at the metaphase |
(MI) stage of meiosis was studied in 17 monosomic
plants in four backcross variants obtained from crosses of
monosomic lines of the G. hirsutum species with inter-
specific monosomic F; hybrids (MoxPima 3-79). Seven
monosomics were found among the backcrossed plants
in the BC;F{(Mol16xF{(98¢)) variant, one each in the
BClFl(MOI 1 XF1(7663)) and BClFl(M019XF1(7694)) VariantS,
and eight in the BC{F;(M093xF(516,4)) variant.

Analysis of meiotic MI in BC,F; monosomic plants, where
all backcrossed monosomic plants had univalent G. bar-
badense chromosomes, revealed a modal chromosome pairing
with 25 bivalents and one univalent chromosome, characteris-
tic of tetraploid monosomic cotton plants (Supplementary
Material 10). Analysis of the size of univalents in mono-
somic BC,F; confirmed the large size of chromosome 2 of
G. barbadense in all four crossing variants (Fig. 2), which
indicated that this chromosome belongs to the A, subgenome
of cotton.

Most of the studied BC;F; monosomics were characterized
by a high meiotic index (up to 95.74+0.47) and a small num-
ber of tetrads with micronuclei (up to 3.86+0.65 %), with the
exception of two monosomics (9225 and 73) with a reduced
meiotic index (89.04+£0.94 and 88.57£1.13, respectively)
and an increased number of tetrads with micronuclei (up to
4.75+0.64 and 5.15+0.78 %, respectively) (Fig. 3, Supple-
mentary Material 11).
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Fig. 1. Electropherogram of DNA amplicons of SSR markers in hybrid seedlings BC;F;(M093xF;(516,)) on chromosome 2 of

the A; subgenome of cotton.
a-BNL3971; b-JESPR179.

Fig. 2. Chromosome configurations in metaphase | of meiosis in BC;F; hybrid plants obtained from crossing monosomic lines with interspecific mono-
somic F, hybrids: F;: a — BC,F;(Mo11xF;(7663)) (494,); b - BC;F;(Mo16xF,(98,)) (497,); c - BC;F;(M019xF;(769,)) (8); d - BC;F;(M093xF,(516,)) (88,)

with chromosome 2 of the A, subgenome of G. barbadense.
Univalents are indicated by arrows.

Pollen viability was assessed in BC;F; monosomics via
acetocarmine staining. Only two monosomic strains (922 and
923,) presented high pollen viability (up to 94.21+1.06 %)
(Fig. 4, Supplementary Material 12). Six monosomics me-
thods resulted in a slight reduction in pollen viability (from
88.38+1.46t0 81.15+1.52 %), but five monosomics methods
(7,, 884, 88,, 88;, and 89,) involving one variant of BC{F;
(Mo093xF,(516,)) were characterized by a strong reduction in
pollen viability (from 62.65+2.15 to 77.47 £1.64 %).

Crossability, seed set, and germination characteristics
of BC,F; hybrid seeds with monosomic lines deficient in
chromosome 2 of the A; subgenome of G. hirsutum. Three
monosomic lines deficient in chromosome 2 of the A, subge-
nome of G. hirsutum from the cytogenetic collection were
crossed with monosomic BC{F{(MoxF{(MoxPima 3-79))
hybrids that contained substitutions of chromosome 2 of the
A, subgenome of G. barbadense. Compared with those of the
F; and BC,F; hybrids, a strong decrease in crossability was
observed (from 18.18 to 3.47 %) (Supplementary Material 13).
A study of the seed set rate of hybrid BC,F; plants revealed
a significant decrease (from 47.47+5.02 to 27.69+5.55 %)
compared with that of the F; and BC,F; hybrids, while the
germination rate of backcrossed BC,F; seeds also decreased

Fig. 3. Sporades in the hybrid plant BC,F;(M0o93xF,(516,)) (88,): a - mo-
nad with three micronuclei and tetrads; b — abnormal tetrad and normal
tetrad.

(from 69.23 to 44.44 %) compared with that of the same hy-
brids, with the monosomic line M093 exhibiting the strongest
decrease in seed set and germination compared with the other
two monosomic lines.

Identification of substitutions in the chromosome 2 of the
A, subgenome of G. barbadense in BC,F; and BC3F; hy-
brids via chromosome-specific molecular genetic markers.
We previously demonstrated that five monosomic seedlings
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Fig. 4. Sterile (uncolored) and fertile (colored) pollen in monosomic BC;F, hybrids obtained from crossing a monosomic line with a monosomic hybrid
F;(MoxPima 3-79): a, b (88,) and ¢, d (89,) in the BC;F;(M093xF,(516,)) variant.

(211, 212, 214, 217 and 221) in the BCzFl(M016XBClFl(9237))
variant with a putative substitution of chromosome 2 in the
A subgenome of cotton were characterized by the presence
of chromosome-specific alleles only from the L-458 line of
G. hirsutum, whereas alleles from G. barbadense were absent,
indicating the elimination of the alien chromosome (Sanamyan
etal., 2023).

The results of a new study of two variants involving the
Mol16 line but two different BC;F; hybrids (BC,F;(Mo016%
xBC1F1(922g)) and BC,F1(Mo16xBC;F(923;)) revealed that
in the first variant, three seedlings (8174, 817, and 8174) had
chromosome-specific alleles only from the G. barbadense
species, whereas alleles from the G. hirsutum species were
absent; however, in the second variant, four seedlings (818,
8185, 818, and 818-) had alleles only from the G. hirsutum
species, which indicated the elimination of the alien chromo-
some. Since previously reported chromosome-specific SSR
markers, BNL3971, TMB1194, CIR376, and DPL0674 are
located on chromosome 2 of the A, subgenome of cotton (Liu
et al., 2000; Gutiérrez et al., 2009; Saha et al., 2013, 2015;
Wang et al., 2016), the obtained data indicate the presence of
chromosome 2 substitutions in the first three seedlings (Fig. 5,
Supplementary Materials 14, 19).

SSR-based deletion analysis in combinations BC,F;(M019x
xBC;F1(8g)) and BC,F1(M093xBC,F,(88,)) with putative
substitution of chromosome 2 of the A; subgenome of cot-
ton allowed us to detect alleles of the G. barbadense species
only in 10 backcross seedlings (820,, 8205, 820, 8204,
820,4, 82047, 821,, 8215, 821¢, and 821,p) of the first va-
riant and in one (515,) of the second, whereas alleles of the
G. hirsutum species were absent. Chromosome-specific SSR
markers, such as BNL834, BNL1434, BNL1897, BNL3292,
BNL3413, BNL3424, BNL3547, BNL3971, BNL3972,
JESPR101, JESPR179, JESPR304, TMB0471, TMB1194,
CIR376, CIR381, CIR401, DPL0674, and NAU2277 are
located on chromosome 2 of the A, subgenome of cotton (Liu
et al., 2000; Gutiérrez et al., 2009; Saha et al., 2013, 2015;
Wang et al., 2016; https://www.CottonGenorg/data/download/
marker_origin), and the obtained data indicated the presence
of substitutions of this chromosome in the studied seedlings
(Fig. 6, 7, Supplementary Materials 15-17, 19).

Similarly, in the BC3F1(M093xBC,F;(515,)) combination
with a putative substitution of chromosome 2 of the A, sub-
genome of cotton, alleles of G. barbadense were detected in
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Fig. 5. Electropherogram of DNA amplicons of SSR markers in hybrid
seedlings, BC,F;(Mo16xBC;F(922g)) on chromosome 2 of the A sub-
genome of cotton.

Marker DPL0674.

seven backcrossed seedlings (8394, 839,, 839,, 839y, 839,
839,4, and 839,,), whereas alleles of the G. hirsutum species
were absent. Because previously reported chromosome-spe-
cific SSR markers, DPL0674 and JESPR 179, were located on
chromosome 2 of the A; subgenome of cotton (Liu et al., 2000;
Gutiérrez et al, 2009; Yu et al., 2011; Saha et al., 2013, 2015;
Wang et al., 2016), the obtained data indicated the presence
of a substitution of this chromosome in the studied seedlings
(Fig. 8, Supplementary Materials 18, 19).

Study of meiosis in BC,F; hybrids with identified uni-
valent. A study of chromosome pairing at the MI stage of
meiosis revealed one backcrossing monosomic in each of the
three backcrossing variants of BC,F, (involving the Mo16,
Mo19, and Mo093 lines) at the time of writing.

Analysis of meiotic MI in three BC,F; monosomic strains,
including one monosomic strain, 21,, from one cross with
univalent chromosome 2 of the A; subgenome of cotton
G. hirsutum (Sanamyan et al., 2023) and two other monoso-
mic strains (821, and 515,) from two crosses with univalent
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Fig. 6. Electropherogram of DNA amplicons of SSR markers in hybrid seedlings, BC,F;(Mo19xBC,F;(8g)) on chromosome 2 of the A, subgenome of

cotton.
Marker JESPR179.
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Fig. 7. Electropherogram of DNA amplicons of SSR markers in hybrid seedlings, BC,F;(M093xBC;F;(88,)) on chromosome 2

of the A, subgenome of cotton.
a - marker TMB0471; b — marker JESPR179.

chromosomes 2 of G. barbadense, revealed modal pairing of
chromosomes with 25 bivalents and one univalent, confirm-
ing their monosomic status. Univalent size analysis in BC,F,
monosomics revealed a large chromosome 2 of G. hirsutum
and a similar size in BC,F; monosomic data with chromo-
some 2 of G. barbadense.

Characteristics of the transmission of chromosome 2 of
the A subgenome of cotton during backcrossing of mono-
somic lines deficient in this chromosome by monosomic hy-

brids of different backcross generations. Molecular genetic
analysis of backcrossed seedlings (at the stage of 3-5 true
leaves), carried out via chromosome-specific molecular mark-
ers (SSR), allowed us to estimate the frequency and nature
of the transmission of chromosome 2 from the A; subgenome
of cotton in BC,F; hybrid plants. A study of five backcrossed
BC,F; families revealed that, in the BC;F;(Mo11xF(76653))
variant, there was only one seedling (494,) with the presence
of the substituted chromosome, which indicated a very rare
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Fig. 8. Electropherogram of DNA amplicons of SSR markers in hybrid seedlings, BC3F;(M093xBC,F,(515;)) on chromosome 2 of

the A; subgenome of cotton.
a - marker DPL0674; b — marker JESPR179.

transmission frequency of chromosome 2 of the A; subgenome
of the G. barbadense species (3.13 %) (Fig. 9, Supplementary
Material 20).

Among the BC{F; hybrids in the BC;F;(Mo16xF(98g))
cross combination, seven seedlings with chromosome 2
substitutions were found, which were characterized by the
presence of polymorphic alleles only from the G. barbadense
species, indicating a relatively high frequency of transmis-
sion of chromosome 2 from the A, subgenome of the G. bar-
badense species (21.21 %) in this variant. However, a study
of the transmission of this chromosome in BC,F4 hybrids in
the BC,F;(Mo16xBC,F(923-)) variant revealed the presence
of chromosome-specific alleles only from the G. hirsutum
species, whereas alleles from the G. barbadense species
were absent, which revealed the absence of chromosome 2
substitution in five hybrids studied. Repeated analysis of
BC,F; hybrids in two cross variants allowed us to identify
four hybrids in one BC,F;(Mo16xBC,F1(923;)) variant with
chromosome-specific alleles only from the G. hirsutum spe-
cies, which drew attention to the repeated elimination of this
chromosome, whereas in the other variant (922;), the presence
of chromosome 2 substitution from the G. barbadense species
was observed. In general, in BC,F, with the participation of
the monosomic line Mo16, the frequency of transmission of
the substituted chromosome was characterized by a decrease
(up to 12.00 %) compared with that in BC,F; hybrids, as well
as elimination in the majority of hybrids (36.00 %). Moreover,
elimination of the substituted chromosome occurred in one
variant of crosses involving the same BC;F; hybrid plant,
which suggested the influence of genotype on the nature of
chromosome transmission (Fig. 9, Supplementary Mate-
rial 20).

Among the hybrids of one family inthe BC,F;(Mo19xF(769;))
variant with a putative chromosome 2 substitution, a single
hybrid plant (8g) was identified that had an allele from G. bar-

badense, which indicated the transmission of the substituted
chromosome 2 with a low frequency (12.50 %). However,
when the transmission of this chromosome in BC,F; hy-
brids in the BC,F;(Mo19xBC;F;(8g)) variant was studied,
chromosome-specific alleles from the G. barbadense species
were detected only in ten hybrids in three analysed families,
which indicates greater transmission of the substituted chro-
mosome 2 (28.57 %) than in BC,F; hybrids (Fig. 9, Supple-
mentary Material 20).

Nine hybrids with chromosome 2 substitutions were
detected in the BC1F;(M093xF,(516,)) variant, which was
characterized by the presence of alleles from G. barbadense
only, indicating a high frequency of transmission of this
chromosome (42.86 %). Among the BC,F; hybrids in the
BC,F;(M093xBC;F(88,)) variant, only one hybrid from two
families had a substitution from G. barbadense, confirming
the low frequency of chromosome 2 substitution (14.29 %).
However, the study of the transmission of this chromosome
in BC3F1 hybrlds in the BC3F1(M093 XBC2F1(5151)) Variant
made it possible to characterize the presence of chromosome-
specific alleles from the G. barbadense species in seven hy-
brids out of 12 studied, i. e., the transmission of chromosome 2
was observed in more than half of the hybrids (58.33 %)
(Fig. 9, Supplementary Material 20).

Morphobiological analysis of monosomic hybrids
BC,F;, BC,F4, and BC3F; obtained from crosses of the
monosomic cotton lines G. hirsutum with chromosome 2
deficiency of the A, subgenome with monosomic hybrids
of different generations of backcrosses with chromosome
substitution. Morphobiological analysis of backcross mono-
somic hybrids BC,F; with chromosome 2 substitution of the
A, subgenome of cotton revealed short stature (up to 50 cm
on average); reduced size of three-lobed leaves, buds, and
flowers; low foliage; shortened internodes; and weak budding
and flowering during the first year of vegetation (only 2—3 buds
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Fig. 9. Frequency of occurrence of monosomic hybrids with alien chromosome 2 of the A, subgenome of cotton

G. barbadense.

Fig. 10. Plants of the original lines and monosomic hybrids of cotton F; and BC,F; obtained from crossings of the

recurrent parent with monosomic hybrids.

a - monosomic line Mo16 for chromosome 2 of the A, subgenome; b - F;(Mo16xPima 3-79) (98,); c-e - BC;F;(Mo16xF;98)
with substitution of chromosome 2 of the A; subgenome of cotton G. barbadense: ¢ — 923, d — 4955, e — 497, f -
BC,F(Mo16xBC;F;9224) (817,4) with substitution of chromosome 2; g - BC,F;(Mo16xBC;F;923-) (214) without substitution of
chromosome 2 of the A, subgenome of cotton G. barbadense.

and flowers per plant) compared with the recurrent parent.
The backcross hybrids with the participation of the monoso-
mic line Mol6 (Fig. 10) were characterized by particularly
short stature and a decrease in growth rates, whereas in the
second and third years of vegetation, there was an increase in
the size of the leaves, the number of buds and the number of
opened bolls.

Compared with the monosomic hybrid BC,F;, with the
substitution of chromosome 2, the complemented hybrids
BC,F; and BC3F;, with the substitution of chromosome 2
of the A; subgenome of cotton, were distinguished by taller
growth (up to 80 cm), medium foliage, larger three-lobed
leaves, an increased number of flowers and medium-sized
spherical bolls.

Discussion

Interspecific crosses of various tetraploid cotton species
are characterized by high crossability and fertility of first-
generation hybrids. However, in later generations, decreases
in all these parameters and mass sterility are observed (Mauer,
1954; Abdullaev, 1974).

A study of the crossability and seed set of backcrossed
seeds obtained from crosses of monosomic lines deficient in
chromosome 2 of the A, subgenome of cotton G. hirsutum
with interspecific monosomic F; hybrids and backcrossed
monosomic BC{F; hybrids revealed a significant decrease in
crossability in all the studied backcrossed hybrids, whereas
hybrid seed set and germination decreased in most hybrids.
This decrease was explained by the decrease in these para-
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meters in the original monosomic lines due to the presence
of a significant number of nullisomic gametes, as well as
the hemizygosity of the maternal and paternal plants, which
resulted in the presence of numerous unfertilized eggs in the
form of motes and low germination of nullisomic seeds.

Molecular genetic methods using microsatellite sequence
markers (SSRs), which are widespread in eukaryotic genomes
and exhibit a high level of polymorphism, are widely used
to identify alien introgression. To date, several collections
of such markers have been created for cotton (BNL, JESPR,
CIR, DPL, and NAU), and molecular genetic linkage maps
have been constructed due to chromosomal specificity of many
SSR markers (Liu et al., 2000; Gutiérrez et al., 2009; Yu et al.,
2011; Sahaetal.,2013,2015; Wang et al., 2016; https://www.
cottongen.org/data/download/ marker_origin). The presence
or absence of microsatellite marker amplification products
after polymerase chain reaction allows us to judge the presence
or absence of an alien chromosome in the studied genotype.
Therefore, our molecular genetic screening of backcross hy-
brids at the seedling stage allowed us to quickly identify the
substitution of chromosome 2 of the A, subgenome of cotton
of the G. barbadense species.

Compared with direct cytological observation, PCR-based
screening for chromosome-specific markers has been shown to
be more productive and significantly more effective (Polgari
et al., 2019). This is especially true when it is impossible to
detect and monitor alien genetic material directly on cytologi-
cal preparations via FISH and GISH hybridization.

The originality of our approach lies in the development of a
new scheme for the targeted, planned substitution of specific
chromosomes via monosomic lines with previously estab-
lished univalent chromosome identities and chromosome-
specific microsatellite markers (SSRs) at the seedling stage.
During the creation of new chromosome substitution lines via
this scheme, significant differences were identified between
specific chromosomes in the cotton genome in terms of the
frequency of transmission of alien chromosomes, their elimi-
nation at different stages of backcrossing, and the morphobio-
logical characteristics of the backcrossed hybrids. This study
presents data on the specific consequences of the transfer of
genetic material from chromosome 2 of the A, subgenome of
cotton G. barbadense into the genome of cotton G. hirsutum
via four monosomic lines.

The results of the study of backcross progenies BC;Fj,
BC,F; and BC5F; (in one variant of crossing) revealed that the
frequency of transmission of chromosome 2 of the A; subge-
nome of cotton, G. barbadense depended on both the genotype
of the monosomic line and the genotype of the backcross
hybrid used in the crossing. Thus, the level of transmission
of chromosome 2 of the A; subgenome of G. barbadense in
the first backcross generation, with the participation of four
monosomic lines, varied within a wide range (from 3.13 to
42.86 %), whereas in the BC,F; generation, where only three
monosomic lines were involved, the transmission frequency
was noticeably reduced and varied within a narrower range
(from 12.00 to 28.57 %). However, in the BC3F; generation,
which included only one monosomic line (M093), the high-
est frequency of chromosome 2 transmission (58.33 %) was
observed in more than half of the studied hybrids. Moreover,

Introgression of chromosome 2 A, subgenome of cotton
G. barbadense during backcrossing G. hirsutum

this line was characterized by the highest average number of
substitutions per hybrid genome among all four studied lines.
In addition, the elimination of chromosome 2 of the A, subge-
nome was detected in the BC,F; variant (Mo16xBC,F; (923;)),
which involved the same paternal backcross monosomic
hybrid plant (923;) during two experiments, indicating the
preferential elimination of chromosome 2 in the studied
backcross progenies and the influence of a specific paternal
genotype on this process. Therefore, the analysis of the
transmission characteristics of alien chromosome 2 revealed
differences in the competitiveness of this chromosome when
it is transmitted to offspring in the genotypic environment of
four monosomic lines.

The success of substitution depends on how well the alien
chromosome compensates for the missing chromosome,
since it is difficult to assume that each alien chromosome
could compensate equally for the absence of homeologous
chromosomes (Morris, Sears, 1970).

Previously, a dependence of rye chromosome introgression
on the genotypic environment of the recipient was discovered,
since differences in the frequency of rye chromosomes were
observed in the F, hybrid population between a wheat-rye
substitution line for chromosomes 1R+2R and the winter
wheat varieties Holme and Kraka (Merker, Forsstrom, 2000).
Notably, the genotype of the variety also influenced the fre-
quency of telocentric formation on the rye chromosome and
T2R.2DL translocation (Krasilova et al., 2011).

Cases of complete uniparental elimination of chromosomes
from the entire genome are widely known (Ishii et al., 2016;
Dedukh, Krasikova, 2021). They result from hybridization be-
tween distantly related species as an element of protecting the
integrity of the genome from “genomic shock” (McClintock,
1984). An example is the preferential elimination of chromo-
somes from the entire D genome in first-generation hybrids
during wheat-rye hybridization (Li et al., 2015).

Examples of partial elimination of individual chromosomes
are less numerous, but it is known that in each specific case,
different mechanisms of chromosome elimination operate
in interspecific hybrids, depending on the specific species
involved. Thus, an assessment of a large population of wheat-
barley hybrids via genomic in situ hybridization (GISH) and
simple sequence repeat (SSR) markers revealed the absence
of preference for the elimination of individual barley chro-
mosomes compared with wheat chromosomes (Polgari et al.,
2019). Astudy of the transmission of chromosome 5R through
the gametes of wheat-rye dimonosomics 5R5D revealed a
significantly lower competitive ability of this chromosome
in transmission to offspring and its preferential elimination
(Silkovaetal., 2011). Selective elimination of chromosomes in
Hordeum bulbosum L. is associated with the loss of one of the
types of histone protein H3 (CENH3) in the centromere, lead-
ing to its inactivity and absence of chromosome attachment to
the mitotic spindle, as well as the formation of micronuclei and
their degeneration (Sanei et al., 2011). A comparative analysis
of'the nucleotide sequences of the centromeric histone CENH3
genes in wheat-rye allopolyploids of different ploidy levels
revealed increased expression of rye CENH3 variants, which
is associated with the maintenance of a viable hybrid genome
(Evtushenko et al., 2019). Using bread wheat as an example,
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a wide range of features of alien chromatin introgression was
demonstrated, which represents significant potential for gene
pool enrichment (Adonina et al., 2021).

Although screening for the presence of alien chromosomes
in backcrossed cotton progenies via molecular genetic mark-
ers made it possible to detect specific consequences of the
introgression of chromosome 2 of the A; subgenome of the
G. barbadense species at different stages of backcrossing,
the study of the behavior of univalent chromosomes at the
MI stage of meiosis revealed the similarity of pairing in
backcrossed monosomes with the univalent chromosome 2
of the A, subgenome of the cotton species G. hirsutum and
the univalent chromosome 2 of the A, subgenome of the
G. barbadense species.

The backcrossed BC;F; monosomic strains we examined
were characterized by a general delay in the development
of vegetative and generative organs, manifested by stunted
growth, reduced foliage, and poor budding and flowering
during the first year of vegetative development. This hampered
their study and backcrossing and significantly complicated
and delayed the creation of chromosome substitution forms.
However, during the second year of vegetative development,
the backcrossed plants showed normalization of vegetative
and generative organ development.

Similar dwarfism was observed in the monosomic alien
complemented cotton line G. hirsutum/G. bickii Proch. with
a 10 Gb chromosome substitution (MAAL), created through
crosses with an amphidiploid (2n = 78, AADDG;G;) and
chromosome-specific SSR markers (Tang et al., 2018). It can
be assumed that such changes in morphobiology occurred
due to hybrid genome reorganization and introgression of
alien chromatin.

Conclusion

This study demonstrated the negative consequences of the
introgression of chromosome 2 of the A, subgenome of cot-
ton, G. barbadense, into the genome of cotton, G. hirsutum,
involving four monosomic lines. These negative consequences
include decreased crossability, seed set, and germination of
hybrid seeds; a wide variation in the transmission level of alien
chromosome 2 (from 3.13 to 42.86 %) in BC,F4, but a less
narrow one (from 12.00 to 28.57 %) in BC,Fy; elimination
of chromosome 2 of the A, subgenome of the G. barbadense
species in the BC,F{(Mo16xBC;F(923;)) variant with the
same paternal genotype, which indicated the influence of
a specific paternal genotype on this process; dwarfism; and
reduced foliage, weak budding and flowering in the first year
of vegetative development but an increase in the number of
buds, flowers and bolls in monosomic hybrids of the following
backcross generations.
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Intrapopulation changes in Puccinia hordei induced
by two-component fungicides from different chemical classes
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Abstract. Fungicide resistance is a global problem that reduces the effectiveness and duration of action of these
compounds due to changes in the racial composition and virulence of phytopathogen populations. Currently,
resistance to 100 active substances has been registered in more than 230 fungal plant pathogens. Leaf rust of barley
(Puccinia hordei Otth.) is one of the most widespread and harmful pathogens in the barley pathocomplex; it is
recorded in southern Russia every year. There are very few studies on the effect of fungicides on the characteristics of
rust fungi populations, and none have been carried out on P. hordei in Russia. This research aimed to analyze the effect
of fungicides belonging to the chemical classes of triazoles and strobilurins on intrapopulation changes in P. hordei in
terms of pathogenicity (virulence and aggressiveness) under the conditions of the North Caucasus region of Russia.
Two-component fungicides approved for use in the Russian Federation were selected for the study: Delaro, SC;
Amistar Extra, SC; Amistar Gold, SC. Plants were treated using several application rates: 50, 100, 150 and 200 % (the
recommended application rate was determined to be 100 %). Treatment of winter barley plants with fungicides with
different application rates revealed intrapopulation changes in the virulence structure of P. hordei. In all treatment
variants, the frequency of isolates virulent to the Rph4, Rph5, Rph6+2, Rph 12 genes decreased with increasing fungicide
application rate and the frequency of isolates virulent to Rph14 increased. No isolates virulent to Rph7 were found in
either the original population or the experimental variants. The average virulence of the fungal populations treated
with the fungicides in all experimental variants was lower compared to the original population (no treatment (48.5 %))
and depending on the application rate varied from 33.8 % (Amistar Gold, 50 %) to 28.5 % (Amistar Gold, 200 %). Under
the influence of the increased application rates of the fungicides, an increase in the duration of the latent period was
observed: from 168 h (original population) to 216 h (Delaro, Amistar Gold, 200 %). A decrease in sporulation ability
(spore mass per pustule ranged from 0.013 mg (original population) to 0.002 mg (Delaro, Amistar Gold, 200 %)) and in
the viability of P. hordei (from 100 % for the original population to 22.5 % in Amistar Gold, 200 % treatment) was found
under the action of the fungicides. Thus, a fungicide-treated P. hordei population is characterized by intrapopulation
changes in aggressiveness and virulence, which can significantly increase barley yield losses due to a decrease in the
effectiveness of chemical protection, as well as an increase in the harmfulness of the pathogen.

Key words: barley; leaf rust of barley; fungicides; Puccinia hordei; resistance; pathogenicity; population

For citation: Gvozdeva M.S., Kudinova O.A., Rudenko V.D., Volkova G.V. Intrapopulation changes in Puccinia hordei
induced by two-component fungicides from different chemical classes. Vavilovskii Zhurnal Genetiki i Selektsii = Vavilov
J Genet Breed. 2025;29(8):1195-1202. doi 10.18699/vjgb-25-126

Funding. The research was carried out within the framework of the grant of the Russian Science Foundation

No. 23-76-10063, https://rscf.ru/project/23-76-10063/

BHYTpunony/isinoHHbie nsmMmeHeHus Puccinia hordei
I10] BO3IeJiICTB/EM JIBYXKOMIIOHEHTHbIX (DYHTUIIVIOB
pPasJIMYHBIX XMINUYECKINX KIaCCOB

M.C.TIBo3zpeBa (%), O.A. KyanHoBa @, B.A. Pyaenxo (%), I.B. BoakoBa

DepepanbHbIi HayYHbIN LIEHTP 6roNornyeckom 3almTbl pacteHnin, KpacHopap, Poccua
alosa@list.ru

AHHOTaUMA. Pe3nCTeHTHOCTb K QyHrMuugam sIBAAETCS MUPOBON MpobGnemori, o6yCnaBnnBaloLWen CHUKEHNE WX
3bdEKTUBHOCTU N CPOKa AEeNCTBUA BCIeACTBUE M3MEHEHWA pPacoBOro COCTaBa W BUPYNEHTHOCTU MOMYNALMIA
¢duTonaToreHoB. B HacTosAlee BpemA 3aperncTpupoBaHa Pe3nCTEHTHOCTb 6onee uem y 230 rprbHbIX MaTOreHoB
pacteHuii K 100 geicTBylOWMM BellecTBaM. Bo3byautenb KapnmkoBol paBuurHbl (Puccinia hordei Otth.) — oguH 13
pacnpoCTpaHeHHbIX U BPeLOHOCHbIX B MaToKoMMieKkce AumeHs, B KOxHOM defepanbHOM okpyre, dUKcMpyeTca Ha
nocesax exerogHo. iccnegoBaHuii No BANAHUIO GYHIMUMAOB Ha XapaKTepUCTUKKN NONYNALNM PXKaBYMHHBIX FprboB
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Intrapopulation changes in Puccinia hordei
induced by two-component fungicides

KpaliHe Mano, a B oTHoweHun P. hordei B Poccum He npoBoaunock. Llenb faHHoM paboTbl — NpoaHanu3MpoBaTb
BAVsAHVE QYHMULMLOB U3 XUMUYECKMX KJTaCCOB TPMA30NIoB 1 CTPOOWTYPUHOB Ha BHYTPUMOMYNALMOHHbIE U3MEHEHNS
P. hordei no noka3atenam naToreHHOCT (BUPYNEHTHOCTU 1 arpeccuBHOCTM) B ycnoBurax CeBepo-KaBKa3cKkoro permoHa
Poccn. Onsa nccnefoBaHua Gbiny BblOpaHbl ABYXKOMIMOHEHTHble GYHTMLUADI, pa3pelleHHble K MPUMEHEHMWIO Ha
Tepputopun Poccuniickoin Oepepaunn: fenapo, KC; Amnctap dkctpa, CK; Amuctap long, CK. O6paboTKy pacTteHuit
NPOBOAWAN C UCMONIb30BAHMEM HECKONbKMX HOPM NpuMeHeHua npenapatos: 50, 100, 150 1 200 % (pekomeHayemas
HOpMa MpuMeHeHns NprHaTa 3a 100 %). Mpr 06paboTke pacTeHWi SUMEHS O3UMOTO GYHTMUMAAMM C Pa3IYHON
HOPMOW NPUMEHEHUA BbIABNEHbI BHYTPUMNOMYNALUMOHHbIE M3MEHeHUA B CTPYKType P. hordei no BUpPYNneHTHOCTW.
Bo Bcex BapumaHTax C yBeJIMYeHMEM HOPMbI MPUMeEHeHNA QYHIMLMA0B NPOUNCXOAMIN CHUXEHWE YacTOTbl M30MATOB,
BMPYNEHTHbIX K reHam Rph4, Rph5, Rph6+2, Rph12, n yBenuueHue 4acToTbl M3OMATOB, BUPYNEHTHbIX K Rphl4.
He o6Hapy»eHO 130MATOB, BUPYNEHTHbIX K Rph7, Kak B CXOAHON MONyNsAuuUW, Tak U B BapuaHTax onbita. CpegHsas
BUPYSIEHTHOCTb NONyNALuiA rpnba, 06paboTaHHbIX GyHrMLMAAMN, BO BCEX BapriaHTaXx OrbiTa Gbinia HYXKe Mo CPaBHEeHWIo
C BUPYNEHTHOCTbIO WCXOAHON nmonynauun (6e3 06paboTkm) (48.5 %) U B 3aBUCUMOCTA OT HOPMbl MPVIMEHEHNS
BapbupoBana ot 33.8 (Amuctap long, 50 %) no 28. 5 % (Amuctap long, 200 %). Mop fencTeMeEM NOBbILLEHHbIX HOPM
NPVMeHeHWA NpenapaToB OTMEYEHO YBeNNYeHNe ANTENbHOCTM TaTEHTHOrO Neprofa pasBuTuA MHPeKymn — ot 168 4
(ncxopHas nonynauma) o 216 u (denapo, Amuctap lfong, 200 %). NMop aencrarem GyHrMLMAOB YCTAaHOBNEHO CHUKEHME
crnopynupyoLen cnocobHoCTU (Macca Cnop C OfAHOM NycTynbl BapbupoBana ot 0.013 (ucxogHas nonynauus) Ao
0.002 mr (Jenapo, Amuctap lTong, 200 %) v xn3HecnocobHoctn P. hordei (o1 100 % AnAa WCXOZHOW NOMynAuUN Ao
22.5 % npu obpaboTke Amuctap long, 200 %). Takum obpasom, nonynaums P. hordei, nogseprasliascs obpaboTke
dyHrMUMgammn, xapakTepusyeTca BHYTPUMOMNYNALMOHHBIMM M3MEHEHUAMU MO MOKa3aTensAM arpeccrBHOCT W
BMPYNIEHTHOCTW, UYTO MOXKET CYyL|eCTBEHHO YBeNuuYMBaTb MOTEPU YpoXKada AUYMEHA BCINEACTBME KaK CHUMKEeHUA
3pPeKTUBHOCTU XMMNYECKON 3aLLWTbl, TaK 1 NMOBbILIEHUS BPeAOHOCHOCTY NaToreHa.

KnioueBble croBa: AYMeHb; KapfiMKoBas pkaBunHa; dyHruumabl; Puccinia hordei; pe3ncTeHTHOCTb; NaTOFEHHOCTb;

nonynauua

Introduction

Southern Russia is the leader in terms of winter grain crops
area. According to the Federal State Statistics Service (https://
rosstat.gov.ru/storage/mediabank/posev-4cx_2024.xIsx), in
2024 their share in total crops was 51.3 %. Winter barley is
a promising crop, valuable for livestock farming, capable of
producing a consistently high yield even in the extremely dry
conditions of southern Russia (Ereshko et al., 2012). In 2024,
the Krasnodar Region was the leader in barley harvesting:
1,159.5 thousand tons were harvested, which is 7 % of the total
amount in the country (https:/graininfo.ru/news/yachmen-
ploshchadi-sbory-i-urozhaynost-v-rossii-v-2024-godu/).

Barley crops are affected by various pathogens that cause
yield failure and loss of grain quality (Abbas, 2022). The leaf
rust of barley pathogen, the biotrophic basidiomycete Puccina
hordei Otth., is one of the widespread and harmful pathogens
in the barley pathocomplex (Sapkota et al., 2023). In the
North Caucasus region of Russia, leaf rust on barley crops
is recorded annually, and epiphytoties occur once or twice
every 10 years (Volkova et al., 2018). Ensuring high yields
is impossible without chemical protection. In addition to the
high pesticide load on agrobiocenosis, a serious problem is the
emergence of pathogen forms resistant to the active substances
of fungicides (Shcherbakova, 2019).

Fungicide resistance has become a major global problem,
reducing the efficacy and shelf-life of some promising fungi-
cides (Brent, Hollomon, 1995; Thind, 2021). Currently, resis-
tance to 100 active substances has been reported in more than
230 fungal plant pathogens in various crops and geographic
regions (FRAC, 2020). According to P.E. Russell (2003), rust
fungi are pathogens with a low risk of emerging resistance, but
their rapid life cycle, airborne dispersal of spores, and mixed
mode of reproduction can cause intrapopulation changes
(Ji et al., 2023) due to the rapid spread and accumulation of
resistant forms, which will lead to decreased sensitivity to
fungicides.

Traditionally, fungicides of the triazole and strobilurin
classes are used to control rust diseases of wheat and barley
(Walters et al., 2012). Triazoles belong to the largest class
of fungicides with the demethylation inhibitor (DMI) group,
suppressing the biosynthesis of ergosterol, a key component
of the plasma membrane of fungal cells (Lass-F16rl, 2011).
According to FRAC (2020), there is a moderate risk of emer-
ging resistance to such fungicides. At the same time, a number
of studies have noted changes in the population structure of
biotrophic pathogens. For example, G.Zhan et al. (2022),
studying the susceptibility to triademiphon in 446 isolates
of Puccinia graminis, found that fungicide-resistant isolates
showed strong adaptive traits in terms of urediniospore ger-
mination rate, latent period, sporulation intensity and lesion
spread rate.

Strobilurins are an equally large class of fungicides that
accumulate in the waxy layer of the leaf cuticle after plant
treatment (Krupen’ko, 2023). Globally, strobilurins account
for 20-25 % of total fungicide sales, a third of which is at-
tributed to azoxystrobin, the best-selling fungicide in the world
(Leadbeater, 2012). The first strobilurin-resistant isolates were
detected in 1998 in Blumeria graminis [DC.] in Germany two
years after their use, and strobilurin resistance has now been
reported among both biotrophic (Dodhia et al., 2021) and
hemibiotrophic (Olmez et al., 2023) pathogens worldwide.

There is also a risk of emerging fungicide resistance for bar-
ley leaf rust (Walters et al., 2012). Like all rust fungi, P. hordei
is a rapidly evolving phytopathogen (Celik Oguz, Karakaya,
2021). There are very few studies on the effect of fungicides
on the characteristics of the rust fungi population. For the first
time in Russia, such work was carried out at the Federal State
Budgetary Scientific Institution “Federal Research Center
of Biological Plant Protection” (FSBSI FRCBPP) for the
“wheat—yellow rust pathogen” pathosystem (Volkova, 2007).
The effect of a triadimefon-based fungicide on the virulence
and aggressiveness of P. striiformis was studied, the rate of
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emergence of resistant forms of the pathogen was calculated,
and an anti-resistant strategy for the use of fungicides with
this active substance on wheat crops was developed and pro-
posed. Further studies were carried out on the wheat leaf rust
pathogen (Gvozdeva, Volkova, 2022). It was found that the
population of P. triticina treated with a chemical fungicide
based on tebuconazole is characterized by a change in the
structure of aggressiveness and virulence and a decrease in
sensitivity to the toxicant. Similar studies on barley leaf rust
have not been carried out either in the world or in Russia.
Given the high virulence and variability of the North Cauca-
sian population of the pathogen (Danilova, Volkova, 2022),
and the need to develop an anti-resistant strategy for each
pathogen and cenosis (Corkley et al., 2021), research on this
issue is extremely relevant.

This research is aimed at analyzing the effect of fungicides
of the chemical classes of triazoles and strobilurins on intra-
population changes in P. hordei in terms of pathogenicity
(virulence and aggressiveness) under the conditions of the
North Caucasus region of Russia.

Materials and methods

The studies were carried out in the laboratory and greenhouse
of the FSBSI FRCBPP on the winter barley variety Vivat,
susceptible to leaf rust. Originator of the variety is FSBSI
“Donskoy Agrarian Scientific Center”; it is recommended
for growing in the North Caucasus region and resistant to
lodging and frost.

To obtain spore material of the North Caucasian population
of the barley leaf rust pathogen (further in the text — fungal
urediniospores, or population), infected leaves were col-
lected during a route survey of industrial barley crops in the
Krasnodar Region, Stavropol Region, Rostov Region and
the Republic of Adygea. Then, the susceptible Vivat variety
was inoculated with a mixture of herbarium samples (Fungal
Pathogens of Grain Ear Crops..., 2024). The spore material
collected in the required quantity was stored at a temperature
of +4 °C.

Two-component fungicides approved for use in the Rus-
sian Federation were selected for the study: Delaro, SC
(175 g/l prothioconazole + 150 g/l trifloxystrobin); Amistar
Extra, SC (200 g/l azoxystrobin + 80 g/l cyproconazole);
Amistar Gold, SC (125 g/l azoxystrobin + 125 g/l difeno-
conazole).

Inoculation of winter barley plants with a spore suspension
of the pathogen was carried out in the seedling phase. The in-
fected plants were kept in a humid chamber for 18 hours, then
they were grown under controlled conditions at a temperature
of +20-22 °C, air humidity of 70-80 %, and light intensity of
10-15 thousand lux with a day and night cycle (16/8 hours)
(Fungal Pathogens of Grain Ear Crops..., 2024). When the
first signs of the disease appeared, spraying was carried out
using several application rates of the preparations: 50, 100,
150 and 200 % (the recommended application rate was de-
termined to be 100 %).

Urediniospores of P. hordei, collected from barley plants
treated with fungicides at various application rates, were trans-
ferred to intact plants for reproduction and determination of
aggressiveness indices (spore viability, latent period duration,
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sporulating capacity, sporulation duration). Aggressiveness
indices were determined for the mixed pathogen populations
obtained as described above.

The viability of barley leaf rust spores was tested in a humid
chamber under a microscope by counting the total number of
fungal spores and germinated spores (Sanin et al., 1975). The
duration of the latent period was counted from the moment
of inoculation until the first signs of the disease appeared
(Pyzhikova, 1972). The sporulating capacity was determined
by calculating the ratio of the number of pustules to the mass
of the collected biomaterial. The duration of sporulation was
determined from the beginning of the pustules opening until
the end of sporulation (Sanin et al., 1975).

The virulence of the P. hordei populations treated with
fungicides at different application rates was determined by
the reaction of 15 barley differentiators from the International
and Australian sets containing known genes of resistance to
the pathogen: Sudan (Rphl), Peruvian (Rph2), Estate (Rph3),
Gold (Rph4), Magnif 104 (Rph5), Bolivia (Rph6+2), Cebada
Capa (Rph7), Egypt 4 (Rph8), Abyssinian (Rph9), Triumph
(Rph12), PI 531849 (Rph13), PI 584760 (Rph14), Prior
(Rph19), Ricardo (Rph21+2), Fong Tien (Rph25). The infec-
tion types were recorded 10—12 days after inoculation using
the Levin and Cherevik scale in points (Volkova et al., 2018).
The frequencies of virulence genes were calculated using
the probabilistic method (Wolfe, Schwarzbach, 1975) based
on the ratio of the number of pustules with infection type of
3—4 points on the lines with known resistance genes to the
number of pustules on the susceptible variety Vivat. To evenly
distribute P. hordei spores on barley leaves, inoculation was
carried out in a precipitation tower using lycopodium, which
was mixed with fungal spores in a ratio of 400:1 (Parlevliet,
1980).

Based on the results of differentiation, the average virulence
was calculated (Mihajlova et al., 2003). Differences between
the original population (without treatment) and populations
treated with different application rates of the preparation in
terms of virulence gene frequencies were determined using
the Nei index (Nei, 1972). The statistical reliability of the ag-
gressiveness indicators was assessed using the Fisher criterion
(a=10.05) using STATISTICA 10.0 software.

The research used the material and technical base of the
Unique Scientific Installation (USI) “Phytotron for Isolation,
Identification, Study and Maintenance of Races, Strains,
Phenotypes of Pathogens” (https://fncbzr.ru/brk-i-unu/unique-
installation-2/) and objects of the bioresource collection of
the Federal State Budgetary Scientific Institution FNCBZR
“State Collection of Entomoacariphages and Microorganisms”
(https://fncbzr.ru/brk-i-unu/unique-installation-1/).

Results

When treating winter barley plants with fungicides at different
application rates, intrapopulation changes in the structure of
P. hordei by virulence were revealed (Table 1).

In the option with the Amistar Gold, SC preparation, with
an increase in the rate to 200 % of the recommended one, a
decrease in the virulence of the pathogen was observed on
varieties containing the resistance genes Rph2, Rph6+2, Rph9,
Rph14. On the line with the Rph13 and Rph25 genes, when
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treating the barley plants with the preparations at an applica-
tion rate of 50 % of the recommended one, no damage was
observed. With an increase in the rate to 200 %, the type of
reaction to infection increased to 3 points.

Treatment of the barley plants with the fungicide Amistar
Extra, SC affected the fungus population towards increasing
virulence to the Rph14 gene, while a heterogeneous infection
type was observed, pustules of different sizes, areas of dead
and chlorotic tissue were present on the leaf.

In the option with the fungicide Delaro, SC, a decrease in
the virulence of the P. hordei population to the Rph14 gene
was noted. The reaction type decreased from 3 (application
rate 50 % of the recommended one) to 0 points (application
rate 50 % of the recommended one), for the original popula-
tion this indicator was 1 and 2 points. When using the reco-
mmended application rate of the preparation (100 %), the
infection type of the varieties containing the resistance genes
Rph19 and Rph9 was 0;, 1 point; for the original population
this indicator was 3 points.

The type of damage to the varieties containing the resistance
genes Rph1, Rph3, Rph4, Rph5, Rph7, Rph8, Rph12, Rph21+2,
in all options with the fungicides, regardless of the application
rate, corresponded to the type of the original population (no
treatment) and amounted up to 3 points.

This research studied the effect of the fungicides on the
virulence of the population of the barley leaf rust pathogen
(Table 2).

In all experimental options with an increase in the rate of
fungicide application, there was a decrease in the virulence
of the fungal population to Rph4, Rph5, Rph6+2, Rph12; in
the option with Amistar Extra, SC and Delaro, SC — to Rph2;

Intrapopulation changes in Puccinia hordei
induced by two-component fungicides

Amistar Gold, SC and Amistar Extra, SC — to Rph9. The use
of the studied fungicides at a rate of 50—150 % of the reco-
mmended one contributed to an increase in the virulence of
the population to Rph14. Under the influence of fungicides
Amistar Gold, SC and Delaro, SC with an application rate of
150 % of the recommended one, an increase in the virulence
of the population to Rph19 was noted. Treatment of plants
with Amistar Extra, SC and Delaro, SC with an increase in the
application rate to 150 % of the recommended one contributed
to a decrease in the virulence of the population to Rph1, and
an increase in the occurrence of isolates virulent to Rph8.

According to the Nei index, the maximum differences in
the frequency of isolates virulent to lines with Rph genes were
obtained between the original population (no treatment) and
the population treated with Amistar Extra, SC and Delaro,
SC with an application rate of 50 % of the recommended one
(N =0.28; N = 0.24, respectively). At the same time, in the
option with the fungicide Amistar Gold, SC, the maximum
differences were obtained when using an application rate of
200 % of the recommended one (N = 0.22).

The average virulence of the original P. hordei population
(no treatment) was 48.4 % (Fig. 1). In all experimental op-
tions, with an increase in the rate of fungicide application, a
change in the average virulence was noted.

Treatment of the plants with Delaro, SC contributed to a
decrease in this indicator from 45.9 % (application rate 50 %
of the recommended one) to 34.7 % (application rate 200 %),
with Amistar Extra, SC — from 44.3 % (application rate 50 %
of the recommended one) to 34.7 % (application rate 200 %),
with Amistar Gold, SC — from 33.8 % (application rate 50 %
of the recommended one) to 28.5 % (application rate 200 %).

Table 1. Infectious type of differentiating varieties in response to inoculation with P. hordei population
under the influence of various fungicide application rates (greenhouse of the FRCBPP, 2024)

No. Variety Gene Amistar Gold, SC Amistar Extra, SC Delaro, SC Original
Fungicide application rate, % of the recommended rate (pnoopturf;i;nent)
50 100 150 200 50 100 150 200 50 100 150 200
Reaction type of varieties to infection, points
1 Sudan Rph1 3 3 3 3 3 3 3 3 3 3 3 3 3
2 Peruvian Rph2 3 3 3 0; 3 3 3 3 3 3 3 3 3
3 Estate Rph3 3 3 3 3 3 3 3 3 3 3 3 3 3
4 Gold Rph4 3 3 3 3 3 3 3 3 3 3 3 3 3
5 Magnif 104 Rph5 3 3 3 3 3 3 3 3 3 3 3 3 3
6 Bolivia Rph6+2 3 3 3 0 3 3 3 3 3 3 3 3 3
7 CebadaCapa Rph7 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0;
8 Egypt4 Rph8 3 3 3 3 3 3 3 3 3 3 3 3 3
9  Abyssinian Rph9 3 3 3 0; 3 3 3 3 3 01 3 3 3
10 Triumph Rph12 3 3 3 3 3 3 3 3 3 3 3 3 3
11 PI531849 Rph13 0 0; 0; 3 3 3 3 3 3 3 3 3 3
12 PI 584760 Rph14 3 3 3 0; 1,23 23 12323 3 3 3 0 1,2
13 Prior Rph19 3 3 3 3 3 3 3 3 3 01 3 3 3
14  Ricardo Rph21+2 3 3 3 3 3 3 3 3 3 3 3 3 3
15 FongTien Rph25 0; 3 3 3 3 3 3 3 3 3 3 3 3
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Table 2. Virulence (%) of the P. hordei population treated with the fungicides at different application rates to lines carrying Rph genes

(greenhouse of the FSBSI FRCBPP, 2024)

No. Variety Gene Original Amistar Gold, SC Amistar Extra, SC Delaro, SC
population Fungicide application rate, % of the recommended
(no treatment)
50 100 150 200 50 100 150 200 50 100 150 200

1 Sudan Rph1 43 33 22 20 20 76 45 27 34 67 45 39 44

2 Peruvian Rph2 59 62 67 51 0 87 76 49 44 76 76 68 53

3 Estate Rph3 80 46 72 50 49 60 54 53 55 58 44 45 34

4  Gold Rph4 57 22 21 20 20 52 45 38 38 59 45 39 32

5 Magnif 104 Rph5 35 27 13 10 10 72 43 45 41 63 43 43 23

6 Bolivia Rph6+2 44 17 1 10 0 61 55 44 43 73 85 70 64

7 Cebada Capa Rph7 0 0 0 0 0 0 0 0 0 0 0 0 0

8 Egypt4 Rph8 66 16 15 10 40 42 5 98 93 21 59 67 57

9 Abyssinian Rph9 59 36 34 27 0 28 25 22 20 10 0 10 9

10  Triumph Rph12 42 25 13 10 8 92 24 17 14 30 34 22 10
11 PI531849 Rph13 47 0 0 0 37 10 57 65 59 21 27 20 46
12 PI584760 Rph14 0 27 29 28 0 9 10 4 2 4 40 20 0
13 Prior Rph19 51 46 59 67 64 11 20 20 18 80 0 78 57
14 Ricardo Rph21+2 86 99 79 89 99 44 41 33 34 49 78 63 57
15 FongTien Rph25 57 41 29 35 21 21 32 28 25 78 62 45 35
Nei index (Nei distance) - 0.11 0.10 0.13 022 0.28 0.10 0.14 0.14 024 0.10 0.14 0.10

The results of the influence of different fungicide ap-

.. . R 501 Amistar Gold, SC
plication rates on the aggressiveness indices of barley leaf Amistar Extra. SC
rust were obtained. An increase in the duration of the latent aslh Delaro, SC
period of the disease under the influence of high application &

. . . - (]
rates of preparations was noted. For the original population £ aof
(no treatment), this indicator was 168 hours, which corre- 3
sponded to the values obtained when treating barley plants g 35+
with the studied fungicides at a reduced applicationrate (50 % £
of the recommended one). In the option with the fungicides < 30
Delaro, SC and Amistar Gold, SC, at an application rate of
200 % of the recommended one, the duration of the latent 2 Original 0 100 150 200
period increased to 216 hours, with Amistar Extra, SC, up population

to 192 hours.

A decrease in the sporulating capacity of the P. hordei
population treated with fungicides was found. In the options
with the preparations Delaro, SC and Amistar Gold, SC, with
an increase in the application rate, the spore mass from one
pustule decreased from 0.007 (application rate 50 % of the
recommended one) to 0.002 mg (application rate 200 %). In
the option with the fungicide Amistar Extra, SC, this indica-
tor changed from 0.006 (application rate 50 % of the recom-
mended one) to 0.005 mg (application rate 200 %). For the
original population (no treatment), the sporulating capacity
was 0.013 mg from one pustule.

A change in the viability of P. hordei spores was noted to be
influenced by the fungicides. Thus, for the original population
(no treatment), the value of this indicator was determined as
100 % (Fig. 2). In the option with the fungicide Delaro, SC,
the viability of spores decreased from 86.7 (application rate
50 % of the recommended one) to 51.7 % (application rate
200 %); in the option with the preparation Amistar Extra, SC,

(no treatment)
Application rate, %

Fig. 1. Average virulence of the population of the barley leaf rust pathogen
under the influence of different rates of fungicide application (%)
(laboratory and greenhouse of the FSBSI FRCBPP, 2024).

from 80.0 (application rate 50 % of the recommended one)
to 51.7 % (application rate 200 %); with Amistar Gold, SC,
from 71.7 (application rate 50 % of the recommended one)
to 22.5 % (application rate 200 %).

Discussion

The results obtained during the research are consistent with
the studies of other scientists. Thus, C. Zhao et al. managed
to obtain two flutolanil-resistant isolates of Rhizoctonia spp.,
which were characterized by a lower mycelial growth rate
and reduced virulence towards sugar beet sprouts compared
to the original isolate (Zhao et al., 2019).

YCTONYNBOCTb PACTEHU K CTPECCOBbIM ®AKTOPAM / STRESS RESISTANCE IN PLANTS 1199



M.S. Gvozdeva, O.A. Kudinova
V.D. Rudenko, G.V. Volkova

100 - Amistar Gold, SC
90 Amistar Extra, SC
Delaro, SC
= gof
wv
g
g 70t
wv
G
> 60
3 sof
S
=
40
30 F
20 -
Original 50 100 150 200
population

(no treatment)
Application rate, %

Fig. 2. Influence of different application rates of the fungicides on the
viability of barley leaf rust spores (laboratory and greenhouse of the FSBSI
FRCBPP, 2024).

An inhibitory effect on the sporulating ability of the Phy-
tophthora infestans fungus was noted with an increase in the
application rate of the fungicides with difenoconazole and
fludioxonil as active ingredients (Myca, 2015).

Under the influence of an aqueous solution of benzimi-
dazole (40 mg/1), a decrease in the sporulating capacity and the
number of pustules of the rye leaf rust pathogen P. dispers was
determined in comparison with the control, and the avirulence
of the fungus was also noted (Tyryshkin, 2017).

G.V. Volkova’s studies (2007) have proven that the ac-
quisition of resistance to a fungicide from the triazole class
was accompanied by a decrease in sporulating capacity by
4.8 times, the rate of diffuse spread of the pathogen mycelium
in the tissues of the host plant, by 4 times. The incubation
period was extended by 3 days, the period of pustule forma-
tion, by 8—12 days.

Previously, data were obtained on the effect of a tebuco-
nazole-based fungicide on the aggressiveness of the population
of the wheat leaf rust pathogen. With an increase in the applica-
tion rate of the preparation, the viability of spores decreased to
21.5 %, the sporulating capacity, to 0.02 mg of spores, and the
duration of sporulation, to 8 days (application rate 0.7 I/ha).
At the same time, the duration of the latent period increased
to 233 hours (Gvozdeva, Volkova, 2022).

Changes in the population structure under the influence of
triazole fungicides have been recorded. Thus, X. Wu et al.
(2020) described the sensitivity of 89 P. graminis isolates to
triademifon, a triazole fungicide. It was found that isolates
with resistance to triademifon may have cross-resistance to
carbendazim. Resistant isolates to azole fungicides have also
been recorded in P. striiformis (Tian et al., 2019), B. graminis
(Cao et al., 2008). For the P. triticina population from Brazil,
a decrease in sensitivity to triazoles was noted for the five
most common races of the pathogen (Ardium et al., 2012).
We studied the change in the P. triticina population struc-
ture under the influence of a tebuconazole-based fungicide
(Gvozdeva, Volkova, 2022). According to the data obtained,
the maximum of the studied changes in the genetic structure
of the population (according to Nei, N) were noted at reduced
rates of fungicide application. The average virulence of the

Intrapopulation changes in Puccinia hordei
induced by two-component fungicides

pathogen population decreased with an increase in the rate of
fungicide application.

Under the influence of the studied fungicides, a decrease in
the virulence of the fungal population to Rph4, Rph5, Rph6+2,
Rph12 was found, which have been ineffective for the North
Caucasian population for more than 10 years (Volkova et al.,
2019; Danilova, Volkova, 2023). At the same time, virulence
to Rph14 increased compared to the original population. In
2021, the frequency of fungal isolates to this line was low
(Danilova, Volkova, 2023). This may indicate a decrease in the
efficacy of the Rph14 gene under the influence of fungicides.

The development of resistance for pathogens often re-
sembles the effect of vertical resistance: in the first years of
fungicide use, complete suppression of infection is observed;
over time, the emergence of individual tolerant strains and
their accumulation in the population is observed; and, finally,
there is a complete loss of fungicide efficacy (Dyakov, 1998).
One of the factors reducing the sensitivity of phytopathogens
to the active substances of preparations is a change in their
intrapopulation structure (Tyuterev, 2001). Mutations that
cause resistance of phytopathogen isolates to fungicides can
lead to a decrease in their adaptability and virulence (Hawkins,
Fraaije, 2018), but later, an increase in the aggressiveness of
the pathogen may be observed (Dyakov, 1998). In our studies
for the North Caucasian population of the barley leaf rust
pathogen under the influence of two-component preparations
of the class of triazoles and strobilurins, changes in the intra-
population structure in terms of aggressiveness and virulence
were noted, which justifies the need for constant study of this
issue to control the accumulation of resistant forms of P. hordei
in the fungal population.

Conclusion

A comparative assessment of pathogenicity indicators under
the influence of fungicides of the chemical classes of triazoles
and strobilurins revealed a decrease in the aggressiveness and
virulence of the North Caucasian population of the barley leaf
rust pathogen. So, in all options with an increase in the rate of
fungicide application, a change in the intrapopulation structure
and average virulence of populations was noted. In all options
with an increase in the rate of fungicide application, there was
a decrease in the virulence of the fungal population to Rph4,
Rph5, Rph6+2, Rph12; in the option with Amistar Extra, SC
and Delaro, SC, to Rph2; with Amistar Gold, SC and Amistar
Extra, SC, to Rph9.

The use of the studied fungicides at a rate of 50-150 % of
the recommended one contributed to an increase in the viru-
lence of the population to Rph14. The line with the Rph7 gene
showed no signs of infection both in the original population
and in the experimental options. The average virulence of the
fungal populations treated with the fungicides in all experi-
mental options was lower compared to the original population
(no treatment) (48.5 %). Significant changes in this indicator
were noted under the influence of the fungicide Amistar Gold,
SC, the average virulence decreased from 33.8 to 28.5 %.

In comparison with the original population (no treatment),
an increase in the duration of the latent period of the disease
was noted under the influence of high application rates of the
preparations. In the Delaro, SC and Amistar Gold, SC options
at an application rate of 200 % of the recommended one, the
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value of this indicator varied from 168 to 216 hours, with
Amistar Extra, SC, from 168 to 192 hours.

A decrease in the sporulating capacity of the P. hordei
population treated with the fungicides was determined. In the
options with the Delaro, SC and Amistar Gold, SC prepara-
tions with an increase in the application rate, the spore mass
from one pustule decreased from 0.013 (original population
(no treatment)) to 0.002 mg (application rate 200 %), in the
Amistar Extra, SC option, to 0.005 mg (application rate
200 %). A significant decrease in the viability of P. hordei
spores in comparison with the original population (no treat-
ment) was noted under the influence of the fungicide Amistar
Gold, SC. With an application rate of the preparation of 200 %
of the recommended one, this indicator decreased from 100
t0 22.5 %.

Thus, our studies allow us to identify changes in the popula-
tion structure by virulence and aggressiveness of the P. hordei
population under the influence of the studied fungicides, which
will make it possible to promptly adjust the winter barley
protection system and, in the future, can contribute to the
development of an anti-resistant strategy to control P. hordei.
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Effect of the biopesticide Novochizol on the expression
of defense genes during wheat infection
with stem rust Puccinia graminis f. sp. tritici
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Abstract. Stem rust, caused by the fungus Puccinia graminis f. sp. tritici (Pgt), is a harmful disease affecting grain crops.
The traditional way to combat this and other infectious plant diseases is to use chemical pesticides. Biopesticides, as well
as plant disease resistance inducers — in particular those based on chitosan, a derivative of chitin - are increasingly being
considered as an effective and safe alternative. Recently, a globular form of chitosan, Novochizol, has been developed,
which has a number of advantages and has shown its effectiveness in preliminary field and laboratory experiments.
However, there are no works devoted to the effect of this preparation on the expression of defense genes. Therefore,
the aim of this work was to search for genes involved in the response of common wheat (Triticum aestivum L.) to stem
rust infection and to evaluate the effect of Novochizol treatment on their transcription during the infection process. The
wheat line ISr6-Ra with the stem rust resistance gene Sr6 and two Pgt isolates — an avirulent one, Avr6, and a virulent one,
vré — were used as a model, allowing us to compare the effects of Novochizol depending on the genetic compatibility
in the plant—pathogen pathosystem. To analyze the transcription level of defense genes, leaf material was collected at
different time points from 3 to 144 h after inoculation of plants with the pathogen. Quantitative PCR analysis showed
an increase in the transcription levels of the CERKT, PR3, PR4, PR5, PR6 and PR9 genes in plants treated with Novochizol
and infected with various Pgt isolates compared to untreated infected plants. Pgt isolate Avr6 induced the highest
expression of some defense genes (primarily CERKT), which is consistent with the phytopathology data showing the
maximum degree of resistance (IT1) to stem rust in Novochizol-treated plants with a combination of Sr6-Avr6 genes.The
data obtained confirm that one of the optimal strategies for increasing the resistance of grain crops to fungal pathogens
is a combination of selection for specific resistance genes with the use of biological control agents.
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Ha 3KCIIPEeCCUIO I'eHOB 3all/ThI IIPY 3apakeHU N IMIIeHUITbI
cTebs1eBOI p>kaBuUMHO Puccinia graminis f. sp. tritici
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AHHoTauusA. CTebneBas paBurHa, Bbi3blBaeMas rpubom Puccinia graminis f. sp. tritici (Pgt), aBnaeTca BPeAOHOCHbLIM
3aboneBaHneMm, Mopa)<alLlyM MOCEBbI 3ePHOBbIX KYbTYP. TPaaULMOHHBIA CNocob 60pbbbl C 3TUM U APYrMA
VNHPEKLUNOHHBIMN 6ONE3HAMN PACTEHUIN — NCMONb30BaHNE XUMUYECKUX CPeCTB 3aluTbl. B kauecTBe nx apdeKkTmBHOMN
1 6e30MacHO anbTepPHATXBbI BCE Yalle paccMaTpUBaloTCA GronecTnymabl, a TakxKe MHAYKTOPbI 6011e3HeyCToMUYNBOCTA
pacTeHnid, B YaCTHOCTM Ha OCHOBE XMTO3aHa, MPOW3BOAHOIO XMTUHA. HefaBHO pa3paboTaHa rnobynapHas dopma
XnUTO3aHa — HoBoxm30Mb, nMetowasn paa NpenmyLLecTs 1 nokKasaslaa cBolo 3GGeKTUBHOCTb B NpeaBapuUTEnbHbIX
noneBbiX 1 TabopaTopHbIX SKcnepumeHTax. OfHaKo B HacToALLEe BPeMsA OTCYTCTBYIOT PaboTbl, MOCBALLEHHbIE BAUAHWIO
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The effect of Novochizol on the expression
of defense genes during wheat infection with stem rust

[laHHOTO NpenapaTa Ha SKCNPeCCUio reHOB 3aLKTbl. [03TOMY Lienbio faHHOM PaboTbl CTanm MOUCK reHOB, MPYHUMAOLLMX
yyacTrie B peakuMmn pacTEHUI MATKON MweHnLbl Triticum aestivum L. Ha 3apakeHune CTeGIEBOI PXKABUMHOW, N OLLEHKa
BAUAHMA 06paboTKM NpenapaTtom HOBOXM30/b Ha MX TPAHCKPUNLUKMIO B Xof4e MHPEeKUMOHHOro npolecca. B kauectse
Mogzenu 6bln 3a4eCTBOBaHbI IMHUA MWEHNLbI C FEHOM YCTONUMBOCTM K CTe61eBOI pKaBUMHeE Sr6 1 ABa 0TOOPaHHbIX
nsonAta Pgt pna 3TOWM NNHUKU: aBUPYNEHTHbIA (Avr6) U BUPYNEHTHbIN (Vr6), no3sonaiowme conoctaButb 3ddeKTbl
npenapaTta HoBOX130/1b B 3aBUCUMOCTM OT FreHeTUYeCKON COBMECTMMOCTM B MaTocucTemMe pacTteHue—mnaToreH. [na
aHann3a ypoBHA TPAHCKPUMLMM FreHOB 3alMTbl UCMOJIb30BaNN IMCTOBOW MaTepuan B PasfiMyHbIX BPEMEHHbIX TOYKaXx,
oT 3 go 144 4 nocne NHOKyNALUN pacteHnn natoreHoM. KonnyectseHHbin MNLP-aHann3 nokasan noBbllieHVe YPOBHA
TpaHckpunuun reHos CERK1, PR3, PR4, PR5, PR6 n PR9 y pacTeHuii, 06paboTaHHbIX M3yyaeMbiM GMOMNECTULNAOM 1
MHOULMPOBAHHDBIX Pa3fMYHbIMU U30nATaMKM Pgt, No cpaBHeHMIO ¢ Heo6paboTaHHLIMU UHOULMPOBAHHBIMU PaCTEHNAMMU.
MonyyeHHble faHHble NOATBEPXKAAIOT, UTO OAHA M3 OMTUMANbHbIX CTPATErnii MOBbILEHWNA YCTONYMBOCTA 3€PHOBbIX
KynbTyp K FpMOHbIM NaToreHam € TOYKM 3peHnA dKosormyeckor 6e3onacHoCcTn — coyetaHne METOA0B cenekunm no
reHam cneunduUecKon yCTonunBoCT C NPUMEHEHEM OGUONOTMYECKUX CPEACTB 3aLlnTbI.

KnioueBble cnoBa: 6rionectnymns; XnutosaH; HoOBOXM30sb; reHbl 3alnTbl; CTe6NEBaA PXKaBUMHA; TPAHCKPUNUWA; MArKas

nweHnua

Introduction

Common wheat Triticum aestivum L. is the most popular and
largest grain crop in terms of sown area. One of the main
problems in its cultivation is the decrease in its yield due
to diseases caused by various pathogens, especially fungi
(Hafeez at al., 2021). Almost 90 % of the world’s wheat
sown area is at risk of being affected by at least one fungal
disease (Chai et al., 2022). Among the most dangerous are
leaf-stem diseases that reduce the assimilation surface of
leaves, and destroy chlorophyll, which leads to a decrease in
photosynthesis, premature aging and death of plant tissues.
Crop losses can range from 20 to 70 %. Often, such fungal
infections take the form of epiphytoties. Since the begin-
ning of 2000, the incidence of stem rust in wheat crops in
Europe has increased sharply and continues to grow (Patpour
et al., 2022). In the Russian Federation (RF), epiphytoties
of stem and brown rust, septoria, and powdery mildew are
periodically observed (Sanin, 2012).

In response to pathogen attacks, plants have developed a
complex immune system that includes different levels of de-
fense. The perception of pathogen-associated molecular pat-
terns (PAMPs) by membrane pattern recognition receptors
(PRRs) leads to PAMP-triggered immunity (PTI) (Bigeard
etal., 2015). In an attempt to overcome this level of defense,
the pathogen secretes specific avirulence effectors (Avr gene
products) that suppress PTI, thus promoting further disease
development. In response, plants have developed the next,
specific level of defense based on intracellular recogni-
tion of effectors by NOD-like receptors (NLRs), products
of plant R genes. This effector-triggered immunity (ETI)
defense mechanism often results in programmed cell death
in infected tissue or a hypersensitive response (HSR) that
creates a barrier to pathogen dissemination (Jones, Dangl,
2006; Bent, Mackey, 2007).

PTI and ETI have been shown to be closely interrelated
and jointly mediate systemic resistance to disease (Ngou
et al., 2021). This resistance is based on the activation of
a number of signaling cascades, including hormonal ones,
which are controlled by hormones such as salicylic (SA),
jasmonic (JA) and abscisic acids, ethylene, etc., depending
on the type of nutrition of the pathogen: biotrophic, hemi-
biotrophic or necrotrophic (Jones, Dangl, 2006).

The salicylate-controlled cascade characteristic of the
response against biotrophic pathogens, including the stem
rust pathogen Puccinia graminis f. sp. tritici (Pgt), leads to
the accumulation of reactive oxygen species (ROS) — an
oxidative burst that provokes HSR, synthesis of phenolic
substances and specific protective PR (pathogenesis-related)
proteins (Tada et al., 2008; Ding et al., 2018).

PR proteins are the most important factors in plant resis-
tance mechanisms. They participate in signaling systems,
catalyzing the formation of hormones, strengthen the cell
walls of plants, and are capable of causing damage to
the cell walls and cytoplasmic membranes of pathogens
(Tarchevskij, 2002). PR proteins are divided into 17 families
(PR1-PR17) (Van Loon, Van Strien, 1999; Sels et al., 2008).
Many of them are hydrolases. Thus, proteins of the PR2
family are B-1,3-endoglucanases; they accumulate around
the site of infection, exhibiting fungicidal activity. Proteins
ofthe PR3, PR4, PR8 and PR11 families have endochitinase
activity and are capable of destroying the cell wall of fungi;
their pool increases during infection. Representatives of the
PR7, PR8, PRI and PR10 families exhibit proteinase, lyso-
zyme, peroxidase and ribonuclease activities, respectively.
Proteins of the PR6 family are proteinase inhibitors that sup-
press proteolytic enzymes secreted by pathogens to penetrate
plant tissues. The activity of other PR proteins is associated
with an increase in membrane permeability (families PR5,
PR12, PR13, PR14), as well as with the accumulation of
hydrogen peroxide (families PR15 and PR16); the synthesis
of these proteins is significantly increased by treatment with
elicitors (Van Loon, Van Strien, 1999; Scherer, 2005; Van
Loon et al., 2006).

One of the well-established long-term strategies for plant
protection against pathogens is based on genetic protection
using R genes, the inducers of ETI (see above). The gene
catalog of the International Symposium on Wheat Genetics
contains about 58 stem rust resistance genes (Sr) identified in
wheat (MclIntosh et al., 2011). Most of them, such as Sr25,
Sr26, Sr31, Sr35, Sr38, Sr39, Sr4d4, Sr45, provide specific
resistance mechanisms, including HSR and PR protein ex-
pression. However, the emergence of new pathogen races
overcoming resistance in crop varieties increases losses from
diseases. Therefore, the use of chemical pesticides became
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an additional line of defense, although it can have a negative
impact on human health, food safety and the environment,
and can also be toxic to non-target beneficial organisms.
This stimulates the search for safe alternative plant protec-
tion products — biopesticides and resistance inducers (Ali
et al., 2023).

Chitin is one of the most studied PAMPs that induce plant
immunity. It is the main component of fungal cell walls,
exoskeletons of arthropods, including insects. Chitosan, a
biopesticide, was obtained by hydrolysis and deacetylation
of chitin, the effect of which as a growth stimulator and
inducer of non-specific resistance to fungal, bacterial and
viral diseases has been confirmed in many studies (Maluin,
Hussein, 2020; Shcherban, 2023). However, there are a
number of disadvantages that complicate the use of chito-
san: insolubility in water at physiological pH, low stability,
variability of effects depending on the weight of the mol-
ecules, the degree of their deacetylation and the composi-
tion of the monomers (Katiyar et al., 2014; Varlamov et al.,
2020).

Since there are currently no standard protocols for de-
termining these parameters, assessments of the effects of
chitosan preparations in different laboratories are often
poorly comparable. Recently, scientists from the RF (patent
US 20230096466A1; https://www.freepatentsonline.com/
y2023/0096466.html) obtained a globular chitosan form,
Novochizol, which has a number of advantages: increased
solubility in aqueous solutions, high adhesion to plant tis-
sues, chemical stability, the ability to form complexes with
other biologically active substances (Fomenko, Loroch,
2021). As a result of treating common wheat seeds with
this preparation, their germination was accelerated, and an
increase in root mass and total plant mass was observed
(Teplyakova et al., 2022).

In field conditions, pre-sowing seed treatment and plant
treatment with Novochizol in combination with natural
fungicides had a positive effect on the growth and produc-
tive properties of wheat, and also increased its resistance
to a number of fungal diseases (Orlova et al., 2025). At
the same object, the inhibitory effect of Novochizol on the
development of stem rust was demonstrated in laboratory
conditions (Shcherban et al., 2024). It was shown that under
the influence of treatment with this drug, ROS, in particular
hydrogen peroxide (H,0,), accumulate in the leaf tissue of
plants after infection with Pgt due to the modulation of the
activity of antioxidant enzymes. It should be noted that the
latter work studied the reaction of a variety with a complex
genotype infected with a mixed population of the fungus
(Shcherban et al., 2024).

It is of interest to study Novochizol-induced mechanisms
of resistance to isolated Pgt races with contrasting virulence
using a common wheat line carrying the corresponding Sr
gene. For this purpose, we selected an isogenic line for the
Sr6 gene, on which avirulent and virulent Pgt isolates were
effectively differentiated (Skolotneva et al., 2020).

The aim of this work was to assess the susceptibility
level of plants of this line treated with Novochizol and
separately infected with one or another Pgt isolate, as well
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as to conduct a comparative analysis of the dynamics of ex-
pression of protection genes (PR) in the leaf tissue of plants
within 144 hours after inoculation. To date, data have been
accumulated on the effect of chitosan preparations on the
expression of PR genes after plant infection with various
pathogenic fungi (Manjunatha et al., 2008; Maluin, Hussein,
2020; Shcherban, 2023); however, in our work, the study
of such an effect of the Novochizol preparation was carried
out for the first time.

Materials and methods

Plant material and stem rust pathogen. To obtain seed ma-
terial, the common wheat line 1Sr6-Ra, kindly provided by
Prof. J. Colmer (St. Paul, USA), was grown hydroponically
in the artificial climate laboratory of the Institute of Cytology
and Genetics SB RAS. To confirm the presence of the stem
rust resistance gene Sr6 in this line, the plant material was
genotyped using the molecular marker Xcfd43 to this gene
(Tsiloetal., 2009). In the laboratory experiment, plants were
grown in vessels with soil, under conditions recommended
for work with rust fungi by international protocols (Roelfs
et al., 1992). For treatment with Novochizol, 10-day-old
seedlings were used, and as a control, uninfected plants
without treatment, grown in parallel with the experimental
samples, were used.

Previously, the West Siberian population of Pgt was
genotyped for races of the fungus containing different
combinations (pathotypes) of Avr and vr genes (Skolotneva
et al., 2020). In our experiment, we used the LKCSF (vr6)/
LCCSF (Avr6) pathotype system with the highest yield of
urediniospores. The selected isolates were propagated on the
susceptible variety of common wheat Khakasskaya to obtain
spore material in the amount required to infect an experi-
mental batch of plants at the rate of 10 mg per 1,000 plants.
The spore material was stored at a temperature of —70 °C
until the experiment.

Novochizol treatment and Pgt infection. Assessment
of plant susceptibility. Novochizol with a deacetylation
degree of >90 % and a molecular weight of ~500 kDa
was provided by Novochizol SA (Monte, Switzerland).
Agqueous suspensions of this preparation were prepared as
described previously (Teplyakova et al., 2022). A concen-
tration of 0.125 %, which had previously been shown to
be effective against stem rust (Shcherban et al., 2024), was
chosen for the treatment of 10-day-old plant seedlings. No-
vochizol suspension was applied to plants using a household
sprayer (15 ml/100 plants) four days before Pgt inoculation.

For plant inoculation, Pgt urediniospores were premixed
with Novec 7100 mineral oil (3M Novec™, St. Paul, MN,
USA) at a concentration of 25 mg spores per 5 ml oil and ap-
plied to seedlings using a sprayer. Control plants were treated
with bidistilled water. Inoculated plants were incubated for
24 h in a humidified chamber, in the dark, at 15-20 °C to
ensure maximum spore germination. The plants were then
transferred to growth chambers and incubated for 16 h under
10,000 lux phytolamp illumination and at a temperature of
26-28 °C. These conditions are necessary for the formation
of appressoria, pathogen penetration into the stomata, and
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Primer sequences and expected sizes of PCR products

The effect of Novochizol on the expression
of defense genes during wheat infection with stem rust

Primers Gene product Sequence (5'-3") Size of PCR product  References

(bp)
GAPDHF Glyceraldehyde-3-phosphate TTGCTCTGAACGACCATTTC 176 Hao et al,, 2022
GAPDHR dehydrogenase GACACCATCCACATTTATTCTTC
CERKTF Chitin elicitor receptor kinase 1 TTACCCCATCGACGCCATTC 190 Leeetal, 2014
CERK1R TCTGCCGGACATGAGGTTCA
PR3F Endochitinase AGAGATAAGCAAGGCCACGTC 116 Desmond et al., 2005
PR3R GGTTGCTCACCAGGTCCTTC
PR4F Hevein-like protein CGAGGATCGTGGACCAGTG 128 Bertini et al., 2003
PR4R GTCGACGAACTGGTAGTTGACG
PR5F2 Thaumatin-like protein GCCGCAAGCCTACCAACA 107 Ray et al., 2003
PR5R2 CGCGGTGCGACGTATAGAG
PR6F Proteinase inhibitor TTCAGGGCTTCAGGCTCAG 141 Gaoetal, 2013
PR6R ATTGACCAAGACACGACGATAG
PROF Peroxidase GAGATTCCACAGATGCAAACGAG 102 Pritsch et al., 2000
PROR GGAGGCCCTTGTTTCTGAATG

the development of infectious hyphae in the intercellular
spaces of the plant (Roelfs et al., 1992).

The degree of plant susceptibility to stem rust was as-
sessed taking into account the qualitative (type of reaction)
and quantitative components of this indicator. Infection types
of plant reaction (IT) were determined 12—14 days after
inoculation using the modified Steckman scale (Roelfs et
al., 1992), where IT “07, “;”, “1” and “2” were interpreted
as resistant (Low, L), and “3”, “3+” and “4”, as susceptible
(High, H).

RNA extraction, reverse transcription, RT-PCR and
PCR. For sample collection at different time points after
infection (3, 6, 24, 48, 72, 144 h), three plants were planted
as biological replicates for each experimental sample. In-
dividual leaves were cut from each plant and immediately
placed in liquid nitrogen. The collected material was stored
at—80 °C before RNA extraction. Total RNA was extracted
using the R-PLANTS-kit (Biolabmix, Novosibirsk, Russia)
according to the manufacturer’s instructions. Genomic DNA
was removed using heat-labile DNase (Biolabmix). Reverse
transcription was performed using the OT-M-MuLV-RH
first-strand cDNA synthesis kit (Biolabmix) using 1 pg of
total RNA and oligo(dT),g as a primer.

For reverse transcription-PCR (RT-PCR), the conditions
were the same as for gPCR (see below). RT-PCR products
were analyzed by electrophoresis in 1.5 % agarose gel fol-
lowed by staining with ethidium bromide.

The BioMaster HS-gPCR Lo-ROX SYBR (2x) reagent
kit (Biolabmix) and the QuantStudio 5 Real-Time PCR
System (Thermo Scientific, USA) were used for qPCR.
The sequences of gene-specific primers are listed in the
Table. Amplification conditions were 5 min at 95 °C, fol-
lowed by 40 cycles of 10 s at 95 °C, 20 s at 60 °C (55 °C
for the GAPDH gene), and 10 s at 72 °C. qPCR data were
collected during each round of amplification. Melting curve

analysis between 60 and 95 °C was applied to all products
to determine the fidelity of the PCR reaction.

Gene expression measurements were performed in three
biological replicates, each with three technical replicates.
Relative mRNA amounts were determined using Pfaffl’s
formula (Pfaffl, 2001). PCR efficiency was assessed using
LinReg software (Ruijter et al., 2009). mRNA expression
levels were normalized to the level of the housekeeping
gene GAPDH. This gene was chosen as a reference because
no differences in its mRNA content were detected between
Pgt-infected and control samples (data not shown). Analysis
of variance with Tukey’s post hoc test was used to compare
expression levels.

To assess the transcription level of common wheat genes
induced during Pgt infection using gPCR, we selected six
genes for which preliminary RT-PCR revealed the presence
of a monomorphic amplification product of the expected
length with varying intensity at individual time points after
inoculation with the pathogen (see the Table).

Results

Effect of Novochizol on stem rust development
To study the effect of Novochizol treatment on the sus-
ceptibility of common wheat plants to stem rust and the
expression of defense genes, we used a model including the
T. aestivum ISr6-Ra line and the corresponding Avr6 and
vr6 Pgt isolates. This model allowed us to study various
resistance mechanisms depending on the recognition of
pathogen ligands by the host’s immune receptors.
Fourteen days after inoculation, the susceptibility level
of plants infected with the Avr6 isolate corresponded to the
resistant type (IT =1-2) (Fig. 1). This scenario corresponds
to cases of interaction of plant/pathogen genotypes car-
rying complementary genes of resistance and avirulence,
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H_J %f_/
-Pgt -Pgt +Avr6 +Avré +vré +Vvré6
-Nov +Nov +Nov -Nov +Nov -Nov

Fig. 1. Effect of Novochizol on the development of stem rust symptoms on leaves of wheat of the T. aestivum 1Sr6-Ra line.

Avr6 and vr6 are avirulent and virulent isolates of the stem rust pathogen (Pgt). Infectious types of plant response (IT) are indicated
above the figure. Pustules characteristic of each IT are indicated by arrows. Nov — Novochizol. Photofixation was carried out on the
14th day after inoculation with the pathogen. The age of plants at the time of fixation was 28 days.

i. e. encoding the immune receptor and its specific ligand.
Infection with the vr6 isolate resulted in a susceptibility
reaction (IT =3—4). An earlier assessment of the quantitative
component of resistance, determined by the average number
of pustules per leaf blade, showed a multifold decrease in
the number of pustules in plants pretreated with Novochizol
compared to untreated plants, in the case of both isolates
(data not published). As a result of treatment, plants infected
with Avr6 and vré were similar in terms of the quantitative
indicator (~1.5 pustules per leaf on average); however, in
general, they retained the specific IT of resistance and sus-
ceptibility for each isolate, determined by the size of the
pustules (Fig. 1).

Transcription level assessment of defense genes

Induction of the CERK1 gene during Pgt infection of
wheat. Chitin elicitor receptor kinase 1 (CERK1) has been
identified as a PAMP receptor for chitin, a major structural
component of fungal cell walls (Gong et al., 2020; Wang L.
etal., 2024). Upon recognition of chitin, this receptor protein
activates various defense-related signaling pathways, play-
ing a key role in plant immunity.

In untreated plants infected with the vr6 isolate, a slight
increase in transcription of this gene was detected at 24 hours
post inoculation (h/i), while at other points the transcription
level did not exceed the control. In the group of untreated
plants infected with the Avr6 isolate, no increase in the
amount of CERK1 transcripts was observed throughout the
experiment, compared to the control.

Novochizol-pretreated plants showed different responses
to Pgt infection depending on the isolate type (Fig. 2a). In
vr6-infected plants, we observed an increase in CERK1 tran-
script levels at 3 and 48—144 h/i relative to untreated plants
infected with the same isolate, although the significance
of this increase at individual points was low. At the same

time, Avr6-infected plants pretreated with the drug showed
a significant increase in CERK1 transcription by approxi-
mately 2—3 times relative to untreated plants in the range
of 24—72 h/i. In uninfected plants treated with the prepara-
tion, the level of CERK1 transcription did not significantly
exceed that of the control plants, and at some points even
decreased (Fig. 2a). Thus, although CERK1 induction under
the influence of the biopesticide Novochizol was observed
for both isolates, the degree of this induction was higher in
the case of the Avr6 isolate.

Induction of the PR3 and PR4 genes encoding various
chitinases. The PR3 and PR4 genes encode proteins with
chitinase activity that cleave the chitin of pathogenic fungi,
herbivorous insects, and nematodes (Van Loon et al., 2006).
These enzymes do not have an endogenous substrate and
play an important role in the lysis of the cell walls of many
pathogens.

Transcription of both genes in control plants and plants
treated with Novochizol without infection was approxi-
mately at the same level, without any significant changes
(Fig. 2b, ¢). In untreated plants infected with vr6, a slight
increase in the PR3 transcription level was observed at
24 h/i, followed by a decrease to the initial level on the third
day after inoculation. In untreated Avr6-infected plants, an
elevated mean PR3 transcription level was observed at 3 h/i;
no significant changes were observed relative to controls
at other time points. Regarding PR4, the expression of this
gene in untreated vr6-infected plants showed an increase in
the mean level at 144 h/i, whereas induction was observed
as early as 3 h/i after Avr6 infection.

Treatment with the preparation induced higher levels of
PR3 and PR4 gene transcription in response to Pgt infection
compared to untreated plants. Thus, in the case of vr6 infec-
tion of treated plants, we observed increased transcription
of the PR3 gene after 3-24 h/i with a maximum level at
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Fig. 2. Dynamics of gene transcription of some protective proteins in leaves of common wheat line ISr6-Ra after their treatment with 0.125 % Novochizol

and inoculation with the vr6 or Avr6 — Pgt isolate.

C - control; Nov - treatment with the preparation; vr6 — inoculation with isolate vr6; vr6 + Nov - treatment with the preparation and inoculation with isolate
vr6; Avr6 — inoculation with isolate Avr6; Avr6 + Nov — treatment with the preparation and inoculation with isolate Avr6. Columns represent the average level
of gene transcripts relative to the reference (+ standard error of the mean). Comparisons were made with control plants at individual time points and pairwise
comparisons of vr6/vr6 + Nov and Avr6/Avr6 + Nov (in parentheses); p-values: * p < 0.05, ** p < 0.01, *** p < 0.001.

24 h/i, and for PR4, after 6 and 48—72 h/i. Transcription of
both genes increased after 3 h/i when plants were infected
with the Avr6 isolate, and the statistically most significant
increase compared to untreated plants was found for the
PR4 gene (Fig. 2b, c).

Expression of PR5, PR6 and PR9 genes. In this work, we
also studied the dynamics of transcription of the PR5, PR6
and PR9 genes, which play an important role in plant defense
against pathogens. The PR5 gene encodes a thaumatin-like
protein with antifungal activity and is also an osmoregula-
tor that protects plants from abiotic stress (Van Loon et
al., 2006). The PR6 gene product is a proteinase inhibitor
that suppresses the pathogen’s proteolytic enzymes. The
peroxidase encoded by the PR9 gene plays an important
role in strengthening the plant cell wall and in the forma-
tion of ROS to create a toxic environment for the pathogen
(Almagro et al., 2009).

The transcription levels of the PR5, PR6 and PR9 genes
in the control and uninfected plants treated with Novochizol
did not undergo significant changes during the experiment
(Fig. 2d—f). In untreated plants infected with one or another
Pgt isolate, accumulation of PR5 transcripts was observed
only on the 6th day of infection with the pathogen (Fig. 2d).
Under the influence of the preparation, an earlier increase in
the PR5 transcription level was observed in plants infected
with vr6, especially noticeable after 6 and 48 h/i. In plants
infected with Avr6, pretreatment with the preparation caused
a significant induction of PR5 transcription after 3 h/i with
a subsequent decrease in the expression level. It should
be noted that there are signs of similarity in the dynamics
of PR5 transcription with that of the PR3 and PR4 genes
(see above).

In untreated vr6-infected plants, PR6 transcription peaked
at 24 h/i, whereas in untreated Avr6-infected plants, tran-
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scription of this gene increased less significantly at 6 and
24 h/i (Fig. 2e). Interestingly, biopesticide treatment caused
asignificant decrease in PR6 transcript levels in vr6-infected
plants at 24 h/i. In the case of infection with Avr6, maximum
PRG6 expression in treated plants, significantly higher than in
untreated plants, was observed at 6 h/i, and then the levels
of both groups of plants became similar except at 144 h/i.

In untreated vr6 infected plants, PRI transcript levels
increased between 3 and 6 h/i and then decreased (Fig. 2f).
In treated vr6 infected plants, PR9 transcript levels increased
between 3 and 24 h/i with high interplant variability. A lesser
increase in expression of this gene was observed in treated
Avr6 infected plants, except for 3 h/i, which was the time
point at which the highest PR9 transcript level was recorded.
PR transcripts were not detected at 72 and 144 h/i in control
and infected samples.

Discussion

The effect of chitosan preparations on defense reactions and
signaling pathways that control immunity has been studied
in detail in various plant objects, although not enough to
fully understand the mechanisms of this effect (review:
Shcherban, 2023). However, so far there have been only a
few studies devoted to the analysis of the effects of Novo-
chizol, a globular derivative of chitosan (Teplyakova et al.,
2022; Shcherban et al., 2024; Orlova et al., 2025). Our work
provides new information on the changes in the expression
of defense genes induced by this preparation during infec-
tion of wheat with the causative agent of a dangerous fungal
disease, stem rust.

In response to pathogen attacks, plants have developed
a complex immune system, including PRRs, PTI-mediated
receptors that represent the first line of plant defense against
infections. PRRs are central elements of plant immunity,
triggering a cascade of defense reactions, including ROS
accumulation, PR gene expression, and other responses
(Jones and Dangl, 2006).

In our study, we analyzed the effect of Novochizol on
the expression of the gene encoding PRR CERK1 in leaf
tissue of wheat plants infected with different Pgt isolates.
In response to infection with avirulent and virulent isolates
of Pgt, plants not treated with the preparation did not show
significant changes in the expression level of this gene
throughout the experiment (Fig. 2a). Also, no significant
changes in the expression level were detected in uninfected
plants treated with the preparation.

Previously, activation of CERK1 gene transcription in ear
tissue was shown under the influence of chitin and during
infection with the causative agent of fusarium Fusarium gra-
minearum Schwabe (Wang L. et al., 2024). Apparently, the
causative agents of Fusarium and stem rust provoke different
reactions of the defense system in various plant tissues, and
chitin, a natural elicitor, can provoke a more pronounced
reaction compared to the Novochizol preparation.

Plants treated with the preparation demonstrated a more
pronounced response to infection with Pgt, which depended
on the isolate type. So, when plants were infected with vr6,
we observed a slight increase in the CERK1 transcription
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level after 3 h/i and in the range of 48—144 h/i, whereas
when plants were infected with the avirulent isolate Avr6,
the degree of CERK1 induction was higher than in the pre-
vious case and exceeded the expression level of this gene
in untreated plants by 2—-3 times in the range of 24-72 h/i.
This increase in Avr6-infected plants can be explained by
the close relationship between PTI and ETI.

Previous studies have shown that these levels of defense,
activated in plants by surface and intracellular receptors,
respectively, are mutually reinforcing (Ngou et al., 2021).
From this perspective, it can be speculated that the pres-
ence of an intracellular plant receptor (Sr6 gene product)
complementary to the Avré product of the Pgt gene is an
additional trigger capable of enhancing PTI by increasing
CERKZ1 gene expression. Recently, CERK1 overexpression
has been shown to confer broad-spectrum resistance to
fungal diseases in wheat (Wang L. et al., 2024).

Genes encoding the PR3 and PR4 proteins have endo-
chitinase activity, are capable of destroying the cell wall of
fungi, and are activated when plants are exposed to various
pathogens (Van der Bulcke et al., 1990; Ward et al., 1991,
Hammond-Kosack, Gones, 1996; Gao et al., 2013). Ac-
cording to the data obtained in the work, upon infection
with vr6, the level of PR3 gene transcription increased
after 24 h/i, while the PR4 gene was induced much later,
on the 6th day after inoculation (Fig. 2b, ¢). During Avr6
infection, a synchronous increase in the expression of both
genes occurred at 3 h/i.

As in the case of CERKL, treatment with the drug caused
an increase in the transcription of both chitinase genes, com-
pared to untreated plants, which was most pronounced in
the case of the Avr6 isolate at the same point as in untreated
Avré6-infected plants — 3 h/i. Thus, the PR3 and PR4 genes
are characterized by early accumulation of transcripts du-
ring infection with the Avr6 isolate, while Novochizol has
an additional stimulating effect on the expression of these
genes. It has been previously shown that treatment with
chitosan preparations causes early accumulation of chitin-
ases, which non-specifically destroy the chitin of fungal cell
walls and thereby increase plant resistance to a wide range
of fungal diseases (Manjunatha et al., 2008; Ma et al., 2013;
Elsharkawy et al., 2022).

Numerous studies have shown that overexpression of
thaumatin-like proteins (TLPs) belonging to the PR5 family
provides significant plant resistance to various pathogenic
fungi (Wang X. et al., 2010; Cui et al., 2021). We showed
that, similar to the PR4 gene, the accumulation of PR5
transcripts occurred late — at 144 h/i in untreated plants in-
fected with vr6 (Fig. 2d). Treatment with the drug resulted
in earlier accumulation of PR5 transcripts at 6 and 48 h/i in
plants infected with the same isolate. Finally, similar to PR4,
PR5 showed significant induction of its expression at 3 h/i
in treated plants infected with Avr6. Such similarity in the
dynamics of PR4 and PR5 expression indicates a common
mechanism of regulation of these genes, depending on the
pathogen genotype.

Regarding the possible target of PR5 protein action, it was
shown that overexpression of TLP in grape Vitis vinifera L.
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leads to a decrease in hyphal growth of the pathogenic fungus
Plasmopara viticola (He et al., 2017). The exact mechanism
of TLP action has not been established, however, PR5 was
reported to degrade -1,3-glucans, which, like chitin, are an
important structural component of fungal cell walls (Grenier
etal., 1999).

An important role of the PR6 gene product is to inhibit
pathogen proteinases that degrade plant proteins (Ryan,
2000). According to our data, the expression of this gene in
untreated plants showed a pattern similar to that of other PR
genes studied in this work: a slight increase in the transcrip-
tion level at 24 h/i in the case of vr6 and at 6, 24 and 144 h/i
in the case of Avr6 (Fig. 2e). A special feature of this gene is
its different response to Novochizol, depending on the type
of isolate, at 24 h/i. The vr6 isolate at this point showed a
sharp decrease in PR6 transcription as a result of treatment,
whereas for Avr6, the transcription levels in treated and un-
treated plants were approximately the same. In the previous
6 h/i, we observed a more typical picture for Avr6, namely
a significant increase in PR6 transcription in treated plants
compared to untreated ones. It can be assumed that the peak
of PR6 functional activity occurs in the period up to 24 h/i,
after which its role decreases, which causes variability in
the transcription level.

The PR9 gene encodes peroxidase, which is involved
in hydrogen peroxide detoxification and lignin synthesis.
The latter substance, accumulating in the plant cell wall,
creates a barrier to pathogen spread (Andreeva, 1988). In
vr6-treated infected plants, we observed an increase in PR9
transcription after 3-24 h/i (Fig. 2f). Treated plants infected
with Avré showed an increased average transcription level
after 3 h/i and no increase at other time points relative to
untreated plants infected with the same isolate. The increased
dispersion of data observed for both isolates can be explained
by the uneven distribution of pustules on individual leaves
(Fig. 1); the highest level of peroxidase activity and, ac-
cordingly, transcription of this gene can be expected in the
areas of formation of morphological structures of the fungus
(see below).

Nevertheless, these data correlate with a recent biochemi-
cal analysis, which showed an increase in the enzymatic
activity of peroxidase in the 6144 h/i period in Novochizol
vré-infected plants (data not published). We assume that the
increase in peroxidase activity in this group of plants under
the influence of the preparation is associated with the accel-
eration of the lignification process. Previous histochemical
analysis revealed earlier and more intensive accumulation
of phenolic substances in the cytoplasm and lignin on the
cell walls in the Pgt colony zones in plants treated with
the preparation compared to untreated plants (Shcherban
et al., 2025).

Thus, the induction of defense genes in plants treated with
Novochizol is enhanced in almost all cases after pathogen
inoculation, which is consistent with the previously proposed
hypothesis of priming, a rapid response of the immune sys-
tem to a subsequent pathogen attack under the influence of
elicitors (Conrath, 2011).

The effect of Novochizol on the expression
of defense genes during wheat infection with stem rust

Conclusion

The data obtained indicate that the biopreparation Novo-
chizol increases the quantitative component of resistance
of the isogenic line 1Sr6-Ra to stem rust both in the case
of the Avr6 isolate Pgt and in the case of the vr6 isolate.
Analysis of the transcription of the defense genes CERK1,
PR3, PR4, PR5, PR6 showed an increase in the transcription
level of these genes in plants treated with the preparation and
infected with various isolates of Pgt compared to untreated
infected plants. The data obtained indicate that the use of the
biopesticide Novochizol in combination with selection for
resistance genes (pyramiding) is an effective way to increase
the resistance of common wheat to stem rust.
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Differential expression profile of DREB2 subfamily
transcription factor genes in the dynamics of salt stress
and post-stress recovery in tomato plants
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Abstract. In response to stress, epigenetic modifications occur in the plant genome, which together form a stress memory
that can be inherited and increases the efficiency of the plant's defense response to repeated stress events. Genes whose
expression becomes the target of epigenetic modifications serve as biomarkers of stress memory. Their characteristic
features are considered to be an expression profile that differs between responses to primary and repeated stress events,
as well as long-term retention of changes after the stress is canceled. Tomato (Solanum lycopersicum L.) is an important
vegetable crop whose yield decreases with soil salinity. Genes induced by salt stress include genes encoding transcription
factors of the DREB2 (DEHYDRATION-RESPONSIVE ELEMENT-BINDING PROTEIN 2) subfamily. In this work, we evaluated the
SIDREB2 genes of tomato as possible marker genes of salt stress memory. The expression of the genes SIDREB16, 20, 22, 24,
43, 44 and 46 was determined in the leaves of two plant varieties (Gnom, Otradnyi) with different degrees of salt tolerance
in response to 24 h of NaCl exposure and in the dynamics of a long-term (14 days) post-stress recovery period. Significant
genotype-specific fluctuations in the levels of gene transcripts were revealed both in the control and in the stressed plants.
It was shown that during the long-term memory phase, gene expression returns to the control values either temporarily
(SIDREB24, 44 and 46 in the moderately resistant Gnom variety after 7 days; after 14 days, the expression changed again)
or slowly (SIDREB16 and 43 in the highly resistant Otradnyi variety after 14 days of recovery). Only two genes (SIDREB22
and 46) showed a similar between varieties pattern of expression fluctuations in the dynamics of stress and recovery, and
the SIDREB20 gene was not expressed in either the control or the experiment. The data obtained suggest that the SIDREB2
subfamily genes (except SIDREB20) are involved in the response of S. lycopersicum to salt stress in a genotype-specific
manner and can serve as markers of stress memory linked to the epigenetic regulation of tomato adaptation to salt stress.
The SIDREB16, 28, 43 and 44 genes may contribute to the determination of differences in the mechanism of regulation of
plant response to salt stress between salt-tolerant genotypes of S. lycopersicum. The obtained results can form the basis for
further studies of the role of SIDREB2 genes in the epigenetic regulation of tomato plant adaptation to salt stress, which can
be used in breeding salt-tolerant varieties.

Key words: tomato; Solanum lycopersicum L.; salt stress; stress memory; memory phase; SIDREB2 transcription factors; gene
expression; potential stress memory genes
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HOudpdepeH1aIbHBIN ITIPOPUIb SKCIIPECCUN

reHOB TPAHCKPUIILMOHHBIX PAKTOPOB

rmomceMerictsa DREB2 B fumHaMMKe COJIEBOIO CTpecca

1 TIOCJIECTPECCOBOT'0 BOCCTAHOBJIEHUSI paCTeHNII ToMarTa

M.A. OuaromnH @, A.B. lllennukosa (%), E.3. KouneBa

MepepanbHblii MccnepoBaTenbCkuii LeHTp «DyHaaMeHTanbHble OCHOBbI GroTexHonorMmn» Poccrinckoin akapemun Hayk, MockBa, Poccus
michel7753@mail.ru

AHHOTauuA. B OTBET Ha CTpeccoBoe BO3JENCTBME B FEHOME PacTEHUA MPOUCXOAAT SNUreHeTryeckne mopmdurKkaumu,
BMecTe dopmupytoLme CTPeCccoBYy0 MaMATb, KOTOpasa MOXKeT HacnefoBaTbCA M MnoBbiwaeT 3GGeKTUBHOCTb 3aLMTHON
peakumn pacTeHna Ha NOBTOPHbIE CTPECCoBble COObITUSA. [eHbl, Ubsl SIKCMPECCMA CTAHOBUTCA MULLEHDBIO SMUTEHETUYECKNX
MogudurKauuin, cnyxat 6romapkepaMmn CTPeccoBOW MaMATU. WX XapakKTepHbIMU MpuU3Hakamy cyuTalotca npodusib
JKCNpPeccum, pasnnyaloLnnca Mexxay OTBeTaMM Ha NepBMYHOE 1 MOBTOPHOE CTPEeCCoBble COObITHA, a TakKe AnnTenbHoe
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Differential DREB2 genes expression
under salt stress in tomato

yOepXKrBaHe M3MeHeHU nocsie OoTMeHbl cTpecca. Tomat (Solanum lycopersicum L.) — Ba)kHas OBOLIHAA KynbTypa,
YPOXaMHOCTb KOTOPOW CHUXKAETCA NpW 3aconeHnr noys. K reHam, MHAYLMPYEMbIM CONEBbIM CTPECCOM, OTHOCATCA TeHbl
TPAHCKPUMNLMOHHBIX dakTopoB noacemencteBa DREB2 (DEHYDRATION-RESPONSIVE ELEMENT-BINDING PROTEIN 2).
B HacTosAwen paboTe npoBefeHa oueHKa reHoB SIDREB2 TomaTa Kak BO3MOXHbIX F€HOB-MapKepOB MaMATA O CONIEBOM
cTpecce. [lnAa 3Toro B JINCTbAX pacTeHW ABYX copToB, THOM n OTpagHblil, C Pa3HOW CTeMeHblo CONeyCTONYMBOCTM
6bina onpefeneHa akcnpeccna reHoB SIDREB16, 20, 22, 24, 43, 44 v 46 B oTBeT Ha 24-u Bo3gencteme NaCl n B guHamuke
npogomkntenbHoro (14 fHel) NOCNecTpPeccoBOro nepuofa BOCCTAaHOBMEHUA. BblfBNeHbl 3HauuTeslbHble TeHOTUM-
cneunduYHble KonebaHUa ypoBHEN TPAHCKPUMTOB FEHOB KaK B KOHTPOJE, Tak U B MOABEPrHYTbIX CTPECCY pacTEHUAX.
Moka3aHo, uTo B npouecce AIMTeNbHON $asbl MAMATU SKCNPECCUA reHOB BO3BPALLAETCA K KOHTPOJSIbHbIM NMOKa3aTesam
nnéo BpemeHHo (SIDREB24, 44 n 46 y cpepHeycTonumoro copta MHOM uepes 7 fHelr; yepes 14 gHeli SKCnpeccusa CHOBa
MeHsaeTcA), nnbo mepneHHo (SIDREB16 n 43 y BbicokoycTonumoro copta OTpagHbiii yepes 14 AHell BOCCTaHOBIEHMS).
Bbino onpepeneHo, UTo TONbKO ABa reHa, SIDREB22 1 46, MeIoT CXOLHbIN MeXAy CoOpTaMu NaTTepH KonebaHnin sKkcnpeccum
B [IHaMUKe CTpecca 1 BOCCTaHOBNEHUSA, a reH SIDREB20 He sKcnpeccupyeTcs HU B KOHTPONE, HY B onbiTe. [oflyyeHHble
[laHHble MO3BONVAV NPELNONOXNTb, YTO reHbl nofcemeinctsa SIDREB2, kpome SIDREB20, yuacTBytoT B 0TBETE S. lycopersicum
Ha CONeBOW CTPECC reHOTUN-CreUmMdnYHbIM 06Pa30M U MOTYT CITY>KUTb MapKepamm CTPECCOBOMN NamATU, CLENNEHHbIMU C
SNUreHeTNYECKON perynaumen agantaymm Tomata K coneBomy ctpeccy. leHbl SIDREB16, 28, 43 n 44 moryT BHOCWTb BKNaj
B OMpeAesieHne pPasfnunii B MexaHmsme perynAaumMm oTBeTa pacTeHW Ha CONEBOW CTPeCcC MeXAY COneyCcTONYMBbIMU
reHotunamu S. lycopersicum. MonyyeHHble pe3ynbTaTbl MOFYT CTaTb OCHOBOW AJ1A AafibHENWNX UCCNeAOBaHNIA POV FeHOB
SIDREB2 B anureHeTNYECKOW pPerynauum agantaluum pacTeHNA TOMaTa K CONIEBOMY CTPECCY, YTO MOXET ObITb UCMONb30BaHO
B CeNleKLMM CONeyCcToNUMBbIX COPTOB.

KnioueBble cnioBa: Tomat; Solanum lycopersicum L.; coneBoii CTpecc; cTpeccoBas NamaATb; paza NnaMATW; TPaHCKPUMNLNOHHbIe

dakTopbl SIDREB2; skcnpeccua reHoB; reHbl-KaHAMAATbl CTPECCOBOW NAaMATU

Introduction

The plant phenotype is formed through the combined action of
the genotype and the epigenome, where the latter determines
the plasticity of the phenotype depending on environmental
conditions, including in response to various stress factors,
which are often recurrent (Villagémez-Aranda et al., 2022).
The initial (during the plant’s life cycle) experience of stress
(priming) induces changes in the epigenome (DNA methy-
lation, post-translational histone modifications, non-coding
RNA activity, etc.), which enable a more effective response
to repeated stress (stimulus) (Villagémez-Aranda et al., 2022).

The set of epigenetic marks that emerge during priming is
called the plant’s stress memory, which can persist throughout
the organism’s life cycle and be inherited (Villagomez-Aranda
etal., 2022; Zuo etal., 2023). That is, the plant’s stress memory
is the initial experience of effectively regulating the stress
response, imprinted in the epigenome, which, upon a repeated
stress event, can quickly trigger the transcriptomic and meta-
bolomic changes necessary for protection (Villagdmez-Aranda
et al., 2022; Zuo et al., 2023).

Biomarkers of stress memory are generally considered to be
individual genes (metabolites), the expression (metabolism)
of which becomes the target of epigenetic modifications
after priming (Aina et al., 2024). There may be many such
markers. For example, drought stress memory in the model
species Arabidopsis thaliana L. is associated with more than
2,000 genes (Ding et al., 2013). A comparison of this list with
a similar set in Zea mays L. reduced the list to 556 genes as
possible interspecific markers of plant memory about drought
(Dingetal., 2014; Virlouvet et al., 2018; Jacques et al., 2021).
When selecting candidate memory markers, the principle is
that the level and/or direction of changes in gene expression
(metabolite content) differs between responses to priming
and stimulus, while genes (metabolites) not associated with
memory respond equally to priming and stimulus (Friedrich
et al., 2019; Baurle, Trindade, 2020; Jacques et al., 2021).
Another important criterion is that during the period between
stress repeats (recovery, or memory phase), the expression of

marker genes (metabolite content) is maintained at an altered
level for a long time, while the expression of genes (metabo-
lite content) not associated with memory quickly returns to
control values (Friedrich et al., 2019; Béurle, Trindade, 2020;
Jacques et al., 2021).

An example of the criteria use is a metabolomic analysis
of the halophyte Limonium angustebracteatum’s response to
repeated drought and salt stresses, which identified various
organic osmolytes and antioxidant compounds (including
flavonoids) as potential markers of stress memory (Calone
et al., 2023). Transcriptomic studies of potato (Solanum
tuberosum L.) under recurrent drought conditions identified
potential memory genes, including genes involved in photo-
synthesis, carbohydrate metabolism, flavonoid metabolism,
and others (Chen et al., 2019).

Given the observed associations of various important pro-
cesses with plant stress memory, studying the effects of stress
on the expression of genes of specific metabolic or signa-
ling pathways can help identify marker genes. For example,
analysis of the expression dynamics of ASCHS genes of the
chalcone synthase family (flavonoid pathway) in garlic (Allium
sativum L.) exposed to abiotic stressors identified only one
out of eight genes as a potential biomarker (Anisimova et al.,
2025). Another example: tracking changes in the expression
of various PR genes in garlic cloves in response to priming
with an elicitor (chitosan) and a biotic stimulus (infection with
Fusarium proliferatum) identified candidate genes for mar-
kers of A. sativum memory of Fusarium infection (Filyushin
etal., 2022).

Selected stress memory markers (both genes and metabo-
lites) can be used to identify donors of a trait of the desired
conditional (epigenetic) resistance to target stressors in crop
plants (Ainaetal., 2024). In plant genetic engineering, altering
the expression of marker genes can facilitate the production
of stress-resistant genotypes. For example, overexpression
of individual genes from the WRKY family increases the
resistance of tomato plants (Solanum lycopersicum L.) to
phytopathogens (Bai et al., 2018), while overexpression of
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the DREB1A and OsPIL1 genes increases drought tolerance
in A. thaliana (Kudo et al., 2017).

Tomato (S. lycopersicum) is an important vegetable crop,
mainly grown in protected ground; soil salinity is considered
one of the main factors reducing tomato crop yield (Guo et
al., 2022). Epigenetic marks associated with the formation
of salt stress memory in plants (Gallusci et al., 2023) and the
mechanisms of salt tolerance in tomato are known (Guo et al.,
2022). Among the genes, the expression of which is induced
by salt stress, there are genes encoding transcription factors
(TFs) of the DREB family (APETALAZ2/Ethylene Responsive
Factor (AP2/ERF) superfamily), in particular the DREB2
(DEHYDRATION-RESPONSIVE ELEMENT-BINDING
PROTEIN 2) subfamily (Bai et al., 2018; Guo et al., 2022).
The tomato genome contains seven SIDREB?2 genes (Magsood
et al., 2022).

The aim of this study was to evaluate SIDREB2 genes as
possible marker genes for salt stress memory by profiling gene
expression in two S. lycopersicum cultivars in response to
the NaCl stimulus and during long-term post-stress recovery
(memory phase).

Materials and methods

The study involved plants of two salt-tolerant tomato
(S. lycopersicum) varieties: the highly tolerant cv. Otradnyi
and the moderately tolerant cv. Gnom, bred at the Federal
Scientific Vegetable Center (FSVC, Moscow Region). Seeds
were sown in the soil, and plants were grown until 6-8 leaves

2025
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developed (experimental climate control facility, Federal
Research Center for Biotechnology, Russian Academy of
Sciences; day/night cycle — 16/8 h, 23/21 °C).

The obtained plants were exposed to salt stress. Namely, the
plants (experimental and control) were transferred from soil
to water (after shaking off and washing the roots) and after
1 h transferred to a liquid MS nutrient medium containing
(experimental) and not containing (control) 100 mM NaCl.
After 24 h, the experimental samples were returned to the
MS medium without NaCl and kept for two weeks in paral-
lel with the control. Leaf samples (all leaves from one plant;
two biological replicates) were collected at the following time
points: S24 (experimental, 24 h of stress exposure) and 24K
(control); R7 and R7K (week of the post-stress period); R14
and R14K (two weeks of recovery) (Fig. 1a).

The collected samples were ground in liquid nitrogen and
used for analysis of the expression of SIDREB2 subfamily
genes using quantitative real-time PCR (RT-qPCR). Total
RNA was isolated from 0.2-0.5 g of tissue (RNeasy Plant
Mini Kit and RNase-free DNase set; QIAGEN, Germany)
and used for cDNA synthesis (GoScript Reverse Transcription
System; Promega, USA). The concentration of the prepara-
tion was determined (Qubit® Fluorometer, Thermo Fisher
Scientific, USA; Qubit RNA HS Assay Kit, Invitrogen, USA),
and 3 ng of cDNA was used for RT-qPCR with gene-specific
primers (Table 1). Primers were designed based on available
S. lycopersicum genome and transcriptome data (https://
www.solgenomics.net/; https://ww.ncbi.nlm.nih.gov/). The

a
100 mM NacCl
S24 R7 R14
0 mM NacCl 0 mM Nacl
0 mM NaCl »
24K R7K R14K
ll 24h ll 7 days ll 14 days
Sampling for gene expression analysis (RT-qPCR)
cv. Otradnyi cv. Gnom
b
24K S24 24K S24

Fig. 1. Experimental design:

a - 24-h salt stress (100 mM NaCl (S24) and 0 mM NacCl (24K)) and post-stress recovery (7 (R7K, R7) and 14 (R14K, R14) days);
b - photo of experimental (524) and control (24K) plants of the Otradnyi and Gnom tomato varieties after 24 h of stress.

YCTOWNYNBOCTb PACTEHU K CTPECCOBbIM ®AKTOPAM / STRESS RESISTANCE IN PLANTS 1215


https://www.solgenomics.net/
https://www.solgenomics.net/

M.A. Filyushin, A.V. Shchennikova
E.Z. Kochieva

Table 1. Primer sequences for RT-qPCR

Gene' Gene ID' Sequences (5'—3’) of the forward
and reverse primers
SIDREB16 ~ Solyc04g050750  TGAGAGGTAAAGGTGGACCAG
CTCTGGCTGCTTCCACTGAA
SIDREB20  Solyc04g080910  GGTAAATGGGTAGCCGAGATC
(LOC101246344) AGTTTGGCTTCGGCACCATAG
SIDREB22  Solyc059g052410  GATACATTGGAAGGTCTGCAGC
(LOC101261712)  CATCCAACTCATCCAAGCAGAAG
SIDREB24  Solyc069g050520  GGTATCAGATTCGCAATGTCAGG
GAATGCAAGGTCATCCGAACTG
SIDREB43  Solyc109g076370  GGTACTTACTCGACTGCTGGT
(LOC101245410) CAATCGACGATTGACCACTCG
SIDREB44  Solyc10g076380  TCGCCTGCTTGTTCCTGGAA
(LOC101268444) CGCACCAACATCTTCATTCACG
SIDREB46 ~ Solyc10g080310  CAATGTAGCCGTTCGTGGTG
(LOC101268444) TGACTCTGTGAAACTACTGATGC
Expressed  (LOC101263039) GCTAAGAACGCTGGACCTAATG
TGGGTGTGCCTTTCTGAATG
actin-7 (LOC101262163)  CATTGTGCTCAGTGGTGGTTC

TCTGCTGGAAGGTGCTAAGTG

" The numbering and Solyc_IDs of genes are given according to (Magsood et
al,, 2022); the corresponding NCBI_IDs of genes (if Solyc-protein homologs are
present in the NCBI database) are given in brackets.

reaction was carried out using the “2.5x Reaction Mixture
for Real-Time PCR in the Presence of SYBR Green I and
ROX” kit (Synthol LLC, Russia) on a CFX96 Real-Time
PCR Detection System (Bio-Rad Laboratories, USA). The
RT-qPCR program was as follows: 5 min at 95 °C, 40 cycles
(15 sat 95 °C; 40 s at 60 °C). SIDREB2 gene expression was
normalized to the reference genes Expressed and actin-7
(Efremov et al., 2020). The analysis was performed in two
biological and three technical replicates. The obtained data
were statistically processed and visualized using GraphPad
Prism v. 9.5.1 (Two-Way ANOVA: multiple comparisons
corrected with the Bonferroni test; GraphPad Software Inc.,
USA, https://www.graphpad.com/scientific-software/prism/).
Excel was used to construct heatmaps and linear graphs based
on expression data.

Results

In this study, we characterized the effects of salt stress and
prolonged post-stress recovery on SIDREB2 gene expres-
sion in the leaves of tomato plants with high (cv. Otradnyi)
and moderate (cv. Gnom) salt tolerance. After 24 h of NaCl
exposure, as well as 7 and 14 days post-stress, plants of both
varieties were visually indistinguishable from control, un-
stressed samples (Fig. 1b).

Leaves from plants (control and experimental) at time points
S24/24K, R7/R7K, and R14/R14K were collected and used
to analyze the expression of SIDREB2 genes, the homologs
of which in other plant species are known to be involved in
the response to osmaotic stress (Akbudak et al., 2018; Guo et
al., 2022; Filyushin et al., 2023; Sun et al., 2025). Genes for

Differential DREB2 genes expression
under salt stress in tomato

analysis were identified based on the published characteriza-
tion of the S. lycopersicum DREB gene family, in which the
SIDREB2 subfamily is represented by seven intronless genes:
SIDREBL16, 20, 22, 24, 43, 44, and 46 (Magsood et al., 2022).
RT-qPCR analysis revealed that the SIDREB20 gene was not
expressed in leaves in either the experimental or control plants,
while the expression pattern of the remaining six genes was
genotype-dependent (Fig. 2).

The varieties differed in gene expression under control
conditions, both in terms of the level at the 24K baseline
(SIDREBL16, 24, 43, and 44) and in the tendency to change
over the measurement period (SIDREB16, 44, and 46). Only
SIDREB22 showed a similar expression pattern between va-
rieties under control conditions (Fig. 2). A heatmap was con-
structed based on the expression data (Fig. 3), clearly showing
that in the case of the highly resistant cv. Otradnyi, only three
genes (SIDREB22, 24, and 44) retained control expression
levels after 24 h of stress. However, their transcript levels
increased after one (~1.7, 8.2, and 2.4-fold) and two (~5.7, 3.4,
and 1.4-fold) weeks of the recovery period. The expression
of the remaining three genes decreased (SIDREB16, and 46)
or increased (SIDREB43) after 24 h of stress and increased
significantly at point R7. After two weeks of recovery, only
two genes (SIDREB16, and 43) were expressed similarly to
the control (Fig. 3).

In the leaves of the moderately resistant cv. Gnom, after
24 h of stress, gene expression increased (SIDREB43, and
44), decreased (SIDREB22, and 46), or remained unchanged
(SIDREBL16, and 24). After a week of recovery (R7), changes
in expression were observed for three genes (SIDREB16, 22,
and 43), whereas after two weeks (R14), all six genes were
expressed differently from the control (Fig. 3).

Thus, a return to control expression was observed only
long after the stress and only for SIDREB24, 44, and 46 (cv.
Gnome, point R7), the expression of which at point R14
changed again (vs. control), as well as for the SIDREB16, and
43 (cv. Otradnyi, point R14) (Fig. 3).

To more clearly compare SIDREB2 expression patterns be-
tween cultivars, linear graphs were drawn using the expression
data, expressed as the ratio of gene expression levels between
the experimental and control conditions (Fig. 4). The graphs
show that two genes (SIDREB22, and 46) have similar patterns
of response to salt stress and memory phase in two analyzed
cultivars. SIDREB16, 28, 43, and 44 genes showed different
response patterns between varieties (Fig. 4).

To assess the possible dependence of the expression of the
SIDREB16, 20, 22, 24, 43, 44, and 46 genes on the variability
of their regulatory regions in tomato varieties, an in silico
analysis of the promoters (1 kb) of these genes was performed
in 10 tomato accessions (sequences were taken from the NCBI
database). It was shown that the promoters of SIDREB16,
22, 24, 43, and 44 are highly conserved (0-2 polymorphisms
(SNPs) per 1 kb), while the promoters of the SIDREB20 and
46 genes contain indels/SNPs (5/58 and 5/13, respectively).

Discussion

In this study, we evaluated genes of the tomato SIDREB2
subfamily as potential marker genes for salt stress memory
by profiling gene expression in two S. lycopersicum cultivars
in response to NaCl and during the long-term post-stress

1216 Vavilovskii Zhurnal Genetiki i Selektsii / Vavilov Journal of Genetics and Breeding - 2025 - 29 - 8


https://www.graphpad.com/scientific-software/prism/

M.A. QuniowuH, A.B. LLleHHrKoBa
E.3. Kounesa

SIDREB16

Otradnyi Gnom

0.015

0.010

0.005

Relative expression

SIDREB24

Otradnyi Gnom

0.025
0.020
0.015

0.010

Relative expression

0.005

SIDREB44

0.020 Otradnyi Gnom
0.015

0.010

Relative expression

0.005

~ ~
o o

24K
S24
R7K
R14K
R14
24K
S24
R7K
R14K

R14

InddepeHumanbHan skcnpeccua reHos DREB2 2025
B AHaMVIKe CONeBOro cTpecca y Tomata 29.8
SIDREB22
Otradnyi Gnom
2.0
Control
15 NaCl
1.0
0.5
0
SIDREB43
0.04 Otradnyi Gnom
0.03
0.02
0.01
0
SIDREB46
0.004 Otradnyi Gnom
0.003
0.002
0.001
0
X < Y X < X < XN X <
<t o N o < = < o N o < =

Fig. 2. Expression pattern of SIDREB2 genes in the leaves of cv. Otradnyi and cv. Gnom tomato plants in response to salt stress
for 24 h (24K and S24) and in the dynamics of post-stress recovery after 7 (R7K and R7) and 14 (R14K and R14) days.
279 Significant differences between expression levels within the variety (p < 0.05).

recovery period (memory phase). The cultivars differed in
their tolerance to salt stress (moderate in cv. Gnom and high
in cv. Otradnyi). Cultivar tolerance can be regulated both by
genetic variations governing gene expression in response to
salt stress and by conditionally inherited epigenetic modifi-
cations, previously acquired as a result of salt priming and
maintained by stress memory.

In the first case, genetic variations may be represented by
genes and loci associated with the salt tolerance trait (Ismail,
Horie, 2017). Differences in genes/loci may determine the
degree of plant adaptability, as demonstrated by tomato
genotypes carrying mutant TSS1 and TSS2 loci, which confer
contrasting sensitivity to general osmotic stress and different
mechanisms of salt tolerance (Borsani et al., 2001). Given
the genetic regulation of NaCl tolerance, our experiment
can be considered a primary stress for plants. In the second
case, given the presumed presence of salt stress memory, the
simulated salt stress conducted in this study will activate this
memory. The third possible scenario involves genetic regula-
tion of salt tolerance in one variety and epigenetic regulation
in another.

0.49* 15.35% 1.07 1.00 0.51* 0.20*  SIDREB16
1.01 1.65% 5.65* 0.25* 0.34* 10.66* SIDREB22
0.74 8.22* 3.41* 0.80 1.60 1.82*  SIDREB24

3.43* 7.88*% 1.08 6.54* 2.90* 0.48*  SIDREB43
1.10 13.27*  0.45* 25.42% 1.07 0.16*  SIDREB44

0.50* 2.39*% 1.43*% 0.10* 1.22 0.44*  SIDREB46

24h 7days 14days 24days 7days 14days

NaCl Recovery Recovery NaCl Recovery Recovery

cv. Otradnyi cv. Gnom

Fig. 3. Heatmap of SIDREB2 gene expression in the leaves of cv. Otradnyi
and cv. Ghom tomato plants in response to salt stress (24 h) and during
post-stress recovery (7 and 14 days). Numerical data are presented as
the ratio of values for experimental samples to the control (taken as 1).
* Significant differences in expression levels between the experiment and
the control (p < 0.05).

Various transcriptome studies of NaCl exposure in plants
suggest that key genes involved in salt stress memory are
represented by TF genes of various families (Zhu et al.,
2023), including the DREB family (Hassan et al., 2022).
The importance of the latter is highlighted by the differential
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Fig. 4. SIDREB2 gene expression patterns in the leaves of tomato cultivars Otradnyi and Gnom in response to salt
stress (24 h) and during post-stress recovery (7 and 14 days), presented as linear graphs. Genes, the expression
patterns of which show significant intervarietal differences in fluctuation trends, are highlighted in red.

expression of DREB genes in response to salinity in wheat
Triticum aestivum L. (Hassan et al., 2022), pepper Capsicum
annuum L. (Sun et al., 2025), garlic A. sativum (Filyushin et
al., 2023), and other species.

The choice of DREB2 subfamily genes from the two largest
DREB subfamilies for analysis was determined by the fact that
DREB1/CBF proteins play the greatest role in regulating cold
tolerance (Shi et al., 2018), whereas DREB2 TFs are mainly
involved in the response to osmotic stresses (Akbudak et al.,
2018; Baillo et al., 2019). In the tomato genome, the DREB2
subfamily consists of seven genes: SIDREB16, 20, 22, 24, 43,
44, and 46 (Magsood et al., 2022) (Table 1).

During the experiment, two tomato varieties were sub-
jected to salt stress (24 h), followed by a long-term (14-day)
memory phase (Fig. 1). Subsequent gene expression profi-
ling (S24/24K-R7/R7K-R14/R14K) revealed significant
genotype-specific variations in gene transcript levels in both
control and stressed plants (Fig. 2), suggesting intervarietal
differences in the mechanism of salt tolerance regulation.

It was determined that during the long-term post-stress
recovery period, gene expression values returned to control
values either temporarily (SIDREB24, 44, and 46 in the Gnom
variety at point R7; they changed again at point R14) or ex-
tremely slowly (SIDREB16 and 43 in the Otradnyi variety at
point R14) (Fig. 3). This gene response in the case of both
varieties corresponds to the feature of stress memory marker
genes, the expression of which is maintained at an altered level
for a long time during the recovery phase, while the expres-
sion of genes not associated with memory quickly returned
to control values (Friedrich et al., 2019; Béurle, Trindade,
2020; Jacques et al., 2021). This suggests that all six genes,
SIDREB16, 22, 24, 43, 44, and 46, may function as salt stress
memory marker genes in tomato plants.

Only two genes (SIDREB22 and 46) were shown to have
a similar pattern of expression fluctuations between cultivars
during the measurement period (S24/24K-R7/R7TK-R14/
R14K) (Fig. 4). This suggests that the remaining four genes
(SIDREBL16, 28, 43, and 44) may play a role in determin-
ing differences in the mechanism of regulation of plant
responses to salt stress between salt-tolerant genotypes of
S. lycopersicum.

Overall, the performed assessment of the expression pat-
tern of SIDREB2 subfamily genes in the leaves of two salt-
tolerant tomato cultivars in response to NaCl and during the
long-term memory phase suggests that these genes (except
for SIDREB20) participate in the response of S. lycopersicum
to excess salt in a genotype-specific manner. These genes
may potentially serve as markers of stress memory linked to
epigenetic regulation of plant adaptation to salt stress. The
response of SIDREB2 genes to salt stress may also depend on
genetic variations in the promoter regions of both the SIDREB2
subfamily genes themselves and the potential targets of the
SIDREB2 TFs in S. lycopersicum accessions.

The invariability in the regulatory sequences of the
SIDREB16, 22, 24, 43, and 44 genes that we found (using
in silico analysis of the promoters of the analyzed genes in
10 tomato cultivars/accessions) suggests that the conservation
of these promoters may also extend to the cultivars used in this
study. This suggests that the response of SIDREB16, 22, 24,
43, and 44 to salt stress is independent on intervarietal varia-
tions in their regulatory sequences. The SIDREB20 gene, the
promoter of which is the most variable between accessions
(58 SNPs), was not expressed in leaves; thus, the question of
the dependence under consideration for this gene does not
arise. At the same time, the expression level of SIDREB46 can
be regulated by polymorphisms (13 SNPs), which requires
additional studies of the SIDREB46 promoter in the tomato
varieties used in the work, with a search for correlations be-
tween expression and the SNPs found.

The expression level of some DREB2 subfamily genes is
positively associated with plant resistance to various abiotic
stresses, as demonstrated by A. thaliana plants overexpress-
ing the rice (Oryza sativa L.) OsDREB2B gene and exhibiting
increased tolerance to drought and heat (Matsukura et al.,
2010). It is suggested that in response to abiotic stress, the
expression of DREB1/2 TFs is altered, which in turn regulate
the transcription of target genes involved in plant defense.
To date, data are available on 10 possible target genes of the
DREB1/2 TF (A. thaliana) containing DRE/DRE-related
cis-regulatory elements in their promoters, and six of these
genes may be involved in the plant’s response to salt stress
(Table 2) (Dubouzet et al., 2003; Matsukura et al., 2010).
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Table 2. List of putative target genes of the A. thaliana DREB family TFs

Gene NCBI_ID Protein Involvement in stress responses,
(A. thaliana/ according to NCBI
S. lycopersicum)

COR15A At2g42540 Cold-inducible protein Cold, heat, salinity, drought

FLO5-21-F13 At1g16850 Late embryogenesis abundant protein Salinity

(LEAT4)

RD29A At5g52310 Drought-responsive protein, low-temperature-responsive Cold, salinity, drought
protein 78 (LT178) / desiccation-responsive protein 29A

RD17 (COR47) At1920440 Dehydrin, COR47 cold-regulated 47 Cold, heat, osmotic stresses,

drought

AtGOLS3 At1g09350 Glycosyl transferase family 8, GolS3 galactinol synthase 3 Cold

FLO5-20-N18 At2g42530 COR15B cold regulated 15b Cold

(COR15B)

KINT At5g15960 Cold-inducible protein Cold, osmotic stresses, drought

FLO6-16-B22 At2g15970 Cold-acclimation protein, COR413-PM1 cold regulated 413 Cold, drought

(COR413-PMT1) plasma membrane 1

KIN2 (COR6.6) At5g15970 KIN2 stress-responsive protein (KIN2) / stress-induced protein  Cold, osmotic stresses, drought
(KIN2) / cold-responsive protein (COR6.6) / cold-regulated
protein (COR6.6)

ERD10 At1g20450 ERD10 Dehydrin family protein Cold, drought

Conclusion Calone R., Mircea D.M., Gonzilez-Orenga S., Boscaiu M., Zuzunaga-

Thus, further studies of the structure and expression of
SIDREB?2 genes and their possible targets using repeated stress
events interspersed with memory phases of varying duration,
accompanied by expression analysis of genes presumably
not linked to stress memory, are needed. The results of such
studies can be used in breeding salt-tolerant tomato varieties.

References

Aina O., Bakare 0.0., Fadaka A.O., Keyster M., Klein A. Plant bio-
markers as early detection tools in stress management in food crops:
Areview. Planta. 2024;259(3):60. doi 10.1007/s00425-024-04333-1

Akbudak M.A., Filiz E., Kontbay K. DREB2 (dehydration-responsive
element-binding protein 2) type transcription factor in sorghum
(Sorghum bicolor): genome-wide identification, characterization
and expression profiles under cadmium and salt stresses. 3 Biotech.
2018;8(10):426. doi 10.1007/s13205-018-1454-1

Anisimova O.K., Shchennikova A.V., Kochieva E.Z., Filyushin M.A.
Identification of chalcone synthase genes from garlic (Allium sati-
vum L.) and their expression levels in response to stress factors. Acta
Nat. 2025;17(2):4-14. doi 10.32607/actanaturae.27639

Bai Y., Sunarti S., Kissoudis C., Visser R.G.F., van der Linden C.G. The
role of tomato WRKY genes in plant responses to combined abiotic
and biotic stresses. Front Plant Sci. 2018;9:801. doi 10.3389/fpls.
2018.00801

Baillo E.H., Kimotho R.N., Zhang Z., Xu P. Transcription factors asso-
ciated with abiotic and biotic stress tolerance and their potential for
crops improvement. Genes (Basel). 2019;10(10):771. doi 10.3390/
genes10100771

Baurle 1., Trindade I. Chromatin regulation of somatic abiotic stress
memory. J Exp Bot. 2020;71(17):5269-5279. doi 10.1093/jxb/
eraa098

Borsani O., Cuartero J., Fernandez J.A., Valpuesta V., Botella M.A.
Identification of two loci in tomato reveals distinct mechanisms
for salt tolerance. Plant Cell. 2001;13(4):873-887. doi 10.1105/tpc.
13.4.873

Rosas J., Barbanti L., Vicente O. Effect of recurrent salt and drought
stress treatments on the endangered halophyte Limonium anguste-
bracteatum Erben. Plants (Basel). 2023;12(1):191. doi 10.3390/
plants12010191

ChenY, LiC.,Yil, Yang Y., Lei C., Gong M. Transcriptome response
to drought, rehydration and re-dehydration in potato. Int J Mol Sci.
2019;21(1):159. doi 10.3390/ijms21010159

Ding Y., Liu N., Virlouvet L., Riethoven J.J., Fromm M., Avramova Z.
Four distinct types of dehydration stress memory genes in Arabi-
dopsis thaliana. BMC Plant Biol. 2013;13:229. doi 10.1186/1471-
2229-13-229

Ding Y., Virlouvet L., Liu N., Riethoven J.J., Fromm M., Avramova Z.
Dehydration stress memory genes of Zea mays; comparison with
Arabidopsis thaliana. BMC Plant Biol. 2014;14:141. doi 10.1186/
1471-2229-14-141

Dubouzet J.G., Sakuma Y., Ito Y., Kasuga M., Dubouzet E.G., MiuraS.,
Seki M., Shinozaki K., Yamaguchi-Shinozaki K. OsDREB genes in
rice, Oryza sativa L., encode transcription activators that function in
drought-, high-salt- and cold-responsive gene expression. Plant J.
2003;33(4):751-763. doi 10.1046/j.1365-313x.2003.01661.x

Efremov G.I., Slugina M.A., Shchennikova A.V., Kochieva E.Z. Dif-
ferential regulation of phytoene synthase PSY1 during fruit caro-
tenogenesis in cultivated and wild tomato species (Solanum section
Lycopersicon). Plants (Basel). 2020;9(9):1169 doi 10.3390/plants
9091169

Filyushin M.A., Shagdarova B.T., Shchennikova A.V., II’ina A.V,,
Kochieva E.Z., Varlamov V.P. Pretreatment with chitosan prevents
Fusarium infection and induces the expression of chitinases and
-1,3-glucanases in garlic (Allium sativum L.). Horticulturae. 2022;
8(5):383. doi 10.3390/horticulturae8050383

Filyushin M.A., Anisimova O.K., Shchennikova A.V., Kochieva E.Z.
DREB1 and DREB2 genes in garlic (Allium sativum L.): Genome-
wide identification, characterization, and stress response. Plants
(Basel). 2023;12(13):2538. doi 10.3390/plants12132538

Friedrich T., Faivre L., Béurle 1., Schubert D. Chromatin-based mecha-
nisms of temperature memory in plants. Plant Cell Environ. 2019;
42(3):762-770. doi 10.1111/pce.13373

YCTOMNYNBOCTb PACTEHU K CTPECCOBbIM ®AKTOPAM / STRESS RESISTANCE IN PLANTS 1219


https://doi.org/10.1007/s00425-024-04333-1
https://doi.org/10.1007/s13205-018-1454-1
https://doi.org/10.32607/actanaturae.27639
https://doi.org/10.3389/fpls.2018.00801
https://doi.org/10.3389/fpls.2018.00801
https://doi.org/10.3390/genes10100771
https://doi.org/10.3390/genes10100771
https://doi.org/10.1093/jxb/eraa098
https://doi.org/10.1093/jxb/eraa098
https://doi.org/10.1105/tpc.13.4.873
https://doi.org/10.1105/tpc.13.4.873
https://doi.org/10.3390/plants12010191
https://doi.org/10.3390/plants12010191
https://doi.org/10.3390/ijms21010159
https://doi.org/10.1186/1471-2229-13-229
https://doi.org/10.1186/1471-2229-13-229
https://doi.org/10.1186/1471-2229-14-141
https://doi.org/10.1186/1471-2229-14-141
https://doi.org/10.1046/j.1365-313x.2003.01661.x
https://doi.org/10.3390/plants9091169
https://doi.org/10.3390/plants9091169
https://doi.org/10.3390/horticulturae8050383
https://doi.org/10.3390/plants12132538
https://doi.org/10.1111/pce.13373

M.A. Filyushin, A.V. Shchennikova
E.Z. Kochieva

Gallusci P., Agius D.R., Moschou P.N., Dobranszki J., Kaiserli E., Mar-
tinelli F. Deep inside the epigenetic memories of stressed plants.
Trends Plant Sci. 2023;28(2):142-153. doi 10.1016/j.tplants.2022.
09.004

Guo M., Wang X.S., Guo H.D., Bai S.Y.,, Khan A., Wang X.M.,
Gao Y.M,, Li J.S. Tomato salt tolerance mechanisms and their po-
tential applications for fighting salinity: A review. Front Plant Sci.
2022;13:949541. doi 10.3389/fpls.2022.949541

Hassan S., Berk K., Aronsson H. Evolution and identification of DREB
transcription factors in the wheat genome: modeling, docking and
simulation of DREB proteins associated with salt stress. J Biomol
Struct Dyn. 2022;40(16):7191-7204. doi 10.1080/07391102.2021.
1894980

Ismail A.M., Horie T. Genomics, physiology, and molecular breeding
approaches for improving salt tolerance. Annu Rev Plant Biol. 2017,
68:405-434. doi 10.1146/annurev-arplant-042916-040936

Jacques C., Salon C., Barnard R.L., Vernoud V., Prudent M. Drought
stress memory at the plant cycle level: A review. Plants (Basel).
2021;10(9):1873. doi 10.3390/plants10091873

Kudo M., Kidokoro S., Yoshida T., Mizoi J., Todaka D., Fernie A.R.,
Shinozaki K., Yamaguchi-Shinozaki K. Double overexpression of
DREB and PIF transcription factors improves drought stress toler-
ance and cell elongation in transgenic plants. Plant Biotechnol J.
2017;15(4):458-471. doi 10.1111/pbi.12644

Magsood H., Munir F., Amir R., Gul A. Genome-wide identification,
comprehensive characterization of transcription factors, cis-regu-
latory elements, protein homology, and protein interaction network
of DREB gene family in Solanum lycopersicum. Front Plant Sci.
2022;13:1031679. doi 10.3389/fpls.2022.1031679

Differential DREB2 genes expression
under salt stress in tomato

Matsukura S., Mizoi J., Yoshida T., Todaka D., Ito Y., Maruyama K.,
Shinozaki K., Yamaguchi-Shinozaki K. Comprehensive analysis of
rice DREB2-type genes that encode transcription factors involved
in the expression of abiotic stress-responsive genes. Mol Genet
Genomics. 2010;283(2):185-196. doi 10.1007/s00438-009-0506-y

Shi Y., Ding Y., Yang S. Molecular regulation of CBF signaling in cold
acclimation. Trends Plant Sci. 2018;23(7):623-637. doi 10.1016/
J.tplants.2018.04.002

Sun N., Sun X., Zhou J., Zhou X., Gao Z., Zhu X., Xu X., Liu Y., Li D.,
Zhan R., Wang L., Zhang H. Genome-wide characterization of pep-
per DREB family members and biological function of CaDREB32
in response to salt and osmotic stresses. Plant Physiol Biochem.
2025;222:109736. doi 10.1016/j.plaphy.2025.109736

Villagbmez-Aranda A.L., Feregrino-Pérez A.A., Garcia-Ortega L.F.,
Gonzalez-Chavira M.M., Torres-Pacheco 1., Guevara-Gonzalez R.G.
Activating stress memory: eustressors as potential tools for plant
breeding. Plant Cell Rep. 2022;41(7):1481-1498. doi 10.1007/
500299-022-02858-x

Virlouvet L., Avenson T.J., Du Q., Zhang C., Liu N., Fromm M.,
Avramova Z., Russo S.E. Dehydration stress memory: gene networks
linked to physiological responses during repeated stresses of Zea
mays. Front Plant Sci. 2018;9:1058. doi 10.3389/fpls.2018.01058

Zhu Z., Dai Y., Yu G., Zhang X., Chen Q., Kou X., Mehareb E.M.,
Raza G., Zhang B., Wang B., Wang K., Han J. Dynamic physiologi-
cal and transcriptomic changes reveal memory effects of salt stress
in maize. BMC Genomics. 2023;24(1):726. doi 10.1186/s12864-
023-09845-w

Zuo D.D., Ahammed G.J., Guo D.L. Plant transcriptional memory and
associated mechanism of abiotic stress tolerance. Plant Physiol Bio-
chem. 2023;201:107917. doi 10.1016/j.plaphy.2023.107917

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

Received July 8, 2025. Revised September 19, 2025. Accepted September 19, 2025.

1220 Vavilovskii Zhurnal Genetiki i Selektsii / Vavilov Journal of Genetics and Breeding - 2025 - 29 - 8


https://doi.org/10.1016/j.tplants.2022.09.004
https://doi.org/10.1016/j.tplants.2022.09.004
https://doi.org/10.3389/fpls.2022.949541
https://doi.org/10.1080/07391102.2021.1894980
https://doi.org/10.1080/07391102.2021.1894980
https://doi.org/10.1146/annurev-arplant-042916-040936
https://doi.org/10.3390/plants10091873
https://doi.org/10.1111/pbi.12644
https://doi.org/10.3389/fpls.2022.1031679
https://doi.org/10.1007/s00438-009-0506-y
https://doi.org/10.1016/j.tplants.2018.04.002
https://doi.org/10.1016/j.tplants.2018.04.002
https://doi.org/10.1016/j.plaphy.2025.109736
https://doi.org/10.1007/s00299-022-02858-x
https://doi.org/10.1007/s00299-022-02858-x
https://doi.org/10.3389/fpls.2018.01058
https://doi.org/10.1186/s12864-023-09845-w
https://doi.org/10.1186/s12864-023-09845-w
https://doi.org/10.1016/j.plaphy.2023.107917

STRESS RESISTANCE IN PLANTS Vavilovskii Zhurnal Genetiki i Selektsii

Original article Vavilov Journal of Genetics and Breeding. 2025;29(8):1221-1234

doi 10.18699/vjgb-25-129

SmartCrop: knowledge base of molecular genetic mechanisms
of rice and wheat adaptation to stress factors
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Abstract. The study of molecular genetic mechanisms of plant responses to specific growth conditions and stress
factors is a central focus of scientific research aimed at developing new valuable crop varieties, particularly rice and
wheat. These factors include abiotic stresses (high or low temperatures, drought, salinity, soil metal contamination),
biotic stresses (pathogens, pests), as well as plant responses to regulatory factors (fertilizers, hormones, elicitors,
and other compounds). Modern research in plant genetics is based on the understanding that the formation of
any phenotypic characteristics (molecular genetic, biochemical, physiological, morphological, etc.) is controlled
by gene networks - groups of coordinately functioning genes interacting through their products (RNA, proteins,
and metabolites). Previously, we developed the ANDSystem intelligent technology designed to extract knowledge
from scientific publication texts for the reconstruction of gene networks in biology and biomedicine. In this work,
using an adapted version of ANDSystem for plants, we created the SmartCrop knowledge base designed to address
challenges related to studying molecular genetic mechanisms of genotype-phenotype-environment interactions
for agriculturally valuable rice and wheat crops. SmartCrop is designed to assist researchers in solving tasks such
as interpreting omics technology results (establishing connections between gene sets and biological processes,
phenotypic traits, etc.); reconstructing gene networks describing relationships between molecular genetic objects
and concepts in breeding, phenomics, seed production, phytopathology, diagnostics, protective agents, etc,;
identifying regulatory and signaling pathways of plant responses to specific growth conditions and biotic and
abiotic stresses; predicting candidate genes for genotyping; searching for markers for marker-assisted selection; and
identifying potential targets for substances (including external factors) affecting plants to ensure timely and uniform
germination, better vegetative growth, efficient nutrient uptake, and improved stress resistance.
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abroTnyecKkmne CTpecchl (BbICOKME UMM HU3KME TeMMepaTypbl, 3acyxa, 3aCofleHNe, 3arpA3HeHne NoYBbl MeTaamu),

610TUYECKMe CTPeCcChl (MaToreHbl, BpefuTenn), a TakxKe peakLnm pacTeHn Ha perynaTopHble dakTopbl (ynobperus,

FOPMOHbI, SINCUTOPbI U ApYrue coeanHeHns). CoBpemMeHHbIe NccnejoBaHNA B 061acTy reHEeTUKI pacTeHUI OCHOBaHbI

Ha MOHUMaHNKN TOro, YTO GOpMMPOBaHME NOObIX GEHOTUMNYECKNX XapaKTePUCTUK (MONEKYNAPHO-TeHeTUYECKNX,

6roxMmmyecknx, Gusnonornyeckmnx, MopPonormyecknx 1 Ap.) KOHTPONMPYeTCA FeHHbIMU ceTAMK — rpynnamu

COrNacoBaHHO GYHKLIMOHMPYIOLWMX reHOB, B3aMOAENCTBYOLWMX Yepes cBoun npofykTbl (PHK, 6enkn n metabonnTbi).

PaHee c Lienblo PeKOHCTPYKLMM FeHHbIX CeTel, 3HaUUMbIX 417 61oNorn U GUoMeanLVHbI, Hamu Gbina paspaboTaHa

VHTeNNeKTyasbHasA KoMmnbloTepHasa cnctema ANDSystem, npeaHa3HayeHHasA AN1A aBTOMaTN3MPOBAaHHOIO 13BJieYeHNA

3HAHWIN U3 TEKCTOB HayuHbIX Ny6nunKauuii n 6a3 AaHHbIX. B HacToAwwen paboTe, NCNonb3ysa aAanTUpPoBaHHY BEPCUIO

ANDSystem pnna pacteHuid, Mbl co3panu 6a3y 3HaHuin SmartCrop AnA peleHna 3afay, CBA3aHHbIX C U3yyeHuem

MOJEKYNIAPHO-TeHETNYECKNX MeXaHU3MOB B3aUMOJENCTBIIN «reHOTUN-GeHOoTUN-Ccpeaa» AN1A CeNbCKOXO3ANCTBEHHO

LieHHbIX Ky/IbTyp puca 1 nweHuLbl. SmartCrop npefjHa3HauyeHa Ana NOMOLLM UCCNIefoBaTeNIAM B PELLEHNN TaKnX 3afay,

KaK VHTeprpeTaLus pe3ynbTaToB OMUKCHBIX SKCMEPUMEHTOB Ha PacTEHNAX: YCTAaHOBNEHWE CBA3EN Mexay Habopamu

reHoB 1 6ronornyeckmMy npoueccamu, GeHOTUMNYECKUMM MPU3HAKaMU 1 Ap.; PEeKOHCTPYKLMA TeHHbIX ceTel,

OMMCbIBAIOLLNX OTHOLLEHNA MeXY MONEKYNAPHO-TeHeTUYECKUMU 0ObeKTaMu1 U MOHATUAMU B ceneKunm, GeHoMuKe,

CeMeHOBOACTBE, PVUTOMATONOIUN; BbIIBNIEHVE PEryNATOPHBIX U CUrHaNbHbIX MyTel, OTBETHbIX PeaKkLMin pacTeHUin Ha

cneyuduyeckme ycnoBmua pocta U 6notnyeckne 1 abnoTnyeckre CTpecchl; NPOrHO3MpPoBaHe reHoB-KaHANAaToB

ANA TeHOTUNMPOBAHUA; NMOUCK MapKepoB AJi MapKep-OnoCpeAoBaHHOW CeneKkuuy; BbiiBIEHVE MOTeHLMaNbHbIX

MULLEHel (reHOB 1 6efKoB) ANA CybCTaHLUiA, BINAIOWMUX Ha pacTeHNsA (KOHTPONMPYIOLWMX NPoLecchl NpopacTaHns

CemsAH, BeretaTMBHOro pocta, 3G¢PeKTUBHOrO MOMMOLWEHNA NUTATeNbHbIX BELECTB U YyylleHnA YyCTONUYMBOCTY K

CTpeccoBbIM pakTopam).

Kniouesble cnoa: 6a3a 3HaHui SmartCrop; ANDSystem; n3BneyeHme 3HaHWI U3 TEKCTOB; NCKYCCTBEHHbIN MHTENNEKT;
MOJIEKYNIAPHO-TEHETNYECKNE MeXaHU3Mbl; PUC; MLIeHMLa; acCcoLMaTUBHbIE TeHHble ceTu; abuoTuuyeckme CTpecchl;
61OTUYECKMe CTPECChI; B3aMOAECTBUA reHOTUM-eHOTUN-CPefia; OMMKCHbIE TEXHONTOTVW; AJIMHHbIE HeKoAMpyoLne

PHK; mapkep-onocpefioBaHHasA cenekuns; agantaumna pacTeHnid; CTPeCcCoyCTOMUNBOCTb

Introduction

Rice (Oryza sativa L.) and wheat (Triticum aestivum L.)
are among the most important agricultural crops, ensuring
food security for a significant portion of the world’s popula-
tion. Both crops are well known for their high nutritional,
industrial, and fodder value (Shewry, Hey, 2015). Under
current conditions, the production of these crops faces seri-
ous challenges. Extreme weather events, adverse climate
change, plant diseases, and pests lead to substantial yield
losses (Lesk et al., 2016). Overcoming these difficulties
is impossible without studying the molecular genetic
mechanisms underlying plant resistance to unfavorable
biotic and abiotic factors, which requires the analysis of
complex systems that include intricate signaling, regulatory,
transport, and metabolic pathways (Mittler, 2006; Nykiel
etal., 2023).

An effective tool for studying such mechanisms is gene
networks, which control molecular genetic processes that de-
termine the formation of phenotypic traits and the function-
ing of biological processes, including plant stress responses.

The modern concept of gene networks encompasses not
only molecular components (RNAs, genes, proteins, and
metabolites) but also a wide range of heterogeneous entities,
including diseases, biological processes, and environmental
factors. This type of gene network is known as an associative
gene network (Ivanisenko V.A. et al., 2015). Structurally,
such networks represent a knowledge graph integrating
information about interactions among diverse objects in-
volved in the functioning of molecular genetic systems or
influencing them. In agrobiology and crop science, gene
network analysis is successfully used to study economically

important traits such as resistance to diseases and pests,
tolerance to abiotic stress factors, and yield (Virlouvet et
al., 2018; Chen et al., 2020).

The reconstruction of plant gene networks is a complex
task that requires processing massive amounts of data and
integrating fragmented information from scientific publica-
tions, including data on regulatory, transport, and catalytic
processes, as well as relationships between genetic features,
phenotypic manifestations, and environmental factors.
To extract such knowledge, text-mining methods are ap-
plied, based both on classical computational approaches
(dictionary-based methods, syntactic and linguistic rules and
patterns, statistically significant co-occurrence, etc.) and on
machine-learning techniques (lvanisenko T.V. et al., 2014;
Shrestha et al., 2024; Zhang et al., 2024).

Machine-learning algorithms used for constructing and
analyzing gene networks can be divided into the following
categories: supervised learning, unsupervised learning,
semi-supervised learning, and hybrid approaches. Super-
vised learning methods rely on pre-annotated data to build
predictive models, for example, to identify key regulators
or to predict functional interactions between plant genes (Ni
et al., 2016). Unsupervised learning enables the discovery
of hidden patterns in large datasets, which is important, for
instance, when clustering genes based on expression simila-
rity or identifying gene-network modules. Semi-supervised
learning combines the strengths of both approaches, using
both labeled and unlabeled data, which is particularly re-
levant when the amount of well-annotated data is limited
(Yan, Wang, 2022). Hybrid approaches integrate various
machine-learning methods as well as traditional bioinformat-
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ics techniques, allowing them to effectively compensate for
the limitations each approach may have when used alone
(Guindani et al., 2024; lvanisenko T.V. et al., 2024). For
example, combining dictionary-based named-entity re-
cognition in texts with machine-learning methods improves
the accuracy of entity identification (Do et al., 2018; Iva-
nisenko T.V. et al., 2020).

In recent years, deep machine learning has achieved sig-
nificant advances through the introduction of the transformer
architecture and attention mechanisms, which have enabled
substantial progress in natural language processing and the
analysis of biological sequences (Vaswani et al., 2017).
The analysis of gene networks has also seen considerable
development with the application of graph neural networks,
among which the GraphSAGE architecture (Hamilton et
al., 2017) enables efficient training on large heterogeneous
graphs by aggregating features from neighboring nodes.
A promising direction is the use of large language models,
such as Gemma-2-9b-it (Gemma Team, Google DeepMind,
2024), which provide high-quality semantic analysis of sci-
entific texts and validation of extracted interactions.

A number of specialized resources have been developed
for the reconstruction and analysis of plant gene networks.
These include PlantRegMap (Tian et al., 2020), designed
for analyzing transcription factor regulatory interactions;
STRING (Szklarczyk et al., 2021), which enables the ex-
ploration of protein—protein interactions; the KEGG PLANT
platform (Kanehisa, 2013), which integrates information on
metabolic pathways across various plant species; and the
Plant Reactome resource (Naithani et al., 2020), containing
detailed data on signaling and metabolic pathways in model
plant organisms. For visualization and analysis of gene net-
works, the Cytoscape software environment (Otasek et al.,
2019) is widely used, offering an extensive set of plugins for
working with biological data. The ncPlantDB database pro-
vides comprehensive information for analyzing regulatory
networks, including data on cell-type specific expression of
noncoding RNAs and their interactions (Cheng et al., 2024;
Liu et al., 2025). The integration of such omics resources
forms an effective platform for reconstructing gene networks
of agricultural crops (Chao et al., 2023).

Earlier, we developed the ANDSystem cognitive soft-
ware information platform (lvanisenko V.A. et al., 2015,
2019; Ivanisenko T.V., 2020, 2022) designed for the full
knowledge-engineering cycle in the biomedical domain.
The system’s knowledge base contains more than 50 million
interactions for various organisms.

In the field of plant biology, ANDSystem has been used
to create a knowledge base on the genetics of Solanum
tuberosum (Saik et al., 2017; Ivanisenko T.V. et al., 2018;
Demenkov et al., 2019), to reconstruct and analyze the
regulatory gene network controlling cell wall functions in
Arabidopsis thaliana leaves under water deficit (Volyan-
skaya et al., 2023), and to develop a method for prioritizing
biological processes based on the reconstruction and analysis
of associative gene networks (Demenkov et al., 2021).
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The application of the ANDSystem automated reconstruc-
tion of associative gene networks to analyze microRNA-
mediated regulation of bread wheat (Triticum aestivum L.)
adaptation to water deficit made it possible to propose new
candidate microRNAs (MIR7757, MIR9653a, MIR9670,
MIR9672b) of interest for further experimental studies of
plant adaptation mechanisms under insufficient moisture
(Kleshchev et al., 2024).

In another study (Antropova et al., 2024), ANDSystem
was used to reconstruct the molecular genetic network of
rice (Oryza sativa) responses to Rhizoctonia solani infection
under nitrogen excess, which revealed three potential mecha-
nisms explaining reduced plant resistance to the pathogen.
Key regulatory pathways were identified: an OsGSK2-me-
diated cascade, the OsMY B44-OsWRKY6-0sPR1 signal-
ing pathway, and a pathway involving SOG1, Rad51, and the
PR1/PR2 genes. In addition, markers promising for breeding
were identified: 7 genes regulating a broad range of stress
responses and 11 genes that modulate the immune system.
Additional analysis of noncoding RNAs (Antropova et al.,
2024) identified 30 microRNAs targeting genes within the
reconstructed gene network. For two of them (Osa-miR396
and Osa-miR7695), approximately 7,400 unique long non-
coding RNAs with differing co-expression indices were
found, which may indicate a complex architecture of post-
transcriptional regulation under nitrogen stress.

The aim of the present work was to adapt ANDSystem
to create the SmartCrop knowledge base, integrating data
on molecular genetic mechanisms and associative gene
networks of stress responses in rice and wheat based on
intelligent analysis of scientific publications and curated
factual databases. This work included the development
of a domain ontology and the optimization of intelligent
knowledge-extraction methods from scientific texts using
semantic-linguistic patterns and pretrained large language
models. The SmartCrop ontology is represented by a set of
interconnected dictionaries describing: molecular genetic
entities (genes, proteins, metabolites, microRNAS), bio-
logical processes, phenotypic traits and diseases, pathogens,
genetic biomarkers, markers of resistance to crop protection
products, molecular targets of chemical crop protection
agents, biotic and abiotic factors, crop protection products,
as well as cultivars with their economically valuable and
consumer traits.

As aresult of automated analysis of scientific publications,
the SmartCrop knowledge base was formed, integrating
more than 10 million interactions among the entities defined
in the ontology.

Materials and methods

Information resources used in the development of
SmartCrop. To create the SmartCrop knowledge base,
we used the ANDSystem software information platform
(Ivanisenko V.A. et al., 2015, 2019; Ivanisenko T.V.,
2020, 2022) and its information and bioinformatics tech-
nologies.
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Customization of ANDSystem methods for the subject
domain was carried out using an ontology that included
specialized dictionaries of entities and a description of the
types of their interactions. The main sources of genetic
and genomic information for constructing the dictionaries
were: the NCBI Gene database (https://www.ncbi.nlm.nih.
gov/gene), the rice-specific database Oryzabase (https://
shigen.nig.ac.jp/rice/oryzabase), the microRNA database
miRBase (https://www.mirbase.org), the long noncoding
RNA co-expression database ncPlantDB (https://bis.zju.
edu.cn/ncPlantDB/ ), the single nucleotide polymorphism
database dbSNP (https://www.ncbi.nlm.nih.gov/snp), and
the database on cereal crops GrainGenes (https://wheat.
pw.usda.gov/GG3).

To standardize terminology, we used the following on-
tologies: Gene Ontology (http://geneontology.org), Crop
Ontology for wheat and rice (https://cropontology.org),
as well as the genetic resources collection of VIR (https://
WWW.Vir.nw.ru).

Chemical compounds and metabolites were annotated
using the ChEBI database (https://www.ebi.ac.uk/chebi).
Information on herbicide resistance was obtained from
the International Herbicide-Resistant Weed Database
(http:/lwww.weedscience.org), and data on pesticides
were taken from the EU Pesticide Database (https://food.
ec.europa.eu/plants/pesticides/eu-pesticides-database_en).

For knowledge extraction from texts, we used AND-
System’s semantic-linguistic templates, as well as newly
developed templates tailored to the specifics of the subject
domain. In addition, artificial intelligence methods were
applied for knowledge extraction, including GraphSAGE
graph neural networks (Hamilton et al., 2017) and the large

Text annotation module
Dictionary-based
annotation

Semantic consistency
validation (LLM)

SmartCrop knowledge base

Semantic network
of interactions between
Interaction knowledge entities

extraction module More than10 million
interactions
Semantic-linguistic templates

(over 20,000)

Graph neural networks: User interface

SmartCrop knowledge base

language model Gemma-2-9b-it (Gemma Team, Google
DeepMind, 2024).

Evaluation of accuracy. To assess the quality of named-
entity annotation in the text, the F1-score was used, which
is the harmonic mean of precision (Precision) and recall
(Recall):

F1 = 2-(Precision x Recall)/(Precision + Recall),
Precision = TP/(TP+FP),
Recall = TP/(TP+FN),
where TP — are true positives, FP — are false positives, and
FN — are false negatives.

Results
A schematic representation of the main components of
the SmartCrop software-information system is shown in
Figure 1.

SmartCrop domain-specific ontology module

The development of a domain-specific ontology was a key
stage in building SmartCrop. The domain-oriented ontology
defines a conceptual model of the problem area and includes
dictionaries of entities and types of their interactions. Based
on these dictionaries, information about interactions between
specific entities is extracted from texts and factual databases.
The current version of the SmartCrop ontology contains
15 dictionaries of different entity types (Table 1), compiled
by extracting entity names from specialized databases and
existing ontologies.

Interaction types. In the SmartCrop system, 16 types of
relationships between ontology entities are defined. All inter-
actions in the system are directional and can be divided into
several main groups. Physical interactions include processes

Domain ontology: dictionaries and entity relationships

Molecular-genetic entities (genes, proteins, microRNAs, etc.),
environmental factors, economically important traits, etc.

Data extraction module from
factual databases

Databases: NCBI Gene,
Oryzabase, miRBase, GrainGenes,
Crop Ontology, etc.

Integration with omics data:
ncPlantDB

GraphSAGE SmartCrop: ANDVisio software —
Large language models: reconstruction and analysis of associative
Gemma-2-9b-it gene networks

Fig. 1. Schematic representation of the architecture of the SmartCrop software information system.
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Table 1. Dictionaries represented in the SmartCrop ontology

Dictionary Number
of objects

Genes/proteins of rice (O. sativa) 45,198
Genes/proteins of wheat (T. aestivum) 155,761
microRNAs of rice (O. sativa) 604
microRNAs of wheat (T. aestivum) 122
Genetic biomarkers (T. aestivum) 862
QTL polymorphisms (O. sativa) 1,987
QTL polymorphisms (T. aestivum) 1,266
Rice cultivars (O. sativa) 14,377
Wheat cultivars (T. aestivum) 25,501
Metabolites 74,838
Biological processes 122,477
Economically important traits 234
Phenotypic traits 2,386
Diseases, pathogens, and pests 1,065
Markers of resistance to crop 861
protection products

Biotic factors 710
Abiotic factors 496
Crop protection products and herbicides 1,336
Molecular targets of chemical crop protection 14
agents

Long noncoding RNAs 6,546

of forming both short-lived molecular complexes and stable
associations between proteins and metabolites.

Chemical interactions comprise catalytic reactions of the
substrate—enzyme—product type, protein proteolysis, as well
as various post-translational protein modifications such as
phosphorylation and glycosylation.

A distinct group is formed by regulatory interactions,
which encompass the regulation of gene expression by
transcription factors, modulation of protein activity and
function, control of protein and metabolite transport, as
well as regulation of protein stability and degradation. An
important feature is that regulatory interactions also define
relationships between molecular genetic entities, biological
processes, and phenotypic traits. Each regulatory event may
be characterized by an enhancing or attenuating effect on
the corresponding process.

Expression and co-expression of genes are distinguished
separately. The products of gene expression are proteins
and noncoding RNAs. Co-expression is the simultaneous
expression of genes driven by shared regulatory mechanisms
under changing cellular conditions. Additionally, the system
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Table 2. Accuracy assessment of entity name annotation
for the new dictionaries

Dictionary F1-score
Cultivars (O. sativa) 0.103 (0.88)*
Cultivars (T. aestivum) 0.274 (0.919)*
Economically important traits 0.789

Abiotic factors 0.748

Biotic factors 0.927
Diseases, pathogens, and pests 0.881

* Values in parentheses indicate the accuracy after filtering the types of
recognized names using a neural network.

accounts for associative links, which include unclassified
interactions between various ontology entities.

Text-annotation module based on ontology entities
Recognition of molecular genetic entities in scientific texts
is a challenging task due to the specific nature of their no-
menclature. Our experience with ANDSystem shows that
a substantial portion of errors in automatic reconstruction
of associative gene networks is associated with inaccurate
identification of named entities (Ivanisenko T.V. et al., 2022).
The causes of such errors include the use of abbreviations by
authors, semantic ambiguity of terms, and various linguistic
features of scientific texts. In publications, standard names
of entities are often modified, punctuation and word order
are altered, grammatical forms vary, abbreviations are used,
or technical typos are introduced (Pearson, 2001; Krallinger
et al., 2015; Islamaj et al., 2021).

To improve recognition accuracy, we developed a two-
stage process: 1) initial matching of names to the ontology
dictionary and 2) subsequent verification of whether each
annotated entity name corresponds to its type, based on
contextual document analysis using neural networks.

The verification process is implemented as follows: a
language model converts the context (about 400 words)
containing the analyzed entity, which is replaced with a
special mask tag, into a vector representation. Based on this
representation, a neural network performs binary classifica-
tion, determining whether the contextual environment of the
term is consistent with its typical usage.

For entities from the ANDSystem ontology (genes, pro-
teins, metabolites, etc.), classification accuracy was reported
ina previously published paper (Ivanisenko T.V. et al., 2022).
For the new SmartCrop dictionaries, manual expert evalu-
ation of annotation quality was carried out (Table 2) based
on the analysis of 1,000 randomly selected documents from
the PubMed and PubMed Central databases.

The evaluation results demonstrated high annotation ac-
curacy for most dictionaries, with the exception of rice and
wheat cultivar names. The identification of plant cultivar
names is a well-known complex task, determined by several
factors, including substantial overlap of terms with common
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vocabulary and anthroponyms, as well as the lack of a uni-
fied standard in the nomenclature of new cultivars (Do et
al., 2018; D’Souza, 2024).

To address this problem, a specialized language model
was trained, focused on the task of contextual term classifi-
cation. The training was carried out in accordance with the
methodology previously described in our work on improving
the accuracy of identifying eight types of molecular genetic
entities, including proteins, genes, metabolites, and cellular
components (lvanisenko T.V. et al., 2022). Integration of the
developed model made it possible to substantially increase
the recognition accuracy (F1-score) of cultivar names to
0.88 for rice and 0.919 for wheat.

Knowledge extraction module

The knowledge extraction module for scientific texts imple-
ments three main stages: 1) primary knowledge extraction
using semantic-linguistic templates; 2) reconstruction of the
initial semantic network; 3) its extension using graph neural
networks and large language models. Additionally, to further
expand the semantic network, a data extraction module for
factual databases containing structured information is used,
which makes it possible to obtain additional information
about interactions between entities.

Semantic-linguistic templates are structured records
containing metadata about the types of entities and the nature
of their interactions. They include two main components:
1) syntactic relations that describe the order of entities
and keywords in a sentence using regular expressions, and
2) semantic relations that define the type of interaction be-
tween entities. Regular expressions are used to search for
patterns in the arrangement of entity names in annotated text
sentences. When a match is found, specific entity names from
the text are mapped to the template identifiers.

For each interaction type, specialized groups of templates
with unique syntactic rules were developed. The knowledge
base contains more than 18,000 ANDSystem templates for
interaction types represented in both the ANDSystem and
SmartCrop ontologies, as well as more than 3,000 templates
specifically designed for the rice and wheat ontologies.
The effectiveness of the template-based interaction extrac-
tion method was demonstrated during the development of
ANDSystem (Ivanisenko V.A. et al., 2015).

Application of graph neural networks and large lan-
guage models. At the second stage, based on the knowledge
extracted using templates, a primary knowledge graph
(semantic network) was constructed and used to train a
graph neural network. After training, the network was used
to predict missing edges in the knowledge graph. At the
third stage, large language models were applied to validate
these predictions by analyzing scientific texts in which the
annotated entities with the predicted interactions co-occur
(Ivanisenko T.V. et al., 2024).

Integration with omics data
Noncoding RNAs (ncRNAS) represent a broad and functio-
nally diverse class of RNA molecules that are not translated

SmartCrop knowledge base

into proteins but perform key regulatory functions in the cell.
Long noncoding RNAs (IncRNAS) are of particular inte-
rest, as they participate in the regulation of gene expression
at multiple levels — from modulating mRNA stability and
translation to being involved in complex signaling cascades
(Statello et al., 2021; Supriya et al., 2024).

Awell-known specialized resource on ncRNA co-expres-
sion in plants, including rice IncRNAs, is the ncPlantDB
database (https://bis.zju.edu.cn/ncPlantDB/). It provides
information on tissue-specific ncRNA expression at the
single-cell level and their putative interactions, obtained
using modern single-cell transcriptomics methods (Cheng
etal., 2024; Liu et al., 2025). Integration of SmartCrop with
ncPlantDB made it possible to use ncRNA co-expression
data, including their relationships with microRNAs, to enrich
the reconstructed gene networks.

Module for gene network analysis and visualization

As the graphical user interface of SmartCrop, intended for
the reconstruction and analysis of gene networks based
on information from the SmartCrop knowledge base, the
ANDVisio software is used (Fig. 2).

The ANDVisio program (Demenkov et al., 2012) was
originally developed as a component of the ANDSystem
platform and was later adapted for integration with Smart-
Crop. It provides researchers with a wide range of tools
for structural and functional analysis of gene networks,
including:

» multiple graph layout algorithms;

* a multi-parameter filtering system;

» mechanisms for pathways and cycles finding;

* tools for calculating node centrality measures;

* tools for assessing the enrichment of biological processes
with network genes;

* additional methods of network analysis.

SmartCrop knowledge base

The system’s knowledge base is implemented as a semantic
network (knowledge graph) that integrates data extracted
both from scientific publications and from factual databases.
In this graph structure, nodes correspond to entities of the
domain ontology, and edges represent various types of in-
teractions between them.

The knowledge base was populated through systematic
analysis of the scientific literature, including abstracts from
PubMed and full-text articles from the open-access resource
PubMed Central. The time span of the analyzed publications
covered the period from 1970 to 2024, with the main selec-
tion criterion being the presence of references to wheat or
rice. Detailed statistics on the number of recorded interac-
tions in the SmartCrop knowledge base are presented in
Table 3.

Discussion

To demonstrate the capabilities of SmartCrop, we consider
two use cases: analysis of experimental omics data and
experiment planning.
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Fig. 2. Screenshot of the ANDVisio program interface.
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Table 3. Statistics of the SmartCrop knowledge base on interactions between entities for wheat and rice

Interaction type

Rice (Oryza sativa)

Number of interactions

Wheat (Triticum aestivum)

Association 189,650 207,415
Regulation of expression 22,472 26,474
Regulation of activity 3,991 23,411
Regulation of degradation 1,442 4,415
Regulation of transport 830 1,320
ncRNA/miRNA regulation 2,125,036 5814
Regulation of processes 23,274 23,766
Catalytic reactions 2,267 5,798
Expression 86,353 311,964
Physical interaction 8,551 11,810
Marker 435 226

Analysis of experimental omics data

As an example of omics data interpretation, we performed
functional annotation of differentially expressed genes
(DEGs) in bread wheat under salt stress. For the analysis,
we used a set of 5,829 DEGs obtained from the NCBI GEO
database (GSE225565, Alyahya, Taybi, 2023) for root tis-
sues of bread wheat (Triticum aestivum L., cultivar Saudi)
in response to salinization.

The results of the overrepresentation analysis of Smart-
Crop entities (biological processes, phenotypic traits, ag-
ronomically important traits, pathogens) for this DEG set
and their protein products are presented in Supplementary

Table S11. In total, significant overrepresentation (p-va-
lue < 0.05, Bonferroni-corrected) was found for 217 terms
describing biological processes (entity type Pathway),
50 phenotypic traits (Phenotype), 9 agronomically important
traits (Agrophenotype), and 38 pathogenic species. The list
of entities belonging to the five groups of the most statisti-
cally significant characteristics is given in Table 4.
Analysis of the overrepresented biological processes
showed that the DEG set under study is associated not only
with the response to salt stress, but also with the response to

1 Supplementary Table S1 is available at:
https://vavilovj-icg.ru/download/pict-2025-29/appx46.xls
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SmartCrop knowledge base

Table 4. Bread-wheat characteristics significantly associated with the DEG set and their protein products under salt stress,

identified using the SmartCrop system

Object (term) Number p-value

of associated

genes and

proteins

Biological processes
Response to water deprivation 37 2.73E-66
Cell death 31 1.12E-54
Cold acclimation 23 4.52E-41
Hyperosmotic salinity response 23 2.67E-38
Seed germination 20 7.21E-34
Phenotypic traits

Stomatal closure rate 2 8.84E-47
Cell membrane stability 2 1.45E-31
Grain moisture content 2 5.46E-31
Seed length 2 2.32E-30
Na* uptake 2 1.98E-29

water deficit. This reflects plant adaptation mechanisms to
the state of so-called “physiological drought”, which arises
when effective water uptake becomes impossible due to high
osmotic pressure of the surrounding environment. Among
such adaptations is stomatal closure, mediated by a rapid
increase in abscisic acid levels (Verma et al., 2016; Zhao et
al., 2021). Accordingly, the significantly overrepresented
entities included both the phenotypic trait “stomatal closure
rate” (Table 4) and signaling pathways associated with
abscisic acid (Table S1), which confirms their important role
in the response to salinity.

It should be noted that an important advantage of the
SmartCrop knowledge base, compared with widely used
resources for gene functional annotation (DAVID, Gene
Ontology, ShinyGO, etc.), is the ability to analyze rela-
tionships between genes/proteins and not only biological
processes, molecular functions, cellular components, and
KEGG pathways, but also a broad spectrum of abiotic and
biotic environmental factors, phenotypic traits, agronomi-
cally important properties, and pathogens. This integration
makes it possible to assess overrepresentation for different
types of entities in the gene set under study, substantially
expanding the capabilities of functional annotation and
enabling the identification of genes with pleiotropic effects.
The latter is particularly important for marker-assisted se-
lection, since selection based on a single target phenotypic
trait or genetic marker may simultaneously affect several
other, non-target traits.

In particular, the results of functional annotation of
DEGs in bread wheat under salt stress showed their as-
sociation not only with responses to salinity and water
deficit, but also with seed germination and with agro-

Object (term) Number p-value

of associated

genes and

proteins

Agronomically important traits
Seed longevity 2 3.96E-08
Grain thickness 2 1.77E-07
Grain length 7 1.62E-20
Grain protein content 7 1.42E-17
Fiber quality 2 1.23E-06
Pathogens

Fusarium sp. 22 2.22E-59
Fusarium culmorum 10 1.23E-27
Fusarium oxysporum 10 2.39E-26
Botrytis cinerea 10 8.63E-26
Fusarium pseudograminearum 10 2.45E-25

nomically important traits reflecting grain quality (Table 4).
For example, aquaporins (encoded by genes LOC543267,
LOC100037645, LOC123093445, and others) provide selec-
tive transport of water molecules, participate in maintaining
cellular ion balance and in regulating water—salt homeostasis
under elevated salinity (Ayadi et al., 2019), and also facili-
tate the movement of water and solutes within seeds, which
plays a key role in the germination process (Hoai et al.,
2020).

The functionality of SmartCrop is not limited to over-
representation analysis. The system also makes it possible
to reconstruct associative networks of proteins and genes
significantly associated with overrepresented entities and
to search for their regulators. This provides a deeper un-
derstanding of the molecular mechanisms underlying these
relationships and helps to reveal their specificity under
experimental conditions.

As an example, a gene network regulating plant tole-
rance to hyperosmotic stress (G0O:0042538 hyperosmotic
salinity response) was reconstructed (Fig. 3). According
to SmartCrop, the wheat response to hyperosmotic stress
involves 95 genes and 119 proteins, including aquaporins
and sodium/hydrogen exchangers, which play a key role in
regulating intracellular pH, water balance, and sodium-ion
homeostasis (Gupta et al., 2021). Excess sodium ions ente-
ring from the environment are removed from the cytoplasm
into the apoplast and vacuoles in exchange for hydrogen ions
via transmembrane Na*/H* exchangers (Zhao et al., 2021).

The network also includes peroxidases and catalases
involved in antioxidant defense under abiotic stress; tran-
scription factors of the MYB and WRKY families; dehydrins
(LOC123125487,L0C100141381, and others); cold-shock
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Fig. 3. Genes, proteins, and microRNAs involved in regulating the response of bread wheat to hyperosmotic stress.

Genes differentially expressed in bread-wheat roots in response to soil salinization, as well as their protein products, are highlighted with a green frame.

proteins (LOC123080042, LOC543252, LOC542792); as
well as DELLA proteins, which, by suppressing the gib-
berellin signaling pathway and interacting with jasmonic
acid signaling, increase plant tolerance to abiotic stress,
including salinity (Colebrook et al., 2014). In addition, the
network contains calcium-dependent protein kinases — key
components of calcium signaling cascades activated under
abiotic stress.

In addition, according to SmartCrop, the regulation of the
response to hyperosmaotic stress involves the microRNA tae-
MIR159a, which regulates the expression of the transcription
factor TaMyb3 (LOC543161), as well as tae-MIR1122b
and tae-MIR9668, the targets of which are the aquaporins
LOC123054192 and LOC123093495, respectively.

Of the full set of genes involved in the regulation of
the hyperosmotic stress response, only nine showed dif-
ferential expression in bread-wheat root tissues under ex-
perimental salt stress in the study (Alyahya, Taybi, 2023).
This list includes genes encoding aquaporins, peroxidases,
catalases, and the serine/threonine protein kinase CTR1
(LOC100286402). Thus, under the experimental conditions
described by (Alyahya, Taybi, 2023), signaling pathways
associated primarily with antioxidant defense were activated.

The associative network reconstructed in SmartCrop
includes these nine DEGs and their protein products,
regulatory proteins, as well as two microRNAs: tae-
MIR159a, which regulates expression of the transcription
factor TaMyb3 (LOC543161), and tae-MIR9668, targeting
the aquaporin LOC123093495. This network is shown in
Figure 4.

It is interesting to note that the transcription factor
TaMyb3 (LOC543161), which is a target of the microRNA

tae-MIR159a, in turn acts as a negative regulator of the
expression of several genes encoding peroxidases. Suppres-
sion of the expression of these enzymes leads to increased
accumulation of hydrogen peroxide in tissues and, conse-
quently, to reduced plant tolerance to salinity (Wei et al.,
2021). Thus, in this case a “cassette-cascade” regulatory
principle involving microRNAs is implemented, in which a
microRNA controls the expression of its target transcription
factor, and the latter regulates an entire set of genes involved
in the response to abiotic stress (Kleshchev et al., 2024).

Transcription factors of the MYB family are well known
as regulators of responses to various abiotic stresses, in-
cluding salinity (Kong et al., 2021; Wang S. et al., 2021).
In particular, they participate in the regulation of flavonoid
biosynthesis — metabolites required for protecting cells from
oxidative stress (Wang X. et al., 2021).

Application of SmartCrop to experimental design

As a second example of SmartCrop use, we performed a
search for promising genes and phenotypic markers for
subsequent marker-assisted selection and genome editing
aimed at increasing rice (Oryza sativa L.) tolerance to soil
salinity.

According to SmartCrop, the following traits can serve
as markers of salinity tolerance: chlorophyll content, seed
shape, and the content of the metabolites 3’-methoxyapi-
genin and 5,7,4'-trihydroxy-3'-methoxyflavone. According
to the SmartCrop knowledge base, rice tolerance to salinity
is regulated by 30 genes and their corresponding 30 pro-
tein products (Fig. 5). In addition to genes, this regulation
involves the microRNAs osa-MIR444f and osa-MIR444e,
which target the transcription factor OsMADS23, as well
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Fig. 4. Gene network regulating the response of bread wheat to salt stress.
Genes differentially expressed in bread-wheat roots in response to soil salinization, as well as their protein products, are highlighted with a green frame.

Fig. 5. Associative gene network illustrating the involvement of genes, proteins, microRNAs, and long noncoding RNAs in the regulation
of rice (Oryza sativa L.) tolerance to salinity and their potential role as phenotypic markers.

Genes in rice and the proteins they encode that positively regulate both salt tolerance and other agronomically important traits are outlined in
green. Genes in rice and the proteins they encode that enhance salt tolerance but suppress other agronomically important traits are outlined in red.
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Fig. 6. Regulatory relationships between genes associated with rice salinity tolerance and biological pathways involved in the regulation of this trait.

as osa-MIR444e, targeting the auxin receptor OsABF4. The
transcription factor OsBBX11, a known regulator of salinity
tolerance (Lei et al., 2023), is targeted by the microRNAs
0sa-MIR319a and osa-MIR396c.

Long noncoding RNAs (IncRNAs) are molecules longer
than 200 nucleotides that regulate gene expression at the
transcriptional, post-transcriptional, and epigenetic levels,
thereby modulating plant responses to various abiotic and
biotic factors, including salinity (Sun X. et al., 2018). In-
cRNAs can interact with DNA (chromatin, promoters, and
enhancers), proteins, mMRNAs, and microRNAs. One impor-
tant mechanism of their action is binding to microRNAs,
which prevents the latter from acting on their targets and
thus turns INcRNAs into key regulators of microRNA activ-
ity (Saha et al., 2025).

According to SmartCrop, the microRNA osa-MIR396¢
interacts with 508 long noncoding RNAs, six of which
(LNC-0s02g06395, LNC-0s03g08620, LNC-0s03g25810,
LNC-0s07g13605, LNC-0s08932435, LNC-0s09g33385)
are co-expressed not only with osa-MIR396¢ but also with
42 other rice microRNAs (Fig. 5). This indicates their po-
tential role as key players in the regulation of rice tolerance
to abiotic stresses, including salinity.

Of the 30 genes that regulate salinity tolerance, six
(OsPIL13, OsNBL1, OsABF4, OsCPK10, OsCRT3,
0OsBBX11) control chlorophyll content. The remaining
24 genes have not previously been associated with known
markers of rice salinity tolerance and therefore represent
promising candidates for the discovery of new genetic
markers of this trait.

It should be particularly emphasized that prioritizing
genes for marker-assisted selection and genome editing
requires consideration of the specificity of their regulatory
effects, since selection for a single target trait may influence

other agronomically important characteristics. The analysis
showed that genes and proteins regulating salinity tolerance
are associated with 67 other phenotypic traits, including
biomass, leaf area, grain morphology, and others, which
reflects pleiotropic effects.

Three genes— OsPIL13, Ehd1, and OsGA20x3 —are posi-
tive regulators of both salinity tolerance and such agronomi-
cally important traits as grain quality, seed dormancy period,
and grain length. This makes them promising candidates for
breeding and genome editing, since their modulation may
simultaneously increase salt tolerance and improve grain
quality. At the same time, the genes OSWRKY63, OsRAM2,
and OsABF4 enhance rice tolerance to salinity but are as-
sociated with negative regulation of seed dormancy period,
grain protein content, and plant resistance to Fusarium
graminearum and F. pseudograminearum, which must be
considered in breeding programs.

According to SmartCrop, 21 genes are involved exclu-
sively in the regulation of salinity tolerance and are not
associated with the regulation of agronomically important
traits or resistance to pathogens, which makes them suit-
able candidates for targeted breeding aimed at increasing
salt tolerance.

Another important factor that must be taken into account
when selecting genes for marker-assisted selection and/
or genome editing is the potential bidirectionality of their
regulatory effects, since gene products may either stimulate
or suppress biological processes involved in the positive or
negative regulation of the target trait. To assess such bidirec-
tionality, the “Pathway Wizard” module of the ANDSystem
program was used to identify regulatory relationships bet-
ween the protein products of the 30 genes associated with
rice salinity tolerance and the biological processes that, in
turn, participate in regulating this trait (Fig. 6).
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Among the genes regulating salinity tolerance, particular
interest is drawn to OsMYB48-1, OsCPK10, OsCBL10,
OsDREB2B, OsRAM2, and NBS-LRR, which exhibit a uni-
directional effect in the form of positive regulation of key
processes that ensure tolerance to salt stress (hyperosmotic
salinity response, stomatal closure, ABA-independent path-
way, etc.). The high degree of connectivity of these genes
with the target trait, combined with the unidirectional nature
of their regulatory action, suggests that their use in marker-
assisted selection or genome editing may have a more
direct and pronounced impact on increasing salt tolerance
compared with other candidates.

Conclusion

The SmartCrop knowledge base is a specialized version of
the ANDSystem software information platform, adapted for
the tasks of rice and wheat genetics and breeding. It inte-
grates information on a wide range of entities — genes, pro-
teins, metabolites, noncoding RNAs, biological processes,
breeding-relevant and phenotypic traits, pathogens, as well
as biotic and abiotic factors — and their relationships. This
architecture provides extensive opportunities for studying
the molecular genetic mechanisms of plant stress tole-
rance, as well as for selecting genes, genetic markers, and
phenotypic traits within the framework of marker-assisted
selection of crop plants.

Examples of SmartCrop applications for the functional
annotation of differentially expressed genes in bread wheat
under salt stress and for planning experiments to increase
rice salinity tolerance using marker-assisted selection
have demonstrated the high efficiency of the system and
its potential for solving applied problems in breeding and
genome editing.
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Validation of markers for resistance to Pyrenophora teres f. teres
loci on barley chromosomes 3H, 4H, and 6H
in the polygenic inheritance of the trait
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Abstract. The causal agent of net blotch Pyrenophora teres Drechs. f. teres (Ptt) is a dangerous pathogen of barley.
The development of genetic protection against this disease is a necessary link in resource-saving and environmentally
friendly barley cultivation technologies. Effective QTL markers controlling both qualitative and quantitative resistance
are required for breeding for resistance to Ptt. As a result of GWAS, we identified barley accessions of different origins,
the SNP haplotypes of which were associated with resistance loci simultaneously on different barley chromosomes (VIR
catalogue numbers: k-5900, k-8829, k-8877, k-14936, k-30341 and k-18552). The aim of the study was to validate SNP
markers (MM) of Ptt resistance loci on chromosomes 3H, 4H and 6H in F, from crossing six resistant accessions with the
susceptible variety Tatum. The observed segregation for resistance in all crossing combinations confirmed the presence
of several genetic determinants of resistance in the studied accessions. To study the polymorphism of the parents
from the crosses and the correspondence between the phenotypes to the presence/absence of the markers in the
segregating populations, primers with a specific 3'-end, CAPS markers, and KASP markers were developed. A significant
association (p < 0.05) between the presence of the CAPS marker JHI-Hv50k-2016-391380 Hindlll on chromosome 6H
and the phenotype of resistance to Ptt in F, plants was revealed in crosses between the susceptible cultivar Tatum
and accessions k-5900, k-8829, k-8877 and k-18552. On chromosome 4H, a significant association with the resistance
phenotype in the F, population from the cross with accession k-8877 was revealed for marker JHI-Hv50k-2016-237924,
and in that from the cross with accession k-5900, for marker SCRI_RS_181886.The presence of QTL on chromosome 6H,
which controls qualitative resistance in four barley accessions, masks the expression of other genes, which explains the
discrepancy between the resistance phenotype and the presence of molecular markers in the segregating populations.
Resistance donors and molecular markers with proven efficacy can be used in marker-assisted selection (MAS) to
develop barley cultivars resistant to net blotch.
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Banupgaiiyuss MapKepoB, pa3pab0TaHHBIX JIJISI BbISIBJI€HIS
JIOKYCOB YCTOIUMBOCTU K Pyrenophora teres f. teres

Ha Xxpomocomax gumeHsa 3H, 4H u 6H

IIpU IMOJIMT€HHOM HacJeJOBaHUU IIPM3HaAKa
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AHHoTauuA. Bo3byanTenb ceTyaToin NATHUCTOCTU IMCTbEB fiUMeHs Pyrenophora teres Drechs. f. teres (Ptt) oTHocuTcA
K 3NnOUTOTUIHO OnacHbIM MaToreHam AuYMeHsA. Pa3paboTka reHeTMYecKon 3aliuTbl OT 3TOW OGOnesHW — BakHoe
3BEHO pecypcocbeperaowmx 1M SKOMOrMyeckn 6e30macHbIX TEXHOMOIMI BO3fenbiBaHWA AuMeHsA. [nAa cenekuum
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Validation of markers for resistance
to Pyrenophora teres f. teres

Ha YCTONUMBOCTb K Ptt Heobxoanmbl 3ddeKkTMBHbIE Mapkepbl QTL, KOHTPONMPYIOWMX Kak KauyeCTBEHHYIo, Tak U1
KOJIMYeCTBEHHYIO YCTOMYMBOCTb. INpn NpoBefeHWU NosiHoreHoMHoro aHanusa (GWAS) Hamy BblisiBieHbl 06pasLibl
AUMEHA Pa3NMYHOrO npouncxoxaeHuns, SNP-ranioTunbl KOTOPbIX acCOLMMPOBANUCb C JIOKyCaMu YCTOMUYMBOCTU
OOHOBPEMEHHO Ha pasHbix Xpomocomax. Llenbio wnccneposaHuin 6bina Banupauma SNP-mapkepoB NOKYCOB
YCTONYMBOCTY K Ptt Ha Xxpomocomax 3H, 4H n 6H c ncnonb3osaHuem F, nonynAaumm ot CKpeLmBaHNA WeCTN yCTONUYNBbBIX
obpasuoB K-5900, K-8829, k-8877, k-14936, kK-30341 1 K-18552 ¢ BoCnpumMumBbIM copToM Tatum. PaclenneHne no
YCTOMYMBOCTM BO BCEX KOMOVHALMAX CKPELYMBAHUIA NOLTBEPAMIIO HANINUME HECKOTIBKMX FreHeTUYECKNX JeTEPMUHAHT
YCTONUMBOCTU Y M3yyaeMblx 06pa3uoB. [nA usyyeHrs nonmmopdusma poanNTeNbCKUX KOMMOHEHTOB CKpeLLVBaHNM
1N COOTBETCTBMA GeHOTMMNa HanMun/oTCYTCTBUIO MapKepa B PacLiennAlwWwyxca nonynaumax 6biam paspaboTaHbl
npanmepbl co crneundunyHbiMm 3'-koHuom, CAPS- n KASP-mapkepbl. 3Hauumas cBasb (p < 0.05) Hanuums CAPS-
mapkepa JHI-Hv50k-2016-391380 Hindlll Ha xpomocome 6H 1 deHoTMNa ycTOMUMBOCTU K Ptt y pacTeHuin F, BbiAaBneHa
B KOMOMHALMAX CKpelMBaHUA BOCNPUMMUMBOrO copTa Tatum c obpasuamu K-5900, K-8829, k-8877 n k-18552; Ha
xpomocome 4H npu pparmeHTHOM aHanm3e 3HauyMMasn CBA3b C PeHOTUMOM YCTOMYMBOCTU B nonynAaumm F, c yyactuem
ob6pasua K-8877 BbisBneHa gna mapkepa JHI-Hv50k-2016-237924, obpasua K-5900 ana mapkepa SCRI_RS_181886
n obpasua K-8829 gna mapkepa JHI-Hv50k-2016-166356. Hannumne QTL Ha xpomocome 6H, KOHTponupyoLlero
KaueCTBEHHYI0 YCTOMUMBOCTb Y YeTblpex 06pasLoB AUYMEHSA, MacKMpyeT MPOABMEHUE APYrMX FeHOB C MEHbLUMM
dbeHoTUNNYECKNM NPOABNIEHNEM, YTO U ABNAETCA MPUYMHON HECOOTBETCTBMA GEeHOTMMa YCTOMYMBOCTU U Hannuna
MOJIEKY/IAPHOro MapKkepa B pacLiennaoWwmxca nonynaumax. JJoHopbl YCTONYMBOCTA 1 MONEKYNAPHbIE MapKepbl C
[loKa3aHHOI 3G GEKTUBHOCTBIO MOTYT ObITb MCMONb30BaHbl B MAS 1A cO3aaHmA YCTONUMBBIX K BO3OYAWTENIO CETYATON
NATHUCTOCTN COPTOB AYMEHSA.

KnioueBble cnoBa: obpasubl AYMEHS; ceTyaTas MATHUCTOCTb; ycTonumsocTb; SNP-mapkepbl; CAPS-mapkepbl; KASP-

MapKepbl; JOHOPbI YCTOMHI/IBOCTI/I

Introduction

The causal agent of net blotch, Pyrenophora teres Drechs.
f. teres (anamorph: Drechslera teres Sacc. (Shoem.) =
Helminthosporium teres), is a dangerous pathogen of barley.
Yield losses from this pathogen on susceptible cultivars un-
der favorable conditions can reach 40 %, with annual losses
estimated at 12-17 %. According to our data, the majority of
both spring and winter barley cultivars registered in the State
Register of Breeding Achievements are susceptible to the net
blotch. This is partly due to the difficulties of working with
hemibiotrophic pathogens: the strong dependence of resistance
expression on environmental factors, incomplete dominance of
resistance and, consequently, difficulties in selection in segre-
gating hybrid populations, complex inheritance of resistance
traits determined by multiple QTLs, and epistatic interactions
between resistance genes.

Genetically protected cultivars are an essential component
of resource-saving and environmentally friendly agricultural
crop cultivation technologies. The development of effective
genetic protection is based on the availability of genetically
diverse donors of qualitative and quantitative resistance genes
and their rational use, taking into account the ranges of patho-
gen populations in different climatic regions. Timely rotation
of genetically protected cultivars helps stabilize the population
composition of plant pathogens and reduce the likelihood of
epidemics.

Currently, using biparental mapping populations and
genome-wide association study (GWAS) technology, genes
and loci for quantitative resistance (QTL) to P. teres f. teres
(Ptt) have been identified on all barley chromosomes (Stef-
fenson et al., 1996; Richter et al., 1998; Friesen et al., 2006;
Manninen et al., 2006; Yun et al., 2006; Grewal et al., 2008,
2012; Gupta et al., 2010; Cakir et al., 2011; Liu et al., 2011;
Konig et al., 2013, 2014; O’Boyle et al., 2014; Afanasenko
et al., 2015, 2022; Richards et al., 2017; Wonneberger et al.,
2017; Amezrou et al., 2018; Martin et al., 2018; Dinglasan et

al., 2019; Novakazi et al.,2019; Rozanova et al., 2019; Clare et
al., 2021; Rehman et al., 2025). In our study, in a collection of
449 barley accessions, genotyped using the 50K Illumina SNP
chip for 33,818 markers, 15 loci and 43 SNPs significantly
associated with resistance to Ptt haplotypes were identified
(Novakazi et al., 2019). As a result of this work, a group of
resistant barley accessions was identified, the SNP haplotypes
of which were associated with resistance loci simultaneously
on different barley chromosomes, which apparently indicates
the presence of several QTL and a possible additive effect.
For example, in six resistant barley accessions included in
this study, k-5900, k-8829, k-8877, k-14936, k-30341 (VIR
catalogue numbers) and k-18552 (cultivar Zolo), SNP marker
haplotypes in each accession were associated with 5-8 resis-
tance loci on chromosomes 3H, 4H, 6H and 7H.

The molecular markers (MMs) of genes and QTLs for
resistance to P. teres f. teres identified in these studies and
in the studies of other authors, in most cases, have not been
validated in other genetic environments for their effective use
in barley breeding.

The aim of this study was to validate the SNP markers for
Ptt resistance loci on chromosomes 3H, 4H, and 6H, known
from the scientific literature, in F, populations obtained from
crossing six resistant accessions with the susceptible cultivar
Tatum.

Materials and methods

Barley genotypes. Six resistant barley accessions were se-
lected for crossing and obtaining segregating F, populations
(VIR catalogue numbers): k-5900, k-8829, k-8877, k-14936,
k-18552 (Zolo cultivar), and k-30341. Their SNP marker
haplotypes were associated with resistance loci on different
barley chromosomes, including chromosomes 3H, 4H, and 6H.
The productive two-row barley cultivar Tatum from Germany
was used as the susceptible parent. The characteristics of the
barley accessions are presented in Table 1.
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Table 1. Origin of barley accessions and chromosomal location of QTLs associated with resistance (Novakazi et al., 2019)

VIR catalogue numbers Variety Origin

k-5900 pallidum Turkmenistan
k-8829 Italy

k-8877 Spain
k-14936 Tajikistan
k-18552 Australia
k-30341 nigrum Peru

QTLs

6H-1, 6H-2, 6H-3, 7H

4H, 6H-1, 6H-2, 6H-3, 3H-1, 7H

4H, 6H-1, 6H-2, 6H-3, 3H-1, 7H

4H, 6H-1, 6H-2, 6H-3, 7H

4H, 6H-1, 6H-2, 6H-3, 3H-1, 3H-2, 7H

4H, 6H-1, 6H-2, 3H-1, 7H

Note. Loci are within intervals determined using the Barleymap resource (https://barleymap.eead.csic.es/barleymap): 4H - 58,942,545-67,692,302 bp and
448,603,913-449,611,912 bp, 6H-1 - 64,219,990-67,138,358 bp, 6H-2 — 125,903,650-151,127,756 bp, 6H-3 - 338,755,997-378,210,479 bp, 3H-1 - 119,627,830-
130,790,360 bp, 3H-2 - 490,244,247-491,381,651 bp, 7H - 5,165,127 bp. All barley samples had a row count of six.

P. teres f. teres isolates. Five Ptt isolates were used to
assess resistance in a GWAS: No. 13 (Russia), Hoehenstedt
(Germany), NFNB 50, NFNB 73, and NFNB 85 (Australia)
(Novakazi et al., 2019). In this study, the resistance of these
six accessions was assessed in addition to nine Ptt isolates of
different origins (Table S1)L. For all isolates, the virulence
formula was determined using a standard set of differentials
(Afanasenko et al., 2009) (Table S2).

A study of barley resistance to P. teres f. teres. Methods
for isolating the fungus into pure culture, storing it, grown
on modified Chapek medium (KCL - 0.5 g, KH,PO,-0.5g,
MgSO, — 0.5 g, urea — 1.2 g, lactose — 20 g, agar-agar —
20 g per 1 | of distilled water), and obtaining a Ptt conidial
suspension for plant inoculation are described in detail in
(Afanasenko et al., 2022; Lashina et al., 2023). The parent ac-
cessions and 65 seeds of each F, hybrid population were sown
in 1-liter containers with Terra Vita® potting soil. The plants
were grown under controlled conditions in a VIZR climate
room at 20-22 °C and a 16-hour photoperiod for 10-14 days.
Barley plants were inoculated at the two- to three-leaf stage
by spraying a suspension of single conidia isolates at a rate of
0.2 ml per plant. Conidia were counted with a hemocytometer,
and the concentration was adjusted to 6,000 conidia/ml for
inoculation. After inoculation, the plants were covered with
plastic bags and left for 48 hours at 20-22 °C without light.
After two days, the infected plants were transferred to light
(TL-FITO VR LED lamps) with a 16-hour photoperiod and
maintained at 60-70 % humidity.

Seedling response types were assessed on the second
leaf 10—12 days after inoculation using a modified 10-point
scale by A. Tekauz (1985), where values 1.0-4.9 indicated
resistance; 5.0-5.9, an intermediate response; and 6.0-10,
susceptibility.

Primer development. Three approaches were used to
validate the identified SNP markers: a) Allele-Specific PCR
(AS_PCR): development of primers with a 3’ end located at
the position of the SNP of interest. Depending on the cor-
respondence (complementarity) of the 3’ end SNP to the target
DNA region, the presence or absence of a PCR amplification
product is determined; b) Cleaved Amplified Polymorphic
Sequences (CAPS): detection of SNPs using CAPS mar-

' Supplementary Tables $1-514 and Figures $1-58 are available at:
https://vavilov.elpub.ru/jour/manager/files/Suppl_Afan_Engl_29_8.pdf

kers, the SNP of interest is located in the recognition site of
a restriction endonuclease. As a result, the polymorphism of
the restriction products determines the presence or absence
of a restriction site in the amplicon — different genotypes will
correspond to restriction fragments of different lengths in an
agarose or polyacrylamide gel; ¢) Kompetitive allele-specific
PCR (KASP): use of a PCR-based fluorescent genotyping
system.

The candidate SNP position was confirmed using the Bar-
leymap resource (https://barleymap.eead.csic.es/barleymap).
The nucleotide sequences flanking the SNP (500 bp on each
side) were exported to the Essembl Plants database (http://
plants.ensembl.org/index.html). Primer design was developed
using the UGENE software package (v49.1). For CAPS mar-
kers, the SnapGene Viewer software package (https://www.
snapgene.com) was additionally used for sequence analysis
and selection of a restriction endonuclease, differentiating
genotypes based on the presence/absence of a restriction site
at the SNP position.

To develop KASP markers, nucleotide sequences flank-
ing the resistance-associated SNP (50 bp on each side) were
exported from the Essembl Plants database (http://plants.
ensembl.org/index.html). Based on these sequences, SNP
allele-specific primer sequences were developed, using fluo-
rescent tail sequences according to the protocol described by
S. Jatayev et al. (2017).

DNA extraction and PCR conditions. DNA from frozen
barley leaves was isolated using CTAB (cetyltrimethylam-
monium bromide). For this, the first leaf of each plant was
ground in a mortar with liquid nitrogen supplemented with 2 %
CTAB before inoculation with isolate F18. The homogenate
was then lysed at 65 °C for two hours. DNA purification and
extraction were performed according to the protocol (Mur-
ray, Thompson, 1980). The DNA precipitate was dissolved
in deionized bidistilled sterile water to a concentration of
100150 pg/pl. A C1000 thermal cycler (BIO-RAD) was used
for amplification. The reaction was carried out in 25 pl: buffer
(x10) — 2.5 pl, MgCl, (50 mM) — 1.25 pl, dNTP (10 mM) —
0.5 pl, forward and reverse primers (10 pmol) —0.25 pl each,
Taq polymerase — 0.25 ul, water (bidistilled) — 19.0 ul, DNA
(10-20 ng) — 1.0 pl. The optimal PCR conditions were selected
for each primer. For most primers, the annealing temperature
was 60 °C. Primers were purchased from Beagle (St. Peters-
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burg). Restriction endonuclease digestion was performed
according to the manufacturer’s protocols (SibEnzyme), and
restriction products were visualized on a 2 % agarose gel (for
HindlI1l, Nrul, and Rsal).

Statistical data processing. Statistical analysis was per-
formed using the 2 test. Calculations were performed using
STATISTICA 13.0 (Statsoft, www.statsoft.com) and the met-
hodology described in N. Pandis (2016). For p < 0.05, Fisher’s
exact test was additionally applied to the y?2 test.

The diagnostic efficacy of the tested markers was deter-
mined as the ratio of the sum of true positive and true negative
results to the total number of plants tested.

Results

Resistance of parental accessions

The resistance of parental accessions to nine isolates of dif-
ferent origins, belonging to eight Ptt pathotypes, was studied
(Table S2). All barley accessions exhibited race-specific resis-
tance (Table 2). Of the nine isolates studied, one was virulent
against k-8829, k-8877, k-14936, and k-18552, while four
isolates were virulent against accession k-30341.

To analyze the segregation of resistance in F, hybrid popula-
tions from the crossing of resistant barley accessions with the
susceptible cultivar Tatum, the F18 isolate was used, since all
the studied accessions were resistant to it, and the cv. Tatum
demonstrated the maximum type of reaction — 10 (susceptibi-
lity) (see the Figure).

Segregation of resistance to Ptt in F, populations

from crosses of resistant barley accessions

with the susceptible Tatum cultivar

The results of segregation of resistance in F, hybrid popula-
tions are presented in Table 3. The actual segregation in all
cross combinations does not correspond to simple inheritance
of the resistance, whether the class with intermediate reactions
is combined with the class of resistant or susceptible plants,
confirming the presence of multiple genetic determinants of
resistance in the studied accessions (Table 3).

Validation of markers for resistance
to Pyrenophora teres f. teres

1 2 3 4 5 6 7

Types of reaction of parental accessions when infected with isolate
F18, the damage score is indicated in brackets: 7 - Tatum (10), 2 -
k-5900 (3), 3 - k-8829 (3.5), 4 - k-8877 (2), 5 - k-14936 (3), 6 — k-18552 (2),
7 -k-30341 (4).

Parental accession polymorphism
for molecular markers on chromosome 4H
To study the polymorphism of parental accessions, primers
with a specific 3’ end (Table S3), CAPS markers, and competi-
tive allele-specific PCR (KASP markers) were used. Ten mar-
kers on chromosome 4H were studied: five markers, identified
from GWAS data, were associated with resistance to isolate
No. 13 of P. teres f. teres in the position of 50.0-50.4 cM (No-
vakazi et al., 2019), and five markers were associated with Ptt
resistance in the works of other researchers (Richards et al.,
2017; Wonneberger et al., 2017; Amezrou et al., 2018). The
positions of all 10 markers are listed in Table 4. CAPS markers
were developed for two SNP markers on chromosome 4H.
Using the restriction endonuclease Nrul for the JHI-
Hv50k-2016-237684 marker, two alleles are distinguished:
in the presence of the T allele, which lacks a restriction site,

Table 2. Response of barley accessions to inoculation with P, teres f. teres isolates

Accession Infection responses (IRs) to isolates (score 1-10)
(VIR catalogue number) F1I8  s18 B8 Vi3 Pr2 Ger7  Cz11.1 Canll  SA7  Mean
k-5900 3 5 2 2 3 3 5 2 4 32
k-8829 3 4 2 1 4 6 4 3 2 3.2
k-8877 2 7 1 1 2 1 1 3 2 2.2
k-14936 3 2 3 3 2 1 6 2 1 2.9
k-18552 2 3 1 1 4 6 2 3 2 2.7
k-30341 4 4 4 9 7 8 8 5 2 5.7
Resistant and susceptible test varieties
Canadian Lake Shore (CLS) 1 3 3 2 3 5 1 3 2 2.6
QPtt3H¢ 5 (R)
C.I. 5791 QPtt6Hs79; 55, (R) 1 2 5 5 3 2 3 2 2 2.8
Harrington (S) 10 10 10 10 9 10 10 9 9 9.7
Tatum (S) 10 10 9 10 10 9 10 10 9 9.7
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Table 3. Segregation of resistance to isolate F18 in the F, population from crossing resistant barley accessions

with the susceptible cultivar Tatum

Resistant Reaction of parents Numbers of resistant/susceptible and intermediate response
accession of plants in F, populations
P1 resistant P2 susceptible Resistant Intermediate response Susceptible
k-5900 3.0 10.0 8 7 38
k-8829 35 10.0 4 7 54
k-8877 2.0 9.0 28 1 25
k-14936 3.0 10.0 17 14 28
k-18552 2.0 9.0 31 8 24
k-30341 4.0 9.0 13 11 41
Note. Reaction of parents based on the 10-point scale of A. Tekauz (1985).
Table 4. Positions of SNP markers associated with juvenile resistance to Ptt on chromosomes 4H, 3H, and 6H
Marker Chromosome Position on the genetic and physical maps Reference
of the barley genome
JHI-Hv50k-2016-237471 4H 50.00 58942545 Novakazi et al., 2019
JHI-Hv50k-2016-237347 50.00 57098155
JHI-Hv50k-2016-237684 50.20 60114530
JHI-Hv50k-2016-237839 50.30 61872363
JHI-Hv50k-2016-241935 50.40 67692302
JHI-Hv50k-2016-237924 50.99 63065507
SCRI_RS_170494 52.00 448603913 Richards et al., 2017
SCRI_RS_181886 52.20 449611912
SCRI_RS_153184 97.00 584761404 Amezrou et al., 2018
SCRI_RS_154517 2.00 2772827 Wonneberger et al,, 2017
JHI-Hv50k-2016-183463 3H-2 54.53 491373166 Novakazi et al., 2019
JHI-Hv50k-2016-183478 54.53 491381651
JHI-Hv50k-2016-183207 52.46 490244247
JHI-Hv50k-2016-165152 3H-1 45.82 73225203
JHI-Hv50k-2016-166392 47.1 130790360
JHI-HV50k-2016-166356 47.2 119627830
JHI-Hv50k-2016-391380 6H-2 52.2 125903650
BOPA2_12_31178 6H-3 55.00 378210479 Manninen et al., 2006

Note. The genetic position is determined from the current version of MorexV3 (Mascher et al,, 2021).

a 548 bp fragment is formed; in the presence of the C allele,
which does have a restriction site, fragments of 197 bp and
351 bp are formed. Using the restriction endonuclease Rsal for
the JHI-Hv50k-2016-237924 marker, two alleles can also be
distinguished: the G allele is cut into fragments of 177, 105,
38, and 55 bp, and the C allele is cut into fragments of 177,
29, 76, 38, and 55 bp. Four SNP markers on chromosome 4H
were converted to KASP marker format (Table S4).

Fragment analysis

The results of testing the developed primers on the parental
accessions are presented in Table S5. The criterion for a
promising marker was the presence of amplification products
for resistant barley genotypes and the absence of them for
susceptible ones, or vice versa. Polymorphism for the pres-
ence of amplification products in certain barley genotypes

was detected for markers JHI-Hv50k-2016-237924 (4H-924),
SCRI_RS_153184 (4H-184), and SCRI_RS_181886 (4H-
886). Figure S1 shows an example of polymorphism detection
in the parental accessions using the SCRI_RS 181886 marker.
The presence of the amplification product in both resistant and
susceptible barley genotypes was detected using the primers
of the remaining eight markers.

Fragment length analysis of marker amplification

products after restriction enzyme treatment

Restriction analysis of the amplification products revealed
polymorphism for markers JHI-Hv50k-2016-237684
and JHI-Hv50k-2016-237924 (Table 5): marker JHI-
Hv50k-2016-237684 (Nrul restriction enzyme): two fragments
(351 and 197 bp) were detected in four resistant accessions —
k-8829, k-8877, k-14936, and k-30341. The amplification
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Table 5. Results of detection of polymorphic restriction fragments of marker amplification products

on chromosome 4H in parental accession

Markers Primers Restriction  Restriction fragments of amplification products in barley accessions (bp)
enzyme k5900 k8829 k8877 k14936  k-18552  k-30341  Tatum
JHI-Hv50k-2016-237684 4H-684 Nrul 548 351,197 351,197 351,197 548 351,197 548
JHI-HV50k-2016-237924  4H-924 Rsal 177,105, 177,76, 177,76, 177,76, 177,105, 177,76, 177,105,
55,38 56,29,38 56,29,38 56,29,38 55,38 56,29,38 55,38

Table 6. Polymorphism of KASP markers on chromosome 4H
in parental accessions

Barley accessions  4H-471 4H-839 4H-935 4H-347
Tatum cC GG GG CcC
k-8829 GG AA AA AA
k-14936 GG AA AA AA
k-8877 AA AA AA AA

product of the susceptible Tatum cultivar and accessions
k-5900 and k-18552 was 548 bp (Fig. S2); marker JHI-
Hv50k-2016-237924 (restriction enzyme Rsal): five fragments
were detected in resistant accessions k-8829, k-8877,k-14936,
and k-30341, while four fragments were detected in the sus-
ceptible cultivar Tatum and accessions k-5900 and k-18552
(Fig. S2). Thus, to study the co-segregation of MM and the
resistance trait in segregating barley populations, markers
JHI-Hv50k-2016-237684 and JHI-Hv50k-2016-237924 and
the corresponding restriction enzymes Nrul and Rsal were
used to digest the amplification products of both markers.

The results of the study of polymorphism for KASP markers
on chromosome 4H of the parental accessions are presented
in Table 6. Allelic polymorphism of resistant samples and
the susceptible variety Tatum was detected for four markers:
JHI-Hv50k-2016-237471 (4H-471), JHI-Hv50k-2016-237839
(4H-839), JHI-Hv50k-2016-241935 (4H-935), and JHI-
Hv50k-2016-237347 (4H-347), which were used to study the
co-segregation of the resistance phenotype and the marker
genotype.

Molecular markers polymorphism on chromosome 3H

in parental accessions used for crossing

According to GWAS data, resistance in accessions k-8829,
k-8877, k-18552, and k-30341 was also associated with the
3H-1 and 3H-2 loci (Tables 1 and 4). We previously validated
KASP markers for these loci on chromosome 3H in segrega-
ting populations, which were highly effective (over 80 %) in
the CLS, Morex, and Fox barley genotypes carrying the major
resistance gene gPttCLS (Afanasenko et al., 2022). These
KASP markers in intervals 45.82—47.2 and 52.46-54.53 cM
were used to analyze segregating populations obtained from
crossing the Tatum cultivar with Ptt-resistant accessions
(Table S6).

For fragment analysis of marker amplification products
on chromosome 3H, the primers proposed in the article by
O. Afanasenko et al. (2022) were also used (Table S7). In
fragment analysis, polymorphism for the presence of amplifi-
cation products in three resistant accessions (k-8877, k-5900,

and k-8829) and the susceptible Tatum cultivar was detected
only for the JHI-Hv50k-2016-166356 marker, which was used
to analyze the segregating populations. For the remaining six
markers, no polymorphism was observed between the resistant
accessions and the susceptible cultivar Tatum.

When using KASP markers, polymorphism for SNP
haplotypes was detected only for one resistant accession,
k-14936 (GG), and the susceptible cultivar Tatum (CC),
and only for marker JHI-Hv50k 2016-165152. KASP mark-
ers JHI-Hv50k-2016-166392, JHI-Hv50k-2016-183463,
and JHI-Hv50k-2016-183207 exhibited heterozygous SNP
haplotypes, making them unsuitable for labeling accessions
(Table S8).

Parental accession polymorphism on chromosome 6H
Resistance in the studied accessions was also associated with
several loci on chromosome 6H (Tables 1 and 4). Previously,
using double haploid mapping populations, the major RPt5
gene, determining high-quality resistance to Ptt, was identified
on chromosome 6H in the position 52.00-55.03 cM in barley
accessions CI9819, CI5791, and k-23874 (Manninen et al.,
2006; Potokina et al., 2010; Koladia et al., 2017). The GWAS
results (Novakazi et al., 2019) confirmed the presence of resis-
tance loci in this interval, the markers of which were combined
into four groups, depending on their location on the genetic and
physical maps of barley (Tables 1 and 4). In previous studies,
using barley accessions C19819, CI5791 and k-23874 as tester
genotypes, we demonstrated the effectiveness of two markers
of resistance loci on chromosome 6H, which were used in
this study (Table 4): JHI-Hv50k-2016-391380 (6H-380) at
position 52.20 (6H-2) and BOPA2_12 31178 (6H-178) at
position 55.03 cM (6H-3) (unpublished data). A CAPS marker
was developed using the 6H-380 marker using the HindIII
restriction enzyme. Allele A: restriction site — two fragments
of 282 and 254 bp; allele G: undigested fragment of 536 bp.

Primers for markers associated with resistance to P. teres
f. teres on chromosome 6H are given in Table S9. Both
markers showed polymorphism for the parental accessions.
Marker 6H-380: HindlIII restriction enzyme did not digest the
amplification product of marker 6H-380 in all six resistant
genotypes (one fragment), but digested it in the susceptible
cultivar Tatum (two fragments). Marker 6H-178 revealed
polymorphism between resistant barley accessions k-5900,
k-8829 and the susceptible cv. Tatum (Fig. S3).

Study of co-segregation of resistance to Ptt

and molecular markers in segregating populations

To study co-segregation for resistance to Ptt and identified
polymorphic markers on chromosomes 4H, 3H, and 6H,
10 resistant and 10 susceptible lines were selected in each
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hybrid population. In some cross combinations, the analyzed
sample of hybrid plants was expanded to 40 (20 resistant and
20 susceptible) to confirm segregation results.

Fragment analysis using polymorphic molecular markers
The results of the correlation between the F, plant resistance
phenotype and the presence/absence of MM amplification
products are presented in Table 7. A significant association
between the marker and plant resistance using the 2 criterion
was found for marker 3H-56 in the Tatum X k-8829 combina-
tion, but Fisher’s exact test did not confirm the significance
of the association (Table 7).

A significant association between the F, plant resistance trait
and marker 4H-924 was found in the Tatum x k-8877 cross, as
well as with marker 4H-886 (F x Rinl) in the Tatum % k-5900.
For the remaining MMs studied, despite polymorphism in the
parental crosses, no significant association with resistance
was found in the segregating populations. The obtained data
indicate the presence of a QTL for Ptt resistance on chromo-
some 4H in accessions k-8829, k-8877, and k-5900.

Analysis of the correlation between the resistance
phenotype of F, plants and the restriction products

of CAPS markers

Two markers on chromosome 4H were found to be poly-
morphic in the sizes of restriction products in the parental
components of the crosses: 4H-684 Nrul and 4H-924 Rsal. Fi-
gures S4 and S5 demonstrate the polymorphism of the restric-
tion fragments of marker 4H-684 by endonuclease Nrul in the
progeny of the crosses Tatum x k-8829 and Tatum x k-8877.
No statistically significant association was found between
the genotype and phenotype of disease resistance (p > 0.05)
(Table S10). The significant association of features identified

2025
298

Banupauva mapkepos, paspaboTaHHbIX ANA BbIABNEHNA
NOKYCOB YCTONUMBOCTU K Pyrenophora teres f. teres

for the 4H-924 marker in fragment analysis was absent when
using the CAPS marker 4H-924 Rsal.

On chromosome 6H, polymorphism in the sizes of restric-
tion products was detected for the JHI-Hv50k-2016-391380
HindIII (6H-380 HindIII) marker in the susceptible cv. Tatum
and the resistant accessions k-18552, k-8877, k-14936, k-8829,
k-5900, and k-30341. A significant correspondence (p < 0.05)
between the genotype and phenotype of resistance to Ptt in
F, plants was found in the combinations Tatum x k-18552,
Tatum x k-8877, Tatum x k-8829, and Tatum x k-5900
(Table 8, Figs. S6-S8). Thus, accessions k-18552, k-8877,
k-8829, and k-5900 have a resistance QTL on chromosome
6H at position 52.2 cM.

KASP genotyping results

In three cross combinations, the resistant parents k-8829,
k-14936, and k-8877 and the susceptible cv. Tatum were
polymorphic for the SNP haplotypes of MM on chromo-
some 4H. In hybrid combinations involving the accession
k-8829, the diagnostic efficiency was greater than 0.5 (0.6)
for marker 4H-471 alone; for the remaining markers, this
indicator was <0.5. In the Tatum x k-8877 combination, the
diagnostic efficiency of markers 4H-471, 4H-935, and 4H-347
was 0.71-0.73 (Table S11).

For the KASP marker JHI-Hv50k-2016-165152 on chro-
mosome 3H, allelic polymorphism was detected in cv. Tatum
(CC) and accession k-14936 (GG). In the segregating popula-
tion from their cross, no correlation was found between plant
resistance and haplotypes (Table S11).

A QTL on chromosome 6H, detected by the HindIII marker
6H380, determines high resistance to Ptt in four barley acces-
sions and masks the presence of other QTLs (Tables S12-S14).
Therefore, the resistance trait does not correlate with the other

Table 7. Reliability of the association between the Ptt resistance and molecular markers

polymorphic on the parental accessions (fragment analysis)

Crosses of cv. Tatum with
resistant accessions

k-8829

Marker (primers)

4H-184 (F xR)
4H-347 (FxR1)
6H-178 (F xR)
3H-56 (FxR)
4H-924 (Fin1 x Rout)
4H 886 (F xR)

3H-56 (F xR)
4H-924 (Fin1 X Rout)
4H 886

4H-924 (Fin2 x Rout)
4H 886 (F xRin1)
4H-886 (FxRin1)
6H-178 (F xR)
3H-56 (F xR)
4H-924

k-8877

k-14936

k-30341

k-5900

k-18552

X p-value
2.50 >0.05
4.62 <0.05
2.50 >0.05
4.29 <0.05
7.07 <0.05
0.00 >0.05
3.14 >0.05
0.19 >0.05
233 >0.05
0.40 >0.05
0.00 >0.05
4.41 <0.05
261 >0.05
0.01 >0.05
0.02 >0.05

Note. The relationship between the resistance phenotype and the marker is significant at p < 0.05, highlighted in bold.
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Table 8. Correspondence between phenotypic resistance and restriction products of the CAPS marker JHI-Hv50k-2016-391380
(Hindlll) on chromosome 6H in F, from a cross between resistant accessions and the susceptible cv. Tatum

Size of restriction
fragment

Crosses of cv. Tatum with
resistant accessions

k-18552 536

536, 282, 254
282,254

536

536, 282, 254
282,254

536

536, 282, 254
282,254

536
536,282,254
282,254

536

536, 282, 254
282,254

536

536, 282, 254
282,254

k-8877

k-14936

k-8829

k-5900

30341

Genotype R S Calculated Probability p
value 2

GG (R) 4 0 34.693 <0.001

AG 14 0

AA (S) 0 10

GG (R) 13 0 21.0115 <0.05

AG 6 13

AA(S) 1 8

GG (R) 6 3 1.54553 >0.05

AG 9 12

AA(S) 3 4

GG (R) 5 1 10.37037 <0.05

AG 0 6

AA (S) 0 2

GG (R) 3 1 6.831019 <0.05

AG 5 10

AA (S) 0 7

GG (R) 2 2 0.31111 > 0.05

AG 5 4

AA (S) 2 3

Note. R - resistance, S - susceptibility. The association between the resistance phenotype and the marker is significant at p < 0.05, highlighted in bold. The mini-
mum table value of X2 at significance level a of 0.05 was 5.991 for all barley samples.

studied MMs. The absence/presence of MMs in susceptible
plants of a particular hybrid combination is a different matter.
For example, in the class of susceptible F, plants in the Ta-
tum x k-8877 combination, the homozygotes of the susceptible
parent for the 4H-924 Rsal marker were 100 %, while for the
4H-684 Nrul marker, six out of ten plants were homozygous
and two heterozygous for susceptibility. Similar results were
obtained for the KASP markers: for all four markers, six out
of ten susceptible plants were homozygous for the susceptible
parent’s allele, and three, heterozygous. In this cross, the four
markers on chromosome 4H had a diagnostic efficiency of
more than 0.7 (Table S12).

Susceptible plants predominated in the k-8829 x Ta-
tum combination. The resistance phenotype split was
4 (R):7 (MR):54 (S), so only these four resistant plants and
ten susceptible plants were included in the analysis. For the
CAPS markers 6H380 HindIII and 4H-684Nrul, as well as
the KASP marker 4H-471, all heterozygous plants were as-
sociated with susceptibility, suggesting a recessive inheritance
pattern. For the 4H-924Rsal marker, all susceptible plants had
the genotype of the susceptible parent (Table S13).

In the k-5900 x Tatum combination, in addition to the
proven significant correlation between the CAPS marker
6H380 HindIIl and marker 4H-886 (F xRinl), fragment
analysis shows no obvious correspondence between the pres-
ence/absence of markers 6H-178 and 3H-56 in the group of
susceptible plants (Table S14).

Discussion

Currently, 103 loci associated with juvenile and adult resis-
tance to Ptt and a large number of MMs have been identified
using GWAS technology and mapping in double haploid popu-
lations (Steffenson et al., 1996; Richter et al., 1998; Friesen
et al., 2006; Manninen et al., 2006; Yun et al., 2006; Grewal
et al., 2008, 2012; Cakir et al., 2011; Liu et al., 2011; Berger
et al., 2013; Konig et al., 2013, 2014; O’Boyle et al., 2014;
Afanasenko et al., 2015, 2022; Wang et al., 2015; Koladia
etal., 2017; Richards et al., 2017; Wonneberger et al., 2017;
Amezrou et al., 2018; Martin et al., 2018; Dinglasan et al.,
2019; Novakazi et al., 2019; Rozanova et al., 2019; Rehman
etal., 2025). However, there are only a few publications pre-
senting the results of validation of Ptt resistance QTL markers
identified in GWAS in a different genetic background (Grewal
et al., 2010; Afanasenko et al., 2022).

Breeding barley for resistance to Ptt requires effective
QTL markers controlling both qualitative and quantitative
resistance. To validate the SNP markers of Ptt resistance
loci on chromosomes 3H, 4H, and 6H identified in GWAS
(Richards et al., 2017; Amezrou et al., 2018; Novakazi et al.,
2019), barley accessions, the SNP haplotypes of which were
associated with several Ptt resistance loci (Table 1), were
selected. These accessions were resistant to a wide range of
Ptt pathotypes in the juvenile phase (Table 2) and against a
provocative background (late sowing) in the adult plant phase
in the field (unpublished data).
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Analysis of segregation for juvenile resistance in F, from
crosses of these accessions with the susceptible cultivar
Tatum indicated complex inheritance of the trait, confirm-
ing the GWAS results. A distinctive feature of resistance
assessment in segregating populations to Ptt, as well as to
other hemibiotrophic pathogens, is the presence of a group
of plants with intermediate reactions (scores 5.0-5.9). In the
presence of several QTLs in the parental components of the
cross, intermediate plant reactions are due to the presence of
recombinants with different numbers of genetic determinants
of resistance and different gene interactions.

Several Ptt resistance loci are known on chromosome 4H
in the following intervals: 1.13 cM (Grewal et al., 2008);
3.31 cM (Afanasenko et al., 2015; Wonneberger et al., 2017);
47.27-52.69 cM (Richards et al., 2017; Novakazi et al., 2019);
64.3 cM (Steffenson et al., 1996); 77.0 cM (Martin et al.,
2018); 97.66 cM (Amezrou et al., 2018); 113.1 cM (Martin
etal., 2018); 121-123 cM (Kdnig et al., 2014); 150-175 cM
(Friesen et al., 2006).

In this study, we examined markers of a locus located on
chromosome 4H in the position of 50.0-50.4 cM, which we
previously identified as a result of GWAS (Novakazi et al.,
2019), as well as markers of loci identified by other research-
ers in the range of 52-52.2 cM (Richards et al., 2017), 97.0—
97.20 cM (Amezrou et al., 2018) and at the 2.0 cM position
(Wonneberger et al., 2017). The choice of MM for studying
co-segregation in segregating populations was based on the
correlation of certain SNP haplotypes of markers identified in
GWAS with the resistance phenotype. So, four “peak” markers
associated with resistance to Ptt isolate No. 13 were identified
on chromosome 4H in 98 barley accessions (average damage
score of 3.54) (Table 9). The CCAT SNP haplotypes of these
four markers were associated with resistance, while the GTGC
SNP haplotypes of the same markers were associated with
susceptibility (average damage score of 5.45) in 347 barley
accessions (data kindly provided by F. Novakazi). However,
among the 98 accessions, 16 with the CCAT haplotype were
susceptible to the pathogen, and among the 347 accessions,
147 were resistant, although they had the GTGC haplotype.
These data indicate that, despite the association of certain SNP
marker haplotypes with resistance, random combinations of
the same SNP haplotypes in susceptible accessions and vice
versa are possible, which suggests the possibility of a false
assumption about the presence of resistance-associated loci
in certain accessions identified in GWAS.

For most of the studied resistance loci markers on chromo-
somes 3H, 4H, and 6H, no polymorphism was detected in the
MMs between the parental components of the cross (resistant
accession x susceptible cultivar Tatum).
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Of the 10 markers and 28 different primer combinations of
these markers on chromosome 4H, only three were polymor-
phic in fragment PCR analysis, two were polymorphic when
used as CAPS markers, and one KASP marker was polymor-
phic between the parental accessions in only one combination.
A significant association between the F, plant resistance trait
and marker 4H-924 was found in the Tatum x k-8877 cross, as
well as with marker 4H-886 (F x Rinl) in the Tatum X% k-5900
cross. The obtained data indicate the possibility of using these
markers in breeding if the k-8877 and k-5900 accessions are
used as donors of resistance to Ptt.

In previous studies, determining the effectiveness of SNP
markers of the resistance locus on chromosome 3H in the
interval 46.29-54.3 cM using KASP genotyping revealed five
markers that were 100-80 % effective in the double haploid
population and in two segregating populations and were
associated with resistance in the CLS, Morex, Fox cultivars,
and accession k-21578 (Afanasenko et al., 2022). It was
shown that the resistance locus on chromosome 3H contains
at least two QTLs controlling resistance to Ptt in the inter-
vals 0f46.0-48.44 cM and 51.27-54.8 cM (Afanasenko et al.,
2022). In this study, the same markers, located in the positions
of 45.82-47.2 ctM (3H-1) and 52.46-54.53 cM (3H-2), were
used to examine segregating barley populations (Table 4).
Of the seven primer—marker pairs studied on chromoso-
me 3H, only one marker, JHI-Hv50k-2016-166356 (3H-56),
detected polymorphism in five resistant accessions with the
Tatum cultivar. However, only one cross, Tatum x k-8829,
revealed a significant association between the marker and
plant resistance. No correlation was found between these
markers and the resistance phenotype using KASP geno-
typing.

Resistance in the studied accessions was also associ-
ated with several loci on chromosome 6H. Previously, using
double haploid mapping populations on chromosome 6H in
the interval of 52.00-55.03 cM in barley accessions C19819,
CI5791, and k-23874, a large RPt5 gene was identified that
determines high-quality resistance to Ptt (Manninen et al.,
2006; Potokina et al., 2010; Koladia et al., 2017). As a result
of GWAS (Novakazi et al., 2019), resistance loci were also
identified in this position, the markers of which were combined
into four groups, depending on their location on the genetic
and physical maps of barley (Table 4). Previously, using barley
accessions CI9819, CI5791 and k-23874 as test genotypes,
we demonstrated the effectiveness of two markers of resis-
tance loci on chromosome 6H, which were used in this study:
JHI-Hv50k-2016-391380 HindIII (6H-380) at position 52.20
(6H-2) and BOPA2_12_31178 (6H-178) at position 55.03 cM
(6H-3) (unpublished data).

Table 9. Mean infection responses of barley accessions with defined SNP haplotypes of four markers on chromosome 4H

after inoculation with isolate P, teres f. teres No. 13

JHI-Hv50k-2016-237471,

50.0cM 50.2cM 503 cM
C C A
C C A
G T G

JHI-Hv50k-2016-237684, JHI-Hv50k-2016-237839, JHI-Hv50k-2016-241935, Number

Mean infection

50.4 cM of accessions response
C 4 3.66
T 98 3.54
@ 347 5.45
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A significant association (p < 0.05) between the JHI-
Hv50k-2016-391380 HindIIT (6H-380) marker and the Ptt
resistance phenotype in F, plants was found in combinations
from crossing the susceptible cv. Tatum with the k-5900
(Turkmenistan), k-8829 (Italy), k-8877 (Spain), and k-18552
(Australia) accessions. These data indicate the possibility of
using these accessions as resistance donors and the CAPS
marker JHI-Hv50k-2016-391380 HindIII in marker-assisted
selection (MAS).

It is known that QTLs on chromosome 6H at the studied
locus control high resistance in barley genotypes (Afanasenko
etal., 1998; Manninen et al., 2006; Koladia et al., 2017). The
presence of a highly significant association of the resistance
phenotype of F, plants in four cross combinations involving
the k-5900, k-8829, k-8877, and k-18552 accessions of the
SNP haplotype of the 6H-380 HindIII marker masks the pres-
ence of other QTLs. However, in the class of susceptible plants
in a given cross combination, the markers must correspond to
the genotype of the susceptible parent. For example, the KASP
markers 4H-471, 4H-347, and 4H-935 and the CAPS marker
4H-924 Rsal, in combination with k-8877, can be effective
for culling susceptible plants. However, when using the entire
plant accession, no significant correlation was found between
the resistance phenotypes and the genotypes of these markers.

Conclusion

Therefore, the absence or presence of amplification products
of a polymorphic marker on the parental components of a
cross in resistant F, plants with polygenic inheritance does
not prove that there is no correlation between the marker and
the resistance trait, as the presence of a major resistance gene
masks the expression of other QTLs.

New donors of resistance to Ptt were identified: accessions
k-5900 (Turkmenistan), k-8829 (Italy), k-8877 (Spain) and
k-18552 (Australia), in which the QTL on chromosome 6H
is located at position 52.2 cM, 125,903,650 bp. Accessions
k-8877 and k-5900 also have a QTL on chromosome 4H in the
position of 50.00-50.99 cM, 57,098,155-63,065,507 bp, and
accession k-8829 has a QTL on chromosome 3H at position
47.2 cM, 1,196,27,830 bp. Resistance donors and validated
MMs with proven efficacy can be used in MAS to develop
barley cultivars resistant to net blotch.
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Identification of CtE1 gene nucleotide polymorphisms
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Abstract. Guar (Cyamopsis tetragonoloba (L.) Taub), is an important short-day legume crop, whose cultivation is limited
at high latitudes due its photoperiod sensitivity, that negatively impacts flowering and maturation of this industrial-
oriented crop. In its close relative, soybean, the E7 gene has been highly associated with the regulation of flowering
time under long-day conditions. In this study we investigated the natural diversity of the E7 homologue gene (CtET) in
a panel of 144 guar accessions. For this purpose, the CtET gene was amplified and sequenced using Illumina. As a result,
five novel SNPs were identified in the 5-untranslated region, coding region, and 3'-untranslated region of the CtE7
gene. One non-synonymous SNP was located in the coding region causing a conservative Arg—Lys substitution. Based
on the identified SNP, five KASP markers linked to polymorphism in the target gene were developed and tested in the
guar collection. No significant associations were detected between discovered SNPs and available data on variability
in flowering time or vegetation period length in the cohort of 144 accessions. These findings suggest that natural
variation of the CtET gene in the studied germplasm collection has minimal effect on flowering or maturation. The
limited functional allelic diversity observed in the CtET gene of guar compared to the E7 gene in soybean likely reflects
differences in their evolutionary histories, domestication bottlenecks, and selection pressures.
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BhIsSIB/IeHE HYKJIEOTUOHOrO rmojamMopduima reHa CtE]
1 pa3padboTka KASP-MapKepoB IJisI ryapa
(Cyamopsis tetragonoloba (L.) Taub.)
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AnHotauusa. Tyap (Cyamopsis tetragonoloba (L.) Taub) — 6060BOe pacTeHVe KOPOTKOrO [HA, BO3AesblBaHWe
KOTOPOrO B BbICOKUX LIMPOTaxX OrpaHnyeHo 13-3a ero YyBCTBUTENbHOCTW K AJIMHHOMY GOTOMEepuoy, Yto HeraTBHO
B/NAET Ha LiBETEHME N CO3pPEeBaHMne 3TON HOBOW MHAYCTPUANbHO 3HAUYMMOWN CENbCKOXO3ANCTBEHHON KynbTypbl. Y ee
6/IM3KOro POACTBEHHMKA — Cou — reH ET BOBfieYeH B perynaumio npoLeccoB LBETEHNA B YCIOBUAX AJIMHHOTO AHA.
B Hawem vccnefoBaHuy ecTecTBeHHOE pa3Hoobpasue reHa CtET (romonora E7) npoaHanu3mpoBaHO Ha BbIGOpPKe 13
144 obpa3suoB ryapa. ina atoli uenu reH CtET 6611 aMnaMdULNPOBaH 1 CEKBEHMPOBAH C UCMNonb3oBaHMeMm lllumina, B
pe3ynbTaTe Yyero AeHTUOULMPOBAHO NATb HOBbIX SNP B 5~ 1 3-HeTpaHCIMpyeMbIx 0651acTAX, a TakKe B KoAUpyoLiein
yactu reHa CtE7. Ha ocHoBe BbifiBneHHbIX SNP pa3paboTtaHbl 1 npotecTnpoBaHbl NATb KASP-mapKepoB, cBA3aHHbIX
C NoNMMopdr3MOM LIENEBOrO FeHa B M3YYEHHON Konnekumn ryapa. OgrvH HeCHOHMMUYHBIN SNP 6bin nokannsosaH
B KoAavpylowen obnactv; 3ToT noanMopdusM NPUBOANUT K KOHCEPBATUBHOW aMUHOKUCIOTHOWN 3ameHe Arg—Lys
B Kofmpyemom 6enke. 3HauMMon CBA3N Mexay obHapy»KeHHbIMU SNP 1 nmelowmmMmca AaHHbIMK 06 M3MEHUMBOCTU
CPOKOB Hauana LBEeTEeHUA WM NPOAOKUTENIbHOCTY BereTalMoHHOro nepuiofa B Bblbopke 13 144 obpasuoB He
o6Hapy»keHo. MonyuyeHHble pe3ynbTaTbl CBUAETENILCTBYIOT O TOM, YTO €CTECTBEHHbIN HYKNEOTUAHBIA NonMMopodu3m
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PazpaboTtka KASP-mMapKepoB A HyKNeoTuaHOro
nonumopousma reHa CtET y ryapa

reHa CtE1, NpeAcTaBfEHHbI B M3YUYeHHOWN KOMneKunnm obpasLoB ryapa, He OKasblBaeT CyLIeCTBEHHOrO BAWAHMWS
Ha LBETEHMe 1 co3peBaHMe pacTeHuii. OrpaHnyeHHoe GYHKUMOHaNbHOE annenbHoe pa3Hoobpasue, BbiABNEHHOe
B reHe CtET ryapa no cpaBHeHWIO C annenbHbiM pa3Hoobpasrem reHa E7y con, BepoATHO, OTPaXKaeT pasnnuuns B nx
SBOJIIOLMOHHOW NCTOPUW 1 Pa3fiyHble HanpaBneHNA NCKYCCTBEHHOMO 0T6opa B npoLecce cenekumm.

KnioueBble cnoBa: ryap; otonepunos; Bpemsa uBeteHus; reH CtET; GT-seq reHoTunmposaHue; SNP; KASP-mapkepbl

Introduction

Guar (Cyamopsis tetragonoloba (L.) Taub), is an industrial-
oriented short-day legume crop mainly cultivated for the pro-
duction of guar gum (galactomannan) — a compound present
in the seed endosperm of guar. This polysaccharide forms a
viscous gel in water, and due to its thickening properties is
widely used in several industrial sectors including oil and gas
industry, cosmetics and food production (Benakanahalli et al.,
2021). Currently, India and Pakistan are the main manufactur-
ers and exporters of guar gum in the world market. However,
there is growing interest in guar gum in many countries, and
in the past two decades, guar rightfully gained the status of an
important economical crop worldwide (Verma et al., 2025).

The main limiting factor for guar cultivation in Russia is its
photoperiod sensitivity, which affects the timing of flowering
and maturation of guar plants (Grigoreva et al., 2021 a, b). For
the closely related legume soybean, loci that influence flower-
ing and maturation under long-day conditions have been the
subject of in-depth study for decades (Cao et al., 2017; Han et
al., 2019). As aresult, different alleles of genes involved in the
photoperiod response were discovered, which are now used
in breeding programs to adapt soybean varieties to diverse
geographic regions and farming systems (Liu et al., 2020).

Among the genes identified to date as related to soybean
vegetation period, E1 has been recognized as the most critical
regulator of flowering time in soybean (Watanabe et al., 2012;
Xiaetal., 2012), and as a key selection locus in breeding pro-
grams (Xia, 2017). These characteristics made E1 the first and
most significant target for CRISPR-Cas mutagenesis, aimed at
developing new soybean germplasm with broad adaptability
across different latitudes (Han et al., 2019).

Recently, an ortholog of the soybean E1 gene was identi-
fied in the guar genome, showing 80 % identity at the coding
peptide level and a similar intron—exon structure (Criollo
Delgado et al., 2025). Like the other members from E1 family
genes, CtE1 encodes a protein containing a putative bipartite
nuclear localization signal (NLS) and a DNA-binding B3-like
domain. This suggests that the genetic pathways underly-
ing the basic mechanisms of photoperiod response may be
similar in soybean and guar, and therefore the selection of
photoperiod-insensitive guar varieties may follow the same
pathway as in soybean.

In soybean, the legume-specific E1 gene suppresses flow-
ering of plants under long-day (LD) conditions, thus, non-
synonymous mutations in this gene result in a dysfunctional
polypeptide, promoting flowering of plants in high latitudes
(Xu et al., 2015). At least 5 misfunctional alleles were de-
scribed for the E1 locus in soybean: e1-fs (frame shift), el-as
(amino acid substitution), e1-b3a (mutation in B3 domain),
el-re (retrotransposon insertion), el-p (have SNPs or InDels
in the coding sequence or 5’ upstream), and el-nl (null) al-
lele has a 130 kb deletion which includes the entire E1 gene
(Liu et al., 2020). Development of functional markers for

E1 polymorphisms has made significant contributions to both
germplasm evaluation and marker-assisted selection (MAS)
of soybean. Specifically, Kompetitive Allele Specific PCR
(KASP) markers developed for SNPs at the E1-E4 loci, al-
lowed to reveal the most advantageous allele combinations for
soybean cultivars propagated in various regions of China (Liu
et al., 2020). In this regard, it might be relevant to assess the
level of polymorphism of the CtE1 gene in guar, represented
in the natural intraspecific diversity of this legume crop, in
order to identify alleles as possible targets for selection.

In the present paper we have evaluated nucleotide vari-
ability of CtE1 gene using the diversity panel of 144 guar
accessions of different geographic origin. We developed
KASP markers for all SNPs detected and estimated association
between the revealed haplotypes and phenotypic performance
of the guar varieties.

Materials and methods

Plant material. A diversity panel consisting of 144 guar
accessions, encompassing early- and late flowering/matur-
ing varieties and landraces originating from India, Pakistan,
United States, were described earlier (Grigoreva et al., 2021 a).
In the same paper the performance of these accessions under
field conditions in Krasnodar region (45°02'55"” N) in 2017 and
2018 was evaluated. Here, we used the field evaluation data
to search for a link between alleles of CtE1 gene and varia-
tion of the agrobiological traits of guar plants from different
accessions. Two traits most relevant to the putative function
of CtE1 gene were considered: (1) flowering time defined as
the number of days from sowing to flowering, recorded when
50 % of the plants in the accession have produced flower buds,
and (2) length of vegetation period, which was calculated as
the number of days from sowing to maturation (50 % of plants
per accessions had mature pods).

Isolation of DNA, amplification of PCR and Sanger
sequencing. As a first step, Sanger sequencing of CtE1 was
performed on several plants with contrasting maturation times
to assess the presence of polymorphisms within a small but
diverse panel of genotypes. For Sanger sequencing genomic
DNA from one plant per each accession was extracted from the
7-days seedlings following the protocol described by Ivanova
et al. (2008). For further high-throughput genotyping using
Illumina, a bulk DNA (5-7 plants) per accession was analyzed.

The extracted DNA was stored at —20 °C and subsequently
assessed for quality and integrity using 1.5 % agarose gel
electrophoresis. DNA concentration and purity were measured
using a NanoDrop spectrophotometer (Desjardins, Conklin,
2010). For Sanger sequencing genomic DNA was subjected to
PCR using a pair of primers designed for the CtE1 predicted
sequence (Criollo Delgado et al., 2025) to amplify the 5" un-
translated region (5' UTR), coding region, and 3’ untranslated
region (3" UTR). Information on the primer sequences is
present on Table 1 (primers E1-F and E1-R).
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Table 1. Primer pairs used for amplification of the CtET gene in guar. Primers 1, 2 were used for Sanger sequencing.
Primers 3-8 were included for lllumina sequencing purposes; adapter sequences are marked in color:

forward (yellow) and reverse (green)

No. Name of primers Sequence
1 E1-F

E1-R

Guar_E1_P1_F
Guar_E1_P1_R
Guar_E1_P2_F
Guar_E1_P2_R
Guar_E1_P3_F
Guar_E1_P3_R

0 N O W N

PCR amplification was performed using primers E1-F
and E1-R to generate 803 bp product. The PCR reaction mix
(25 pL) consisted of 1 pl genomic DNA, 1x PCR buffer,
3 mM MgCl2, 0.4 uM of each primer, 100 pM dNTPs, and
2.5 unit of TagDNA polymerase. The initial denaturation was
performed at 94 °C for 2 min; followed by 30 cycles of dena-
turation at 98 °C for 30 s, annealing at 54 °C for 1 min, and
extension at 72 °C for 45 s; and with a final extension at 72 °C
for 10 min. The PCR products were purified from PCR mix
using QIAquick PCR Purification Kit (Qiagen). The purified
samples were submitted to a commercial sequencing facility
(Evrogen, Moscow) for further processing.

Primer design for Illumina sequencing. High-quality
DNA samples of 144 guar accessions were used for PCR
with specifically designed primers. Three pairs of primers
were designed to amplify three overlapping regions of CtE1
gene covering the same region as for Sanger sequencing,
but overhangs were included in the primer’s sequences to
facilitate subsequent lllumina application. Table 1 lists the for-
ward (Guar E1 P1 F, Guar E1 P2 F, Guar E1 P3 F)and
reverse (Guar E1 P1 R, Guar E1 P2 R, Guar E1 P3 R)
primer sequences, the overhangs are color-coded: yellow for
the forward and green for the reverse primers. Primer design
was performed using the Integrated DNA Technologies (IDT)
online primer design tool (https://eu.idtdna.com/pages/tools/
primerquest).

PCR amplification was carried out using the cycler C1000
Touch (Bio-Rad, USA) to target the genomic region of CtE1
in the guar genome. Each primer pair was tested separately
using genomic DNA as the template. The PCR mix (25 pL)
contained 1x HF buffer, 0.4 uM of each primer, 200 uM
dNTPs, and 1 unit of Phusion® High-Fidelity DNA Poly-
merase (NEB, USA). The thermal cycling conditions were as
follows: initial denaturation at 98 °C for 2 min, followed by
30 cycles of denaturation at 98 °C for 30 s, annealing at 62 °C
for 1 min, and extension at 72 °C for 45 s. A final extension
step was performed at 72 °C for 10 min.

Library preparation, sample pooling and Illumina se-
quencing. The sequencing library was prepared for a Geno-
typing-in-Thousands by Sequencing (GT-SEQ) (Campbell
et al., 2015) approach from the PCR-amplified products. All

GAGCCTCCATTCTCATTTCACAAAG
CGACCAATAACAGTGTTGGCATAG

TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGCCACGACAAAGGTGAAATG
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGCTCCTCCTCCTTTGTTCTTCTC
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGAGAAGAACAAAGGAGGAGGAG
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGTCCTGATTCCACTTCCCAATAAG
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGAGGAAGGAACGCCGATTAG
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGACAGTGTTGGCATAGTGATAGAA

PCR products were first purified using ammonium acetate
precipitation to eliminate unincorporated nucleotides, salts,
and other impurities from the reaction mixture. The concentra-
tion of each cleaned DNA sample was then measured using
a NanoDrop spectrophotometer (Desjardins, Conklin, 2010).
Each sample had an initial volume of 20 pL. For pooling, 4 L
was taken from samples with a DNA concentration below
10 ng/pL, while 2 pL was taken from samples with a concen-
tration above 10 ng/pL. Approximately equal concentrations
were allowed, since Illumina sequencing provides excess
coverage of the target locus for each sample. This compensates
for variability in concentration without exact quantification,
which is acceptable for amplicon sequencing at high coverage
depths (e. g., 16S) (Kennedy et al., 2014).

The selected volumes were pooled together into a single
2 mL Eppendorf tube to create a composite library. The pooled
library was then prepared for high-throughput sequencing with
the Illumina MiSeq. Nextera XT DNA Library Prep Kit was
used for a two-step PCR workflow. First PCR was performed
with gene specific primers-+overhangs (Table 1), the second
PCR was performed to add Illumina adapters+indices. For
the pooled library, only one dual Illumina index was used,
which significantly reduced the cost of sequencing. Paired-
end sequencing was employed with 2 x 250 bp read mode.

Bioinformatics pipeline for SNP detection. Quality
assessment of the raw reads was performed using FastQC
(Andrews, 2010) with default parameters to evaluate base
quality, GC content, and potential adapter contamination.
Subsequently, high-quality reads were aligned to the referen-
ce target sequence, specifically, the CtE1 guar gene (Criollo
Delgado etal., 2025), using the BWA-MEM algorithm. SNPs
were then identified using a variant calling pipeline that in-
volved SAMtools for alignment processing and BCFtools for
SNP calling and variant filtration (Li, 2011; Danecek et al.,
2021).

Development of KASP assays. The KASP primers geno-
typing assay design tool (https://primerdigital.com/tools/kasp.
html) (Kalendar et al., 2022) was used to design KASP primers
for detected SNPs. Two allele-specific primers were designed
carrying unique tails: FAM (5 GAAGGTGACCAAGTTCAT
GCT 3") and HEX (5' GAAGGTCGGAGTCAACGGATT 3')
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Table 2. KASP primers for CtET gene assessment: two allele-specific forward primers with unique 5’tails (shown in bold)
and targeted SNPs at their 3’ends

Primers name Sequence SNP position

F_SNP1_FAM GAAGGTGACCAAGTTCATGCTTTACATGCAAAGCAAATAACAATAGTTG -89

F_SNP1_HEX GAAGGTCGGAGTCAACGGATTTTTTACATGCAAAGCAAATAACAATAGTAG

R_SNP1 GGTGGGAATTTTAGTTGTGATGAAAT

F_SNP2_FAM GAAGGTGACCAAGTTCATGCTAAAAACCCTTTCATCATTTCAATTTTAATGTA -54

F_SNP2_HEX GAAGGTCGGAGTCAACGGATTAAAACCCTTTCATCATTTCAATTTTAATGAA

R_SNP2 TGTTCATGTTTGAAGTAGAAGAGATG

F_SNP3_FAM GAAGGTGACCAAGTTCATGCTGGTGATGATCACGCGAGA +296

F_SNP3_HEX GAAGGTCGGAGTCAACGGATTGGGTGATGATCACGCGAAA

R_SNP3 CAAACTCTAATCGGCGTTCC

F_SNP4_FAM GAAGGTGACCAAGTTCATGCTCTTCTTAATTGGTATTCTCTTCACCTTT *43

F_SNP4_HEX GAAGGTCGGAGTCAACGGATTTCTTAATTGGTATTCTCTTCACCTCT

R_SNP4 ACCAATAACAGTGTTGGCATAGT

F_SNP5_FAM GAAGGTGACCAAGTTCATGCTGGTATTCTCTTCACCTTTCAACTC *49

F_SNP5_HEX GAAGGTCGGAGTCAACGGATTGTATTCTCTTCACCTTTCAACCC

R_SNP5 ACCAATAACAGTGTTGGCATAGT

Note. SNP positions are numbered relative to the CtET CDS: — upstream of start codon; + within CDS; * downstream of stop codon (den Dunnen et al., 2016).

respectively, with the targeted SNPs at the 3'end (penultimate
nucleotide), and a common primer was designed to pair with
both forward and reverse primers. KASP genotyping primers
are provided in Table 2. SNP positions were numbered relative
to the CtE1 coding sequence (CDS), where positive numbers
indicate positions within the CDS (with 1 corresponding to
the A of the ATG start codon), negative numbers (—) indicate
nucleotides upstream (5") of the start codon, and asterisks (*)
denote nucleotides downstream (3') of the stop codon (den
Dunnen et al., 2016).

The KASP assay was conducted in 8 pl. PCR reaction
volume comprising 2 pL of genomic DNA (5 ng/uL), 3 uL
of 2xKASP-TF V5.0 2X Master Mix (LGC, Biosearch Tech-
nologies) and 0.2 pL of allele-specific primer mix, making
the final concentration of forward primers in the reaction
volume 0.05 mM each, and 0.10 mM of common reverse
primer. PCR cycling was performed with QuantStudio 5 cycler
(Thermo Fisher Scientific, USA) using the following proto-
col: pre-incubation 30 °C 30 s (Pre-Read stage fluorescence
measurement), pre-denaturation at 95 for 10 min, followed by
10 touchdown cycles (95 °C for 15 s; touchdown from 62 °C
to 55 °C with 1.5 °C decrease per cycle for 60 s), followed by
60 additional cycles (94 °C for 20 s; 55 °C for 60 s), 30 °C for
1 min (Post-Read stage fluorescence measurement).

Statistical analysis. Descriptive statistics and estimates
of variance were done by using the R package ‘agricolae’
(https://cran.r-project.org/package = agricolae) (de Mendi-
buru, 2023). To check the effect of allelic variants on flower-
ing and maturation time traits, ANOVA was used. For each
analysis of variance, we also evaluated normality of residuals
distribution using the Shapiro—Wilk Test. When the assump-
tions for residuals normality were not satisfied, the Krus-
kal-Wallis rank sum test served as a robust non-parametric
alternative.

Results

Identification of novel SNPs in the gene CtET

Sanger sequencing of CtE1 in eight guar varieties with con-
trasting maturation times confirmed the presence of poly-
morphisms in the sequence of the gene previously predicted
in silico, and identified five SNPs (Table 3). Positions of the
SNPs were determined relatively to the CDS of the CtE1 gene
(Criollo Delgado et al., 2025) and a reference sequence of
1846 bp encompassing the CDS and upstream/downstream
regions of the CtE1 gene, which was extracted from guar
genome assembly Cte V1.0 (GCA_037177725.1). Two SNPs
were identified in the upstream region of the CtE1 gene, the
first SNP was located in the 5" untranslated region (5" UTR)
at position —89 relative to CDS (SNP1) and the second SNP
was located in the 5" UTR at position —54 (SNP2), where the
nucleotide thymine (T) was substituted with adenine (A) in
both cases. One non-synonymous SNP was found within the
coding region at position 296 from the start codon (SNP3),
showing a guanine (G) to adenine (A) substitution that causes
an amino acid change from arginine to lysine. Additionally,
two SNPs were detected in the 3" untranslated region (3’ UTR)
at positions *43 (SNP4) and *49 (SNP5), both involving a
transition from thymine (T) to cytosine (C). The analyzed
CtE1 gene sequence spans 803 base pairs, covering the
5"UTR, coding region, and 3' UTR, and all 5 SNPs are shown
in Figure 1. As shown in Table 3, out of the 8 varieties exam-
ined by Sanger sequencing, the only distinct CtE1 haplotype
was revealed in accession Cat.52580.

lllumina sequencing

To extend the CtE1 genotyping to the entire guar collection
of over 144 accessions we avoided the use of cost-consuming
Sanger sequencing and instead applied a method previously
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Table 3. Polymorphisms of the CtET gene among 8 guar accessions showing variation of flowering and maturation time

VIR Variety/Origin Flowering time Vegetation Flowering time Vegetation SNP1 SNP2 SNP3 SNP4 SNP5
cat. No. 2017, days period 2017, days 2018, days period 2018, days
94 -/India 39 94 30 78 AA T GG T T
52586  Lewis/USA 35 94 30 76 T T GG T T
22 —/India 35 94 33 87 T T GG T T
52572 Vavilovskij 130/- 36 91 34 86 T T GG T T
52581 —/India 35 99 34 110 T T GG T TT
52580 —/India 39 87 39 110 AA TA AA CccC TC
- -/India nd nd nd nd T T GG T T
- —/Pakistan nd nd nd nd T T GG 1T T
Note. For the accessions the variety/origin is indicated if known. nd — not determined.
Legend
mm CDS Upstream/downstream
0bp i 10f bp 200 bp 300 bp 400 bp i 500 bp 600 bp 700 bp i \800 bp
SNP1  SNP2 SNP3 SNP4  SNP5
T/A T/A G/A T/C T/C

Fig. 1. Location of SNPs in the CDS and upstream/downstream regions of the CtET gene revealed by Sanger sequencing among 8 guar cultivars

differing in flowering/maturing time.

Reference sequence containing CtE1 Legend
P1 P2 P3 mm CDS Upstream/downstream
N N N
5 \ \ 3
P1 P2 P3
L 1 1 1 1 1 1 1 1 1
0bp 200 bp 400 bp 600 bp 800 bp 1000 bp 1200 bp 1400 bp 1600 bp 1800 bp

‘ Plate normalization, pooling samples and sequencing

Illumina MiSeq

» » using a paired-end

sequencing

Fig. 2. Scheme of the GT-seq approach and distribution of primers for GT-seq in the CDS and upstream/downstream regions of the CtET gene. By num-
bers primer pairs (forward and reverse) are indicated. The green part of the primers represents the target-specific sequence. Blue tails of the primers

represent the lllumina sequencing adapters.

described as [llumina Genotyping in Thousands by Sequencing
(GT-Seq) (Campbell et al., 2015). We created a pooled library
containing multiplex PCR products of 3 regions spanning the
CtE1 gene to identify all possible polymorphisms in the target
sequence in the collection of 144 accessions. Three pairs of
primers with Illumina sequencing adapters were designed

(Table 1) enabling all amplicons of all individuals to be pooled
into a single sequencing library. Figure 2 shows the location
of the primers in the sequenced region (847 bp) compared to
a reference sequence of 1846 bp.

No barcoding of individual samples was performed, so
when running the Illumina MiSeq, only one dual Illumina
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Fig. 3. Clustering of alleles of SNPs in the CtET gene using KASP assays.

a-e, allelic discrimination plots of KASP markers located on the five SNP loci. SNP1-SNP5 correspond to these in Table 3. The clusters of accessions are
represented on the scatter plot on the x-axis (Allele 1) and y-axis (Allele 2); f, distribution of alleles per SNP loci. The Figure does not reflect genotyping
results for the entire collection: if some samples were incorrectly or incompletely genotyped, they were re-analyzed in additional runs.

index was used to barcode the entire library. As a result,
4,880,840 raw reads were obtained from Illumina and quality-
checked using FastQC to evaluate base quality, GC content,
and adapter contamination. 4,513,800 (92.48 %) of the reads
were then successfully aligned to the CtE1 reference guar
genome assembly (Cte V1.0, GCA_037177725.1). With the
data available, each of the three amplicons was covered by
an average of 10,448 reads for each of the 144 guar acces-
sions. As a result, the same 5 SNPs, that were discovered by
Sanger sequencing of 8 accessions contrasting in flowering
and maturing time, were again detected, and no additional
polymorphism was found among 144 guar accessions.

The GT-seq analysis revealed a single missense mutation
in the coding sequence of the CtE1 gene within the examined
intraspecific diversity of guar, resulting in an Arg—Lys
amino acid substitution. However, unlike the loss-of-function
mutations observed in soybean that lead to truncated or
nonfunctional E1 proteins, no such deleterious variants were

detected. Nevertheless, an attempt was made to assess the
field performance of guar plants carrying different CtE1
alleles. To facilitate this, KASP assays were developed for
the identified SNPs.

High-throughput KASP genotyping of polymorphisms

in the CtET gene

Five KASP markers linked to polymorphisms in the CtE1 gene
were developed based on the SNPs identified through the
Illumina GT-seq approach and tested with 144 guar accessions.
Each KASP marker enabled apparent clustering of accessions
into three genotype classes (homozygous allele1, homozygous
allele2, and heterozygous) (Fig. 3). The heterozygosity level
estimated for SNPs in the CtE1 gene in the studied collection
of 144 guar accessions ranged from 0.086 to 0.218 (Fig. 3f),
which is in line with the average heterozygosity level of
0.127 reported for soybean germplasm collections (Potapova
etal., 2023).
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Analysis of association between SNPs in the CtET gene

and flowering/maturation time of guar varieties

Since the guar diversity panel encompassing studied 144 guar
accessions was evaluated in 2017 and 2018 in the field condi-
tions of Krasnodar region (Grigoreva et al., 2021a), we use
the opportunity to explore any possible correlation existing
between the revealed nucleotide polymorphisms of CtE1 and
agronomic performance of guar varieties carrying different
alleles of the gene.

Flowering time observed for the studied accessions varied
from 32 to 45 days in 2017 and from 29 to 42 days in 2018.
Notably, the correlation between flowering time of the guar
collection in 2017 and 2018 was not statistically significant
(r2 = 0.05, p-value > 0.05). Heritability of flowering time in
guar estimated under stable natural conditions in India ranged
from 52 % (Remzeena, Anitha, 2021) to 81 % (Choyal et al.,
2022). However, guar propagation in the Krasnodar region
often faces challenges, such as, for example, the spring drought
of 2018, which resulted in damage to plant seedlings. There-
fore, the observed year-to-year variations in the flowering time
of guar genotypes may be due to differences in environmental
factors, as well as the lack of standardized agricultural prac-
tices for this recently introduced legume crop.

Length of vegetation period varied respectively in the
range 72—-116 days and 72—110 days in two years. Here, the
correlation between the overall vegetative period of guar ac-
cessions in 2017 and 2018 was low, but statistically significant
(r2=0.19, p-value < 0.01). As with flowering time, this low
correlation can presumably be explained by extreme drought
conditions in spring 2018.

Given genotyping data for 5 SNPs in the CtE1 gene for
144 guar accessions, we attempted to perform ANOVA for
each SNP, considering the three genotypes (two alternative
homozygous and heterozygous) as factor levels and the
number of days from sowing to flowering (maturing) as the
dependent variable.

Of all the markers we tested, only one SNP (SNP2) demon-
strated an association with flowering time in guar in 2018,
that approached statistical significance (ANOVA, p = 0.052).
Heterozygous genotypes for SNP2 (TA) tended to flower
slightly later than both homozygotes (TT and AA), a result that
is difficult to explain from a biological perspective. Therefore,
it can be concluded that the natural polymorphisms of the
CtE1 gene identified in the available collection of 144 guar
genotypes do not exert a significant effect on flowering or
maturation time.

Discussion

In the present study, we assessed natural allelic variation of
the CtE1 gene using a diversity panel of 144 guar accessions
from different geographic origins. CtE1 was previously identi-
fied as a homolog of E1, the major flowering time regulator in
soybean; however, its genetic diversity and functional role in
guar had not yet been reported. The E1 gene plays a key role
in the functional network of photoperiodic flowering regula-
tion in soybean. Since the molecular identity of this gene was
successfully elucidated in 2012 (Xia et al., 2012), numerous
studies have underscored the significant impact that mutations
in this gene can have on photoperiod sensitivity (Zhai et al.,
2015; Hanetal., 2019; Fang et al., 20244, b; Gao et al., 2024).

Development of SNP-based KASP markers
for CtET gene in guar

During the adaptation of cultivated soybean northward to
high latitudes under longer daylengths, the E1 gene, like some
other important flowering inhibitor genes (e. g., E3, E4, Tof5,
Tof11, and Tof12), has accumulated sequence polymorphisms,
which reduced photoperiod sensitivity to produce early
flowering. Thus, the variation leading to early flowering was
artificially selected, allowing cultivated soybean to adapt to
high latitude areas (Lin et al., 2021). Several functional and
non-functional/dysfunctional E1 alleles (e.g., E1, el-as, e1-fs,
el-nl) have been identified in soybean, which vary by geo-
graphy/maturity group (Hou et al., 2023). However, not all of
them equally contribute to flowering phenotype. For example,
elfs and elnl are functionally deficient, leading to very early
flowering and maturity, while el-as is a weak mutant allele
with an effect intermediate between that of the E1 genotype
and the functionally deficient alleles (Xia et al., 2012).

The high similarity in coding peptide sequences between
the soybean E1 gene and the guar CtE1 gene, along with
their comparable intron-exon structures, suggests that the
genetic pathways governing the fundamental mechanisms
of photoperiod response may be conserved across these two
legume species (Criollo Delgado et al., 2025). This structural
and sequence conservation implies that intraspecific genetic
variation at the CtE1 locus in guar could potentially contribute
to variation in photoperiod sensitivity, similar to the functional
allelic diversity observed at the E1 locus in soybean.

However, within the natural allelic diversity of CtEl
evaluated in this study, no clearly dysfunctional alleles were
identified. Of the five SNPs discovered in the CtE1l gene,
only one (SNP3) was found in the coding region and re-
sulted in a non-synonymous arginine-to-lysine substitution.
This alteration is located at amino acid position 99, situated
within the B3-like domain, which in guar spans amino acid
residues 61-171 (Criollo Delgado et al., 2025). Among the
soybean E1 polymorphisms discovered to date, a similar
el-b3a mutation was found, which also occurs in the middle
of the B3 domain of the E1 gene. The el-b3a represents 5bp
(3 SNP and 2-bp deletion) mutation which leads to a frameshift
causing a premature stop codon at the middle of the B3-like
domain. As a result, the soybean el-b3a/el-b3a genotype
flowered significantly earlier than E1/E1 and El/el-b3a
(Zhai et al., 2015). In contrast, the functional significance of
the Arg—Lys amino acid substitution identified within the
B3 domain of guar, remains uncertain, as arginine and lysine
share similar physicochemical properties. This substitution
is considered conservative and is therefore predicted to have
a minimal effect on protein function (Betts, Russell, 2003;
Ryan, O’Fagain, 2007; Banayan et al., 2024). On the other
hand, it has been reported that amino acid substitutions in the
E1 sequence also can lead to significant functional changes,
if they occur in the region of bipartite Nuclear Localization
Signal (NLS). For example, the point mutation from arginine
to threonine at position 15 in the soybean E1 gene (known as
el-as mutant) occurs at exactly the first basic domain of the
bipartite NLS, leading to different subcellular localization of
the resulting protein and affecting flowering phenotype (Xia
etal., 2012).

Two SNPs (SNP1 and SNP2) were discovered in 5’'UTR
region of the CtE1 gene. Similarly, mutations el-re and el-p
were described at the 5'UTR region of the E1 gene in soy-
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bean. The el-re allele is characterized by the insertion of a
long interspersed nuclear element (LINE) located 148 bases
upstream of the start codon, whereas the e1-p mutant exhibits
sequence variation in the 5" upstream region compared to E1.
The effects of both alleles on flowering time in soybean have
not been well studied (Tsubokura et al., 2014).

The limited functional allelic diversity observed in the CtE1
gene of guar, compared to the E1 gene in soybean, likely re-
flects differences in their evolutionary histories, domestication
bottlenecks, and selection pressures. Soybean was domesti-
cated in a region spanning 30—45°N in China and is now cul-
tivated globally across a broad latitudinal range, from 53°N to
35°S (Lin et al., 2021). In contrast, guar was domesticated in
India and Pakistan (Ravelombolaetal., 2021), and to this day,
these countries remain the primary centers of guar cultivation.
This more geographically restricted domestication of guar
and cultivation range may have resulted in reduced selection
for photoperiodic adaptation and, consequently, lower allelic
diversity at key flowering-time loci such as CtEL.

On other hand, it is still possible that within the intraspecific
diversity of guar there exist genotypes carrying more severe
mutations in the CtE1 gene that can substantially impair its
function; however, such genotypes were not present in the
studied cohort of 144 accessions.

Furthermore, it has been reported that E1 homologues
in various legumes exhibit differing roles in flowering,
highlighting functional diversification within the E1 gene
family (Zhang et al., 2016; Cao et al., 2017). For instance, in
Phaseolus vulgaris, the E1 homologue known as PVELL acts
as a flowering repressor, mirroring the function of the E1 gene
in soybean. Ectopic expression of PvELL has been shown
to delay flowering onset in soybean (Zhang et al., 2016). In
contrast, Medicago truncatula’s E1 homologue, MtE1L, does
not influence flowering when ectopically expressed in soybean.
This variation suggests that the functional roles of E1 homo-
logues in legumes may be linked to lineage specificity and
genomic duplication events. This underscores the complexity
of flowering regulation within the legume family.

The CRISPR/Cas9 system has recently emerged as a power-
ful tool for targeted genome editing and functional genomics
research. In soybean, its application has enabled in-depth
investigation of the E1 gene’s role in photoperiod regulation,
through CRISPR/Cas9-mediated mutagenesis followed by
phenotypic analysis of flowering time (Wan et al., 2022).
A similar approach can be implemented in guar by generat-
ing CRISPR/Cas9-induced mutants with targeted alterations
in the CtE1 gene. This would allow for a direct functional
assessment of CtE1 and its role in regulating flowering time
and photoperiod sensitivity in guar. In addition, the application
of CRISPR/Cas-based mutagenesis could potentially benefit
guar breeding programs not only by enabling the creation of
CtE1 mutants, but also by targeting other flowering-related
genes homologous to the soybean E maturity genes, such as
CtE2-CtE4. This approach could facilitate a detailed inves-
tigation of the genetic network regulating flowering time in
guar. This may also facilitate the development of novel pho-
toperiod-insensitive guar germplasm, analogous to soybean
mutants that have expanded soybean cultivation into higher
latitudes.
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Conclusions

In this study, we characterized nucleotide variability of the
CtE1 gene, the guar ortholog of soybean E1 gene, in a diverse
panel of 144 guar accessions and identified five novel SNPs
across the 5" UTR, coding, and 3’ UTR regions. We developed
KASP markers for these SNPs to provide a robust genotyp-
ing tool to explore CtE1 haplotypes in larger germplasm
collections. Genotyping of 144 guar samples for five CtE1
SNPs revealed only one SNP in the coding part of the gene,
causing an Arg—Lys substitution. Given the conservative
nature of this amino acid substitution, its functional impact
is likely limited. No significant associations were detected so
far between discovered SNPs and available data on variability
in flowering time or vegetation period length. Our findings
indicate that natural variation in CtE1 within the studied guar
germplasm has little impact on flowering time or maturation.
We hypothesize that the geographically restricted domestica-
tion and cultivation range of guar may have led to reduced
selection pressure for photoperiodic adaptation, resulting in
lower allelic diversity at key flowering-time loci such as CtE1.
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Using a wheat line with wild emmer genetic material
to improve modern Triticum aestivum L. varieties
by a complex of economically useful traits
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Abstract. Wild emmer Triticum dicoccoides samples have a high content of protein and microelements in their grain,
but when crossed with common wheat varieties, undesirable properties of a wild relative (low yield, spike fragility
and difficult threshing) can be transmitted to the hybrid along with valuable traits. The possibility of improving
economically useful traits of modern common wheat varieties using a wheat line with wild emmer genetic material
(129), combining high cytological stability with improved nutritional value and productivity, was studied. The
F,—F5 hybrids obtained as a result of crossing in the forward and reverse directions of four common spring wheat
varieties with 129 were studied. A C-banding technique and genotyping with SSR markers were used to determine
the introgression fragments of T. dicoccoides genetic material. Cytological stability was assessed based on the study
of chromosome behavior in microsporogenesis. The grain content of macro- (K, P, Ca and Mg) and microelements
(Zn, Fe, Cu and Mn) was established by atomic emission spectrometry with inductively coupled plasma; the grain
quality indices were measured on an Infra LUM FT-12 analyzer. The C-banding and microsatellite analysis data
indicate a high frequency of alien genetic material introgression in the genome of hybrid forms. All variants of the
129 introgression of wild emmer material (1BL, 2BS, 3B, 5B and 6AL) were identified among the progeny of eight
crossing combinations. The recombinant chromosome 3B was found in all hybrid combinations. The hybrids were
characterized by a high level of cytological stability (the meiotic index was 90.0-98.0 %). The effectiveness of using
a wheat line with T. dicoccoides genetic material to enhance modern varieties in terms of the content of protein,
gluten and mineral composition of grain without reducing productivity was shown. Secondary introgression
hybrids, exceeding the initial varieties by a set of grain quality characteristics and not inferior to them in terms of
basic productivity indicators, were obtained.
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VCI10/1b30BaHMe JIMHUU 1€ HULIbI

C TeHeTYeCKMM MaTepragaoM VKO MOJIObI

IJISI VIIVUIIeHISI COBpeMeHHbIX copToB Triticum aestivum L.
I10 KOMIIJIEKCY XO3SIJ/iCTBEHHO II0JI€3HBIX IMTPU3HAKOB

O.A. OpaoBckas 1@, K.K. fueBuy 1 A.B. Muasbkol, H.M. Kasuuna (22, H.JL Ay6oBen 1 A.B. Kuapuesckmit ()1

1 WHCTUTYT reHeTu KM 1 umtonorun HaumoHanbHom akagemunmn Hayk benapycu, MuHck, benapycb
2 WHCTUTYT 6ronorumn Kapenbckoro HayyHoro LeHTpa Poccuiickor akafemun Hayk, lNetposaBoack, Poccusa

@ O.Orlovskaya@igc.by

AHHoTauuA. O6pasubl gukoi nonbbl Triticum dicoccoides ob6napalT BbICOKMM copepaHuem 6enka u
MUKPO3/IEMEHTOB B 3€PHE, HO MPU CKPELYMBaHNM C COPTaMM MAFKOW MWEHUUbl rnbpuaam Hapagy C LEeHHbIMU
npU3HaKaMy MOryT NepeaaBaThbCs U HEXenaTesbHble CBONCTBA AVKOPACTYLLEro COPOAMYA (HU3Kas YPOXKaNHOCTb,
NIOMKOCTb KOMNOCa, TPYAHbI 06MOMOT). B paMKax AaHHOMO MCCNEefOBaHWS M3yuyeHa BO3MOXHOCTb YyULIeHWs
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Using a wheat line with wild emmer genetic material
to improve modern Triticum aestivum L. varieties

COBPEMEHHbIX COPTOB MAMKOW MIUEHNLbl MO KOMMIEKCY XO3ANCTBEHHO MOJSIe3HbIX MPU3HAKOB MOCPeACTBOM
MNCMOMIb30BaHWA NIMHUN MIUEHULUbI C FEHETMYECKMM MaTepuanom AMKOW monbbl (n29), coyeTaioleint BbICOKYHO
LMUTONOTMYECKYI0 CTabWbHOCTb C YNy4LUEHHON MUTaTENbHON LEHHOCTbIO U MPOAYKTUBHOCTbIO. Mccneposanu
mbpuabl F,~F5, nonyyeHHble OT CKpelmnBaHUA B MPAMOM U 0OPAaTHOM HampaB/IeHUAX YeTbipex COPTOB APOBOW
MATKOW nweHuubl ¢ n29. OparmeHTbl MHTPOrpeccun reHeTUyeckoro Matepuana T. dicoccoides BbiABNANM C
nprMeHeHnem meTofa AnddepeHLManbHOro oKpaluMBaHWA XPOMOCoM No MMm3a (C-63HAMHT) 1 reHOTUNMPOBaHKA
mapkepamu SSR. OueHKy LMUTONOrMYecKon CTabuabHOCTU MPOBOAWMIM Ha OCHOBE W3y4YeHWs MOBefeHs
XPOMOCOM B MuKpocnoporeHese. CogepxaHue makpo- (K, P, Ca, Mg) n mukpoanemeHTos (Zn, Fe, Cu, Mn) B 3epHe
onpefenany MeTogomM aTOMHO-3MUCCYOHHOWM CMEeKTPOMETPUM C MHAYKTMBHO CBA3AHHOW Mia3mol; nokasatenu
KayecTBa 3epHa — Ha aHanusatope «MHppa JIIOM OT-12». aHHble C-63HANHIA Y MUKPOCATENSIMTHOTO aHanm3a
CBMAETENbCTBYIOT O BbICOKOI YacToOTe BKNIOUYEHMA YYXKEPOAHOrO reHeTMYeCckoro matepmana B reHoM rmbpuiHbIx
¢dopm. Cpean NOTOMCTBA BOCbMM KOMOMHaLMIA CKpeLLBaHNA BbiABMEHbl BCe XapaKTepHble AnA N29 BapuaHTbl
MHTporpeccuin matepuana nonbesl (1BL, 2BS, 3B, 5B, 6AL), npuuem pekomOrHaHTHas Xxpomocoma 3B obHapy»KeHa
BO BCEX MMOPUAHBIX KOMOUHALMAX. [Ana rubprnaos XxapakTepeH BbICOKMI YPOBEHb LIUTONOMMYECKON CTabMIIbHOCTH
(MenoTnyeckmin nHpekc coctasun 90.0-98.0 %). MNMokasaHa 3GPeKTUBHOCTb MCMOMb30BaHNA AVHUN MLUEHNLbI C
BK/lOYEHMEM reHeTnyeckoro matepuana T. dicoccoides pna ynydylleHna cCOBPEMEHHbIX COPTOB MO COAEPKaHUIo
6enka, KNeKoBUHbI 1 MUHEPasbHOro COoCTaBa 3epHa 6e3 CHMKeHWA NPOAYKTVBHOCTW. BbiaeneHbl BTOpUYHbIe
VHTPOrpeccmBHble TMOpYAbI, MPEBOCXOAALME POAUTENbCKME COPTA MO KOMIJIEKCY NMPU3HAKOB KauecTBa 3epHa B
06a roga uccnefoBaHns 1 He YCTynatoLMe UM Mo OCHOBHbIM MOKa3aTeNsaM NPOoayKTUBHOCTH.

KnioueBble cnoBa: mMArkasa nweHuua Triticum aestivum L.; pukasa nonba Triticum dicoccoides; VHTpOrpeccuBHble

NNHNK; C-63H}J,I/IHF; SSR-aHanus; MUKpPOCNoporeHes; KayecTBo 3epHa; NPOAYKTUBHOCTb

Introduction

Wheat, one of the most widely grown cereal crops across the
globe, is a major source of nutrients in a human diet. At the
same time, intensive breeding aimed at increasing producti-
vity has led to a significant erosion of the wheat gene pool
in terms of grain nutritional value, resulting in a low protein,
mineral and vitamin content of grain in modern varieties
(Shewry et al., 2016; Marcos-Barbero et al., 2021). Research
over the past two decades has shown that wild relatives and
landraces are characterized by a higher biological value of
grain than cultivated varieties (Heidari et al., 2016; Goel et
al., 2018; Arora et al., 2019; Zeibig et al., 2022). Also, related
species of common wheat have higher variability in terms of
economically valuable traits (Cakmak et al., 2000; Akcura,
Kokten, 2017), which is also valuable for breeding. In this
regard, great hopes are pinned on distant hybridization to solve
the problem of nutrient deficiency in wheat grain. At present,
there are examples of wheat lines with an increased mineral
and protein content in grain being developed by incorporating
genetic material from various related species into their genome
(Tiwari et al., 2010; Savin et al., 2018; Liu et al., 2021).

As a rule, wheat genotypes with enhanced grain quality
have lower productivity; therefore, one of the priority areas
of breeding is the development of varieties that combine both
high yield and good grain quality. This study examined the
possibility of improving common wheat varieties in relation
to a complex of economically useful traits using a line con-
taining wild emmer genetic material (Triticum dicoccoides).
Previously, the chromosomal localization of the genetic mate-
rial of tetraploid and hexaploid Triticum species samples was
established in the introgressive wheat lines we had developed
based on C-banding data and genotyping results using mic-
rosatellite (SSR) and single nucleotide polymorphism (SNP)
markers (Orlovskaya et al., 2020; Orlovskaya et al., 2023b).

Analysis of the main quality indicators (protein content,
content and quality of gluten, vitreousness and thousand
grain weight) and grain mineral composition (K, P, Ca, Mg,
Zn, Fe, Cu and Mn content) made it possible to identify lines

with alien genetic material, exceeding original varieties by
studied traits, that are of interest for common wheat bree-
ding (Orlovskaya et al., 2023a). Line 29 of the combination
Rassvet x T. dicoccoides k-5199, combining high nutritional
value and productivity, is included in crossing with modern
varieties to enhance the traits of common wheat valuable for
breeding.

Materials and methods

The F,—F5 hybrids obtained by the direct and reverse cross-
ing of common spring wheat modern varieties of Belarusian
selection Darya, Toma, Laska and Lyubava with the intro-
gressive line 29 of the Rassvet x T. dicoccoides k-5199 (129)
combination (eight crossing combinations in total) were used
as research material. The plants were grown in the experi-
mental fields of the Institute of Genetics and Cytology, NAS
of Belarus, in 2021-2022 (Minsk, the Republic of Belarus,
53.924256° north latitude and 27.695015° east longitude) on
sod-podzolic sandy loam soil.

Mineral fertilizers were applied in the following doses: nitro-
gen—80 kg of active substance per 1 ha (kg active substance/ha);
phosphorus — 70 kg active substance/ha; and potash — 90 kg
active substance/ha. During harvesting, the following traits
were taken into account: the number of productive shoots
per plant; the length and number of spikelets and grains of
the main spike; grain weight of the main spike and plant; and
thousand grain weight. To assess the traits, 15 plants of each
genotype were randomly selected.

To analyze the genomic structure of the hybrid material,
a variant of the Giemsa method of differential chromosome
staining (C-banding) was used (Badaeva et al., 1994), which
allows recognizing individual A, B, D chromosomes of ge-
nomes in the karyotype, as well as chromosome aberrations
involving regions with diagnostic C-blocks. The stained
preparations were analyzed using the Amplival microscope
(Carl Zeiss, Jena) with an Apochromat 100x objective and
1.32 MI aperture. The selected metaphase plates were pho-
tographed using a LeicaDC 300 digital video camera (Leica
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Camera AG, Germany). The obtained images were processed
using the Adobe Photoshop CC 2017 graphic editor (Adobe
Systems, USA).

DNA was isolated from the seedlings of five plants for each
genotype using the GeneJET Plant Genomic DNA Purifica-
tion Kit (Thermo Fisher Scientific, Lithuania) according to
the manufacturer’s protocol. Genotyping of hybrids and
parental forms was performed using SSR markers (WMC,
GWM) mapped in the hexaploid wheat genome (Somers
et al., 2004). The previously conducted genotyping of 129
using SSR and SNP markers showed the presence of wild
emmer genetic material in chromosomes 1BL, 2BS, 3B, 5B
and 6AL (Orlovskaya et al., 2023Db). In this regard, we used
markers designated only for these chromosomes: Xgwm18,
Xgwm374.2, Xgwm403, Xgwm274, Xgwm268, Xgwm11,
Xgwm131, Xgwm498 for 1B; Xgwm210, Xgwm614, Xgwm257,
Xgwm410, Xgwm630, Xgwm148, Xgwm429, Xgwm319 - 2BS;
Xgwm389, Xgwm493, Xgwm533.2, Xgwm566, Xgwm285,
Xgwm108, Xgwm107, Xgwm 264 — 3B; Xgwm234, Xgwm159,
Xgwmb44, Xgwm67, Xgwm499, Xgwmb54, Xgwm271,
Xgwm408, Xgwm604, Xwmc99 — 5B; Xgwm427, Xwmc621,
Xwmc254 and Xgwm169 — 6AL.

The conditions for carrying out the polymerase chain re-
action (PCR) are described in the work of M.S. Roder et al.
(1998). The PCR fragments’ separation was performed on
an automatic sequencer ABI PRISM 3500 (Applied Biosys-
tems, USA). The size of fragments was calculated using the
computer program Gene Mapper (version 5.0) developed by
Applied Biosystems, USA. Putative chromosomal localiza-
tion was determined based on consensus wheat chromosome
maps for SSR markers (Somers et al., 2004). MapChart 2.32
software was used to visualize chromosome maps.

Microsporogenesis was studied on temporary squash prepa-
rations using the generally accepted method (Pausheva, 1988).
For each combination of crossing and initial forms, 30 meta-
phase | plates and 50-80 plates of the following meiotic stages
were analyzed: anaphases | and 11, metaphase 1l and tetrads.
The preparations were studied on an Amplival microscope
(Carl Zeiss, Jena) with an Apochromat 100x objective and
aperture 1.32 M.

The content of macro- (K, P, Ca and Mg) and microele-
ments (Zn, Fe, Cu and Mn) in grain was determined at the
Center for Analytical and Spectral Measurements of the State
Scientific Institution “B.I. Stepanov Institute of Physics of the
NAS of Belarus” on IRIS Intrepid 11 XDL DUO (the atomic
emission spectrometer). For each sample, the analysis was
carried out in two biological replicates; measurements were
repeated 10 times for each sample. The total protein and glu-
ten content in grain and the quality of gluten were identified
using an Infra LUM FT-12 infrared analyzer (Lumex, RF)
according to GOST 1SO 12099-2017. To assess the quality
of gluten, the GDI (the Gluten Deformation Index, GOST
13586.1-68) indicator was used. According to the GDI values,
strong (45—77 conventional units, quality group 1), satisfac-
tory weak (78-102 conventional units, quality group I1) and
unsatisfactory weak (more than 102 conventional units, quality
group 111) gluten is distinguished.

The experiment results were analyzed using descriptive
statistics and ANOVA methods in the software packages Sta-
tistica 10.0 (StatSoft, USA) and MS Excel. The differences

2025
298

Micnonb3oBaHvie MMHUM MLUEeHWLbI C FeHeTUYECKM MaTepraniom
JMKOW Nonbbl AN yNyJLleHnA COBPeMeHHbIX copToB T. aestivum L.

between the groups were assessed using ANOVA and Fisher’s
LSD criterion (Fisher’s least significant difference).

Results

Analysis of T. dicoccoides genetic material introgression

in the genome of hybrid forms

For the chromosomal identification of alien chromatin in the
common wheat genome, cytological (C-banding) and molecu-
lar (SSR analysis) methods were used. The karyotype of 129,
which served as the genetic material donor of wild emmer,
was studied in detail, as we described earlier (Orlovskaya et
al., 2023b). The line contains fragments of T. dicoccoides
genetic material in the proximal region of the long arm of
chromosome 1B and in the distal regions of the short arm of
chromosome 2B and the long arm of 5B, as well as a pair of 3B
chromosomes of emmer, which substituted the corresponding
homologs of the variety Rassvet. The presence of polymor-
phism determined by the differential staining pattern of these
four chromosomes between 129 and the Toma, Lyubava wheat
varieties included in the experiment made it possible to trace
the process of transferring alien chromatin to the karyotype of
hybrid forms based on these varieties. The progeny from the
crossing of Toma x 129 and 129 x Toma was heterogeneous
in its chromosomal composition. In the direct combination of
crossing (Toma x 129), chromosome 1B with a fragment of
emmer chromatin in the L-arm and chromosome 3B of emmer
were detected, with the latter being present in both disomic and
monosomic states (one chromosome from the wheat variety
and the other from emmer) (Fig. 1).

Inall the plants obtained in the reverse crossing combination
(129 x Toma), a pair of 5B chromosomes with a fragment of
T. dicoccoides genetic material in the L-arm and chromosome
3B of emmer, which in half of the analyzed plants was present
in a disomic state and, in the other half, in a monosomic state,
were detected (Fig. 2a).

In addition to the above chromosomes, some plants had a
pair of 2B chromosomes with a fragment of emmer genetic
material (Fig. 2b). The absence of variations in the chro-
mosomal composition was characteristic of the progeny of
hybrids resulting from the cross Lyubava x 129: all plants
contained chromosomes 2B and 5B introduced from 129
with fragments of emmer genetic material in their karyotypes
(Fig. 2c). Plants in the progeny of the 129 x Lyubava combi-
nation contained emmer chromatin introgression similar to
the direct crossing combination. It should be noted here that
identifying a possible substitution of 3B chromosomes of the
variety Lyubava in the karyotypes of hybrids with correspon-
ding emmer homologs using C-banding was not possible due
to the similarity of their differential staining patterns.

Due to the absence of polymorphism, we were not able to
estimate the frequency of emmer chromatin inclusion in the
karyotypes of hybrids obtained with the involvement of Darya
and Laska varieties using C-banding. SSR markers were used
to identify introgressed fragments in those hybrids, as well as
to detect alien material in chromosomes with a small number
of diagnostic heterochromatic blocks. Out of 38 SSR markers
used, 23 markers revealed polymorphism between the parent
varieties and 129. A molecular analysis made it possible to
reveal recombination events in all analyzed hybrids. For the
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Fig. 1. Plant karyotypes in the progeny from the cross Toma x 129.

a - with a pair of 1B chromosomes with a fragment of T. dicoccoides genetic material and a pair of 3B chromosomes of emmer; b - with a pair of 1B chromosomes
with a fragment of T. dicoccoides genetic material and a heteromorphic pair of 38/3B4 chromosomes. The chromosomes with T. dicoccoides genetic material
introduced from line 29 are designated by the superscript letter “d".

Fig. 2. The karyotypes of plants with different variants of introgression of T. dicoccoides genetic material.

a and b - hybrid 129 x Toma; ¢ - hybrid Lyubava X 129. Chromosomes with T. dicoccoides genetic material introduced from line 29 are
designated by the superscript letter“d".

hybrid forms based on the Toma and Lyubava varieties, mi- Thus, in the hybrids Toma x 129 and 129 x Toma, a frag-
crosatellite analysis confirmed the C-banding result and also ~ ment of alien genetic material was found in the long arm
revealed T. dicoccoides genetic material in other chromosomes  of chromosome 6A, which could not be identified using
(Table 1, Fig. 3). C-banding due to the small number of heterochromatic blocks
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Table 1. The chromosomal localization of T. dicoccoides genetic material in wheat hybrids

according to C-banding and SSR analysis data

Crossing combination C-banding SSR-analysis
Line 29 Rassvet x T. dicoccoides k-5199 1BL, 2BS, 3B, 5BL 1BL, 2BS, 3B, 5B, 6AL
Darya x 129 - 3B, 5BL, 6AL
Darya x 129 1BL, 3B 1BL, 3B, 6AL
Laska x 129 - 2BS, 3B

Lyubava x 129 2BS, 5BL 2BS, 3B, 5BL

129 x Darya - 2BS, 3B, 5B, 6AL
129 x Toma 2BS, 3B, 5BL 2BS, 3B, 5BL, 6AL
129 x Laska - 2BS, 3B

129 x Lyubava 2BS, 5BL 2BS, 3BS, 5B
Note. "-"-identification of T. dicoccoides genetic material using C-banding was not performed.

in A-genome chromosomes. In the hybrids resulting from the
Lyubava variety, in addition to the insertion of alien chromatin
in chromosomes 2B and 5B, emmer fragments were found in
chromosome 3B, which were not detected due to the similar-
ity of the differential staining patterns of 3B chromosomes of
Lyubava and 129. For the hybrids obtained with the involve-
ment of the variety Darya, the inclusion of alien material was
found in chromosomes 3B, 5B and 6A, and in the reverse
crossing combination, there was also a fragment of emmer in
the short arm of chromosome 2B (Fig. 3). The fewest number
of introgression fragments among the studied material was
found in hybrids resulting from the variety Laska (Table 1,
Fig. 3).

The data obtained indicate a high frequency of introgres-
sion of T. dicoccoides genetic material in the genome of
hybrid forms. Among the analyzed progeny of eight crossing
combinations, all variants of emmer material introgression
characteristic of 129 were identified, and in most cases, they
were present in both homologs, which indicates the imminent
completion of the karyotype stabilization process. The highest
frequency of introgression of T. dicoccoides genetic material
in the common wheat genome was found for chromosome 3B,
and the lowest, for chromosome 1B (in eight and one hybrid
combinations out of eight, respectively).

Analysis of cytological stability
Our previous analysis of chromosome behavior at various
stages of microsporogenesis in common wheat lines with
alien genetic material showed that 129 is one of the most stable
genotypes among introgressive lines. The level of chromo-
some pairing at the stage of metaphase | in 129 was high: the
number of chromosomes constituting bivalents was 99.76 %.
The meiotic index (an important indicator of the normal course
of the entire meiosis) of this genotype was maximum among
the lines with the introgression of wild emmer genetic mate-
rial — 93.0 % (Orlovskaya et al., 2023b). The high cytological
stability of introgressive line 29 makes it possible to assume
that all stages of meiosis in the hybrids developed with its in-
volvement will also proceed without significant disturbances.
Metaphase | analysis in pollen mother cells (PMC) in the
studied wheat genotypes showed a high level of bivalent

chromosome pairing in both parental varieties and hybrid ma-
terial. The number of chromosomes included in the bivalents
exceeded 99 % (Table 2).

In the studied material, cells with only two univalents were
detected, and their frequency of occurrence was insignificant
(3.33-6.67 %). The high level of chromosome pairing in
metaphase I ensured an insignificant number of disturbances
at the subsequent stages of meiosis (Fig. 4). Moreover, as a
rule, there were fewer disturbances in the second division
(anaphase II) than in the first. In anaphase II, a decrease in the
number of PMC with bridges (1.25-6.25 %) and asynchro-
nous division (1.43-16.25 %) could be noted compared to
the previous phases of meiosis: 2.5-14.28 and 3.64—18.64 %,
respectively. At the final stage, the percentage of normal
tetrads in all the studied material exceeded 90 (Fig. 4). The
main disturbance at that stage was the presence of micronu-
clei in the tetrads, the number of which varied from 1 to 4;
however, tetrads with 1 and 2 micronuclei were most often
formed. PMC with 4 micronuclei were characteristic of only
three hybrids (129 x Laska; Laska x 129; and Darya x 129),
and their frequency of occurrence was only 0.91-1.11 % of
the total number of analyzed cells.

The number of pollen mother cells without aberrations was,
asarule, slightly higher in the hybrids of the reverse crossing
combinations, but at the final stage, no significant differences
were found between the hybrids of different crossing direc-
tions (Fig. 4). The maximum meiotic index (98 %) among the
hybrid material was noted in the combination Lyubava x 129.

Thus, F4 hybrids resulting from the crossing of modern
varieties of common spring wheat with the introgressive line
29 Rassvet x T. dicoccoides k-5199 at all the studied meiotic
stages showed a high level of stability comparable to that of
parental varieties, which ensures the successful reproduction
of the developed hybrid material.

The mineral content of grain

An increase in the mineral content of grain of major agricul-
tural crops is a pressing issue, since micronutrient deficiency
(the so-called “hidden hunger”) produces a significant impact
on human health and well-being (Gupta et al., 2021). In this
regard, we assessed the mineral content of grain of second-
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Fig. 3. A schematic illustration of T. dicoccoides genome fragments in hybrids.
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a - Darya x 129; b - Laska x 129; ¢ - Toma x 129; d - Lyubava x 129; e - 129 x Darya; f - 129 x Laska; g - 129 x Toma; h - 129 x Lyubava. The order of microsatellite
markers corresponds to the genetic maps of T. aestivum chromosomes (Somers et al., 2004). Dark blocks indicate the length of the introgression fragments. To the
left of the chromosome, the distance between the markers in cM is demonstrated; the centromere position is indicated by an arrow.

In both years of study, this introgressive line surpassed all
the studied varieties in the content of Cu, Fe and Mn, but it
was slightly inferior to the variety Lyubava in the content
of Zn (Fig. 5). On average, for 2021-2022, most hybrids
accumulated more Cu, Fe and Mn than the original variety
(a statistically significant excess in the Fe content was found
for the genotypes Toma x 129; Laska x 129; 129 x Lyubava;

ary introgressive common wheat hybrids in comparison
with the parental forms. It was found that over two years
the micronutrient content in 129 was on average as follows:
Cu-3.1; Fe—54.4; Mn—25.1; and Zn — 30.9 mg/kg (Fig. 5),
which turned out to be significantly higher than in the
group of varieties where the values were 1.9, 45.4, 20.6 and
27.4 mg/kg, respectively.
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Table 2. Chromosome behavior in metaphase | of meiosis of secondary introgressive F, common wheat hybrids
and their parental forms
Genotype Bivalents, items Univalents, items
Closed Opened In total %
Darya 20.60 £0.12 0.40+0.12 21.00 +0.00 100 -
Toma 19.87 £ 0.24 1.07£0.24 20.93+£0.05 99.67 0.14 £ 0.09
Laska 20.65+0.13 0.3+0.13 20.95 +0.05 99.76 0.10+0.10
Lyubava 19.3+0.21 147 £0.21 20.93 +£0.07 99.97 0.14+0.13
Darya x 129 20.07 £0.20 0.90+0.19 20.97 £0.03 99.86 0.06 £ 0.07
Toma x 129 20.40+0.16 0.60+0.16 21.00 +0.00 100 0
Laska x 129 19.23 + 0.66 1.03+0.18 20.93 £0.05 99.67 0.14 £ 0.09
Lyubava x 129 20.27 £0.16 0.73+0.16 21.00 +0.00 100 0
129 x Darya 19.97 £0.19 1.03+0.19 21.00 +0.00 100 0
129 x Toma 20.37£0.15 0.60+0.14 20.97 £0.03 99.86 0.06 +0.07
129 x Laska 20.17 £0.21 0.80+0.21 20.97 £0.03 99.86 0.06 +0.07
129 x Lyubava 20.33+£0.15 0.60 £0.15 20.93 £0.05 99.67 0.14 £ 0.09
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Fig. 4. Pollen mother cells without aberrations (%) at different meiotic stages of secondary introgressive F, common wheat hybrids and parental

varieties.

and in the Mn content, for Toma x 129; 129 x Darya and
129 x Toma). At the same time, in 2022, the content of all
the studied microelements in the hybrids was, as a rule,
significantly higher than that of the original variety. In 2021,
such tendency was noted for Fe content in the genotypes
based on the variety Darya; for Mn content, in those based
on the varieties Darya and Toma; for Cu content — genotypes
Toma x 129 and Laska x 129. For the hybrids obtained with
the involvement of varieties Darya and Toma, a high amount
of Zn was also shown, significantly exceeding that in the
parent variety (Fig. 5).

The highest level of Cu and Fe accumulation was observed
in the hybrids Darya x 129 and 129 x Darya. In particular, the
average Cu content in the grain of these hybrids over two years
was 2.7 and 2.6 mg/kg, respectively, and the iron content was
50.3 and 49.7 mg/kg, respectively. The highest Mn content
was observed in the hybrids Toma x 129 and Lyubava x 129
(24.0 and 23.6 mg/Kkg, respectively), and the highest Zn con-
tent was found in the hybrids 129 x Darya and 129 x Toma
(30.7 and 29.2 mg/kg, respectively). The hybrids exceeded

all the studied genotypes in the amount of Cu, Fe and Mn in
grain, except for 129; and in Zn content — except for 129 and
Lyubava.

As for macroelements, 129 was inferior to common
wheat varieties (478.5 mg/kg) in Ca content (on average
369.0 mg/kg over two years); the hybrids did not reach the
level of the parent variety, either (Table S1). As for macroele-
ments, 129 slightly exceeded the varieties. Thus, on average
over two years, the content of K, Mg and P in 129 was 5,207.8;
1,370.0 and 4,505.5 mg/kg, respectively; and in the group of
varieties, 5,083.7; 1,364.9 and 4,137.8 mg/kg. In both years
of study, a significant advantage over the original variety
was revealed only for the hybrids resulting from the variety
Laska in terms of K content and for the 129 x Daria hybrid —
by P content. A reliable excess over the variety in terms of
Mg content was observed only in 2022 in reverse crossing
combinations (except for 129 x Lyubava).

T Supplementary Tables $1-53 are available at:
https://vavilov.elpub.ru/jour/manager/files/Suppl_Orl_Engl_29_8.pdf
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Fig. 5. The content of microelements in the grain of secondary common spring wheat hybrids and their parental forms in 2021 and 2022; average.

Main grain quality indicators

When assessing grain quality, such indicators as protein and
gluten content and gluten quality are of great importance,
since they determine the nutritional and baking capacity of
wheat grain. High-protein genotypes are of particular interest
to the breeders across the globe, since a high role of protein
in the formation of wheat grain quality has been established
(Tanin et al., 2022).

In both years of our study, the level of protein and gluten
accumulation in 129 was higher compared to the modern vari-
eties of the Belarusian selection. Thus, the protein content in
129 in 2021 and 2022 was 18.3 and 16.5 %, respectively; and
in the varieties, 17.1-17.6 and 14.9-16.1 %, respectively. The
gluten content in 129 in 2021 and 2022 was 43.0 and 28.1 %,
respectively; in the varieties, 30.7-32.7 and 23.6-27.8 %,
respectively. Most hybrids in both years of study were char-
acterized by a higher protein and gluten content in grain
compared to the parent variety (Fig. 6). At that, the hybrids
129 x Darya and 129 x Toma surpassed all genotypes in the
protein content. The amount of gluten in those hybrids was
inferior only to the genotype 129.

An excess of the studied hybrids over the original variety
by the trait “gluten quality” in both years was found for the
combinations based on the variety Darya. In 2022, such ten-
dency was typical for most hybrid genotypes (Fig. 6). Over
two years on average, the hybrids Lyubava x 129 (85.3 GDI
conventional units) and Laska x 129 (85.5 GDI conventional
units) had the lowest GDI values among all hybrid material
and were slightly inferior in gluten quality only to the variety
Laska (84.8 GDI conventional units).

Productivity indicators

Currently, wheat varieties that combine high grain quality
and productivity indicators are of particular value. We have
evaluated the obtained hybrids by the main quantitative traits
(Tables S2, S3). On average, over two years, 129 exceeded
the studied varieties by all the studied quantitative traits, but

statistically significant superiority was noted only for the
“spike length” and “grain weight per plant” indicators. In
particular years, the introgressive line was characterized by
significantly higher productive tillering (2022); grain weight
per spike (2021); and thousand grain weight (2021). On ave-
rage, for the “hybrids” group, higher values were noted for
all the traits (except for thousand grain weight) compared to
the “varieties” group, while a significant advantage was found
for spike productivity traits (Table 3).

The main spike makes a great contribution to the overall
plant productivity. The spike length, the number of spikelets
and grains in the main spike in the studied hybrids with a high
level of confidence exceeded the original variety or were at
its level. In terms of grain productivity of a spike, the hybrids
Laska x 129 and Lyubava x 129 can be distinguished, which
surpassed not only the parent varieties, but also other hybrids
in the grain number and weight in the main spike (Table S3).
By the traits “grain weight per plant” and “thousand grain
weight”, no significant differences were found between
the hybrids and the parent varieties: the indicators were
within 3.2—4.3 and 33.8-41.0 g for varieties and 3.4—4.5 and
33.1-38.2 g for hybrids, respectively.

Discussion

It is known that T. dicoccoides samples have a number of eco-
nomically useful traits: high protein and microelement content
in grain, and resistance to biotic and abiotic factors (Chatzav
et al., 2010; Lucas et al., 2017; Mohammadi et al., 2021).
However, when crossing common wheat varieties with wild
emmer, hybrids, along with valuable traits, can also inherit
undesirable properties of their wild relative (low producti-
vity, spike fragility and hard threshing) (Ozkan et al., 2011).
In addition, during interspecific hybridization, introgression
that affects the functioning of the main genes of chromosome
synapsis, which leads to a significant decrease in the meiotic
index and a long formative process (cleavage according to
morphological and economically useful traits), may occur.
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Fig. 6. The difference between the mean values of the grain quality traits of wheat hybrids and their parent varieties in 2021, 2022 and the average for

two years.

Table 3. Quantitative trait values in wheat genotype groups for two years (X + SEM)

Trait Line 29
Productive tillering, items 35+0.2
Spike length, cm 10.3 £0.2%
Number of spikelets per spike, items 19.6 +0.3
Number of grains per spike, items 466+ 1.2
Grain weight per spike, g 1.9+0.1
Grain weight per plant, g 4.7 £0.5*%
Thousand grain weight, g 399+ 1.1

Varieties Hybrids
32+0.1 33+0.1
9.8+0.0 103 +0.1*

18.9+0.2 19.8+0.1*

422+12 46.4 + 0.8%
1.6+0.1 1.7 +0.1
37102 4.1£0.1

36.6+1.3 354+09

* Statistically significant differences compared to the “varieties” group, where p < 0.05; X — mean trait values; and SEM - the standard error of the mean.

Cytogenetically stable forms with the inclusion of alien
genetic material that has a positive effect on economically
important traits are of interest for genetic and selection re-
search. It is believed that when replacing a chromosome arm,
a negative effect resulting from introgression is weaker than
in the case where an entire wheat chromosome is replaced
with an alien chromosome (Millet et al., 2013). Line 29 of
the Rassvet x T. dicoccoides combination we have obtained
is of high cytological stability, despite the presence of frag-

ments of an alien genome in five chromosomes, including
chromosomes 3B and 5B, where the main genes regulating the
meiosis process in wheat are localized (Bhullar et al., 2014;
Darrier et al., 2022). The value of this line is that, along with
a high meiotic index and improved nutritional properties, 129
is at the level of modern common wheat varieties by the main
quantitative indicators.

The inclusion of alien genetic material in the genome of all
hybrids obtained from the crossing of varieties with 129 was
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established. In the progeny developed with the involvement
of varieties Darya, Toma, Laska and Lyubava, the number
and combination of variants of introduced emmer fragments
are different, which indicates the influence exerted on the
process of fixation of alien genetic material in the hybrid
genome of a wheat variety, or more precisely, the genotypic
environment of the hybrid form at its development stage.
At that, all hybrids were already cytologically stable in the
fourth generation, which ensures the successful reproduction
of produced hybrid material.

Our study demonstrated the efficiency of improving modern
wheat varieties in terms of the protein, gluten and mineral
content of grain using an introgressive wheat line as a source
of wild emmer genetic material. The hybrids that in both
years of study significantly surpassed the parental varieties
in terms of the accumulation of the following elements were
obtained: Cu — Toma x 129, 129 x Darya; Mn — Toma x 129,
129 x Darya, 129 x Toma; Zn — Darya x 129, 129 x Darya,
129 x Toma; K — Laska x 129, 129 x Laska; P — 129 x Darya;
protein and gluten — Toma x 129, Laska x 129; and all reverse
crossing combinations.

Moreover, all hybrid genotypes under study were not
inferior to the varieties by the main quantitative traits and
sometimes surpassed them: 129 x Toma — by the length of
the main spike; Toma x 129 and 129 x Lyubava — by the
number of spikelets in the spike; Lyubava x 129, 129 x Toma
and 129 x Lyubava — by the number of grains in the spike.
Comparison of secondary introgressive hybrids with the stan-
dard of common spring wheat (variety Lyubava) showed that
throughout the entire period of study, Darya x 129 statistically
significantly exceeded the standard in the content of Cu, Fe
and K; 129 x Darya — Cu, Fe, K, P, protein and gluten;
129 x Toma and 129 x Lyubava — protein and gluten; Las-
ka x 129 and 129 x Laska — Ca. In other traits, no significant
differences were found between the standard variety and the
hybrids. Only the number of grains per spike in the variety
Lyubava was significantly smaller compared to the hybrids
(except for Darya x 129 and 129 x Lyubava).

At present, increased attention is given to the search for
genes that affect the content of micro- and macroelements
in wheat grain. The largest number of studies in this area is
related to zinc and iron as the most important microelements
in the formation of plant productivity. For example, a number
of loci associated with the content of these microelements
were identified using QTL (quantitative trait loci) mapping
and GWAS (genome wide association study) (Hao et al., 2014;
Velu et al., 2018). At the CIMMYT breeding center, the use
of GWAS to analyze the genetics of Zn accumulation in grain
based on the material of 330 lines of common wheat allowed
identifying 39 marker-trait associations. Two QTL regions
with a large effect on the studied trait were found on chromo-
somes 2B and 7B (Velu et al., 2018). In the work of J. Tong et
al. (2020), based on the information about the genes involved
in Zn and Fe homeostasis in model plants (arabidopsis and
rice), 254 orthologs were identified in wheat. The genes were
found on all wheat chromosomes, with their largest number on
the second (23 %), fifth (15 %) and third (14 %) homologous
groups of chromosomes (Tong et al., 2020).

In our study, the maximum level of Zn accumulation in
grain was observed in the 129 x Darya and 129 x Toma hy-

Using a wheat line with wild emmer genetic material
to improve modern Triticum aestivum L. varieties

brids with the fragments of wild emmer genetic material in
chromosomes 2BS, 3B, 5B and 6AL. At that, the quantitative
trait loci associated with Zn and Fe content in wheat grain
(described in the work of J. Tong et al. (2020)) coincide in their
localization with the regions of introgression of alien genetic
material in chromosomes 2B, 3B and 5B in these hybrids. It
can be noted that these genotypes also had a high protein and
gluten content of grain exceeding the parent varieties and
other hybrids. High rates by these traits were also found in
the hybrid Toma x 129 with the inclusion of alien material in
chromosomes 1BL, 3B and 6AL.

In the works of foreign scientists, there are data on the role
of various chromosomes in regulating the process of protein
accumulation in wheat grain (Liu et al., 2019; Alemu et al.,
2021). For example, the loci associated with protein and gluten
content in the grains of plants grown under different environ-
mental conditions were found on chromosome 5B (Gonzalez-
Hernandez et al., 2004; Giancaspro et al., 2019; Alemu et al.,
2021). Genetic regions controlling protein content in wheat
were also identified on chromosomes 3A and 3B (Kartseva et
al., 2023), as well as 2B and 6A (Mugaddasi, et al., 2020). The
review by C. Paina and P.L. Gregersen (2023) provides data
on the presence of 325 QTL on all the wheat chromosomes
involved in the regulation of protein accumulation in grain.
Some of these loci exert a negative effect on yield. However,
a study of wheat lines obtained from the crossing with wild
emmer (Liu et al., 2019; Fatiukha et al., 2020) did not show
any significant association between the protein content and
the thousand grain weight. At present, there are data on the
identification of regions of the wheat genome that produce a
positive effect on the protein accumulation in grain without af-
fecting yield, as well as regions with a favorable effect on both
indicators (Thorwarth et al., 2019; Ruan et al., 2021), which
indicates the possibility of overcoming negative correlation
between the two economically valuable traits and developing
genotypes with a high grain protein content without reducing
productivity.

Conclusion

The efficiency of using a wheat line with the inclusion of
T. dicoccoides genetic material to enhance modern varieties
in terms of the protein content, gluten and mineral composi-
tion of grain without reducing productivity is demonstrated.
C-banding and microsatellite analysis data indicate a high
frequency of wild emmer genetic material introgression in
the genome of hybrid forms obtained from the crossing of
common spring wheat varieties Darya, Toma, Laska and
Lyubava of the Belarusian selection with the introgressive
line 29 Rassvet x T. dicoccoides k-5199 (four direct and four
reverse crossing combinations).

Among the progeny of eight crossing combinations
analyzed, all introgression variants of alien genetic material
characteristic of line 29 were revealed, and in most cases,
they are present in both homologs, which indicates the sta-
bilization of the karyotype. All F, hybrids are characterized
by a high level of cytological stability (the meiotic index was
90.0-98.0 %). Secondary introgressive hybrids surpassing
parent varieties by a complex of grain quality traits in both
years were identified: 129 X Darya (protein, gluten, Cu, Mn,
Zn and P content); 129 x Toma (protein, gluten, Mn and Zn
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content); Laska x 129 and 129 x Laska (protein, gluten and K
content); and Toma x 129 (protein, gluten, Cu and Mn content).
In addition, these hybrids are not inferior to modern common
wheat varieties in terms of the main productivity indicators,
which increases their value for breeding.
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Flax transposons: unraveling their impact on domestication
and agronomic trait variation
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Abstract. Flax is an important agricultural crop with multifunctional uses. Diversified breeding for oil content in
seeds and fiber in stems has led to the emergence of two morphotypes - fiber flax and oilseed flax. Previously,
using single nucleotide polymorphisms (SNPs), we characterized the genetic diversity of 306 flax samples from the
collection of the Russian Federal Research Center for Bast Crops. However, larger structural variations, such as mobile
genetic elements, also play a significant role in shaping agronomically important plant traits and can be used for
further flax improvement. Here, we used the same flax collection to predict sites of new transposon insertions and
to assess the role of such insertions in the formation of agronomically important traits, as well as in the process of
flax domestication. We discovered 588,480 new transposon insertion sites not present in the reference flax genome
(NCBI assembly ASM22429v2), the majority of which were attributed to retrotransposons of the Copia and Gypsy
superfamilies, while among DNA transposons, insertion sites of the MULE-MuDR, hAT, and CMC-EnSpm superfamilies
were most common. Unlike SNPs, which were significantly more numerous in oilseed flax than in fiber flax, we
did not find such a substantial difference in the number of insertions of different transposon families per plant
among samples of different morphotypes. Analysis of genomic regions affected by recent breeding efforts revealed
a total of 61 candidate regions, of which 18 regions overlapped with QTLs associated with important agronomic
traits. Interestingly, 5 regions of reduced genetic diversity in kryazhs and cultivars compared to landraces were also
identified as regions of reduced diversity when using single nucleotide polymorphisms as markers. A genome-
wide association study (GWAS) identified 50 TE insertions associated with different phenotypic traits, with many
associations confirmed by multiple models or detected in data from multiple years. Thus, transposon insertion
sites are an important source of genetic diversity in flax, alongside single nucleotide polymorphisms, making them
suitable for further crop improvement in breeding.
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TpaHCIIO30HbI JIbHA: POJIb B TEHETUUYECKOM pa3HO06pasunm,
OKV/IbTYPUBAHUY U JeTepMIMUHALIU
XO03SI/iICTBEHHO II€eHHBIX IPM3HAKOB

M.A. Ayk 2 B.A. Cranun!, A.A. Kanarmuu (191, A.A. Camconosa (91, T.A. Poxxmuna3, M.I. Camconosa ()1

1 CaHkT-lMeTepbyprckuii nonuTexHUYecknin yHmsepcutet MNetpa Benukoro, CaHkT-MNeTepbypr, Poccusa
2 DU3UKO-TEXHUUYECKMIT nHcTUTYT UM. A.O. Nodpde Poccuinckoin akapemun Hayk, CaHkT-TeTepbypr, Poccna
3 DepepanbHblii HAyUYHbIN LLEHTP NTyBAHbIX KynbTyp, Top»KoK, Poccus
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AHHOTauusA. JleH — BaXHaA CeNbCKOXO3AWCTBEHHAsA KyNbTypa MHOTOQGYHKLMOHANBbHOIO MCMoMb30BaHuA. PasHo-
HanpaBneHHas ceneKkUrs Ha CofiepKaHre Macia B CeMeHax 1 BOJNIOKHA B CTe6iAX NprBena K BO3HUKHOBEHMIO ABYX
MOP®OTUMNOB — NIbHA-A0NTYHLA W JibHa MacIMUHOro. PaHee, NCMonb3ys OfHOHYKNEOTHAHbIE NONMMOPOU3MBI, Mbl
oxapaKTepr30Banv reHeTMYeckoe pasHoobpasve y 306 06pa3LoB NibHa U3 Konnekuun poccuiickoro ®efepanbHoro
HayyHOro LeHTpa Ny6sAHbIX KynbTyp. BmecTe ¢ Tem 6Gonee KpynHble CTPYKTYpHble Bapuauuy TakxKe uUrpatot
CYLLECTBEHHYIO POJib B $OPMMPOBAHMM arPOHOMUYECKMN BaXKHbIX MPU3HAKOB PACTEHWI 1 MOTYT 6bITb MPUMEHEHbI
ONA fanbHenwero ynyylieHys fibHa. 34ecb Mbl 33eCTBOBaNU Ty e KOeKUMIOo SibHa, YTo6bl NpeackasaTb caiTbl
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M.A. Duk, V.A. Stanin, A.A. Kanapin

Flax transposons

A.A. Samsonova, T.A. Rozhmina, M.G. Samsonova

HOBbIX MHCEPLMIA TPAHCMO30HOB U OLEHUTb POSb TakUX MHCEPLUMI B GOPMUPOBAHUM arpOHOMUYECKN BaXHbIX
NPV3HAKOB, a TakXe B MpoLecce OKynbTypuBaHWA JibHA. Mbl 0GHapyxunm 588480 HOBbIX CalTOB WMHCEpPUMI
TPAHCMO30HOB, He CoAepPKaLlMXCA B pedepeHCHOM reHome nbHa (coopka NCBI ASM22429v2), 13 KoTopbix 60/bluas
YacTb NPUXOAMNACh Ha PETPOTPAHCMNO30HbI cynepcemeincts Copia n Gypsy, a cpeam [HK TpaHCNO30HOB Yalle Bcero
BCTPEYanuchb canTbl MHcepuun cynepcemeincts MULE-MuDR, hAT n CMC-EnSpm. B oTnnumne oT 0fHOHYKNeOTUAHbIX
nonnMop$r3MoB, KOTOPbIX 6bIIO 3HAUMTENbHO 6ObLUE Y JibHA MAaC/IMYHOTO, YeM Y JOSITYHLIOB, Mbl He O6HapPYXunu
CTOSb CYLLECTBEHHON Pa3HMLbl B YAC/IE MHCEPLMI Pa3HbIX CEMEeCTB TPAHCMO30HOB Ha OAHO pacTeHune y obpasLos
pasHoro mopdoTumna. AHanM3 reHOMHbIX 06acTel, 3aTPOHYTbIX HEAABHUMM CENTEKLNOHHBIMU YCUANAMM, BbIABUN
B 00LWWen CNnoXXHOCTU 61 palioH-KaHAuAaT, 13 KoTopbix 18 paioHoB nepecekanucb ¢ QTL, accoummpoBaHHbIMU
C BaXHbIMW arpoOHOMUYECKMMN Mpu3Hakamu. VHTepecHo, 4TO MNATb YYacTKOB YMEHbLUEHUA reHeTUYeCcKoro
pa3Hoo6pasmA y KynbTypHbIX COPTOB U KpsXel Mpu CPaBHEHWMN MX CO CTapOMECTHbIMU COpTaMM TakKe Oblin
NAEHTUOULMPOBaHbI KaK YYacTKM YMeHblUeHNA pa3HoobpasnAa npu MCMONb30BaHWM B KayecTBe MapKepoB
OAHOHYKNEOTUAHBbIX nonnumopédrsmoBs. Npu NONTHOreHOMHOM MOWCKe accoumauunin HangeHo 50 uHcepuwmi TE,
ACCOLMMPOBAHHBIX C Pa3HbIMU GEHOTUMMNYECKUMM MPU3HaKaMK, MPUYEM MHOTME accouvauumy NoATBEPKAAloTCA
HeCKOJIbK/MU MOZAENAMYU U 0OHaPYXKMBATCA B JaHHbIX MO HECKONbKUM rogam. Takum 06pa3om, caiTbl MHCepLmm
TPaHCMO30HOB — Ba)HbI UCTOYHUK FeHEeTUYECKOro pasHoobpasua y JfibHa HapAafdy C OAHOHYKEeOTUAHbIMU
nonumopdraMamu, 4To NO3BONAET NCMONb30BaTb X ANIA AaNbHENLLEro yyUlleHWa KybTypbl NIPU cenekunu.
KnioueBble cnoBa: neH; Linum usitatissimum; TpaHcno3oHbl; GWAS; reHeTuyeckoe pa3Hoobpasue; cenekuumsa

Introduction

Flax is an important agricultural crop grown for both fiber and
oil, used in many areas such as the production of varnishes
and paints, linoleum, composites, and the textile and food
industries (Goudenhooft et al., 2019). Long-term breeding of
flax for oil content in seeds and fiber in stems has led to the
appearance of two morphotypes — fiber flax and oilseed flax.
Fiber flax is characterized by less branching, greater stem
length and plant height, while oilseed flax is characterized
by a larger number of seeds, and hence a greater number of
inflorescences, with a shorter main stem length. In the late
19th and early 20th centuries, Russia was the main supplier
of high-quality flax fiber, obtained from Russian heritage
landraces, also known as “kryazh” (plural: kryazhs) resulting
from folk selection. Kryazhs and Russian landraces made a
decisive contribution to the gene pool of modern flax cultivars
(Helbaek, 1959; Duk et al., 2021).

Previously, using single nucleotide polymorphisms, we
characterized the genetic diversity of 306 flax samples from
the collection of the Russian Federal Research Center for
Bast Crops (FRC BC). We found significant differentiation
between oilseed and fiber flax populations and identified ge-
nomic regions affected by modern breeding (Kanapin et al.,
2022; Duk et al., 2025).

However, larger structural variations, such as transposon
insertions (TEs), also play a significant role in shaping agro-
nomically important plant traits and can be used for further
improvement of the flax cultivars. It is known that TEs con-
stitute a large part of plant genomes (Quesneville, 2020), and
their insertions can lead to genome rearrangements, gene si-
lencing, and rewiring of gene networks (Bourque et al., 2018),
and can also be a source for the emergence of new genes and
non-coding RNAs (Pulido, Casacuberta, 2023).

TEs are conventionally divided into two classes. Class |
includes retrotransposons, which increase their copy number
in the genome by insertion via an RNA intermediate (Mhiri
et al., 2022), resulting in long terminal repeats potentially
constituting up to 90 % of a plant’s genome. Class II includes
DNA transposons, which operate on a “cut-and-paste” prin-
ciple, moving around the genome and usually not increasing

their copy number. The highest TE activity is observed during
periods of stress (Schrader, Schmitz, 2019). Most often, new
insertions have a negative effect and are removed from the
population; however, sometimes they can promote plant
adaptation to unfavorable environmental conditions (Niu et
al., 2019) and, because of this, be preserved in the population
as a result of positive selection.

In this work, we used the same collection of 306 flax
samples from the FRC BC (Duk et al., 2021; Kanapin et
al., 2022) to predict sites of new TE insertions in groups of
samples of different morphotypes and breeding status and to
compare the distribution patterns of TE insertion sites and
polymorphic sites across the genome. We also assessed the role
of TE insertions in the formation of agronomically important
traits and in the process of flax domestication.

Materials and methods

A total of 306 flax samples from the Federal Research Center
for Bast Crops (FRC BC, Torzhok, Russia) collection were
used in this study. The panel comprised 182 fiber flax and
120 oilseed flax varieties. The oilseed group included 99 inter-
mediate, 16 crown, and five large-seeded accessions; the mor-
photype of the four remaining accessions was undetermined.
Based on breeding status, the accessions were categorized as
follows: 230 cultivated varieties (including 141 cultivars and
89 breeding lines), 40 landraces, and 31 kryazhs.

Genomic DNA was extracted from leaf tissue using the
DNeasy Plant Mini Kit (Qiagen, Netherlands). Library prepa-
ration and sequencing were performed at BGI on an Illumina
platform, generating 150 bp paired-end reads. This yielded ap-
proximately 7.63 billion raw reads, totaling 1,143.850625 Gb
of data. The average genome coverage was 9.3%, correspond-
ing to 3.7 Gb per sample.

TE insertion sites were predicted using the TEMP2 software
package (Yu T. et al., 2021) in insertion2 mode to identify
non-reference insertions. Consensus TE sequences for the
search were generated de novo with the REPET package’s
TEdenovo module (Flutre et al., 2011). To address inherent
imprecision in insertion coordinates, we clustered insertions
of the same TE family that were within 200 bp of each other
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Fig. 1. Total number of new TE insertions and the number of insertions of individual TE superfamilies in the collection samples.

(twice the sequencing fragment length) and assigned them a
unified coordinate at the center of the cluster. The final calls
were converted to VCF format, and key insertions were visu-
ally validated using the Integrative Genomics Viewer (IGV).

For population and GWAS analyses, we further consoli-
dated insertion calls to minimize false positives. Insertions
across accessions located within a 50 bp window were merged
into a single locus, with the position defined as the window’s
midpoint. This 50 bp threshold was empirically chosen as
it maximized the number of insertions with a minor allele
frequency (MAF) >5 %, thereby increasing statistical power
while reducing the likelihood of spurious associations.

The genetic structure in the dataset was evaluated using
the Principal Component Analysis (PCA) as well as the
ADMIXTURE software v.1.3.0 (Alexander et al., 2009). The
analyses were performed for K values ranging from 2 to 5.
The phylogenetic tree was constructed with the ape package
and drawn using the ggtree R package (Yu G., 2020). To as-
sess genetic diversity due to TE insertions and calculate the
fixation index (Fst), the VCFtools tool (Danecek et al., 2011)
was used, with a window size of 200 kb. The window size was
chosen in accordance with the average size of regions found
as “hotspots” in the PrimatR package for R (https://github.
com/daewoooo/primatR).

To identify possible genomic regions that underwent
selection during breeding, we compared cultivars with the
corresponding kryazhs and landraces. In each comparison,
we calculated Fst and ROD = 1 — m;/m, statistics, where @ is
the genetic diversity of the corresponding sample group. Ge-
nomic regions with high population differences between the
two groups (highest Fst values, top 5 % of the entire genome
and top 2.5 % of ROD values) were considered as possible
regions with traces of selection.

Values of 13 phenotypic traits measured in plants grown on
the experimental fields of FRC BC in 2019 (one cultivation),
2020 (two cultivations with a two-week shift), and 2021 (one
cultivation) were used (Kanapin et al., 2022): DSI — fusarium
wilt severity index, EFL — elementary fiber length, FC — fiber
content, FW — fiber weight, IL — inflorescence length, NI —
number of internodes, Oil — oil content in seeds, PH — plant
height, Nsed — number of seeds per plant, STI — stem taper-
ing index, TL — technical stem length, TW — weight of the
technical part of the plant, Tswgt — 1,000-seed weight. The
genome-wide association analysis was performed using Blink,
FarmCPU, SUPER, MLMM, MLM, GLM models in the
GAPIT package (Wang, Zhang, 2020) with a threshold FDR

rate 0.9. To link associations with genes, the genome annota-
tion provided by the S. Cloutier group (You, Cloutier, 2020)
was used. To calculate the effect of the insertion on the trait,
the trait values in samples with and without the insertion were
compared, with reliability confirmed by the Mann—Whitney
statistical test (Mann, Whitney, 1947).

Results

Composition of the flax mobilome

We identified a total of 588,480 new transposable element
(TE) insertions across 306 flax samples, 172,984 (29.4 %)
of which could not be classified (Fig. 1). Among the clas-
sified insertions, the Copia superfamily was predominant,
representing 41 % of all insertions (58 % of classified inser-
tions). The Gypsy superfamily was the next most abundant,
comprising 15 % of all insertions (20 % of classified ones).
Retrotransposons of the LINE superfamily constituted 1 %
of insertions. Among Class Il DNA transposons, the Mutator
(MULE-MUuDR) superfamily was the most common (6 % of
all insertions), followed by the hAT (4.3 %) and CMC-EnSpm
(1.3 % of classified insertions) superfamilies.

Population structure analysis using PCA indicated that
genetic differentiation between fiber and oilseed morphotypes
was primarily driven by insertions from the Copia and Gypsy
superfamilies, as well as the hAT-Ac family, as these were the
only markers for which the first principal component separated
the two groups (Fig. S1).

Genomic landscape of the flax mobilome

The genomic distribution of TE insertions relative to genes
varied significantly among superfamilies (Fig. 2, Table S1).
Overall, 22 % of all insertions were located within or in close
proximity (<2 kb) to genes. A strong bias for intergenic regions
was observed for the Gypsy (85 %) and CMC-EnSpm (74 %)
superfamilies, with the majority of their insertions located
far (>2 kb) from genes. In contrast, approximately half of all
LINE and hAT insertions were found near or within genes.
The Copia superfamily showed a pronounced preference for
genic regions, inserting into genes 1.4 times more frequently
than the overall average. Furthermore, Gypsy elements that did
land within genes were 1.3 times more likely to be in introns
and three times less likely to be in exons compared to the
general TE population. Exonic insertions were exceptionally

1 Supplementary Figures S1-S4 and Tables S1-S5 are available at:
https://vavilov.elpub.ru/jour/manager/files/Suppl_Duk_Engl_29_8.pdf
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Fig. 3. Population structure of flax accessions.
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Fig. 2. Location of TE insertion sites relative to genes.
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Fiber flax

Flax transposons

rare for the CMC-EnSpm and L2 transposons. Across all su-
perfamilies, intragenic insertions were predominantly intronic
(71 %), with only 29 % located in exons.

Using TE insertion data for population structure
and relatedness analyses
Principal Component Analysis revealed limited population
structure based on TE insertions. While some differentiation
between fiber and oilseed morphotypes was visible along the
second and third principal components, no clear grouping
by breeding status was observed (Fig. 3a, b). ADMIXTURE
analysis indicated that the optimal number of genetic popula-
tions (K) was two, based on cross-validation error (Fig. 3¢).
However, the error for K = 3 was only marginally higher.
At K > 2, a distinct genetic component (shown in green in
Fig. 3¢) became apparent specifically within oilseed flax ac-
cessions. No discernible differences in admixture patterns
were associated with breeding status.

Phylogenetic reconstruction supported the population struc-
ture, grouping the accessions into three distinct clades (Fig. 4).

Fiber flax
Intermediate flax
Crown flax
Largeseeded flax
Unknown

Linseed flax

a, b - visualization of flax accession clustering using PCA; c - ADMIXTURE graphs for K = 2-5 populations. CVerr - cross-validation error value during

analysis; * crown; ** large-seeded accessions.
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Fig. 4. NJ tree colored by morphotype and breeding status.

Clades I and II were composed almost exclusively of fiber
flax, while Clade III contained nearly all oilseed flax samples.

Kryazhs were predominantly found in Clade I, confirming
their shared genetic background (Duk et al., 2021). Each clade
was significantly enriched for specific TE insertions. Clade I
was characterized by ten unique TE sequences, primarily
from the Copia (five) and Gypsy (two) superfamilies, with
single sequences from RC/Helitron and hAT-Ac. Clades 11
and IIT were enriched with two and three Copia superfamily
insertions, respectively (Table S2).

Identifying selective sweeps and analysis

of agronomic traits using transposon insertions

To uncover genomic signatures of selection, we scanned for
regions exhibiting significantly reduced diversity in specific
comparisons: a) fiber flax cultivars vs. kryazhs or landraces;
b) landraces vs. kryazhs; and c) oilseed cultivars vs. oilseed
landraces. We also compared genetic diversity between fiber
and oilseed cultivars to identify regions associated with
their divergent agronomic traits. This analysis identified
61 candidate selective sweep regions (Fig. 5), with nine re-
gions detected in multiple comparisons. Notably, 18 of these
candidate regions overlap with known quantitative trait loci
(QTLs) for important agronomic traits (You, Cloutier, 2020)
(Table S3), linking these signatures of selection to specific
phenotypic outcomes.

Comparative genomic analysis revealed distinct selec-
tive sweep patterns between flax morphotypes and breeding
groups, with many overlapping known quantitative trait
loci (QTLs). The comparison between oilseed and fiber flax
revealed only one selective sweep signal in fiber flax, which
co-localizes with the oil content QTL QOIL-Lu6.4 on chromo-
some 6 (Table S3). Cultivated varieties of both morphotypes
showed reduced diversity (as compared to landraces) in
regions of chromosome 12 overlapping with QTLs QIOD-

Lul2.3, QLIN-Lul2.3, QLIO-Lul2.3, associated with iodine
content, linoleic and linolenic acid content, respectively.

In fiber flax cultivars, selective sweep signals were observed
1) in a region of chromosome 12, overlapping with QTL
uq.C12-1, 2) in a region of chromosome 3 overlapping with
Lu3-25559600, 3) in a region of chromosome 8 overlapping
with QOLE-LuS8.1, 4) in a region of chromosome 9 overlap-
ping with QSTE-Lu9.2, and 5) in regions of chromosome 6
overlapping with Lu2564 and QOIL-Lu6. These QTLs are
associated with plant height and stem length, seed mucilage
content, oleic and stearic acid content, and oil content, re-
spectively.

In kryazhs, selective sweep signals were detected in 1) re-
gions of chromosome 7 overlapping with QPM-crc-LG7 and
QPAL-Lu7.3, which are associated with powdery mildew
incidence and palmitic acid content, respectively; 2) in regions
of chromosome 2 overlapping with scaffold43-1111162 and
QOIL-Lu2.1, which are associated with 1,000-seed weight and
oil content, respectively, and 3) in regions of chromosome 3
overlapping with QLio-LG3.1, QLin-LG3.1, Marker4371
and scaffold156-76129, for which association with linolenic
and linoleic acid content, plant height, and number of bolls,
respectively, has been shown.

In oilseed flax cultivars, reduced diversity was also
observed in regions of chromosome 8 overlapping with
scaffold635-4397 and QOLE-Lu8.1, which are associated
with the number of branches and oleic acid content, respec-
tively; conversely, increased diversity compared to landraces
was observed in regions of chromosome 7 overlapping with
QLIN-Lu7.2, QLIO-Lu7.2, QPAL-Lu7.3 and QIOD-Lu7.2,
which are associated with linolenic, linoleic, palmitic acid,
and iodine content, respectively.

To further elucidate the genetic basis of agronomic traits,
we conducted a GWAS utilizing transposon insertions as
molecular markers. We discovered 50 TE insertions signifi-
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Fig. 5. Genomic regions under selection. Circos diagram showing ge-
nome-wide selective sweep loci identified in different comparisons: fiber
flax vs. oilseed flax (F/0), fiber flax cultivars vs. landraces (F/L), fiber flax
cultivars vs. kryazhs (F/K), kryazhs vs. fiber flax landraces (K/L), oilseed flax
cultivars vs. landraces (O/L). QTL — QTLs published in (You, Cloutier, 2020).

cantly associated with traits such as Fusarium wilt resistance,
productivity, and fiber content. Many of these associations
were robust, being confirmed by multiple models or repeated
across growing seasons. A ~20 % subset exhibited pleiotropic
effects, associating with several traits simultaneously (see the
Table and Table S4). The potential functional importance of
these insertions is underscored by the finding that four reside
within known QTLs and two are located in genomic regions
with significantly reduced diversity (Fig. 5).

Specifically, 15 associations were supported by multiple
models, and 12 were linked to multiple traits or years. Six
widely distributed insertions (found in >50 accessions) were
selected for experimental validation, with the results detailed
in the Figures S2—-S4.

Discussion

A detailed characterization of flax genetic diversity is of para-
mount importance for its long-term and sustainable production
and diversification, as well as for the overall success of its
breeding programs. Previously, using SNPs, we characterized
the genetic diversity of the core flax collection (306 samples)
of the Federal Research Center for Bast Crops (FRC BC)
(Duk et al., 2021; Kanapin et al., 2022). This collection, one
of the best in the world, includes flax varieties from Eurasia
with a significant proportion of local varieties. Recently,
thanks to advances in bioinformatics and the improvement of
sequencing technologies, other sources of genomic diversity,
including TEs and structural variation, have become available
for analysis, which can play a significant role in shaping ag-
ronomically important plant traits and can be used for further
improvement of agricultural crops.

Flax transposons

Analysis of new TE insertion sites performed in this work
showed that, along with SNPs, TEs are an important source
of genetic diversity in flax. The predominant insertion sites,
as in many other agricultural plants (Stanin et al., 2025), are
retrotransposon insertions, and among DNA transposons,
insertions of the MULE-MuUDR, hAT, and CMC-EnSpm su-
perfamilies are most common (Fig. 1).

In contrast to SNP variation, which was greater in oilseed
flax and landraces than in fiber flax, the number of TE family
insertions did not differ substantially between morphotypes.
Despite this, TE insertion patterns still corroborate the close
relationship and common origin of the kryazhs, similarly to
SNPs. Furthermore, the insertion profiles of the Copia, Gypsy,
and hAT-Ac superfamilies clearly distinguish oilseed from fiber
flax varieties (Fig. S1).

The genomic location of TEs relative to genes significantly
influences gene expression and can lead to diverse phenotypic
changes. In flax, most Gypsy and CMC-EnSpm insertions are
located in intergenic regions. Furthermore, among the TEs
that have inserted into genes, only 29 % are found in exons,
suggesting that insertions in these coding regions are preferen-
tially purged by natural selection (Fig. 2).

Analysis of genomic regions impacted by recent breeding
(Table S3) revealed a striking disparity in selection signals
between oilseed and fiber flax cultivars, with 9 and 32 regions
identified, respectively. Notably, chromosomes 2, 5, 6, 911,
and 15 showed no signals of selective improvement in oilseed
flax (Fig. 5). Despite the fewer regions in oilseed flax, two of
them overlap with known QTLs for fatty acid synthesis. We
also identified 10 genomic regions showing divergent selec-
tion between the two morphotypes. A comparison of fiber
flax cultivars and kryazhs revealed numerous selective sweep
regions, but these showed little overlap. This likely reflects
differing breeding objectives for modern fiber flax, driven by
new industrial uses and climate change. This hypothesis is
supported by the detection of 13 regions with reduced diversity
in modern fiber cultivars compared to kryazhs.

Interestingly, five regions showing reduced genetic diver-
sity in cultivars and kryazhs compared to landraces are also
identified as regions of the diversity reduction when SNPs
are used as markers (Table S5). Among these, noteworthy is
the region of reduced diversity in cultivated oil flax varieties
within Chr4 12400001-12600000, which contains the gene
Lus10036915 associated with pathogen defense, as well as
the region Chr8 22400001-22600000, which overlaps with
QTLs scaffold 6354 3971 and QOLELuS.1, associated with
branch number and oleic acid content, respectively.

The most robust association identified in our GWAS was
for the TE insertion Chr4 14756320, which was significantly
linked to 22 distinct trait-year combinations using all analyti-
cal models (see the Table). This variant is a hAT-Ac family
insertion situated ~2 kb upstream of Lus10041548, a gene with
an AGAMOUS-like ortholog function that controls meristem
determinacy and floral development (Yanofsky et al., 1990).
The insertion’s association with increased inflorescence length
but decreased fiber quality suggests it may inhibit fiber cell
initiation in the meristem. Its genomic position overlaps with
three key QTLs: QYLD-Lu4.1 (seed yield), QPLH-Lu4.3
(plant height), and QDTM-Lu4.1 (early maturity).
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TE insertions associated with phenotypic traits and located less than 3,500 bp from genes with known function

Coordinate
of the TE insertion
(superfamily)

Chr1_3002494
(Copia)
Chr1_10250548
)
Chr1_11870656
(hAT-TagT1)

Chr1_13735350
(Copia; MULE-MuDR)

Chr1_20792291
)
Chr1_28316405
(hAT-Ac)
Chr2_2089015
(Copia)
Chr3_522289
(Copia)
Chr3_19617078
(Gypsy)
Chr3_20336100
(Copia)
Chr3_24121740
(Copia)

Chr3_24426254
(MULE-MuDR), *M/C
Chr4_11952218
(Copia)

Chr4_14756320
(hAT-Ac)

Chr4_14994752
(Copia)
Chr6_1356894
(Copia)
Chr6_11075470
(Copia)
Chr6_11780716
(hAT-Ac)
Chr6_17837550
(Copia)
Chr7_15829004
(Copia)

Chr8_4775776
)

Chr8_12565858
(hAT-Ac)

Trait
(effect)***

Oil (+)
EFL (-)

TL(-)

TL(-)
NI ()
PH (-)

TL(-)

Tswgt (+)

Tswgt (+)

TW (+)

DSI (-)

STI(-)

FC (+)

Tswgt (+)

Insertion localization
relative to the closest
gene

Intron

1,309 upstream

Exon

1,318 upstream

Intron

1,882 downstream

Exon

190 upstream

853 downstream

2,059 upstream

Intron

2,456 upstream

1,006 upstream

400 upstream

709 upstream

34 upstream

1,199 downstream

Closest gene
(ortholog)

Lus10042426
(AT5G10770.1)

Lus10022657
(AT3G04380.1)

Lus10009386
(AT1G08230.2)

Lus10008435
(AT5G37290.1)

Lus10015841
(AT3G62870.1)

Lus10018915
(AT1G71890.1)

Lus10016394
(AT3G08030.1)

Lus10013432
(AT5G23130.1)

Lus10008232
(AT5G46050.1)

Lus10007194
(AT4G01690.1)

Lus10017112
(AT1G48130.1)

Lus10017063
(AT5G49480.1)

Lus10036789
(AT1G13980.1)

Lus10041548
(AT3G61120.1)

Lus10041602
(AT3G52150.1)

Lus10033725
(AT1G12470.1)

Lus10002212
(AT5G01300.1)

Lus10017263
(AT4G36040.1)

Lus10024282
(AT1G58250.1)

Lus10038370
(AT4G20050.1)

Lus10023944
(AT4G38380.1)

Lus10025285
(AT2G37370.1)

Annotation

Eukaryotic aspartyl protease family protein

SET domain-containing protein lysine methyltransferase
family protein

Transmembrane amino acid transporter family protein
ARM repeat superfamily protein

Ribosomal L7Ae/L30e/S12e/Gadd45 family protein
Major facilitator superfamily protein

Protein of unknown function, DUF642
Peptidoglycan-binding LysM domain-containing protein
Peptide transporter 3

Flavin containing amine oxidoreductase family
1-cysteine peroxiredoxin 1

Ca**-binding protein 1

sec7 domain-containing protein

AGAMOUS-like 13, **QYLD-Lu4.1 (YLD),
QPLH-Lu4.3 (PLH), QDTM-Lu4.1 (DTM)

RNA-binding (RRM/RBD/RNP motifs) family protein,
**QPLH-Lu4.3 (PLH), QDTM-Lu4.1 (DTM)

Zinc ion binding

PEBP (phosphatidyle-thanolamine-binding protein)
family protein

Chaperone DnalJ-domain superfamily protein

Golgi-body localisation protein domain;
RNA pol Il promoter Fmp27 protein domain

Pectin lyase-like superfamily protein **QIOD-Lu7.2 (I0OD),
QLIN-Lu7.2 (LIN), QLIO-Lu7.2 (LIO)

MATE efflux family protein

Centrosomal protein
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Flax transposons

Table (end)

Coordinate Trait Insertion localization Closest gene Annotation
of the TE insertion (effect)*** relative to the closest (ortholog)
(superfamily) gene
Chr8_16467884 TW (=), 972 downstream Lus10004540 Double-stranded DNA-binding family protein
(MULE-MuDR) FW (-) (AT1G29850.2)
Chr8_16923232 FC(+) Intron Lus10000673 Nitrate transporter 1.5
(Copia), *A/M (AT1G32450.1)
Chr8_18366764 PH (+), Exon Lus10007810 Disease resistance protein (TIR-NBS-LRR class) family
(Copia) NI (+) (AT5G36930.2)
Chr8_22233522 PH (+), 2,260 upstream Lus10039488 AUX/IAA transcriptional regulator family protein
(Copia) NI (+) (AT5G43700.1) **QOLE-Lu8.1 (OLE)
Chr11_14960430 TW (=), 3,421 downstream Lus10008566 Protein kinase protein with adenine nucleotide alpha
(Copia) TL(-), (AT1G55200.1) hydrolases-like domain

NI (-)
Chr12_11155523 TW (=) 373 upstream Lus10030109 Chloroplast thylakoid lumen protein
(MULE-MuDR) (AT4G02530.1)
Chr13_1437052 EFL (-) Exon Lus10010648 Leucine-rich repeat protein; kinase family protein
(Copia) (AT3G03770.1)
Chr13_2213745 Oil (+) 271 upstream Lus10026978 Protein of unknown function (DUF761)
(Copia) (AT2G26110.1)
Chr13_3391752 PH (-), 1,071 downstream Lus10026032 Major facilitator superfamily protein
(Copia) NI (=), (AT4G36670.1)

TW (-)
Chr13_6346942 FW (=) 253 upstream Lus10002084 Photosystem | reaction center subunit PSI-N,
(hAT-Ac) (AT5G64040.1) chloroplast, putative/PSI-N, putative (PSAN)
Chr13_11641862 EFL (-) 972 downstream Lus10009758 Polyketide cyclase/dehydrase and lipid transport
(Copia) (AT4G17650.1) protein
Chr13_14372739 PH (-) 780 upstream Lus10034660 Alkaline-phosphatase-like family protein
(Copia) (AT4G29680.1)
Chr14_9124491 DSI (-) 153 upstream Lus10005526 Phosphoribosylaminoimidazole carboxylase,
(Copia) (AT2G37690.1) putative/AIR carboxylase, putative
Chr14_9853868 Nsed (+) 984 downstream Lus10000815 Domain of unknown function (DUF313)
(hAT-Ac) (AT2G27410.1)
Chr14_16743646 FW (=) 466 downstream Lus10017981 Nucleotide-diphospho-sugar transferase family

(Copia)

(AT1G14590.1)

protein

*Insertion falls within a genomic region under selection identified in different comparisons: fiber flax vs. oilseed flax (F/O), oilseed flax cultivars vs. landraces (O/L).
** Insertion also falls within a QTL published in (You, Cloutier, 2020). TE insertion coordinate is the midpoint of a 50 bp window. *** Effect of the TE insertion on

the trait: (+) - positive, (-) - negative.

We also noted that the same phenotypic effect could
be caused by different TE families inserting at identical
sites, such as Chrl 13735350 (Copia/MULE-MuDR) and
Chr13 2207778 (MULE-MuDR/hAT-Tagl).

Contrary to expectation, several exonic insertions appear
to enhance trait performance. For instance, Copia insertions
in the exon of Lus10016394, Lus10017112, and Lus10007810
were associated with positive effects, indicating that these
genes likely function as suppressors of their respective
traits (see the Table).

We identified pleiotropic TE insertions affecting multiple
plant architecture traits. An intronic hAT-Tagl insertion in
Lus10009386 (Chrl 11870656), a gene involved in amino
acid transport (Meyer et al., 20006), negatively impacted techni-

cal stem length, plant height, and internode number. A com-
parable negative effect on stem and internode development
was caused by an intronic Copia insertion in Lus10041602
(Chr4 _14994752), a gene encoding a photosynthetic apparatus
component with a role in germination stress response (Xu et
al., 2013); this locus also overlaps with QTLs for plant height
and early maturity (see the Table).

Conversely, a Copia insertion upstream of Lus10039488
(Chr8 22233522) enhanced plant height and internode num-
ber. This gene modulates early auxin responses (Liscum,
Reed, 2002), and the insertion lies within the QOLE-Lu8.1
QTL associated with oleic acid.

The TE insertion at Chrl 10250548 located in an intron
of the Lus10022657 gene, whose ortholog contributes to the

1274 Vavilovskii Zhurnal Genetiki i Selektsii / Vavilov Journal of Genetics and Breeding - 2025 - 29 - 8



M.A. fiyk, B.A. CtanuH, A.A. KaHanuH
A.A. CamcoHoBa, T.A. PoxxmuHa, M.I. CamcoHoBa

transcriptional suppression of pseudogenes and transposons
(Veiseth et al., 2011), had a negative effect on technical stem
length and fiber length (see the Table).

Some insertions can also have different effects on different
traits. For example, the insertion Chr8 4775776, located up-
stream of Lus10023944, had a negative effect on fiber length
but a positive effect on the weight of the technical part. Such
an influence is more preferable when it comes to oil flax, and
the insertion was likely preserved during the selection process.
The ortholog of this gene belongs to the MATE protein family,
which is involved in protection from toxins and the synthesis
of beneficial compounds (Takanashi et al., 2014).

The statistical robustness of several associations was con-
firmed by their discovery with multiple analytical models.
A notable example is a Copia insertion at Chrl 3002494,
located within an intron of the Lus10042426 gene, which was
associated with increased oil content. The ortholog of this gene
is implicated in plant immunity (Breitenbach et al., 2014).
Other robust associations include intronic Copia insertions at
Chr6 1356894 and Chr8 16923232. The corresponding genes
are involved in root development metabolism (Takemoto et
al., 2018) and nitrate transport (Lin et al., 2008), respectively.
Furthermore, the insertion at Chr8 16923232 is located within
a selective sweep region that differentiates oilseed flax from
fiber flax (see the Table).

From an applied perspective, TE insertions that confer
advantageous traits can be harnessed in breeding. A compel-
ling case is the association between reduced disease severity
(DSI) and two insertions: a Gypsy element in the 3'-flanking
region of Lus10008232 (implicated in seed stress resistance
and pathogen defense) (Karim et al., 2005) and a Copia ele-
ment within the auxin transport and cell wall organization
gene Lus10036789 (Geldner et al., 2003). These variants
provide direct targets for marker-assisted selection to enhance
disease resistance.

Conclusion

The genomic landscape of transposon insertions in flax is
non-uniform, revealing patterns consistent with the divergent
selection pressures applied to different morphotypes. These
insertions contribute substantially to phenotypic diversity and
environmental adaptation. Consequently, transposons serve
as a crucial source of molecular markers that, together with
single nucleotide polymorphisms, can be harnessed to select
for desired characteristics in breeding programs.
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The influence of allelic variants of the Vrn-Al gene
on the duration of the vegetation period in Triticum dicoccoides
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Abstract. The duration of the vegetation period (DVP) is an important agronomic trait in cereal. The main influence on
it in wheat is exerted by Vrn genes, which determine the growth habit (spring vs. winter) and DVP. In the present study,
137 wild emmer Triticum dicoccoides (Korn. ex Aschers. et Graebn.) Schweinf. accessions were evaluated according to
the growth habit trait, among which 39 spring ones were identified. The nucleotide sequences of the promoter region
of the Vrn-A1 gene were established in the spring accessions by sequencing. Five allelic variants of Vrn-AT genes previ-
ously found in T. dicoccoides were identified, namely Vrn-A1b.1, Vrn-A1b.2, Vrn-A1b.4, Vrn-Ald, Vrn-Alu. Three spring
accessions PI355457, P1190919, PI560817 simultaneously contained two alleles of the Vrn-AT gene: Vrn-A1d and previ-
ously undescribed functional allelic variant designated by the authors as Vrn-A1b.8. The promoter region of this allele
had several deletions relative to the intact variant. One of such deletions covered 8 bp of the VRN box. In a single ex-
periment, under controlled greenhouse conditions, the relationship between the allelic variants of the Vrn-A1 gene and
the duration of the vegetation period of the T. dicoccoides’ spring accessions was studied using the 2B-PLS (Two-Block
Partial Least Squares) analysis. The correlation coefficient (r) between these traits was 0.534. The correlation coefficient
between the duration of the vegetation period of wild emmer plants and the regions of origin of the studied accessions
was also calculated (r = 0.478). It was shown that accessions with identical alleles of the Vrn-AT gene and originating
from the same region can differ significantly from each other in the duration of the vegetation period. The presence
of phenotypic differences with the same allelic composition of the Vin-AT gene indicates the contribution of other
hereditary factors localized in the genomes of these accessions, which determines their value as new donors of genetic
resources that contribute to the expansion of the biodiversity of common and durum wheat commercial cultivars.
Key words: wild emmer; Triticum dicoccoides; spring growth habit; Vrn-A1 gene; alleles; duration of vegetation period;
2B-PLS analysis
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BinsiHVe ajIyIe/IbHbIX BapuyaHTOB reHa Vrn-Al Ha OJIVHY
BereTalMMOHHOrOo nepuoaa y Triticum dicoccoides
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AHHOTaumA. [iMHa (MPOJOMKNTENBbHOCTb) BEreTaLViOHHOMO Neproaa ABAAETCA OAHUM K3 KIOUYEBbIX XO3ANCTBEHHO
Ba>KHbIX MPU3HAKOB 3€PHOBBIX KY/bTYP. Y MLUEHL OCHOBHOE BIMSIHVE HAa HErO OKa3bIBaOT reHbl V/rn, KOHTponupyoLme
TN (APOBOCTD VS. 03UMOCTb) U CKOPOCTb Pa3BUTUA pacTeHWiA. B HacToswen paboTe No Npri3HaKy «TUM Pa3BUTUS» U3Y-
yeHo 137 obpasuoB aukon nonbel Triticum dicoccoides (Korn. ex Aschers. et Graebn.) Schweinf,, cpegun koTopbix BbisiB-
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The influence of allelic variants of the Vrn-AT gene
on the duration of the vegetation

neHo 39 ApoBbIX. MeToAOM CeKBEHUPOBaHUA Y APOBbIX 06Pa3L0B YCTaHOBNEHbI HYKNEOTUAHbIE NOCejoBaTENIbHOCTY
NPOMOTOpPHOI obnacTy reHa Vrn-Al. ineHTndmnumpoBaHo nNATb annenbHbix BapraHToBs: Vn-A1b.1, Vim-A1b.2, V-A1b.4,
Vrn-A1d, Vrn-Alu. Tpu apoBbix 06pasua, PI355457, PI190919 1 PI560817 T. dicoccoides, copep»anu 0qHOBPEMEHHO fiBa
annena reHa Vrn-A1: Vin-Ald n He onucaHHbI paHee annenbHbl BapuaHT, 0603HaUYeHHbI aBTopamun Kak Vrn-A1b.8.
MpomoTopHaa 06nacTb 3TOro annensa umena HeckosIbKo AeneLnin OTHOCUTENbHO MHTAaKTHOrO BapuaHTa, ofHa U3 Ko-
TopbIx 3axBaTbiBana 8 n.H. VRN-60Kca. B KOHTponupyembix ycnoBrax Tenamubl y obpasuos 6bina onpeaeneHa givHa
BereTaLMoHHOro nepuoga n metogom 2B-PLS aHanu3a (two-block partial least squares analysis) oueHeHa cBA3b mexay
annenbHbIMV BapuaHTamu reHa Vrn-AT v BIMHO BereTaLMOHHOTO Nepriofa ApoBbix 06pasuoB T. dicoccoides. Koapdu-
LMeHT Koppenauum (r) mexxgy 3Tumun nprsHakamu coctaBun 0.534. bbin paccumtaH Takxke Ko3dpdULMEHT Koppenaunm
MeXay AJIMHOWM BereTalMOHHOro nepriofa pacTeHnii U perrioHammn npoucxoxaeHms obpasuos (r = 0.478). NokasaHo,
41O 06pasubl, UMeloLLVie OANHAKOBbIE annenu reHa Vrn-Al 1 nponcxogawme n3 OgHOro pernoHa, MoryT 3HaunTenb-
HO OT/IMYaTbCA Mexay cobol No AfvHe BereTaunMoHHoro nepuopaa. Hannune deHoTnUUecknx pasnnymii npu oanHa-
KOBOM ajnesibHOM cocTaBe reHa Vrn-Al yKkasbiBaeT Ha BKIaf VHbIX HacNeACTBEHHbIX GaKTOPOB, IOKAJIM30BaHHbIX B
reHomax 3Tmx o6pasLoB, YTO OOYC/IOBNMBAET NX LIEHHOCTb B KauecTBe HOBbIX MCTOYHUKOB FreHeTUYECKNX PecypCos,
CNOCOBCTBYIOLWMX pacLLMpPeHIto 61MopPa3HO06Pa3na COPTOB BO3AENbIBAEMbIX BUAOB MLUEHNL,.

KnioueBble cnoBa: gukas nonba; Triticum dicoccoides; aApoBoi TUN pas3sBuTnA; reH Vrn-Al; annenwv; AnnHa BereTaynoH-

Horo nepuopa; 2B-PLS aHann3

Introduction
Wild emmer Triticum dicoccoides (Korn. ex Aschers. et
Graebn.) Schweinf. is one of the hypothetic ancestors of cul-
tivated tetraploid (2n = 4x = 28) wheat (Rivera et al., 2025).
Its range covers the Fertile Crescent (Southwest Asia) and
extends from Israel, Jordan, Lebanon, Syria, southern Turkey
and northern Iraq to southwestern Iran (Ozkan et al., 2011;
Lack, van Slageren, 2020), where emmer T. dicoccum Schrank
ex Schubl. was domesticated (Novoselskaya-Dragovich et
al., 2025). Due to this extensive areal, T. dicoccoides retains
polymorphism and has significant potential to improve mo-
dern cultivated wheat species (Kato et al., 1997; Nevo, 2001;
Dong et al., 2010; Feng et al., 2017). Allelic variants of
T. dicoccoides genes determining agronomically important
traits have often been used to improve the resistance of du-
rum and bread wheat plants to various diseases such as ear
fusarium (Soresi et al., 2017, 2021), yellow rust (Sela et al.,
2014; Zhang H. et al., 2016), powdery mildew (Xue et al.,
2012; Ouyang et al., 2014; Liang et al., 2015; Saidou et al.,
2015; Qiu et al., 2021), and others. In addition to the intro-
gression of immunity-related genes, wild emmer is widely
used to improve other traits in cultivated wheat species, such
as increased adaptability due to the transfer of dominant Vrn
(response to vernalization) genes and their alleles responsible
for the formation of the growth habit (spring vs. winter) and
the duration of the vegetation period (Strejckova et al., 2023).
The growth habit is the most important trait that deter-
mines wide adaptability of wheat plants to various climatic
conditions (Law, Worland, 1997). Winter-type wheat requires
prolonged exposure to low positive temperatures (typically
>50 days of vernalization) for transition from vegetative to
reproductive development (Kiss et al., 2025). This mechanism
causes a delay in the vegetative phase of plants, preventing
damage to floral meristems by low temperatures. Spring wheat
delays the transition from vegetative to reproductive develop-
ment during a single growing season without vernalization
(Distelfeld et al., 2009a). It has been more than once shown
that the Vrn genes, which control the growth and development
characteristics (duration of ontogenesis) of wheat plants, de-
termine not only the growth habit (spring/winter), but also
the duration of development phases (Efremova, Chumanova,
2023), i. e. they control the duration of the life cycle from

germination to ripening and, as a result, affect early flowering
and yield (Flood, Halloran, 1986; Goncharov, 1998; Distelfeld
et al., 2009a; Kamran et al., 2014; Shcherban et al., 2015a;
Afshari-Behbahanizadeh et al., 2024; Plotnikov et al., 2024;
etc.). In addition to these genes, the duration of the vegetation
period in wheat is also affected by other genes, such as Ppd
(response to photoperiod), which determine the sensitivity of
plants to photoperiod, and Eps (earliness per se), which de-
termine the earliness without the influence of external signals
(Distelfeld et al., 2009a; Kamran et al., 2014; Wirschum et
al., 2018). It is noted that the Vrn gene system accounts for
up to 75 % of variability for this trait, while the other two
systems — for about 25 % (Stelmakh, 1998). The significant
influence of VIrn genes on phenology (particularly flowering
time regulation) has motivated extensive research into these
loci. By now, studies have characterized these genes’ genomic
structure and chromosomal localization, while also elucidating
their interactions with other genes controlling developmental
timing (Yan et al., 2003, 2004b, 2006; Fu et al., 2005; Distel-
feld et al., 2009b; Chen A., Dubcovsky, 2012; Shcherban et
al.,2012a, b, 2013, 2015a; Chen F. et al., 2013; Kippes et al.,
2014-2016; Shcherban, Salina, 2017).

Mutations of three genes, Vrn-1, Vrn-2 and Vrn-3, cause the
spring growth habit in many species of the genus Triticum L.
(Goncharov, 20044, b; Yan et al., 20044, b, 2006; Golovnina et
al., 2010; Shcherban, Salina, 2017). In common wheat (Triti-
cum aestivum L.) (Kippes et al., 2014, 2015) and T. sphaero-
coccum Perc. (Goncharov, Shitova, 1999), the fourth Virn gene,
Vrn-D4, has been described. The expression of Vrn-1 serves
as the primary molecular trigger initiating the inflorescence
development cascade (Yan et al., 2003; Trevaskis et al., 2007).
The Vrn-1 gene encodes MADS-box transcription factors
(Yan et al., 2004a; Trevaskis et al., 2007), which reduce the
expression of Virn-2 genes and induce the expression of Vrn-3
genes, which function as florigen (Dubcinsky et al., 2006; Yan
et al., 2006; Hemming et al., 2008). It has been shown that
the spring growth habit in hexaploid (2n = 6x = 42) wheat can
be determined by mutations in the Vrn-1, Vrn-D4 and Vrn-3
genes, which cause their expression without low temperature
(vernalization) (Yan et al., 2003, 2004b, 2006; Fu et al., 2005;
Chen A., Dubtsovsky, 2012; Shcherban et al., 2012a, b, 2013,
2015a; Kippes et al., 2014, 2015; Shcherban, Salina, 2017),
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or due to a decrease in the number of zinc finger domains and
CCTs that form the Vrn-2 codes, or form a cyclic composition
of domain structures (Distelfeld et al., 2009b; Chen F. et al.,
2013; Kippes et al., 2016).

The spring growth habit in T. dicoccoides is inherited in a
dominant manner (Goncharov, 1998). In this species, allelic
variants of the gene determining the spring growth habit
are described only in the VRN-1 locus (Yan et al., 2004a;
Shcherban et al., 2015b; Konopatskaya et al., 2016; Muterko
etal., 2016; etc.). To date, seven such alleles are known, four
of which contain deletions of different lengths in the promoter
region (Vrn-Alb.2, Vrn-Alb.7, Vrn-Alf and Vin-A1d); two al-
leles have the structure of these elements in the same region
(Vrn-Ala.3) and a deletion in the first intron (Vrn-Alc); one
allele differs from the intact sequence by 29 nucleotide sub-
stitutions, one deletion and one SNP insertion in the promoter
region (Vrn-B1ldic) (Yan etal., 2004a; Shcherban et al., 2015b;
Konopatskaya et al., 2016; Muterko et al., 2016).

All of the above-mentioned allelic variants of Vrn-1 genes
were previously detected in a study of 92 spring and winter
accessions of T. dicoccoides (Yan et al., 2004a; Shcherban
et al., 2015b; Konopatskaia et al., 2016; Muterko et al.,
2016). However, these studies cover only a portion of the
wild emmer accessions available in collections. According
to the GRIN NPGS report, based on the results of 2001
trials, 792 T. dicoccoides accessions were sown at the USDA
research station in Idaho. 292 of them were classified as
spring or facultative forms (URL: https://npgsweb.ars-grin.
gov/gringlobal/method?id=491608, accessed April 2, 2025).
However, unlike bread wheat, the studies published to date do
not provide information on the effect of the identified allelic
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variants of Virn-1 genes on the change in the duration of the
growing season of spring T. dicoccoides plants.

The present study has two main objectives: (i) sequencing
and analysis of the promoter region of the Vrn-Al gene, in-
cluding VRN-box and GArG-box, in 39 previously unstudied
spring accessions of T. dicoccoides, (ii) assessment of the
associative relationship between the allelic variants of the
Vrn-Al gene and the duration of the growing season in spring
accessions of T. dicoccoides under controlled conditions.

Material and methods

Plant material, growing conditions, assessment of the
growth habit and duration of the vegetation period. The
plant material for the study was 137 T. dicoccoides accessions
of various ecological and geographical origins, of which
39 accessions with a spring growth habit were identified
and taken for further study (Table 1, Fig. 1). Progeny seeds
were obtained from each accession to assess the growth habit
(spring vs. winter) and heading time. The plants were planted
as 5-day-old seedlings (10 per accession) in a hydroponic
greenhouse of the Institute of Cytology and Genetics SB RAS
without preliminary vernalization. The plants were grown at
a temperature of 23-25 °C, under long-day (16 h) conditions,
at standard humidity. The number of days from planting to
heading was recorded for each plant individually. Based on
the data obtained, the average value of this feature for each
accession was estimated.

Total DNA isolation, PCR amplification, and nucleotide
sequence analysis of the Vrn-Al gene promoter. Total DNA
was isolated using the DNeasy Plant Mini Kit (QIAGEN,
Hilden, Germany) according to the manufacturer’s protocol.

Northern Cyprus

1G 119412

Lebanon
1G 45497
1G 139989
Expedition No. 18, 19, 20, 22

1G 45493 1G 118178
P14114721 G 46461

Expedition No. 125

Israel

K26119 1G 46394
1G 46404C #6394 16 45500
IG 139126 Jordan
PI467002 39138
Palestine

Turkey

Expedition No. 2

Syria

1G 46253 P1560817

1G 46226

Iraq

150 km

Saudi Arabia

Fig. 1. Map of the collection sites of T. dicoccoides accessions studied in this work.
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The influence of allelic variants of the Vrn-AT gene
on the duration of the vegetation

Table 1. Triticum dicoccoides accessions used in the study, their collection sites, time to heading, and Vrn-AT allelic variants

No. Accession name Collection site
1 IG 46405 Jordan
2 1G 45491 Syria
3 1G 139138 Jordan
4 1G 45493 Syria
5 1G 46394
6 1G 45500
7 1G 46226 Turkey
8 Expedition No. 2
9 1G 46461 Syria
10 1G 45497
11 PI415151 Israel
12 P1414721
13 IG 139126 Jordan
14 P1467016 Israel
15 P1467002
16 k-26119
17 P1467027
18 DC91 Unknown
19 P1 346783 Hungary
20 P1355457 Germany
21 P1190919 Belgium
22 P1560817 Turkey
23 Expedition No. 20 Israel
24 Expedition No. 8
25 Expedition No. 19
26 Expedition No. 18
27 Expedition No. 22
28 Expedition No. 125
29 k-5199 Israel
30 IG 45495 Syria
31 Unknown Belarus
32 P1352366 Germany
33 k-41965 Israel
34 IG 46253 Turkey
35 P130989 Israel
36 IG 139989 Syria
37 1G 119412
38 IG118178
39 Expedition No. 116 Israel

50-100 mg of freshly collected leaves from each sample
were used for DNA extraction. The quantity and quality of
the isolated DNA were determined using a NanoDrop2000
spectrophotometer (Thermo Scientific, Waltham, USA) and
electrophoretic separation in 1 % agarose gel containing
ethidium bromide (0.5 mg/ml) in 1XTAE. Polymerase chain

Vrn-Al
allelic variant

Vrn-Alu

Heading time (day),
mean * standard deviation

93 +10.1
83+1.7
83+5.1
69+24
83+18
69+94
73+29
89+77
69+13
73+43
86+75
83+6.9
62+78
83+1.9
44+28
46 £ 2.1
56 +8.6
7674
67 +£6.9
62+8.7
56+ 1.6
62+1.5
54+43
45+54
46+74
54+58
72+53
72+33
41+94
93+72
38+24
38+3.6
48 +8.2
34+64
93+3.6
86+9.7
80+10.2
93+7.8
86+3.6

Vrn-Ald

Vrn-A1d/Vrn-A1b.7

Vrn-Ald

Vrn-A1b.1

Vrn-A1b.2

Vrn-A1b.4

reactions (PCR) were performed in 20-ul reactions containing
10 mM Tris-HCI (pH 8.9), 1 mM (NH,),SO,, 4 mM MgCl,,
200 puM of each dNTP, 0.5 pM of each primer, 1 unit of Taq
DNA polymerase, and 0.1 ug of genomic DNA. Primers
VRNIAF (5'-GAAAGGAAAAATTCTGCTCG-3") and
VRNI-INTIR (5'-GCAGGAAATCGAAATCGAAG-3") were
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used to probe the target region of the promoter region. The
primers amplified a 688 bp fragment (in the case of the intact
allelic variant) from position —439 bp upstream of the start
codon to 246 bp upstream of the start codon. The PCR program
included an initial denaturation step for 5 min at 94 °C and
33 amplification cycles consisting of 30 sec of denaturation at
94 °C, 40 sec of annealing at 52 °C and 1 min of elongation
at 72 °C. PCR products were separated by agarose gel elec-
trophoresis and purified using the QIAquick Gel Extraction
Kit (QIAGEN). PCR products were cloned into the pAL2-T
vector using the Quick-TA kit protocol (Eurogen, Moscow,
Russia). Sequencing reactions were performed using 200 ng
of product and the BigDye Terminator v3.1 sequencing kit
(Thermo Scientific, USA) on an ABI 3130XL genetic analyzer
(Applied Biosystems, Waltham, MA, USA) at the Genomics
Center of the Siberian Branch of the Russian Academy of Sci-
ences (URL.: http://www.niboch.nsc.ru/doku.php corefacility,
accessed April 2, 2025).

Statistical analysis of data. For statistical processing,
quantitative and qualitative characteristics of the samples were
used. The analysis of allelic variants of the Vrn-Al gene and
their relationship with the heading date (duration of the vege-
tation period) was carried out taking into account previously
published data obtained under identical growing conditions
(hydroponic system, 16-hour photoperiod) (Shcherban et al.,
2015b; Konopatskaia et al., 2016; Muterko et al., 2016). The
data are presented as a “samples—features” matrix. Each object
is described by three features: the heading date of the sample
(quantitative), the allelic variant of the Vrn-Al gene (qualita-
tive), and the region of accession collection sites (qualitative).
The two-block partial least squares method (2B-PLS) was
applied to each pair of blocks (Rohlf, Corti, 2000). Then, the
correlations between the obtained bicomponents were calcu-
lated. Calculations and visualization of the obtained results
were carried out in the software package for statistical analysis
Statistica 12.6 (StatSoft).

Results

Study of growth habit and duration

of the vegetation period in the studied

T. dicoccoides accessions

To study the growth habit (spring/winter type) of plants,
137 accessions of wild emmer T. dicoccoides were planted at
a hydroponic greenhouse at the Institute of Cytology and Ge-
netics SB RAS. Among the studied accessions, 12 (IG 45495,
1G 45491, 1G 46394, PI 414721, 1G 45500, PI 355457,
P1560817,k-41965,k-26119, P1467002, k-5199, P1352366)
had been previously characterized as spring ones (URL.:
https://npgsweb.ars-grin.gov/gringlobal/method?id=491608;
URL: https://www.genesys-pgr.org; URL: https://grs.icarda.
org, accessed April 2, 2025). These were used as spring
controls. Among the controls, plants of accession 1G 45495
(Syria) were the latest heading. Of the 125 previously un-
studied accessions, 98 did not do transition to reproductive
development and remained at the tillering stage, while the
remaining 27 accessions formed spikes no later than the late
spring control IG 45495. Considering that all seedlings were
planted without vernalization, we classified 98 accessions that
failed to head as winter types, and 27 accessions as spring
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ones. In subsequent studies of the nucleotide sequences of
Vrn-Al gene alleles, only the 27 identified spring accessions
and 12 spring controls were studied.

For all spring accessions, the duration of the period from
seedling planting to heading (in days) was recorded. The plants
exhibited substantial variation in the duration of the vegetation
period; the earliest-maturing accession, IG 46253 (Turkey),
reached heading in 34 days, while the latest-maturing one,
1G 45495, took 93 days (Table 1). The obtained data were used
to calculate the correlation between the allelic variants of the
Vrn-Al gene and the duration of the vegetation period in plants.

Analysis of the nucleotide sequences

of the promoter region of the Vrn-A1 gene

The studied T. dicoccoides accessions revealed six distinct
variants of the Vrn-Al gene promoter. Five variants cor-
responded to alleles previously described in this species. Ten
accessions carried the Vrn-Alu allele; two, Vrn-Alb.1; four,
Vrn-Alb.2; five, Vrn-Alb.4; and eighteen, Vrn-Ald (Table 1).
Among 39 analyzed sequences, none contained additional
SNPs or other mutations in the VRN-box and GArG-box
regions compared to previously described variants (Fig. 2).
Three accessions (PI 355457, PI 190919, PI 560817) were
of particular interest as they simultaneously contained two
Vrn-Al gene promoters. One sequence was identical to the
Vrn-Ald allelic variant. The other sequence contained three
deletions relative to the intact promoter variant: a 32 bp dele-
tion located between —234 bp and —201 bp upstream of the
start codon; a 19 bp deletion between —159 bp and —139 bp
upstream; and a 1 bp deletion at —138 bp upstream. The dele-
tion located farthest from the start codon encompassed 8 bp
of the VRN-box, while the remaining sequence of this site
contained a T to C substitution at position —197 bp upstream.
This allelic variant, discovered in the present study, was de-
signated as Vrn-A1b.8. All sequences have been deposited in
GenBank (accession numbers PV699347-PV699388).

2B-PLS analysis

For statistical analysis of the obtained results, we used three
data blocks describing the accessions: heading time (quantita-
tive trait), Vrn-Al gene allelic variants (the number of binary
traits equals the number of alleles), and region of origin (the
number of binary traits equals the number of origin regions).
For each pair of blocks (heading-allele, heading—region of
origin, allele-region of origin), we applied the two-block
partial least squares method (2B-PLS) (Rohlf, Corti, 2000).
The data on Vrn-A1 gene allelic variants and heading times of
accessions obtained in the present study were supplemented
with similar data from previously published studies where
plants were grown under identical conditions (hydroponic
greenhouse, 16-hour photoperiod) (Shcherban et al., 2015b;
Konopatskaia et al., 2016; Muterko et al., 2016).

During the analysis, we also considered information about
the geographic origin (collection site) of accessions to evaluate
the influence of different Virn-1 gene alleles on plant heading
time, contributing to wheat adaptation to environments. For
accessions containing two Vrn-Al alleles, we treated them
as a separate variant, recording the alleles present in the ac-
cession as separated by a slash (e. g., Vrn-Ald/Vrn-Alf). We
only considered the first pair of axes (designated as uAx1 and
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Transposon insertion

Vrn-Ala.3
Vrn-A1b.2
Vrn-A1b.4
Vn-A1b.7
Vr-Ald
Vrn-A1f
Vrn-Alu
Vrn-A1b.8

VRN-box

The influence of allelic variants of the Vrn-AT gene
on the duration of the vegetation

GArG-box

Fig. 2. Alignment of Vrn-AT gene promoter sequences found in 39 spring T. dicoccoides. The newly identified sequence is shown

in bold.
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vAx1) showing the highest covariance (Fig. 3). When a block
contained only one trait (“heading time”), it constituted the
sole (first) bicomponent of that block (uAx1).

When applying 2B-PLS analysis to assess the relationship
between the duration of the vegetation period and allelic
variants of the Vrn-Al gene, we derived one axis (UAX1)
from the “heading time” trait and another axis (VAx1) from
the binary “accession-allele” matrix. The correlation coef-
ficient (r) between the axes was 0.53 (moderate association),
p-value = 3.88x 1076 (Table 2). No specific allelic variant
of the Vrn-Al gene showed a correlation coefficient with
axis uAx1 >0.5. The only allele with a close value (0.45)
was Vrn-Alb.4, while other allelic variants showed correla-
tions <0.3 with the “heading time” trait. The strongest as-
sociations with axis vAx1 were observed for alleles Virn-Ald
(r =-0.61) and Vrn-Alu (r = 0.8).The opposite signs of the
correlation coefficients for these two allelic variants suggest
their opposing effects on the trait.

Using the same method, we analyzed the influence of ge-
netic adaptation mechanisms by deriving axis vAx1 from the

“‘accession—origin region” matrix. The second axis (UAX1),
as in the previous case, corresponded to the “heading time”
trait. The correlation coefficient between the axes showed
a weaker association than in the analysis of the relation-
ship between vegetation period duration and Vrn-Al alleles
(r = 0.47, p-value = 4.92 x 107°) (Table 3). Accessions from
Syria showed a correlation coefficient with plant heading time
of r = 0.46, while accessions from other regions demonstrated
insignificant associations with this trait (r <0.3). The strongest
associations with axis VAx1 were observed for accessions from
Israel and Syria (r =-0.864 and r = 0.812, respectively). The
difference in signs of the correlation coefficients indicates
opposing effects of different genetic adaptation mechanisms
on the duration of the vegetation period.

Discussion

Combinations of allelic variants of Virn-1 genes significantly
influence the agronomically important trait of “duration of the
vegetation period” in cultivated wheat species (Flood, Hal-
loran, 1986; Goncharov, 1998; Kato et al., 1998; Distelfeld
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Table 2. Correlation matrix (x1000) between Vrn-AT allelic variants and plant heading time
et 2 s s s 3 g = S = 3 3. 38 3
= = Ty < < < < T T T T ST <
uAx1 - 534 =75 55 -295 450 -274 -229 -109 =111 =21 290
VAXT 534 - 534 19 14 =347 415 -110 48 [Sell| 71 -21 802
Heading time - 534 - -75 55 —295 450 -274 —229 -109 =111 -21 290
Vrn-Ala.3 -75 -19 -75 - -22 -39 -36 -22 -15 -106 =27 =27 -67
Vrn-A1b.1 55 14 55 -22 - -56 -51 =31 -22 -152 -39 -39 -96
Vrn-A1b.2 -295 -347 -295 -39 -56 - =91 -56 -39 =271 -69 -69 =171
Vrn-A1b.4 450 415 450 -36 =51 -91 - =51 -36 -246 -62 -62 -155
Vrn-A1b.4/Vrn-A1f -274 -110 -274 -22 -31 -56 =51 - -22 -152 -39 -39 -96
Vrn-A1b.7/Vrn-AT1f —229 -48 =229 -15 =22 -39 -36 =22 - -106 =27 =27 -67
Vrn-Ald -109 - -109 -106 -152 =271 -246 -152 -106 - -187 -187 -466
Vrn-A1d/Vr-AT1f =111 -71 =i -27 -39 -69 -62 -39 —27 -187 N -48 -118
Vrn-A1d/Vrn-A1b.8 =21 =21 -21 -27 -39 -69 -62 -39 =27 -187 -48 - -118
Vrn-Alu 290 802 290 -67 -96 =171 -155 -96 -67 -466 -118 -118 -
Note. Color here and in Table 3: light red, light green — p < 0.001, red, green —p < 1074,
Table 3. Matrix of relationships (x1000) between the region of origin or habitat of accession and the time of plant heading
e 2 g s § 3 c f .
=] > I + [aa) o O u ) = — (%) ) [ )
uAx1 - 478 -41 =171 -213 39 -265 213 -249 31 460 65 14
VAXT 478 - 478 44 26 -1 56 [S8e4 | 221 2 55 | 812 182 75
Heading time - 478 - -41 =171 -213 39 -265 213 -249 31 460 65 14
Belgium -41 44 -41 - -15 =27 -15 -132 -32 -22 -15 -52 -39 -22
Belarus =171 26 =17 -15 N -27 -15 =132 -32 -22 -15 —52 -39 -22
Germany =213 -1 =213  -27 =27 - =27 -232 55 -39 =27 -92 -69 -39
Hungary 39 56 39 -15 -15 =27 - -132  -32 -22 -15 -52 -39 -22
Israel 265 |S864 | 265 -132 -132 -232 -132 -  -270 -188 -132 -449 -336 -188
Jordan 213 221 213 -32 -32 =55 -32 -270 - -45 -32 -107 -80 -45
Lebanon -249 2 -249 -22 -22 -39 -22 -188 45 - -22 -75 -56 -31
Spain 31 55 31 -15 -15 =27 -15 -132 -32 -22 - -52 -39 -22
Syria 460 812 460 -52 -52 -92 -52 -449 -107 -75 -52 - -134 -75
Turkey 65 182 65 -39 -39 -69 -39 -336 -80 -56 -39 -134 - -56
Unknown 14 75 14 -22 -22 -39 -22 -188 45 =31 -22 -75 -56 -

Note. For Germany, Hungary, Belarus, and Belgium, these indicate not natural habitats, but GenBank deposit locations.

et al., 2009a; Kamran et al., 2014; Shcherban et al., 2015g;
Smolenskaya et al., 2022; Smolenskaya, Goncharov, 2023;
Afshari-Behbahanizadeh et al., 2024; Plotnikov et al., 2024;
Goncharov et al., 2025). Studying the allelic composition of
these genes in wild species and the relationship between differ-
entalleles and vegetation period duration is crucial for expand-
ing diversity and enhancing plasticity of cultivated species,
as well as their adaptation to specific growing conditions in

different regions. Populations of T. dicoccoides contain spring
accessions where mutant variants of Vrn-1 genes emerged
independently from those in widely cultivated T. aestivum
and T. durum Desf. (Shcherban et al., 2015b; Konopatskaia et
al., 2016; Muterko et al., 2016). Introgression of wild emmer
alleles into cultivated species would allow to expand their
polymorphism and enable finer tuning of heading times in
commercial cultivars.
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In this study, we examined the growth habit (spring vs.
winter) in 137 T. dicoccoides accessions and analyzed the
promoter region of the Virn-Al gene in 39 identified spring
accessions. Thirty-six of them contained five allelic vari-
ants (Vrn-Alb.1, Virn-Alb.2, Vrn-Alb.4, Virn-Ald, Vrn-Alu)
previously described in T. dicoccoides (Yan et al., 2004a;
Shcherban et al., 2015b; Konopatskaia et al., 2016; Muterko
et al., 2016). The presence of the Vrn-Alb.1, Vrn-Alb.2 or
Vrn-Ald alleles in wild emmer genomes has been shown to
be a determining factor for spring growth habit (Yan et al.,
2004a; Shcherban et al., 2015b; Konopatskaia et al., 2016;
Muterko et al., 2016). Three of the 39 spring T. dicoccoides
accessions simultaneously carried two different Vrn-Al vari-
ants. One allele sequence matched the previously described
Vrn-Ald promoter variant, while the other contained dele-
tions differing from known variants. The National Center
for Biotechnology Information (NCBI) database contains
no nucleotide sequences identical to this allelic variant. The
closest match was Vrn-Alb.7, from which our newly identi-
fied variant differed by a 32 bp deletion located between
—234 bp and —201 bp upstream of the start codon, and a T to
C substitution at —197 bp upstream. We designated this novel
variant as Vrn-A1b.8. The deletion in the Vrn-Alb.8 promoter
encompassed 8 bp of the VRN-box region.

Searching for Vrn-Al promoter sequences with similar
VRN-box deletions revealed the closest match to be the
Vrn-Alo allele (Zhang B. et al., 2023), which carries a larger
(10 bp) deletion from the 5" end of VRN-box. The Vrn-Alo
allele has been shown to confer spring growth habit in common
wheat (Zhang B. et al., 2023). This suggests that Vrn-Alb.8
may also determine spring growth habit. However, the pres-
ence of the dominant Vrn-Ald allele, which induces spring
growth habit even as a single copy (Golovnina et al., 2010),
in these accessions currently prevents definitive assessment
of the Vrn-A1b.8 effect on spring type. The presence of two
dominant alleles in one accession could result from plant
material heterogeneity or copy number variation (CNV) due
to locus duplication. Fixation of two different Vrn-1 alleles
in T. dicoccoides genomes has been previously demonstrated
(Konopatskaia et al., 2016). Moreover, this phenomenon
has been observed in several other tetraploid wheat species
(Golovnina et al., 2010; Chhuneja et al., 2015). Therefore,
CNV in the genomes of these three spring T. dicoccoides
accessions with two Vrn-Al promoter copies appears to be a
more probable explanation.

Following the determination of nucleotide sequences of the
Vrn-Al gene promoter in this study, we evaluated the relation-
ship between its allelic variants and the vegetation period
duration in wild emmer. For our analysis, we supplemented
the data with heading time values from several other studies
where promoter allelic variants had been precisely identified
through nucleotide sequencing (Shcherban et al., 2015b;
Konopatskaia et al., 2016; Muterko et al., 2016). Combin-
ing data from different investigations, even under similar
conditions, may introduce certain biases, although excluding
portions of observations seemed unjustified as it would sub-
stantially reduce our accession sample (bulk). Considering the
specific nature of our data, we selected the 2B-PLS method
for statistical analysis due to its advantages over traditional
approaches. Classical methods such as ANOVA and multiple
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regression require strict assumptions, including normal distri-
bution, and demonstrate high sensitivity to multicollinearity
and outliers. The use of quadratic criteria in these methods
can lead to biased estimates, particularly with small sample
sizes, increasing the probability of Type I errors. In contrast,
the 2B-PLS method offers greater robustness through its use
of latent variables, resulting in reduced sensitivity to outliers
and multicollinearity. These characteristics make our chosen
method particularly suitable for analyzing biological data
characterized by statistical noise and complex factor interac-
tions, which is especially important given our study’s specific
features, including limited sample sizes.

Since copy number variation (CNV) of the dominant Vrn-Al
gene affects the duration from emergence to heading (Grogan
et al., 2016), we considered the presence of two different al-
leles of dominant Vrn genes in a single accession as a distinct
variant. We established correlation coefficients of r = 0.534
and r = 0.478 for the relationships “heading time x allelic
variants” and “heading time x regions of origin”, respectively.
While these coefficients allowed assessment of parameter re-
lationships, their values preclude definitive conclusions about
whether Vrn-Al allelic variants or region-specific genetic fac-
tors predominantly influence the vegetation period duration
trait in T. dicoccoides.

Previous studies have repeatedly demonstrated significant
effects of specific dominant Virn-Al alleles on maturation
timing in common wheat (Royo et al., 2020; Qiu et al., 2021,
Chumanova, Efremova, 2024). Our results suggest that
analogous effects of this gene’s allelic variants in wild emmer
T. dicoccoides are less pronounced. We acknowledge that our
experiments were conducted exclusively under controlled
greenhouse conditions without replicates and with a limited
number of accessions. These methodological features impose
certain limitations on result interpretation. Nevertheless,
despite these limitations, our data demonstrate weak associa-
tions between the studied parameters. Similar experimental
approaches — particularly testing under controlled conditions
without replicates — have been employed in previously pub-
lished studies evaluating plant heading times (Kippes et al.,
2014, 2015; Palomino, Cabrera, 2023). Despite simplified
designs, these authors confirmed phenotypic differences
between compared groups, supporting the validity of such
approaches. Additionally, we must acknowledge that our study
analyzed only the Virn-Al promoter region. While this is the
most variable region in T. dicoccoides, combinations of the
Vrn-Al with Vrn-B1 alleles, as well as Ppd-1 allele combina-
tions, may influence vegetation period duration. Genotypes
characteristic of specific wild emmer collection regions
showed lower correlation with heading times than Vrn-Al
allelic variants, suggesting minimal influence of geographic
origin on plant heading times.

The information obtained in this study could be valuable
for breeding spring bread and durum wheats, particularly
considering that T. dicoccoides is actively used as a genetic
donor for these species (Badaeva et al., 2024). Furthermore,
studies have demonstrated that Aegilops tauschii Coss. (syn.
Ae. squarrosa L.) accessions (Takumi et al., 2011; Chepurnov
et al., 2023), similar to T. dicoccoides (Table 1), exhibit sig-
nificant polymorphism in the duration of the vegetation period
trait. Therefore, hybridization of Ae. tauschii with spring
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T. dicoccoides accessions could facilitate the production of
artificial hexaploid (2n = 6x = 42) amphidiploids, which may
serve as a promising platform for successful introgression of
novel dominant Vrn gene allelic variants determining veg-
etation period duration from these species into bread wheat.

Conclusion

This study identified a novel Vrn-Alb.8 allele in spring T. di-
coccoides accessions. We detected a significant association
(p-value=3.88 x 107) between allelic variants of the dominant
Vrn-Al gene and vegetation period duration, as well as an as-
sociation (p-value = 4.92 x 107°) between this parameter and
the geographic origins (collection sites) of the wild emmer
accessions. The research revealed that some T. dicoccoides
accessions sharing identical Vrn-Al alleles and originating
from the same eco-geographical region show substantial
variation in duration of the vegetation period. The observed
phenotypic variability for this trait despite identical Virn-Al
allelic composition suggests the involvement of additional
genetic determinants controlling this characteristic in these
accessions. These findings highlight the potential value of
wild emmer accessions as genetic resources (donors) for
expanding the genetic diversity of commercial bread and
durum wheat varieties..
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Abstract. This paper reviews existing approaches for reconstructing frame-based mathematical models of molecular
genetic systems from the level of genetic synthesis to models of metabolic networks. A frame-based mathematical
model is a model in which the following terms are specified: formal structure, type of mathematical model for a
particular biochemical process, reactants and their roles. Typically, such models are generated automatically on the
basis of description of biological processes in terms of domain-specific languages. For molecular genetic systems,
these languages use constructions familiar to a wide range of biologists in the form of a list of biochemical reactions.
They rely on the concepts of elementary subsystems, where complex models are assembled from small block units
(“frames”). In this paper, we have shown an example with the generation of a classical repressilator model consisting
of three genes that mutually inhibit each other’s synthesis. We have given it in three different versions of the graphic
standard, its characteristic mathematical interpretation and variants of its numerical calculation. We have shown
that even at the level of frame models it is possible to identify qualitatively new behaviour of the model through the
introduction of just one gene into the model structure. This change provides a way to control the modes of behaviour
of the model through changing the concentrations of reactants. The frame-based approach opens the way to
generate models of cells, tissues, organs, organisms and communities through frame-based model generation tools
that specify structure, roles of modelled reactants using domain-specific languages and graphical methods of model
specification.
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1 DepepanbHblii NCCNefoBaTENbCKUI LeHTP UHCTUTYT ymtonorum u reHeTnkn Cnbrpckoro otaeneHnsa Poccuinckol akagemmnm Hayk, HoBocnbupcek, Poccus
2 KypuaToBckuii reHomHbi LeHTp MLl CO PAH, HoBocnbupck, Poccus
3 HoBocnbrpcKkmii HaLoHanbHbI NCCefoBaTeNbCKUA FOCYAaPCTBEHHbIN yHUBepcuTeT, HoBoCnbmpcK, Poccna
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AnHoTauus. MpefcTaBneH 0630p NOAXOA0B PEKOHCTPYKLUM GPEIMOBBIX MaTEMATUUYECKMX MOAESEN MONEKYNAPHO-
reHeTNYEeCKrX CUCTEM OT YPOBHSA reHeTNYeCKoro cMHTe3a Ao MeTabonunyeckux ceteit. peimoBble MaTeMaTUyYeCcKme
MOAENN — 3TO MOAENU, B KOTOPbIX 3aAaHbl: pOpManbHas CTPYKTYpa, MaTeMaTUyeckmin Gopmaninam nop KOHKPETHbIN
6UOXMMINYECKUIA NPOLIECC, peareHTbl 3TOro npoLecca U nx posb B HeM. O6bIYHO Takue MoAenn co3haHbl B aBTOMa-
TUYECKOM pexrme Ha 6a3e onuvcaHusa 61ONOrMYecKoro NpoLuecca B TEpMMHAX A3bIKOB NMpeaMeTHon obnactu. Ans
MOEKYNAPHO-TEHETUYECKUX CUCTEM TaKue A3bIKM MCMOMb3YT KOHCTPYKLMM, NMPUBbIYHBIE ANA LUMPOKOrO Kpyra
nccnepoBaTenein-6Monoros, HanpuUMep CNMCoK BUOXMMMYECKX peakLyit. OHM OCHOBbIBAKOTCA Ha KOHLENLUMKW 3ne-
MeHTapHbIX MOACMCTEM, TAe KOMIIeKCHas Mofenb cobpaHa 13 Hebonblunx 6110KoB — «dpeliMoB». B HacTosLwel pa-
60Te Mbl MOKa3anu NpUMep € reHepauyren KNnaccuyeckon MoAenn penpeccunaTopa, CoCToALLEN 13 TPeX reHoB, NPo-
JYKTbl CMHTE3a KOTOPbIX NOCNEA0BATENIbHO NHIMOMPYIOT 6GUOCKHTE3 Apyr Apyra. [Ins 3Toro nprvmepa mbl NprBenv
Tpy Bepcun rpadryeckoit HoTaLuUy ONMCaHUA CTPYKTYPbl MOAENU, UX TUMUYHYIO0 MaTeMATUUECKYI0 MHTeprpeTaLuumio
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(DpeimMoBble MaTeMaTNYeCK/IE MOAENN — UHCTPYMEHT
nccnefjoBaHNA MONEKYAPHO-TEHETUYECKNX CUCTEM

1 BapVaHTbl BbIYMCIIUTENbHBIX SKCNepMMeHTOB. MoKa3anu, YTo Aaxe Ha ypoBHe GpPeiiMOoBbIX MOAENEN BO3MOXKHO
naeHTMOMLMPOBaTh KaueCcTBEHHO HOBOe MoBefeHne bnarofapa [06aBNEHNIO B CTPYKTYPY MOAENN BCEro OAHOrO
reHa. Takasa MogudrKaLma NpefaoCcTaBaseT nyTh KOHTPOA pexrMamyt GYHKLVOHUPOBaHNA MOAENN Yepes N3MeHe-
HVie KOHLeHTpaLuuin ee peareHToB. [loaxod, OCHOBaHHbIN Ha dperimax, OTKpbIBAaeT MyTW reHepaLuum mogenei Kie-
TOK, TKaHeli, OpraHoOB, OPraHN3MOB 1 COOBLLECTB C MOMOLLbIO MPOrPaMMHbIX MHCTPYMEHTOB, KOTOpble popManun3yiot
CTPYKTYpPY MOAEN 1 POJib €€ peareHToB, UCMOb3ys Kak NpefMeTHO-OPVEHTVPOBAHHbIE A3bIKM, TaK 1 rpaduyeckue

MeTofbl CrieuduKaLmm mogenen.

KnioueBble cnoBa: GyHKLMM Xuina; MaTeMaTUYeCckoe MOLENMPOBAHNE; reHHble ceTu; GperiMoBble Moaeny; npea-
METHO-OPVEHTNPOBAHHbIE A3bIKM CrieyuduKkalyuy Moaenu

Introduction

In the era of accumulation of large genetic data, the question of
high-throughput analysis of these data using methods of math-
ematical and computer modelling has arisen. The last 30 years
of scientific experience have prepared the theoretical basis for
computational analysis tasks. The mechanisms of biochemical
catalysis were studied, the rates of biochemical processes were
estimated, and the scenarios of transcriptional synthesis and
the influence of external factors were examined (Alon, 2007;
Wittig et al., 2018; Kolmykov et al., 2021; Vorontsov et al.,
2024; Rigden, Fernandez, 2025). A mathematical foundation
has been prepared, which, together with the development of
experimental and computational technologies, has set the trend
for the transition from small models of enzymatic kinetics to
full-genome models of bacterial (Karr et al., 2014) and ani-
mal cells (Norsigian et al., 2019). Existing approaches rely
on the concepts of elementary subsystems, where complex
models are assembled from small block units. The rejection
of “monolithic” models in a single mathematical formalism
(e.g. the ODE system) in favour of representing and storing
models as a set of model units has set the direction for the
integration of multiple tools through standards. These model
units carry structural information about the role of each re-
actant and the mathematical interpretation of the biological
process (Malik-Sheriff et al., 2019). This tremendous amount
of knowledge allows to pass through ordering of information
to the formalization of models, that is, the ability to propose a
formal structure and type of mathematical model for a specific
biochemical process with known reactants — a frame model.
If we can offer a formal algorithm for translating knowledge
into a model, then the way of setting the initial configuration
can be left as usual for scientists — through a domain-specific
language to describe the model.

What are frame models?

Frame-based mathematical models in the field of molecular
genetic systems (MGS) modelling are most often understood
as models that have been made using domain-specific model
description languages (DSL) and tools for model generation
on their basis. For MGS, such languages use constructions
familiar to a wide range of biologists in the form of a list of
biochemical reactions, for example (Shapiro et al., 2003,2013;
Hoops et al., 2006). This way allows one to set the reactants
of biochemical processes and their roles. It is the information
about the role of reactants that is the necessary element for
algorithms of frame models construction, crucial parameters
for formal generation rules. Moreover, the mathematical for-
malism may differ depending on the problem to be solved.
These can be likened to models in the form of ODE system,

discrete models or based on Boolean logic (Beal et al., 2011;
Galdzicki et al., 2014).

In this paper, we review approaches for describing models
that consider only the levels of transcription, translation, enzy-
matic synthesis, signaling networks and metabolic pathways.
This limitation reveals the structure and hierarchical arrange-
ment of such models, from the basic processes of synthesis
to the arrangement of everything into a system of interacting
metabolic pathways. Within the framework of building such
MGS models, the bottom-up approach is natural — when one
moves from models of simple processes to their combina-
tion, obtaining a synergistic/emergent effect (Kolodkin et al.,
2012, 2013). This process of increasing the model complexity
resembles a design based on the principle of staking “domino
tiles” by the rule of reactants overlapping.

In addition to domain specific languages, the process of
designing frame models can be started from a structural model/
schema/graph of interacting entities with specified roles of
participants. Such a graphical way of specifying the reactants
and their roles for modelling is more illustrative and allows
the use of additional analysis tools in case of working with
a big amount of data. These graphs are the input markup for
the frame model generation stage. In general, it is possible to
unambiguously switch from representing the role of reactants
from a list of biochemical reactions to a graph representation
and vice versa. There are several standards for the presentation
of structural information: SBML (Hucka et al., 2015), SBGN
(Moodie et al., 2015), SBOL (Galdzicki et al., 2014).

Basic theorems underlying the approaches

Some theoretical issues concerning the integration of frame
models are worth clarifying first. The simple frame models
of MGS are built on the basis of chemical kinetics equa-
tions representing various ways of the kinetic mass action
law. The construction is carried out within the paradigm of
local independence of functional properties of elementary
subsystems from their compartmental localization within the
original system. If a particular structural model or reactions
scheme is available, the instantaneous concentration rate of
any substance is equal to the sum of the local concentration
rates of that substance for each reaction in which that substance
participates as a substrate or product. The theoretical basis for
this is Korzukhin’s theorem, which is crucial for modelling
chemical kinetics and states: “For any set of non-negative
curves given on a finite time interval and any given accuracy,
there exists such (there may be more than one) biochemical
scheme composed only of bimolecular and monomolecular
reactions that the mathematical model constructed from this
biochemical scheme approximates the given set of curves
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Fig. 1. Graphical representation of the repressilator model in different standards: A, SBOL notation describes in detail the arrange-
ment/structure of a DNA molecule and the functional relationship between the elements. B, SBGN notation carries more informa-
tion about the processes that compose the model. C, Notation of protein-protein regulatory interactions, specific for describing

Hypothetical Gene Networks (omits many details of the mechanisms).
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Fig. 2. Generalized view of the frame mathematical model and characteristic plots of concentration variation with time obtained

for the structure from Figure 1.

A, Model representation as combination of elementary subsystems. V; - as synthesis processes, V;; - as dissipation processes. B, The model
ODE system description. C, The dynamics is obtained with parametersy > 2, a =1, k= 0.5, k4= 0.1 and initial point xq = y5 =0, zy = 1.0.

with a given accuracy” (Zhabotinsky, Zaikin, 1973). The ex-
tension of these ideas is formulated in the framework of the
generalised chemical kinetic modelling method (GCKMM),
proposed by Vitaly Likhoshvay (Likhoshvai et al., 2001).
Some examples of this approach are presented below.

Frame model examples

Processes of genetic synthesis -

transcription, translation

When designing frame models at the level of genetic syn-
thesis, it is necessary to set the process structure and roles
of the reactants in the process. These reactants are genes and
transcription factors. An interesting approach to describe the
genetic level is the SBOL approach (Galdzicki et al., 2014)
(The Synthetic Biology Open Language, sbolstandard.org).
It allows describing the structure of a DNA molecule with
the location of genes, binding sites of transcription factors,
regulatory relations of synthesis products from genes and
some other properties. It is possible to describe them both
in text form using a domain-specific modelling language or

in a graph form using a special graphical editor (Der et al.,
2017; Cox et al., 2018). There is a set of tools for working
with this standard and tools for graphical interpretation of
such models (Fig. 1A).

For further presentation a demonstration of a well-known
three genes model is given, each of them inhibits synthesis
from a neighboring gene — a repressilator (Elowitz, Leibler,
2000). Figure 1 shows a possible graphical interpretation of
such a model under various types of representation.

Once the structure of relations between molecules is given,
itis possible to build a “frame mathematical model” describing
the dynamics of the process. The role of the element allows
one to understand at a glance the contribution of the selected
subsystem and its negative/positive effect in the overall system
of equations (Fig. 2A). For this purpose, we can use approaches
that are described in such tools as SBMLSqeezer (Dréager et
al., 2015), MGSgenerator (Kazantsev et al., 2009), Micro-
TranscriptMod (Lakhova et al., 2022). These tools, given the
role of each of the reactants in the process, generate equations
for the rate of product synthesis (Fig. 2B). The more details
on the role of the reactants are described, the more precisely
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Fig. 3. A four-node model of hypothetical gene network (HGS) and its characteristic behavior. A, Structural model,
where arcs define the conditions of biosynthesis inhibition. B, An extended description of the processes behind each
of the HGS nodes in SBGN standard. C, Model equations that correspond to the structure. D, Characteristic plots of
concentration vs time obtained for the presented structure from Figure A.

The dynamics are obtained at parametersy =3, a.=1,kb = 0.5, k;= 0.2 and starting points [Py, P, P3, P,4]: (1) [1.0, 2.0, 3.0, 0.0];

(2)[1.0,2.0,3.0,4.0; 3) [1.0, 2.8, 3.0, 4.0].

their behavior can be specified in the model. At the stage of
computational experiments, all such tools combine elementary
subsystems (separate processes) into one unifying structure,
the one common model. The typical view of the mathematical
model and its dynamics for each of the structures presented
in Figure 1 will look as it is shown in Figure 2.

Hypothetical gene networks
A model does not often require excessive detail. There is a
class of models where the relationship of genes and their syn-
thesis products with other genes is modelled. The structural
model is represented by a unipartite graph, where each node
represents both the process of transcription of the coding part
of a gene and translation of its mRNA (or synthesis of its pro-
tein) (Fig. 1C, Fig. 3). A graph node is considered as a unified
transcription-translation process. Directed arcs (arrows) in
such a graph define an inhibiting or activating effect on another
node (on itself'is also allowed). This class of models is named
Hypothetical Gene Network (HGN) (Likhoshvai et al., 2003).
Hypothetical gene networks with cyclic inhibitory effects
of reactants (which are specified with the relationships: “pro-
tein P; inhibits the synthesis of product P; from gene g;”, see
Figure 3) are exhaustively described in (Fadeev, Likhoshvai,
2003). Each edge in a graph representation of such models
affects the generalized transcription/translation process of the
node to which it is directed. Moreover, when generating ODE

models for these graphs, a third process — decay of the synthe-
sis product — is added to the mentioned processes. A node in
such graphs is understood as follows: “An RNA molecule r; is
synthesised from the gene g;, from which a P; protein is syn-
thesised and this protein is degraded/dissociated over time”.
Figure 3A shows an example of an HGS model of four nodes
and nine edges specifying the conditions of biosynthesis in-
hibition. The structure is obtained by inserting one additional
node into the model shown in Figure 1. The additional node
inhibits the others, and they in turn inhibit it. The resulting
mathematical model is presented in Figure 3C. While the
model presented in Figure 1 has one unstable steady-state
condition and stable oscillatory behaviour under parameters
presented in Figure 2, the introduction of an additional node
allows the behaviour of the model to change depending on
the concentration of reactants (Figure 3D): at low initial
concentrations of P, the system oscillates stably as the initial
model, and at sufficiently high concentrations of P, it enters
the stationary regime. Moreover, regime switching can be
controlled by small changes in concentrations. Changing the
regulation mechanism to non-competitive does not change the
regimes of the model behavior. The model found in Supple-
mentary Materials! as a Copasi file is a model version with
the non-competitive regulation mechanism in it.

T Supplementary Materials are available at:
https://vavilovj-icg.ru/download/pict-2025-29/appx50.zip

BUOUHOOPMATUKA U CUCTEMHAA BUONOTNA / BIOINFORMATICS AND SYSTEMS BIOLOGY 1291


https://vavilovj-icg.ru/download/pict-2025-29/appx50.zip
https://vavilovj-icg.ru/download/pict-2025-29/appx50.zip

F.V. Kazantsev, S.A. Lashin
Yu.G. Matushkin

Studying such a class of models and forming a knowledge
base of their dynamics allows us to identify possible behavior
at the level of structural models of target biological systems
without performing calculations.

Enzymatic reaction
For enzymatic synthesis processes, the key aspect is the
presence of an enzyme, which catalyzes the process but is
not consumed in the course of the reaction. To reconstruct a
model of enzymatic reactions, the reaction mechanisms, the
order of interaction of molecular players of the reaction with
the enzyme, the steps of transformation and release of the
product should be taken into account. Once one has an as-
sumption about the mechanisms of the enzyme’s relationships
with substrates and products, a suitable form of representing
these interactions as a graph may be suggested. There are a
number of works in this area. One can use ready-made solu-
tions for building frame models of enzymatic reactions on
graphs (King, Altman, 1956; Cornish-Bowden, 1977) (www.
biokin.com/tools/king-altman/). In addition, the Copasi tool
has a set of predefined frame-based mathematical models
for enzymatic systems (Hoops et al., 2006). These models
may not only be used as examples in a case study, but also
be valuable in developing and analyzing a model within the
Copasi toolkit: design a set of elementary subsystems (model
structure); give them a mathematical law of velocity based
on frame models; get a ready system of equations; perform
computational experiments in both continuous and discrete
stochastic formalisms; perform computational analyses of the
model to fit the parameters to the experimental data and test
the robustness of the model to variation of the parameters.
SBMLsqeezer can serve as an independent source of
frame models (Driger et al., 2015). It is both a database of
ready-made model variants and a tool that can match a
well-annotated structure in the form of an SBML model to a
suitable model variant. This tool can be embedded into the
CellDesigner application (Funahashi et al., 2008). There is a
ready set of equations adapted to experimental data for both
enzymatic reactions and transcription-translation processes
in the bacterium E. coli (Kazantsev et al., 2018). These mo-
dels may serve as a training sample because they contain
accompanying information about the data items on which the
models were built.

Metabolic pathways

Frame models of metabolic pathways can also be derived from
structural information in the form of graphs. It is possible to
build a model through descriptions of reactions in tabular
form with COBRApy (Ebrahim et al., 2013) and BIOUML
(Kolpakov et al., 2022). These tools allow the construction
of a whole-genome model in terms of flux balance modelling
(Orth et al., 2010). But if one needs to work within continuous
models, the Path2Models project (Biichel et al., 2013) may be
used, in which 140,000 frame models were generated based
on structural models from the KEGG database (Kanehisa,
2000). These models are available at the biomodels.net re-
source (Malik-Sheriff et al., 2019). This kind of automation
in model building is also available as part of the Cellerator
package for the Mathematica modelling environment (Shapiro
et al., 2003, 2013).

Frame-based mathematical models —
a tool for the study of molecular genetic systems

Signalling pathways

Signalling pathways require different approaches. Within
such pathways, it is necessary to take into account the change
of states of one molecule and/or the formation of molecular
complexes, the change of conformational states, the considera-
tion of active centres of molecules, etc. For automating the
generation of these types models, the BioNetGen resource
is being developed (bionetgen.org) (Harris et al., 2016). The
key feature is that a series of allowed states of molecules is
described, their active centres, and the rules of interaction
through the active centres. These data are specified within a
domain specific language. The visualization of this kind of
relationship is specified within the “SBGN:entity relations”
standard (sbgn.github.io). In order to try these models, one
can use the VScode development environment module (code.
visualstudio.com). BioNetGen algorithms build reaction
chains themselves (structural models) and propose frame
models for them in the widely used SBML standard. Then
one can run a series of computational experiments using both
discrete methods and continuous methods in several spe-
cialized computational tools that support SBML models as
input data.

Designing and depositing of the model

When designing models using automation and autogeneration,
one faces the problem of identifying the right entity in the lists
of variables and parameters. If the model is formatted as a
monolithic system of differential equations within the particu-
lar syntax in one of the engineering modelling environments,
one has to map each of the x; of the model to the proper biology
entity through reading the accompanying publications. At best,
authors will name variables as short acronyms for proteins or
metabolites. On the other hand, it is more difficult to come up
with some general rule for naming parameters correctly. It was
the transition to the representation of MGS models as a set of
elementary subsystems corresponding to an independent bio-
chemical process that allowed to solve most of the mentioned
issues (Miller et al., 2010; Hucka et al., 2015). In this concept,
amodel is not a set of equations, but an instruction on how to
assemble a target model in the target mathematical formalism
from tens, hundreds and thousands of pieces of elementary
subsystems distributed over compartments and perform a
series of computational experiments with it. In order to end
up with a development-friendly model, it is better to follow a
series of recommendations for the design of such elementary
blocks using the systems biology ontology (SBO) (Courtot et
al., 2011). This ontology allows to associate the rate equations
of processes and the parameters of these equations with the
meanings that were given in classical studies.

The problem of model annotation is well highlighted in a
publication on the model reproducibility crisis (Tiwari et al.,
2021), where the authors showed that 51 % of mathematical
models published on the largest online resource (biomodels.
net) are not reproducible, for various reasons. It is the frame
models that partially solve the issue of both repeatability of
computational experiments and reproducibility of model-
ling results, as the relevant toolkits contain references to the
formalism, to the methods used and correctly describe the
parameters with the use of ontologies. All of those questions
are studied in depth due to community efforts. One of such
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communities is “co.mbine.org”, an initiative to coordinate the
development of various standards and formats for computa-
tional models in systems biology.

Discussion

Advancement of technology has given impulse to the pro-
cesses of development of artificial languages for describing
models within scientific fields. We have reviewed existing
solutions for designing frame-based mathematical models of
molecular genetic systems. For each of them there are specific
tools for representing models and performing computational
experiments. The publication (Tiwari et al., 2021) proposed
metrics for evaluating the resulting models in terms of readi-
ness for reuse in new research. If one follows the proposed
guidelines for incorporating annotations into a model that can
be made available to modelling tools, it will enhance the pos-
sibilities of automating model processing. Model automation
is an interesting route with the goal of being able to integrate
off-the-shelf subsystems into comprehensive cellular, intercel-
lular and organ level models. More and more software libraries
for engineering simulation environments are becoming avail-
able where molecular genetic systems modelling approaches
can already be used. Even in questions of designing industrial
samples of bacterial synthesis, one comes to embrace stan-
dardization for the subsequent automation of processes. This
applies to the issues of model development, their integration
into the production biotechnological cycle and monitoring
with updating of knowledge bases (Herold et al., 2017).

Whereas in the 2000s there were trends towards developing
proprietary solutions that included a “friendly user interface”,
now the trends tend towards the use of highly specialized core
software for each of the stages and/or the use of specialized
libraries via API calls: VScode as an editor for BioNetGen
DSL; yEd or Cytoscape as tools for displaying model struc-
ture; Copasi as a general-purpose tool for computational
experiments, etc.

Data analysis is also performed by general-purpose statis-
tical processing libraries or off-the-shelf tools (dashboard)
that only need to load data. Now a necessary skill for work
in systems biology is proficiency in Python/R/Bash scripting
languages for building pipelines and linking data between
function calls of specific libraries.
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Abstract. Long non-coding RNAs (IncRNAs) play an important role in the regulation of gene expression, including
interactions with microRNAs (miRNAs), acting as molecular “sponges”. Bioinformatics methods are generally used
to predict such interactions. To refine computational predictions, additional evidence based on the co-expression
of miRNAs and IncRNAs can be incorporated. In the present study, we investigated potential interactions between
IncRNAs and miRNAs in the maize mutant line fuzzy tassel (fzt), which is characterized by reduced expression of certain
miRNAs due to a mutation in the Dicer-like1 (DCLT) gene in shoot and tassel tissues. Transcriptome assembly was
performed based on RNA-seq data from maize shoot and tassel tissues of control and mutant lines, with data obtained
from the NCBI SRA archive. In the shoot, 10 IncRNAs with significantly altered expression levels between control and
mutant groups were identified, 9 of which were upregulated in the mutant plants. In the tassel, 34 differentially
expressed IncRNAs were identified, with 20 showing increased expression in the mutant line. For IncRNAs with
increased expression and miRNAs with decreased expression in the mutant line, potential interactions were predicted
using the machine learning algorithm PmliPred. The IntaRNA program was used to confirm possible complementary
binding for the identified miRNA-IncRNA pairs, which enabled the construction of competing endogenous RNA
(ceRNA) networks. Structural analysis of these networks revealed that certain INcRNAs are capable of binding multiple
miRNAs simultaneously, supporting their regulatory role as “sponges” for miRNAs. The results obtained deepen our
understanding of post-transcriptional regulation in maize and open new perspectives for breeding strategies aimed
at improving stress tolerance and crop productivity.
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endogenous RNA (ceRNA)
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Computational prediction of the interaction network
between IncRNAs and microRNAs in maize

NUHUK KYKYPY3bl fuzzy tassel (fzt), xapakTepusyloLenca CHUKEHHON 3Kcnpeccrein HekoTopbix MUPHK Bcnepctere
myTauuun B reHe Dicer-like1 (DCLT) B TKaHax nobera v coupeTus. MNpoBefeHa cOOpKa TPAHCKPMNTOMOB Ha OCHOBE
OaHHbix RNA-seq nobera n couBeTus KyKypy3bl KOHTPOSMIbHOW W MYyTaHTHOW NVHWIA. [aHHble Obliv B3ATbI U3
apxuBa SRA NCBI. ins nobera 6bino naeHTMdULMpPOoBaHO aecAaTb AHPHK, 4OCTOBEPHO M3MEHSAIOWMX CBOV YPOBEHD
IKCMPECCUM MEXAY KOHTPOJSIbHOM 1 MyTaHTHON rpynnamu, AeBATb 13 HUX MOBBILLAIOT SKCMPECCUI0 Y MYTaHTHbIX pac-
TeHu. inAa cougeTna naeHTMdnumpoBaHo 34 anddepeHumanbHo skcnpeccupytowmxca agHPHK (20 ¢ noBbilweHHbIM
YPOBHEM 3KCMPeccum y MyTaHTHbIX nHWiA). Ana aHPHK ¢ noBbllweHHbIM ypoBHEM cOOCTBEHHOM dKkcnpeccnn 1 MUPHK
C NMOHMXKEHHbIM YPOBHEM JKCMPECCUM B MYTaHTHbIX IMHMAX ObiNN NpefcKasaHbl NoTeHUManbHble B3aviMOAENCTBUA
C MOMOLLbBIO anroprTMa MawwmHHoro obyyeHus PmliPred. C ncnonb3osaHuem nporpammsbl IntaRNA nogreepkaeHa
BO3MOXHOCTb KOMMJIEMEHTaPHOrO CBA3bIBaHWA ANA BblABNEHHbIX nap MUPHK-gHPHK, uto nossonuno noctpontb
KOHKypupytowme sHgoreHHble PHK-ceT. AHanms CTpyKTypbl 3TUX CeTel nokasasn, uto otaenbHble AHPHK cnocobHbl
CBA3bIBaTb Heckonbko MWPHK ofHOBpemMeHHO, MOATBEPXAAA WX PErynAaTopHylo OYHKLUMIO B KayecTBe «ryboK»
ana MuPHK. MonyyeHHble pe3ynbTaTbl YryonaioT NOHMMaHE NOCTTPAHCKPUMLIMOHHOW Perynaummn y Kykypysbl u
OTKPbIBAIOT NEPCMNEKTVBbI ANIA CENEKLUMOHHbIX Pa3paboTokK, HarnpaB/ieHHbIX Ha MOBbILLEHK e CTPECCOYCTONYMBOCTA 1
NPOAYKTUBHOCTN PacTeHNIA.

KnioueBbie cnoBa: aHPHK; MUPHK; perynauus reHoBs; Kykypy3a; myTauusa fzt; DCLT; GronHpopmMaTuiKa; B3aumopneii-

ctBue PHK; KoHKypupytowme sHgoreHHble PHK

Introduction

In recent years, the rapid development of next-generation
high-throughput sequencing technologies has enabled the
identification of tens of thousands of non-protein-coding
transcripts (Sheng et al., 2023). Initially, these sequences were
considered transcriptional noise. However, subsequent studies
have revealed that approximately 75 % of cellular transcripts
lack protein-coding potential, yet they actively participate
in the regulation of gene expression (Wang L., Wang J.W.,,
2015). Non-coding RNAs (ncRNAs) are generally classified
into housekeeping and regulatory types. Regulatory ncRNAs
can be further divided into small and long non-coding RNAs
based on their transcript length (Li R. et al., 2016). To date,
the biological functions of small ncRNAs, particularly mi-
croRNAs (miRNAs), have been extensively studied; they are
capable of repressing mMRNA expression at both transcriptional
and post-transcriptional levels. In contrast, the functions of
long non-coding RNASs (IncRNAs) remain poorly understood,
especially in plants.

Recent studies have revealed that IncRNAs and miRNAs
engage in complex interactions that play crucial roles in
numerous biological processes. Several mechanisms un-
derlying these interactions have been identified (Pronozin,
Afonnikov, 2025). For example, IncRNAs can function as
molecular “sponges”, binding complementarily to miRNAs
and thereby preventing their interaction with target mMRNAS.
Such interactions contribute to the regulation of plant growth,
development, tissue differentiation, and stress responses.
However, due to the limited scale of experimental studies,
bioinformatic approaches are increasingly needed to identify
these interactions (Sheng et al., 2023).

To date, the PmliPred method has been developed to iden-
tify interactions between IncRNAs and miRNAs (Kang et al.,
2020). This method is based on deep learning for predicting
molecular interactions. Information on potential miRNA—
IncRNA interactions can be valuable for modeling regula-
tory networks involved in gene expression. Furthermore, the
obtained results can serve as a basis for subsequent functional
experiments and may have practical applications in breeding
programs. It should also be noted that potential miRNA-
INcRNA interactions can be inferred from co-expression
analyses (He et al., 2020).

The present study aims to identify interactions between
IncRNAs and miRNAs in maize using bioinformatic ap-
proaches, taking into account co-expression data of miRNAs
and IncRNAs. The fuzzy tassel (fzt) mutant line of maize,
which exhibits disrupted miRNA biogenesis due to a mutation
in the Dicer-likel (DCL1) gene, a key player in the process-
ing of miRNA precursors, was used as a model for this study
(Thompson et al., 2014). Impaired DCL1 function leads to re-
duced levels of several mature miRNAS, which in turn causes
an imbalance in regulatory interactions and, consequently, in
the expression of miRNAs and their target mMRNAs (Thompson
et al., 2014). We hypothesize that the decreased concentra-
tion of mMiRNAs may reduce the formation of duplexes with
IncRNAs that act as molecular “sponges”. In this scenario,
the degradation rate of IncRNA “sponges” would decrease,
leading to an increase in their abundance. Thus, similar to
MRNAs exhibiting elevated expression in the fzt maize line
(Thompson et al., 2014), IncRNAs with increased levels in
this line may serve as targets of these miRNAs. The results
obtained from this study are expected to enhance our under-
standing of post-transcriptional regulation in plants and may
inform the development of novel breeding strategies aimed
at improving stress tolerance and crop productivity (Zhang L.
et al., 2009; Sun Q. et al., 2013).

Materials and methods

Transcriptome data. In this study, RNA-seq data were ob-
tained from the open NCBI Sequence Read Archive (SRA)
database (accession numbers GSM1277448-GSM1277461,
see the Table) (Thompson et al., 2014). The samples were
divided into two groups: control and mutant. The mutant lines
contained a deletion in the Dicer-likel (DCL1) gene, which
plays a key role in the processing of miRNA precursors. Gene
expression was assessed separately for whole seedling and
tassel tissues, including both long RNAs and miRNAs.

As shown previously (Thompson et al., 2014), expression
of 22 miRNAs was significantly reduced in the seedling
(miR398b-5p, miR408a-bh-3p, MiR408b-5p, miR394a-b-5p,
miR167¢c-3p*, miR156a-3p*, miR167b-3p*, miR319b,d-5p*,
miR169i-k-5p, miR167a-d-5p, miR168b-3p*, miR168a-3p*,
miR156d-f-g-3p*, miR398a-b-3p, MiR528a-h-3p, miR156e-
3p*, miR397a-b-5p, miR159a-5p, miR2118b, miR399e,i-j-3p,
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RNA-seq libraries of maize (Zea mays) obtained from seedling and tassel tissues of control plants
and the fuzzy tassel (fzt) mutant line

SRA identifier Library name RNA source Plant type
GSM1277448 A619_mRNA_1 Seedling Control
GSM1277449 A619_mRNA_2
GSM1277450 A619_mRNA_4
GSM1277451 A619_mRNA_5
GSM1277452 fzt_mRNA_1 Mutant
GSM1277453 fzt_mRNA_2
GSM1277454 fzt_mRNA_4
GSM1277455 fzt_mRNA_5
GSM1277456 1Tm_Nsib Tassel Control
GSM1277457 2Tm_Nsib
GSM1277458 3Tm_Nsib
GSM1277459 1Tm_fzt Mutant
GSM1277460 2Tm_fzt
GSM1277461 3Tm_fzt
Symbols | d
| ymbo'sTegen | Kallisto
| External data |—>
Dat LncRNA identification
NCBI | a e Differentially expressed < from assembled
Sequence read Methods and tools IncRNAs transcriptome
archive
(SRA) T
ICAnnoLncRNA-
_ - _ ) _ | Transcriptome identification-
> SPA-data > Filtered reads > Mapping assembly > classification-and-
annotation-of-LncRNA
SRA toolkit Trimmomatic STAR StringTie
Assembly quality | o | BUSCO
assessment
Fig. 1. Workflow of the bioinformatics pipeline for maize transcriptome assembly.

Green rectangles represent the description of external data sources; blue rectangles indicate library data and intermediate results, and orange rectangles denote

software tools used in the analysis.

miR160a-¢,9-5p, MiR398a-5p*) and 14 miRNAs in the tassel
(miR167d-3p*, miR167a-d-5p, miR172e, miR408a-b-3p,
miR398b-5p*, miR394a-b-5p, miR167c-3p*, miR398a-b-3p,
miR319a-d-3p, miR159a-b,f,j-k-3p, miR528a-b-5p, miR160a-
e,0-5p, miR166j-k,n-3p, miR159a-5p*).

The reference genome of maize (Zea mays) version 5
(Zm-B73-REFERENCE-NAM-5.0) was used in this study,
downloaded along with its annotation from the Ensembl Plants
database (Bolser et al., 2016).

MiRNA sequences were obtained from miRBase ver-
sion 22.1 (https://www.mirbase.org/).

Bioinformatics analysis. This study consisted of two main
blocks of bioinformatics analysis: transcriptome assembly
followed by the differential expression analysis of IncRNAs;

BUOUHOOPMATUKA U CUCTE

prediction of miRNA-IncRNA interactions using deep learn-
ing—based approaches. A detailed description of each analyti-
cal step is provided below.

Transcriptome assembly and analysis of maize. Tran-
scriptome assembly (Fig. 1) included the following steps:
data preprocessing, transcriptome assembly, identification
and annotation of IncRNAs, and quantification of transcript
expression levels.

Read filtering was performed using Trimmomatic (Bolger et
al., 2014) with the following parameters: removal of adapter
sequences, elimination of short reads shorter than 36 nucleo-
tides, and quality-based trimming of low-quality reads. After
preprocessing, the filtered reads were aligned to the Z. mays
reference genome using STAR (Dobin et al., 2013). Based on
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Fig. 2. Workflow of predicting interactions between IncRNAs and miRNAs using the PmliPred model.

Blue rectangles represent the input data, green rectangles indicate the output results, and orange rectangles denote the software tools used in the analysis.

The threshold value of confidence probability (T = 0.5) is shown.

the alignment results, transcriptome assembly was conducted
using StringTie (Pertea et al., 2015). The completeness and
quality of the assembled transcriptome were evaluated with
BUSCO (Siméo et al., 2015). Identification and annotation
of IncRNAs were performed using ICAnnoLncRNA (Pro-
nozin, Afonnikov et al., 2023). Expression levels of identified
IncRNAs and other transcripts were quantified using Kallisto
(Bray et al., 2016).

Differential expression analysis of IncRNAs in maize.
Differential expression analysis of IncRNAs was performed
separately for shoot and inflorescence tissues by comparing
wild-type (control) and mutant (fzt) maize lines. Statistical
analysis was conducted using the DESeq2 and edgeR pack-
ages (Robinson et al., 2010; Love et al., 2014). Transcripts
were considered significantly differentially expressed at a
p-value < 0.05, adjusted for multiple testing.

For the differentially expressed IncRNAs, heatmaps of
normalized expression values were generated to visualize
expression patterns across biological replicates and to confirm
the consistency of expression changes between the control
and mutant groups.

Analysis of interactions between miRNAs and IncRNAs.
Interactions between miRNA and IncRNA molecules were
predicted using the PmliPred method (Kang et al., 2020),
which involves several consecutive analytical stages (Fig. 2).
At the first stage, input data were prepared, including nu-
cleotide sequences of miRNAs and IncRNAs that exhibited
downregulated miRNA expression and upregulated INCRNA
expression in mutant plants compared with the control. The
input to the program also included quantitative sequence
features extracted by the built-in algorithms of the model, as
well as the training dataset provided with the software package
(Kang et al., 2020). For miRNAs, the following features were
used: k-mer frequencies (k = 1, k = 2), minimum free energy
normalized by length (MFE/L), number of paired nucleotides
in the secondary structure, and GC content ratio. For IncRNASs,

an additional feature representing k-mer frequencies (k = 3)
was extracted.

The processed data were analyzed using the PmliPred pro-
gram to estimate the interaction probability between miRNA-
IncRNA pairs (output parameter PC, confidence probability).
A miRNA-IncRNA pair was considered to have a potential
interaction when the PC value was > 0.5. The results were
presented in a table containing probability scores, which re-
flected the predicted strength of interaction between miRNA
and IncRNA molecules.

Analysis and visualization of interactions between
miRNAs and IncRNAs. The obtained miRNA-IncRNA
pairs were divided into two groups based on their interac-
tion parameters: IncRNAs with increased expression levels
in the mutant line (test group) and IncRNAs with decreased
expression levels (control group). Both groups of INCRNAS
were compared with all miRNAs showing reduced expression
levels, as reported by Thompson et al. (2014) (see section
“Transcriptomic data”). As a threshold for selecting potential
interactions in the test group, the maximum value of the PC
parameter calculated by the PmliPred program for the control
group was used. If for a given miRNA-IncRNA pair from the
test group, the PC parameter exceeded any of the PC values
from the control group, such miRNA-IncRNA pairs were
considered to interact.

The sequences of the selected miRNAs and IncRNAs were
uploaded into the IntaRNA program (Mann et al., 2017) for the
identification and visualization of base-pairing interactions.
Among all predicted interactions, only those pairs were re-
tained, in which the number of unpaired nucleotides within the
interaction region of the two molecules was fewer than 4, and
the length of the interaction region exceeded 16 nucleotides.

Such interactions between INncRNAs and miRNAs have
important biological significance. IncRNAs can function as
competing endogenous RNAs (ceRNAS), or “sponges”, by
binding to miRNAs and thereby preventing them from inter-
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Fig. 3. Heatmap of differentially expressed IncRNAs in seedling tissue.

Here and in Fig. 4: the color scale on the right represents normalized expression levels, with blue indicating high expression,
and red indicating low expression. Cells corresponding to IncRNAs with increased expression in the mutant line are

highlighted with a blue frame.

acting with theirmRNA targets. This mechanism contributes to
the regulation of gene expression involved in plant growth, de-
velopment, and stress responses (Pronozin, Afonnikov, 2025).

Results

Transcriptome assembly

As a result of the transcriptomic analysis of Z. mays, cover-
ing both seedling and tassel stages for control and mutant
(fzt) lines, high-quality raw data were obtained. The average
percentage of uniquely mapped reads during alignment using
STAR (Dobin et al., 2013) was 84.73 %, while only 3.10 %
of reads remained unmapped. For the aligned reads, the
average mismatch rate per nucleotide was 0.76 %, indicating
high sequencing accuracy and the reliability of the data for
subsequent analyses.

The transcriptome assemblies generated using StringTie
(Pertea et al., 2015) were evaluated with the BUSCO tool
(Siméo etal., 2015). Inall 14 libraries, the proportion of com-
plete BUSCO groups exceeded 95 %, reaching a maximum
of 98.8 % (252 out of 255 expected orthologs detected in
library SRR1041561). These metrics indicate the complete-
ness and high quality of the obtained assemblies, confirming
their suitability for subsequent expression analysis and the
identification of noncoding RNAs.

Differential expression of IncRNAs

between control and mutant Z. mays samples

In seedling tissue, 10 IncRNAs were identified as significantly
differentially expressed between the control and mutant groups
(Table S1)t. Among these, nine IncRNAs showed increased

1 Supplementary Tables ST and S2 are available at:
https://vavilovj-icg.ru/download/pict-2025-29/appx51.pdf

expression in the mutants, suggesting that they may serve as
targets for miRNAs and participate in post-transcriptional
regulatory mechanisms. These transcripts were subsequently
considered as candidate miRNA targets in further analyses.

The heatmap (Fig. 3) illustrates systematic differences in the
expression of these IncRNAs across the analyzed transcrip-
tomic libraries. For 9 out of the 10 InNcRNAsS, expression levels
were higher in the mutant plants compared with the control.

In tassel tissue, the number of differentially expressed
IncRNAs was considerably higher, with a total of 34 IncRNAs
identified (Table S2). Among these, 20 IncRNAs exhibited
increased expression in the mutant line. Notably, pronounced
differences in transcription levels were observed for several
IncRNAs that displayed strong tissue-specific expression pat-
terns unique to the tassel.

The heatmap of IncRNA expression in tassel tissue (Fig. 4)
also illustrates systematic differences across the analyzed tran-
scriptomic libraries. IncRNAs with decreased and increased
expression levels in the mutant plants formed two clearly
distinct clusters.

Overall, the identified IncRNAs represent a prioritized set
for subsequent analysis of interactions with miRNAs and for
further functional annotation.

Assessment of the accuracy
of miRNA-IncRNA interaction predictions
The evaluation of the model’s ability to distinguish INcRNAs
from the test group (with increased expression in mutants)
from those in the control group (with decreased expression)
is presented in Fig 5.

In seedling tissue, the interaction scores for the test
IncRNAs (with increased expression in mutants) were shifted
above 0.5, suggesting a potential ability of these transcripts to
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Fig. 4. Heatmap of differentially expressed IncRNAs in tassel tissue.
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Fig. 5. Distribution of predicted miRNA-IncRNA interaction scores in seedlings and tassel tissues.

a - seedlings: interaction scores for the test group (IncRNAs with increased expression) are shown in red, and for the control group (IncRNAs
with decreased expression), in blue; b — tassel: similarly, red represents the test group, and blue, the control group (IncRNAs with decreased
expression). The X-axis represents the predicted interaction confidence (PC) calculated by PmliPred, and the Y-axis indicates the number of

mMiRNA-INcRNA pairs analyzed.

bind miRNAs. However, it should be noted that the control
group contained only a single INcRNA with a high predicted
score. Because the control in this experiment consisted of only
one IncRNA (with decreased expression in mutants), it was
difficult to accurately assess the precision and discriminatory
power of the PmliPred model.

In tassel tissue, the differences between the groups were
even more pronounced: interaction scores for the test INCRNAs
were predominantly above 0.5, whereas the control INcRNAs
displayed a distribution shifted below 0.5. This behavior of the

model indicates its ability to effectively distinguish biological
classes based on the predicted miRNA-IncRNA interaction
parameters.

Thus, the PmliPred model demonstrated high discrimina-
tory power and can be used for the preliminary selection of
IncRNAs potentially involved in interactions with miRNAs.

miRNA-IncRNA interaction networks in maize tissues
The results obtained using the miRNA-IncRNA interaction
prediction tool IntaRNA are shown in Fig. 6. For example,
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Fig. 6. Examples of miRNA-IncRNA interactions predicted using IntaRNA.

a - seedlings: zma-miR156a-3p and IncRNA_mapped_SRR1041551_8056.1; b — tassel: zma-miR528a-b-5p and IncRNA_mapped_SRR1041559_
12521.1. Regions of base pairing and the interaction structures are shown, calculated based on minimum free energy (kcal/mol).

Fig. 7. miRNA-IncRNA interaction networks in maize seedling tissue.

Here and in Fig. 8: green circular nodes represent miRNAs, blue circular nodes
represent IncRNAs, and red circles indicate IncRNAs that are potentially func-
tioning as “sponges”.

two RNA pairs clearly formed stable and extensive regions of
complementary binding. In total, 13 reliable miRNA-IncRNA
pairs were identified in seedling tissue, and 14 pairs, in tassel
tissue. These data confirm that the selected IncRNAs not only
exhibit increased expression in the mutants but also possess
a high potential for specific interactions with miRNAs, the
expression of which is reduced in the mutants. This makes
them justified candidates as miRNA targets.

Visualization of the identified interactions using Cytoscape
(Figs. 7 and 8) revealed that some IncRNAs are potentially
capable of binding multiple miRNAs simultaneously. For
example, Incrna_SRR1041561 10348.1 (in tassel) interacts
with five different miRNAs: zma-miR160a-e-g-5p, zma-
miR167d-3p, zma-miR394a-b-5p, zma-miR408a-b-3p, and
zma-miR172e, suggesting its potential role as a “sponge”
within a ceRNA mechanism. Another example is Incrna_
SRR1041554_35279.1 in seedling tissue, which interacts with
zma-miR2118b, zma-miR160a-e-g-5p, and zma-miR 167b-3p.

Discussion
The analysis revealed that 9 out of 14 identified IncRNAs
are potentially capable of interacting with multiple miRNAs

Fig. 8. miRNA-IncRNA interaction networks in maize tassel tissue.

simultaneously, suggesting their possible role as competing
endogenous RNAs (ceRNAs), molecular “sponges” that bind
miRNAs and prevent their interaction with target mMRNAs.
Through this mechanism, IncRNAs can indirectly regulate
the expression of various genes involved in key biological
processes.

Among the predicted miRNA partners are well-charac-
terized regulators of plant growth, development, and stress
responses (Jones-Rhoades et al., 2006; Sunkar et al., 2012):
* miR156 regulates the transition from the juvenile to the

adult phase, flowering, leaf morphogenesis, and branching

by suppressing SPL genes (Preston et al., 2013; Wang H.,

Wang H., 2015);

* miR167 and miR160 regulate the auxin signaling pathway
by suppressing ARF genes, thereby influencing root forma-
tion, leaf, flower, and seed development, as well as somatic
embryogenesis (Caruana et al., 2020; Barrera-Rojas et al.,
2021; Wang Y. et al., 2020);

» miR168 participates in maintaining the stable level of the
AGO1 protein, a central component of the RNA interference
(RNAI) machinery, thereby regulating the entire miRNA
pathway (Martinez de Alba et al., 2011; Li W. et al., 2012);
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* miR172 regulates the onset of flowering and organogenesis
by repressing AP2-type transcription factor genes (Ripoll
et al., 2015; Zhang B. et al., 2015);

» miR2118 activates the biogenesis of phased small interfer-

ing RNAs (phasiRNASs), playing a critical role in plant im-

munity and anther development (Canto-Pastor et al., 2019;

Jiang P. et al., 2020);

miR398 and miR408 provide antioxidant protection by

regulating the levels of superoxide dismutases and metal-

binding proteins, and they also respond to a wide range

of abiotic stresses (Jiang A. et al., 2021; Zou et al., 2021,

Gao et al., 2022);

* miR394 influences leaf morphogenesis, fruit develop-
ment, and meristem activity (Song et al., 2015; Sun P. et
al., 2017);

» miR528 is involved in redox homeostasis, resistance to viral
infections, salt stress response, and regulation of lignifica-
tion (Wu et al., 2017; Sun Q. et al., 2018).

Functional annotation of the interacting miRNAs indicates
that most of them are involved not only in the development
of plant morphological structures, but also in the complex
regulatory networks controlling responses to biotic and abio-
tic stresses.

Moreover, the identified ceRNA networks confirm that
post-transcriptional regulation in plants is mediated through
finely coordinated interactions between non-coding and
coding RNAs. The presence of IncRNAs capable of bind-
ing multiple regulatory miRNAs suggests the existence of
potential hubs of regulatory cross-talk within RNA networks,
which represents a particularly promising target for functional
validation.

The obtained results emphasize the importance of a sys-
tems-level approach to transcriptomic data analysis, as such
strategies enable the identification of hidden layers of gene
regulation and promising molecular targets. Furthermore,
these findings may serve as a theoretical foundation for the
development of new agronomically valuable maize varieties
with enhanced stress tolerance and improved adaptive traits.

Conclusion

In this study, a comprehensive analysis of Z. mays transcrip-
tomic data was conducted to identify potential interactions
between miRNAs and IncRNAs. Based on the results of dif-
ferential expression analysis comparing control and mutant
samples, IncRNAs and miRNAs with potential interactions
were identified.

The PmliPred model, based on machine learning ap-
proaches, was applied to predict potential miRNA-IncRNA
pairs. Subsequent structural analysis using IntaRNA confirmed
the presence of stable complementary binding sites between
the selected molecules, indicating high reliability of the pre-
dicted interactions.

Based on the selected interaction pairs, competing endo-
genous RNA (ceRNA) networks were constructed, demon-
strating that individual IncRNAs are capable of binding
multiple miRNAs simultaneously. This supports the hypo-
thesis that they participate in post-transcriptional regulatory
mechanisms as mMiRNA “sponges”, capable of modulating the
activity of regulatory molecules and influencing the expres-
sion of target genes.

Computational prediction of the interaction network
between IncRNAs and microRNAs in maize

Additionally, key interactions were visualized using Cyto-
scape, allowing a clear representation of the structure and
potential functional significance of the identified regulatory
connections. The results confirm the role of IncRNAs as im-
portant components of plant regulatory networks and provide
a foundation for further functional studies.
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Abstract. Endophytic bacteria play a key role in agricultural ecosystems, as they can affect the availability of various
compounds, crop yield and growth, and provide resistance to diseases and pests. Therefore, the study of endophytes
of agriculturally important crop plants is a promising task in the field of biological plant protection. Understanding
the mechanisms of interaction between endophytic bacteria and plants will allow the use of these microorganisms
as bioagents in the future and thus reduce dependence on chemical pesticides. In this paper, samples obtained from
the leaves and/or roots of wheat, rapeseed and soybean are considered. Whole-genome sequencing of the isolates
was performed. Using an analytical pipeline, the genomes of 15 strains of endophyte bacteria of cultivated plants
were assembled and characterized. Their insecticidal and fungicidal potential was analyzed. Gene repertoire analysis
performed with GenAPI showed a high degree of correspondence between the gene repertoires of strain BZR 585 against
Alcaligenes phenolicus, BZR 762 and BZR 278 against Alcaligenes sp., BZR 588 and BZR 201P against Paenochrobactrum
pullorum. All strains, with the exception of BZR 162, BZR 588 and BZR 201P, were found to contain genes encoding
proteins with fungicidal activity, such as iturins, fengycins and surfactins. All strains also contained genes encoding
proteins with insecticidal activity, namely GroEL, Spp1Aa1, Spp1Aa2, Vpb1Ab1, Vpb4Ca1l, HIdE, mycosubtilin, fengycin
and bacillomycin. The obtained genomic data are confirmed by the results of previous experimental studies: high
insecticidal activity of a number of strains (BZR 1159, BZR 936, BZR 920, etc.) against Galleria mellonella, Tenebrio molitor
and Cydia pomonella, as well as fungicidal properties against Fusarium, Alternaria, Trichothecium, was demonstrated.
This shows the practical significance of the identified genetic determinants for the creation of new biocontrol agents.
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AHHOTaumA. SHAOPUTHbIe GakTepnn CNOCOGHbI BAMATb Ha AOCTYNMHOCTb Pa3fIMYHbIX COeAUHEHWN, YPOXKANHOCTb 1
POCT CeNbCKOXO3ANCTBEHHbIX PAaCcTEHUIA, a TakxKe obecrneumBaTb YCTOMUMBOCTb K bonesHAM 1 BpeauTensam. Mostomy
nccnefoBaHme SHAOPUTOB CENbCKOXO3ANCTBEHHO 3HAUMMbIX KYNbTYPHbIX PacTeHUIn ABAAETCA NepcrekTUBHON
3afayeit B 061acTv 6MONOrNYecKon 3aluTbl pacTeHNi. B gaHHOM paboTe paccMOTPeHbl U30ATHI LUTAMMOB GaKkTepuia,
NnoslyYeHHbIe U3 INCTbEB /U KOPHEeN NeHuLbl, panca 1 cou. bbino nporssefeHO NOHOreHOMHOE CEKBEHMPOBaHNe
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MccnefoBaHme MHCEKTULMAHOTO U QYHTULMAHOTO
noTeHuvana 6akTepuin sSHAO0GUTOB

n3onaToB. C MOMOLLbIO aHANIMTYECKOTO KOHBelepa CobpaHbl 1 0XapakTepu3oBaHbl reHOMbl 15 WTaMMOB 6aKTepuii-
3HAODUTOB KYNBTYPHBIX PACTEHUIA, MPOAHANIM3UPOBAH UX MHCEKTULMAHDIA U GYHTMLMAHDIA NOTeHLMan. AHain3 reHHOro
penepTyapa ¢ nomMoLblo nporpammbl GenAPl nokasan BbICOKYI0 CTeMeHb COOTBETCTBUA MeXAY FreHHbIM pernepTyapom
wramma BZR 585 otHocuTenbHo Alcaligenes phenolicus, BZR 762 n BZR 278 otHocutenbHo Alcaligenes sp., BZR 588 u
BZR 201P oTtHocuTenbHo Paenochrobactrum pullorum. Bo Bcex WwitamMmmax, 3a ucknoveHvem BZR 162, BZR 588 n BZR 201P,
HalfeHbl reHbl, Kogupyowye 6enku, obnagaolme GyHrMUNLHOM akTVBHOCTbIO, TakMe Kak UTYPUHbI, GeHrMLUUHbI 1
cypdakTuHbI. TakKe BO BCEX LUTAMMaX HalAeHbl reHbl, KogupyoLme 6enkn ¢ MHCEKTULAHON aKTUBHOCTbIO, @ UMEHHO:
GroEL, Spp1Aal, Spp1Aa2, Vpb1Ab1, Vpb4Cal, HIdE, ¢eHrnumH, mukocybTunuH n GaumnnommuumH. NonyyeHHble
reHOMHble laHHble NOATBEePXKAEHbI SKCNepYMeHTaIbHbIMU UCTMbITAHUAMU: paHee MoKa3aHa BblCOKaa MHCEKTULMAHAA
aKTMBHOCTb WTammoB BZR 1159, BZR 936, BZR 920 v gp. npoTus Galleria mellonella, Tenebrio molitor n Cydia pomonella,
a Takke QyHrMumMpHble CBOWCTBA NPOTWB Fusarium, Alternaria, Trichothecium. 3TO [eMOHCTPUPYeT MPaKTUYEeCKyo
3HAUMMOCTb BbIABNEHHbIX FEHETUYECKUX JeTEPMUHAHT A1 CO3AaHNA HOBbIX areHTOB OMOKOHTPONA.

KnioueBble cnoBa: 6MonHPOpMaTMKa; CPaBHUTENbHAA reHOMMKa; SHA0GUTbI; GIOKOHTPOSb

Introduction

Endophytic bacteria are components of the plant microbiome
that can colonize roots, stems, or leaves, where they obtain
stable sources of nutrients and, in turn, increase plant resis-
tance to both biotic and abiotic stresses. These symbionts
have growth-stimulating activity due to nitrogen fixation,
phosphorus mobilization, and phytohormone synthesis, and
also produce a wide range of metabolites, hydrolytic enzymes,
and volatile compounds involved in the biological control of
pests and diseases of agricultural crops. In addition, endo-
phytes compete for ecological niches and induce systemic
resistance in plants, creating a multi-level defense that can be
comparable in effectiveness to chemical pesticides, but is safe
for humans and the environment (Hamane et al., 2023; Ali et
al., 2024). The study of endophytes in agriculturally important
crops opens up prospects for the search for biocontrol agents
for various pests and pathogens (insects, fungi, and others).

Endophytic bacteria are actively being studied using bio-
informatics methods and comparative genomics approaches
(Wang Z. et al., 2023; Zhang M. et al., 2023; Pellegrinetti et
al., 2024; Yang K. et al., 2024; Dai et al., 2025). Sequencing
their complete genomes provides a large array of information
for identifying genes and their products that have insecticidal
and fungicidal potential in terms of solving biocontrol prob-
lems. In addition, functional annotation of genes of interest
can be performed based on well-characterized related strains
of microorganisms, such as Bacillus velezensis, B. thuringi-
ensis, and others.

For example, in the rhizosphere of plants, B. velezensis
creates a favorable nutritional and physicochemical environ-
ment for root microbiota by forming a biofilm, which pro-
motes plant growth and protection against phytopathogens,
both through the secretion of antimicrobial compounds and
through the formation of phytoimmune potential in plants.
The study (Rabbee et al., 2019) summarized information on
strain-specific gene clusters of B. velezensis associated with
the biosynthesis of secondary metabolites, which play an
important role in both suppressing pathogens and stimulat-
ing plant growth. For B. velezensis BRI3 strains and related
lines, comparative analysis confirmed the preservation of
the “core” gene clusters of lipopeptide synthetases (iturin,
fengycin, and surfactin), with the simultaneous appearance
of unique type 11l polyketide synthases, which allows these
strains to exhibit broad fungicidal potential in vitro (Liu et
al., 2024).

Pangenomic studies of Burkholderia bacteria, including a
comparison of 18 endophytic and pathogenic strains, revealed
the loss of classical virulence determinants and enrichment
of antimicrobial compound synthesis gene clusters in endo-
phytic symbionts. These changes are a sign of adaptation to
an intracellular lifestyle and serve as an indirect marker of
biological control potential (Liu et al., 2024).

For the representative of Pseudomonadota, Ochrobactrum
quorumnocens A44 is capable of disrupting quorum sens-
ing (QS) in Gram-negative bacteria by inactivating N-acyl-
homaoserine lactones (AHLSs) and protecting plant tissues from
soft rot pathogens, the virulence of which is regulated by QS.
For this strain, isolated from the potato rhizosphere, and six
related type strains of the genus Ochrobactrum, comparative
genomics showed that the core genome contains 50-66 % of
genes, and the variable part for each genome accounts for 8
to 15 % (Krzyzanowska et al., 2019).

The entomopathogenic strain B. thuringiensis ser. israelen-
sis, a well-known source of -endotoxins (cry, cyt), plays a
key role (occupies a special place) in research. The complete
sequence of the 127-kb pBtoxis plasmid showed that the
cluster of genes encoding toxins remains stable, while regula-
tory and mobile elements are actively reorganized, ensuring
horizontal transfer of insecticidal protein genes and expanding
the adaptive potential of the strain (Berry et al., 2002; Bolotin
etal., 2017).

At the same time, microorganisms that establish symbiotic
relationships with their hosts were found to contain GroEL
proteins (an ATP-dependent molecular chaperone that is pres-
ent in all forms of life and is one of the most conservative
proteins in living organisms), which acted as toxins (Horwich
et al., 2007; Shi et al., 2012; Kupper et al., 2014). Its homo-
logue, XnGroEL, has been described in the Xenorhabdus
nematophila, which retains its folding function but acquires
the ability to bind to the insect’s chitin cuticle and suppress
the host’s immune responses (Horwich et al., 2007).

Thus, the creation of databases on proteins associated with
the insecticidal and fungicidal properties of endophytic bac-
teria opens up broad opportunities for bioinformatic analysis
and in silico screening of bacteria with protective properties
that are significant for agriculture. For example, the BPPRC
database (Panneerselvam et al., 2022) summarizes informa-
tion on some proteins and peptides with insecticidal activity.

In this paper, we present assemblies and annotations of the
genomes of 15 strains of endophytic bacteria isolated from
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various organs of wheat, soybean, and rapeseed plants. An-
notation was performed relative to close bacterial reference
genomes. We also demonstrated the presence of proteins
with fungicidal and insecticidal properties in the studied
strains.

Materials and methods

Strains of endophytic bacteria. In this research, we used
the scientific equipment “Technological line for obtaining
microbiological plant protection products of a new generation”
(http://ckp-rf.ru/usu/671367). The objects of the study were
bacterial strains from the bioresource collection of the Federal
State Budgetary Scientific Institution Federal Research Center
for Biological Resources “State Collection of Entomophagous
Acarids and Microorganisms” (https://fncbzr.ru/brk-i-unu/
unique-installation-1/). The strains under study were isolated
from the roots and leaves of wheat, soybeans, and rapeseed.
Samples were collected in four districts of the Krasnodar Ter-
ritory (Krylovsky, Wselkovsky, Pavlovsky, and Krasnodar).
The general characteristics of the microbial strains under study
are presented in Supplementary Material 11.

Sequencing. Bacterial DNA was isolated from individual
colonies grown on agarized medium in Petri dishes using
the D-Cells kit (Biolabmix, Russia) according to the method
for Gram-negative bacteria. The colony was transferred to a
1.5 ml tube and resuspended in 150 ul of PBS buffer. After
adding 20 pl of proteinase K and 150 pl of lysis buffer, the
cells were incubated for 10 min at 56 °C. After adding 500 ul
of LB buffer, the lysate was applied to the column and centri-
fuged for 30 seconds at 12,000g. The column was sequentially
washed with 500 ul of WB1 and WB2 buffers, followed by
centrifugation. DNA was eluted from the column using 60 pl
of EB buffer. Ultrasonic DNA fragmentation was performed
on a Covaris M220 sonicator (Shelton, USA) in a volume
of 50 pl using a protocol optimized for average fragment
lengths of 300 bp. DNA concentration was measured using
a Qubit4 fluorometer with the DNA HS kit (Thermo Fisher
Scientific, USA). Genomic libraries were prepared using
the KAPA Hyper Prep kit (Roche, Switzerland) with KAPA
double indices according to the manufacturer’s instructions.
Fifty nanograms of fragmented DNA were used for the experi-
ment, with nine cycles of final PCR. The quality and molarity
of the obtained libraries were calculated after analysis on a
BA2100 bioanalyzer (Agilent, USA) and measurement of
concentrations on a Qubit4 fluorometer. After normaliza-
tion, the resulting libraries were pooled to a concentration of
4 nM/pl. Sequencing was performed on a GenolabM device
(GeneMind, China) using 2x150 bp paired-end reads with
the GenolabM V2.0 kit (FCM 300) according to the manu-
facturer’s protocol.

Bioinformatic analysis. The genome sequencing results
were quality checked using FastQC (https://www.bioinfor
matics.babraham.ac.uk/projects/fastqc/), trimming was per-
formed using fastp (Chen et al., 2018; Chen, 2023). Filtering
for possible contamination by human reads (Hg38) was per-
formed using BWA MEM (L1, 2013) and synthetic sequences
(Univec (https://ftp.ncbi.nlm.nih.gov/pub/UniVec/, accessed
April 2025) and blastn).

T Supplementary Materials 1-6 are available at:
https://vavilovj-icg.ru/download/pict-2025-29/appx52.zip

Study of insecticidal and fungicidal
potential of endophytic bacteria

The taxonomic composition of the sequenced material was
analyzed using the MetaPhlan4 tool (Blanco-Miguez et al.,
2023). The initial taxonomic identification of the draft primary
genome assemblies was performed by tetracorrelation search
using the JSpeciesWS web service with the GenomesDB
database (Richter et al., 2016). The draft primary assemblies
were obtained in the same way as described below, except
that Ragout scaffolding (Kolmogorov et al., 2014) and Pilon
correction (Walker et al., 2014), were not used for the draft
primary assemblies, and the results of the tetra-correlation
search during primary taxonomic identification were used as
reference genomes. The GFinisher assembler accepts multiple
assemblies as input data (Guizelini et al., 2016). The authors
of GFinisher note that the first assembly is the main one, and
the rest are additional. In our case, depending on the quality
control of all assemblies, the main assembly in GFinisher was
one of the following: bins, the MinYS assembly (Guyomar
et al., 2020), or the Spades assembly (Bankevich et al., 2012;
Prjibelski et al., 2020) after mapping to the reference.

Next, taxonomic identity was refined in order to select the
closest reference genomes for corrected bacterial genome as-
sembly using a hybrid (de novo + reference-guided) cascade
approach based on a set of closely related references (Fig. 1).
To search for refined reference genomes, average nucleotide
identity (ANI) analysis was performed using fastani (Jain et
al., 2018) within the genus established during the initial taxo-
nomic screening. Draft primary assemblies were compared
by ANI with all publicly available genome assemblies within
the same genus deposited in NCBI Genbank, which were
downloaded in batch processing using nchi-genome-download
(https://zenodo.org/records/8192486, accessed April 2025).

Three draft assemblies were obtained. The first option was a
de novo assembly of Spades. The assembly was binned using
MaxBin2 (Wu et al., 2016). The resulting bins were filtered
by completeness. If this parameter was <87 %, such bins were
not considered further. The second assembly variant was a
reference-guided assembly using MinYS. A closely related
reference genome and filtered reads were fed into the input.
Based on the results of the MinY'S assembly, the main refer-
ence was selected from the closest reference genomes and
used in the third assembly option and in the final assembly
with correction. The third assembly option was performed by
the Spades assembler based on mapped reads to the selected
reference genome.

All draft assembly variants were scaffolded using Ragout,
which can utilize information about a number of the closest
reference genomes. Configuration files for each Ragout assem-
bly variant were generated using a custom Python 3 script. The
resulting draft assemblies at the contig and scaffold level were
merged into a single assembly using the GFinisher program.
Depending on the intermediate quality control results, the main
assembly in GFinisher was either the Ragout assemblies or
the bins obtained in the first draft assembly variant. GFinisher
can output two assemblies, which were submitted for cor-
rection in Pilon. At each stage, the quality of the assemblies
was controlled using QUAST (Gurevich et al., 2013). Based
on the results of quality control, which was carried out after
correction, the final genome assemblies were selected.

Genome annotation was performed using the prokka soft-
ware pipeline (Seemann, 2014), additionally configured to
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Fig. 1. Analytical pipeline for assembling bacterial genomes and annotating them.

Yellow blocks indicate data obtained at the preliminary stage of primary genome assembly, blue blocks indicate data obtained
during genome assembly refinement, and green blocks indicate target results. Arrows indicate data interdependencies, and labels
next to the arrows indicate the tools and methods used for data analysis or conversion. 0 - tetracorrelation analysis (JSpeciesWS
and GenomesDB) and average nucleotide identity analysis (fastani) to establish the closest (and best annotated) reference
genomes from GenBank; 1 - de novo assembly using Spades followed by binning in MaxBin2 (bin selection filter - complete-
ness > 87 %); 2 - reference-guided assembly in MinYS; 3 — assembly using Spades of reads pre-mapped to the reference using
BWA; 4 - scaffolding of previously obtained draft genomes (contigs) in Ragout, using information about the closest reference
genome; 5 — genome polishing in GFinisher, combining the results of previously obtained draft assemblies into one common
assembly; 6 — final correction in Pilon; 7 - annotation of final assemblies in Prokka, taking into account the most complete known
genome annotations of the corresponding species/genus, as well as specially prepared databases of amino acid sequences of

fungicidal and insecticidal proteins, the latter including BPPRC.

take into account the databases of protein sequences with
insecticidal and fungicidal properties prepared within the
framework of this study, as well as the annotation of refined
reference genomes.

For each genome, a separate annotation database was cre-
ated, consisting of the following parts: annotated protein se-
quences from the closest reference genome, protein sequences
with insecticidal and fungicidal properties collected in this
study (described below), and the BPPRC database (https://
www.bpprc-db.org/, accessed June 2025).

To search for insecticidal proteins in the genomes under
study, a database of protein sequences was compiled manually.
It included the amino acid sequences of Cry and Vip proteins.
The sequences were selected from the UniprotDB (Bateman
et al., 2021) and NCBI Protein (https://www.ncbi.nlm.nih.
gov/protein/, accessed October 2024) databases by genus
name and protein name/function. In the complete genomic
sequences of bacteria from the GenBank card, the protein
product was found and the corresponding protein sequence
was downloaded. Then, a search was performed using blastp
on the formed database. The results were filtered by a threshold
for two parameters: identity > 50 % and e-value < 0.001, where
identity corresponds to the percentage of matching amino
acids, and e-value corresponds to the statistical significance
of the results. The BPPRC database, containing protein se-
quences of bacterial pesticidal proteins downloaded from the

Bacterial Pesticidal Protein Database project, was also added
to this variant.

Similarly, a database of protein sequences was compiled
manually for certain proteins with fungicidal activity: iturins,
fengycins, and surfactins. Using blastp, the results of align-
ment of proteins encoded in the genomes of the analyzed
strains to the sequences from the compiled database were
obtained. Initial filtering of the results was performed accord-
ing to two parameters: identity > 50 % and e-value < 0.001.

Figure 1 shows a graphical diagram of the corresponding
analytical pipeline. Venn diagrams for comparing the gene
repertoire of the analyzed strains with that of the reference
genomes were constructed using the Draw Venn Diagram web
service (http://bioinformatics.psb.ugent.be/webtools/Venn/,
accessed May 2025).

Subsequent analysis of the alignment results of the collected
genomes based on insecticidal and fungicidal proteins was
performed by visualizing information about the proteins found
in the studied strains in the form of a heat map based on the
iScore value (see Equation 1), which represents the percentage
of identity weighted by the proportion of the aligned region
to the total length of the reference protein. This representa-
tion allows us to take into account not only the percentage
of identity of the local alignment found, but also the extent
to which this alignment covers the length of the original
protein.
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The formula for calculating iScore is as follows:
iScore = identity -:—Z‘, 1)

where identity is the percentage of matching amino acids, la is
the alignment length, and Is is the initial length of the amino
acid sequence of the protein from the collected database.

Gene repertoire analysis was performed using GenAPI
(Gabrielaite, Marvig, 2020).

Multiple alignment of concatenated amino acid sequences
was performed using the GTDB-Tk tool (Chaumeil et al.,
2022) based on a search for 120 bacterial marker genes.
Multiple alignment was used to construct a phylogenetic
tree in PhyML (Guindon et al., 2010). In PhyML, the de-
fault support level for internal branches is estimated using a
Bayesian test. The iTOL web service (Letunic, Bork, 2024)
(https://itol.embl.de/, accessed May 2025) was used to visual-
ize the tree.

Program versions and launch parameters are listed in
Supplementary Material 2.

Study of insecticidal and fungicidal
potential of endophytic bacteria

Results

Taxonomic identification

A preliminary assessment of the taxonomic composition of
sequenced genetic material using Metaphlan revealed hetero-
geneity in most of the analyzed samples to varying degrees
(Table 1). Since not all reads for all samples belonged to a
single organism, it was decided to perform binning of the ini-
tial draft genome assemblies to isolate the genomic fragments
most fully represented in the microorganism sample. Next,
taxonomic identification was performed for the bins using
tetranucleotide frequency analysis and correlation coefficients
(tetra-correlation search, TCS).

The taxonomic identity of the assembled genomes (see
subsection Assembly and annotation) was refined during the
analysis of average nucleotide identity by comparison with
publicly available reference genomes of the same genus in
NCBI Genbank (see Supplementary Material 3). The results
of the identification are summarized in Figure 2 and Table 2.

Table 1. Results of the initial analysis of the taxonomic composition of the samples studied and subsequent binning

Sample Species by Metaphlan, share of reads % Bin number, Species according to TCS
bin completeness %
BZR 1159 Brevundimonas naejangsanensis, 100 1) 001 -383 1) Brevundimonas naejangsanensis DSM 23858
2)002-57.9 2) Brevundimonas naejangsanensis DSM 23858
BZR 162 Ochrobactrum quorumnocens, 78.9 2) 002 -87.9 2) Ochrobactrum quorumnocens A44
Unclassified, 21.1
BZR 201 Leucobacter aridicollis, 56.1 1) 001 -95.3 1) Leucobacter aridicollis L-9
Unclassified, 43.5 2) 002 -99.1 2) Paenochrobactrum glaciei JCM 15115
Paenochrobactrum gallinarii, 0.4
BZR 206 Leucobacter aridicollis, 90.5 1) 001 -95.3 1) Leucobacter aridicollis DSM 17380
Unclassified, 9.5 2) 002 -75.7 2) Leucobacter chinensis NC76-1
BZR 278 Alcaligenes faecalis, 92.7 1) 001 -100 1) Alcaligenes nematophilus A-TC2
Brevundimonas naejangsanensis 0.4
Unclassified, 7.3
BZR 466 Leucobacter aridicollis, 69.8 1) 001 -95.3 1) Leucobacter aridicollis DSM 17380
Brevundimonas naejangsanensis, 19.3 2)002-95.3 2) Brevundimonas naejangsanensis DSM 23858
Unclassified, 11.5
BZR 585 Alcaligenes faecalis, 91.1 1) 001 -100 1) Alcaligenes nematophilus A-TC2
Unclassified, 8.9
BZR 588 Unclassified, 95.8 1) 001 -99.1 1) Paenochrobactrum glaciei JCM 15115
Paenochrobactrum gallinarii SGB85919, 4.2 2) 002 -94.4 2) Leucobacter chinensis NC76-1
3) 003 - 84.1 3) Leucobacter komagatae DSM 8803
BZR 635 Unclassified, 99.9 1)001-38.3 1) Leucobacter sp. G161
Mesorhizobium hungaricum SGB11031, 0.1 2) 002 -57.9 2) Leucobacter sp. G161 (Leucobacter komagatae)
BZR 736 Bacillus cereus, 87 1) 002 - 99.1 1) Bacillus cereus BAG10-3
Unclassified, 13
BZR 762 Alcaligenes faecalis, 92.1 1) 001 - 64.5 1) Alcaligenes nematophilus A-TC2
Unclassified, 7.9 2)002-35.5 2) Alcaligenes nematophilus A-TC2
BZR 920 Bacillus velezensis, 100 1)001-51.4 1) Bacillus amyloliquefaciens Bs006
2) 002 -46.7 2) Bacillus velezensis OB9
BZR 926 Achromobacter sp. MYb9, 47.9 1) 001 -74.8 1) Achromobacter marplatensis B2
Unclassified, 52.1 2) 002 - 26.2 2) Achromobacter marplatensis HLE
BZR 936 Bacillus velezensis, 100 1) 001 - 45.8 1) Bacillus amyloliquefaciens EGD-AQ14
2) 002 - 54.2 2) Bacillus velezensis OB9

Note.The correspondence of the bin numbers in the third and fourth columns has been preserved.
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Fig. 2. General taxonomic tree of species represented in samples and selected for further analysis.

Table 2. Results of final taxonomic identification with indication of the NCBI identifier of the closest reference genome

No. Strain Taxonomic identity Nearest related strain Nearest reference genome
1 BZR 588 Paenochrobactrum pullorum LMG 28095 GCF_041929845.1
2 BZR 1159 Brevundimonas sp. LPMIX5 GCF_003576505.1
3 BZR 920 Bacillus velezensis X-Bio_1 GCF_014230015.1
4 BZR 936 Bacillus velezensis X-Bio_1 GCF_014230015.1
5 BZR 206 Leucobacter aridicollis JUb111 GCF_024806925.1
6 BZR 926 Achromobacter marplatensis LMG 26219 GCF_902859635.1
7 BZR 466 Leucobacter aridicollis JUb111 GCF_024806925.1
8 BZR 736 Bacillus cereus CMCCPO0011 GCF_001635955.1
9 BZR 635 Leucobacter sp. G161 GCF_001482305.1

10 BZR 762 Alcaligenes sp. YSL9 GCF_030515105.1

11 BZR 278 Alcaligenes sp. YSL9 GCF_030515105.1

12 BZR 201 Leucobacter aridicollis JUb111 GCF_024806925.1

13 BZR 201P* Paenochrobactrum pullorum LMG 28095 GCF_041929845.1

14 BZR 162 Ochrobactrum quorumnocens A44 GCF_002278035.1

15 BZR 585 Alcaligenes phenolicus JC896 GCF_040430305.1

Note. Since two genomes were isolated from sample BZR 201, the second strain belonging to Paenochrobactrum pullorum from sample BZR 201 is designated

BZR 201P (* in the second column).

As a result, genomes were assembled and 15 bacterial
strains were taxonomically identified. Some of the samples
had readings that could be attributed to different bacteria,
which may indicate contamination of the samples prior to
sequencing or that the culture was mixed.

For example, since Paenochrobactrum pullorum is found
in samples taken from wheat roots (BZR 588) and winter
rapeseed roots (BZR 201P), we conclude that this is not ac-
cidental contamination, but a normal representative of the
rhizosphere of flowering plants. Thus, in the study (Hussain
etal., 2025), this species was used as a part of a community of
bacteria that affect phosphorus availability, yield, and wheat
growth.

Assembly and annotation

As a result of the hybrid (de novo + reference-guided) ap-
proach, assemblies of 15 bacterial genomes were obtained.
The main characteristics of the final assemblies obtained after

QUAST quality control are presented in Table 3. Additionally,
for comparison, the table shows such reference characteris-
tics as assembly length (reference genome sequence length),
CG composition of the reference genome, and reference-de-
pendent indicators: the proportion of the reference represented
in the studied genome (Genome fraction) and the duplication
ratio (Duplication ratio).

However, the approach presented was not suitable for
samples BZR 635 and BZR 926. Although closely related
references were found for these samples, the Genome frac-
tion indicator was low during assembly (4.274 and 1.511 %,
respectively), which made it impossible to perform successful
scaffolding in Ragout. Therefore, for BZR 635 and BZR 926,
the assembly scheme consisted of the following steps. The
primary assembly was a de novo Spades assembly without
binning (the bins did not pass the set threshold). Rough as-
semblies were performed using MinY'S and Spades with map-
ping to the reference. The steps with Ragout and Pilon were

BUOUHOOPMATUKA U CUCTEMHAA BUOJIOTNA / BIOINFORMATICS AND SYSTEMS BIOLOGY 1309



T.N. Lakhova, A.l. Klimenko, G.V. Vasiliev
E.Yu. Gyrnets, A.M. Asaturova, S.A. Lashin

Study of insecticidal and fungicidal
potential of endophytic bacteria

Table 3. Characteristics of the final genome assembly and reference genome metrics

No. Strain Reference  CG Genome Duplication Number Thelargest  Totallength  N50 L50 CG
assembly  contentof fraction, ratio of contigs contig, bp of assembly, content, %
length reference, % % bp

1 BZR1159 3144717 66.41 87.420 1.000 239 82719 2772387 19497 39 67.17
2 BZR162 4593578 53.41 88.176 1.002 60 487021 4079562 225616 6  53.23
3  BZR201 3459535 67.32 93.609 1.000 10 783893 3424442 486624 3 67.45
4 BZR201P 3664841 48.45 89.886 1.001 53 510935 3452129 153809 7 4847
5 BZR206 3459535 67.32 93.600 1.000 13 1015594 3387765 424194 3 67.51
6 BZR278 4098772 56.49 95.093 1.000 12 1448095 4159417 406907 3 5645
7 BZR466 3459535 67.32 93.743 1.005 15 562204 3459663 424178 4 67.37
8 BZR585 4121371 56.49 94.610 1.000 7 1900810 4183792 871829 2 5642
9 BZR588 3664841 48.45 85.527 1.029 60 412949 3238581 144220 8 48.54

10 BZR635 3554188 65.32 4.274 1.001 69 181203 3024800 66004 16 66.43

11 BZR736 6097988 34.94 85.014 1.010 16 1408346 5366477 760581 3 3503

12 BZR762 4098772 56.49 95.136 1.000 63 486891 3921546 118193 10 56.60

13 BZR920 3861135 46.54 95.678 0.999 70 267487 3714855 123313 10 46.84

14 BZR926 6885835 65.11 1.511 1.001 43 737359 6214265 318995 7 6492

15 BZR936 3861135 46.54 95.657 1.000 74 283481 3714091 123326 10 46.85

skipped, since they require the locations of the regions in the
assembly relative to the reference. The resulting assemblies
were submitted to Gfinisher, the result of which was selected
as the final assembly.

Genome annotation was performed using the Prokka tool
with a user database of annotated amino acid sequences
taken from the reference genome, as well as databases of
fungicidal and insecticidal proteins. A total of 10 custom
databases were used, as the reference genomes coincided for
a number of strains. Thus, for strains BZR 201, BZR 206,
and BZR 466, the reference is GCF_024806925.1; for
BZR 201P and BZR 588 — GCF_041929845.1; for BZR 278
and BZR 762 — GCF_030515105.1; and for BZR 920 and
BZR 936 — GCF _014230015.1. Individual user databases
were used for the remaining samples.

Table 4 shows info on the annotation of bacterial genomes
compared to the corresponding reference genome. The “Pre-
dicted proteins” column shows the percentage of predicted
proteins relative to all genes predicted in the genome, with the
rest annotated as “hypothetical protein”. Although the Genome
fraction was low for the BZR 635 and BZR 926 genomes, we
used the reference data as annotation.

Analysis of the gene repertoire using GenAPI revealed
differences between the analyzed strains and the reference
genomes used (Fig. 3).

The genomes of the bacteria were annotated, and the gene
repertoire of each genome was analyzed relative to the cor-
responding reference genomes. Analysis of the intersections
of gene sets for different samples showed varying results. For
example, strains BZR 920 and BZR 936 showed high simi-
larity to B. velezensis, and strains BZR 206, BZR 466, and

BZR 201 showed high similarity to L. aridicollis. However, the
fact that 160 genes were found only in the reference genome
of B. velezensis but not in the studied strains of this species
may be due to both the fragmentation of the BZR 920 and
BZR 936 genome assemblies and the accumulated changes in
the sequences, based on the homology of which the absence
and presence of genes is assessed. It is also possible that these
strains do not actually have a number of genes relative to the
selected reference genome. These considerations apply to all
results presented in Figure 3.

BZR 585 showed a high degree of similarity between the
gene repertoire of the studied strains and the corresponding
reference genomes in relation to A. phenolicus; BZR 762 and
BZR 278 in relation to Alcaligenes sp.; and BZR 588 and
BZR 201P in relation to P. pullorum. In addition, BZR 736
showed a good degree of correspondence with B. cereus,
BZR 1159 with Brevundimonas sp., and BZR 162 with
O. quorumnocens. At the same time, BZR 926 showed only
an average level of correspondence with the reference genome
of A. marplatensis, and BZR 635, when compared with the
closest reference genome, Leucobacter sp., showed only a
small number of intersections, which may be due both to
different taxonomic identity and to the fragmentation of the
genome assembly of this strain.

Comparison of strains, analysis of their insecticidal

and fungicidal potential

Below are the results of the analysis of the insecticidal (Fig. 4)
and fungicidal (see figure in Supplementary Material 5) po-
tential of the studied strains based on a comparison of their
protein repertoires with the corresponding functional activity.
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Table 4. Characteristics of bacterial genome annotations from the analyzed samples

compared with the corresponding reference genomes

Strain/reference Identifier Total length
of assembly, bp
Strain BZR 1159 2772387
Reference GCF_003576505.1 3144717
Strain BZR 162 4079562
Reference GCF_002278035.1 4593578
Strain BZR 201 3424442
BZR 206 3387765
BZR 466 3459663
Reference GCF_024806925.1 3459535
Strain BZR 201P 3452129
BZR 588 3238581
Reference GCF_041929845.1 3664841
Strain BZR 278 4159417
BZR 762 3922022
Reference GCF_030515105.1 4098772
Strain BZR 585 4184220
Reference GCF_040430305.1 4121371
Strain BZR 635 3024800
Reference GCF_001482305.1 3554188
Strain BZR 736 5366477
Reference GCF_001635955.1 6097988
Strain BZR 920 3715092
BZR 936 3714897
Reference GCF_014230015.1 3861135
Strain BZR 926 6214265
Reference GCF_902859635.1 6885835

Heat maps reflect the results of the search for fungicidal and
insecticidal proteins among our strains in the form of iScore,
which is the percentage of identity weighted by the propor-
tion of the aligned region of the entire length of the reference
protein (see Materials and methods).

Agene encoding the chaperonin GroEl was found in all ana-
lyzed strains (Fig. 4). At the same time, the samples belonging
to the genus Bacillus (BZR 736, BZR 920, BZR 936) had the
highest number of genes encoding insecticidal proteins. While
strains BZR 920 and BZR 936, which are representatives of
B. velezensis, demonstrate the presence of fengycin, myco-
subtilin, and bacillomycin synthetases, BZR 736, belonging
to B. cereus, possesses the genes SpplAal and SpplAa2, as
well as Vpb1Abl and Vpb4Cal. At the same time, all analyzed
strains of the genus Bacillus also possess a gene encoding

Genes Ccbs Predicted proteins,
%
2692 2655 79.16
3026 2953 83.58
3831 3786 78.86
5344 5118 95.92
3088 3034 80.47
3052 2997 81.26
3147 3092 79.41
3152 3079 81.63
3277 3227 84.50
3031 2991 86.26
3523 3355 89.64
3862 3807 85.81
3606 3551 89.57
3753 3677 93.15
3863 3807 85.63
3752 3679 93.58
2707 2652 77.39
3404 3285 85.40
5456 5407 79.73
6148 5781 87.64
3643 3579 88.28
3640 3570 88.41
3828 3691 92.74
5705 5638 85.17
6393 6280 90.94

the enzyme N-acetylmuramic acid 6-phosphate esterase
(EC 4.2.1.126). In addition, strains BZR 278, BZR 585, and
BZR 762, belonging to the genus Alcaligenes, have fragments
homologous to the gene for the bifunctional protein HIAE,
while strains BZR 201, BZR 206, and BZR 466, represent-
ing Leucobacter aridicollis, contain a number of fragments
homologous to bacillomycin synthetase genes.

Proteins with fungicidal activity were identified (see Sup-
plementary Material 5; the heat map was constructed based
on the values specified in Supplementary Material 6) in
samples belonging to the genus Bacillus (BZR 736, BZR 920,
BZR 936). It can be seen that the most complete proteins
matching the sequences from the database are present in two
samples: BZR 920 and BZR 936, belonging to B. velezensis.
These samples also lead in terms of the number of proteins
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Achromobacter Alcaligenes
marplatensis phenolicus BZR 162
3444 2880 2780 183 3510 290 821 3814 448
BZR 926 BZR 585 Ochrobactrum
quorumnocens
Brevundimonas sp. Leucobacter sp. Bacillus cereus
322 2631 14 2699 623 2035 649 5093 132
BZR 1159 BZR 635 BZR 736
Alcaligenes sp. BZR 278 Bacillus velezensis BZR 920
3 1
176 254 160 0
3517 3535
7 34 3 7
0 0
BZR 762 BZR 936
BZR 201 BZR 206
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Fig. 3. Venn diagrams for gene sets of the studied strains, grouped by species, analyzed together with gene sets from the corresponding reference

genomes.
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Fig. 4. Repertoire of proteins selected during pairwise alignment of translated genomes of the studied strains to the insecticidal protein database,
where the color scale reflects the iScore parameter (see Equation 1). That is, the more intense the color, the more completely the sequence from the
studied genome was aligned with the amino acid sequence of the protein from the database. Missing proteins are marked in grey. The heat map is

based on the values (see Supplementary Material 4).
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Gemmata obscuriglobus
Bacillus cereus BZR 736
Bacillus velezensis BZR 920
Bacillus velezensis BZR 936
Leucobacter sp. BZR 635

Leucobacter aridicollis BZR 206
Leucobacter aridicollis BZR 466
Leucobacter aridicollis BZR 201
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—

Alcaligenes phenolicus BZR 585
Alcaligenes sp. BZR 762
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Brevundimonas sp. BZR 1159
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Ochrobactrum quorumnocens BZR 162
Paenochrobactrum pullorum BZR 588
Paenochrobactrum pullorum BZR 201P

7

Fig. 5. Phylogenetic tree of the studied strains, constructed based on 120 marker genes found in the bacteria. Gemmata obscu-

riglobus serves as the outgroup.

found. Since the vast majority of sequences in the database of
amino acid sequences of fungicidal proteins belonged to the
species B. velezensis and B. amyloliquefaciens, the discovery
of proteins in these two samples is a logical consequence. The
predominance of data in the collected database of sequences
related to B. velezensis and B. amyloliquefaciens was due to
the predominance of data on iturins, fengycins, and surfactins
of B. velezensis and B. amyloliquefaciens relative to other
species of the genus Bacillus in the UniprotDB and NCBI
Protein databases. However, genes encoding synthetases, as
well as YxjF and YxjC, were also found in a strain belonging
to B. cereus (BZR 736), although unlike the other strains
analyzed, BZR 736 does not have the ScoA gene, which,
along with ScoB, is present in all the strains analyzed. In ad-
dition, strains BZR 201, BZR 206, and BZR 466, representing
L. aridicollis, contain a number of fragments homologous to
the genes of iturin and fengycin synthetases. It is worth men-
tioning that the genomes of the entire clade of representatives
of the Brucellaceae family (strains BZR 162, BZR 588, and

BZR 201P) do not contain genes encoding fungicidal proteins
represented in our database.

Phylogenetic analysis

To construct a phylogenetic tree (Fig. 5), a search for a
set of 120 bacterial marker genes was performed using
GTDB-Tk in all studied samples, and multiple alignment of
protein sequences was performed, which was fed into the
tree construction. Proteins from Gemmata obscuriglobus
(GCF _003149495.1) were used as an outgroup.

It should be noted that the constructed phylogenetic tree
(see Fig. 5) fully reflects the topology of the previously pre-
sented taxonomic tree (see Fig. 2), which relatively confirms
the correctness of the established taxonomic identity. At the
same time, the gene sequences used to construct the tree are
identical in strains BZR 762 and BZR 278, as well as in the
trio of strains BZR 466, BZR 206, BZR 201, indicating that
the former belong to one species of the genus Alcaligenes,
and the latter, to L. aridicolis.
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Discussion

The study of endophytic bacteria in agriculturally important
crops is a pressing issue, the resolution of which will enable
the regulation of pest populations and effective control of plant
diseases arising from interaction with pathogens. Therefore,
it is particularly important to identify strains that possess
fungicidal and insecticidal potential.

To date, the following antagonistic properties of endophytic
bacteria are known for the studied genera. Here, we list the
genera of bacteria for which taxonomic identification of ge-
nomes was performed in this study.

Bacillus spp. The genomes of bacteria of the genus B. ve-
lezensis contain nine key NRPS/PKS clusters, synthesized
lipopeptides (iturin, fengycin, surfactin) and polyketides (de-
ficidin, macrolactin) capable of suppressing phytopathogenic
fungi of the genera Fusarium, Bipolaris, Exserohilum, and
others, both in vitro and in vivo (Wang S. et al., 2024; Yeo
et al., 2024). Surfactin, iturin, and fengycin can act as ento-
micides and nematicides, as evidenced by the high mortality
(up to 100 %) of Aedes aegypti mosquito larvae and Agriotes
lineatus click beetles, while pure surfactin causes systemic
metabolic disorders in the caterpillars of the Asian cotton
bollworm Spodoptera litura (Falqueto et al., 2021; Zhang F.
et al., 2024; Knezevi¢ et al., 2025).

Alcaligenes spp. A binary protein, AfIP-1A/1B, has been
discovered in A. faecalis bacteria that is capable of forming
pores in the intestines of western corn rootworm larvae Dia-
brotica virgifera, including in insect populations resistant to
B. thuringiensis. Some strains produce an exoprotease that
kills the root-knot nematode Meloidogyne incognita and the
soil nematode Caenorhabditis elegans. The A. faecalis N1-4
strain is capable of producing dimethyl disulfide and methyl
isovalerate, which inhibit the growth of the fungus Aspergillus
flavus and reduce the amount of mycotoxins in grain during
storage (Ju et al., 2016; Gong et al., 2019; Pérez Ortega et
al., 2021).

Achromobacter spp. The A. xylosoxidans soil strain causes
95 % mortality of larvae and 100 % mortality of adults of the
housefly Musca domestica. Volatile esters (S-methylthiobu-
tyrate, acetates) reduce the population of the gall nematode
M. javanica and suppresse gall formation on tomatoes by
60 %. The endophytic strain CTA8689 reduces melon wilt
caused by Fusarium oxysporum/F. solani by 60 % in a green-
house thanks to siderophores and esterases (Yamag et al., 2010;
Dhaouadi et al., 2019; Deng et al., 2022; Mohamadpoor et
al., 2022).

Brevundimonas spp. B. diminuta YYCO02 produced
42 volatile compounds, of which butyl-2-methylbutanoate
and isoamyl butyrate caused 90-100 % mortality of the
root-knot nematode Meloidogyne javanica within 48 hours,
while soil treatment reduced the number of galls by 37 %
and increased the mass of cucumber shoots (Sun et al.,
2023). Brevundimonas is part of the core microbiome of
entomopathogenic nematodes (Steinernema, Meloidogyne)
and actively adheres to the cuticle of J2 larvae, increasing
their mortality and reducing egg hatching, which indirectly
confirms the anti-PPN activity of the genus (Topalovi¢ et al.,
2019). Although no classical Cry/Cyt toxins have been found
in Brevundimona, a membrane organophosphate hydrolase has
been studied in detail in B. diminuta, allowing the strain to

Study of insecticidal and fungicidal
potential of endophytic bacteria

use organophosphate insecticides as a source of phosphorus;
the enzyme is localized in the periplasm by means of a Tat
signal (Parthasarathy et al., 2016).

Leucobacter spp. Two strains, Verdel/Verde2, cause
nematode death through a rare mechanism in which a sticky
exopolymer sticks the nematode tails together into “stars”,
leading to the death of the colony. Nematode resistance to
these strains is controlled by individual genes, which empha-
sizes the specialized virulence of the genus. The L. aridicollis
SASBG215 strain inhibits cucumber anthracnose Colleto-
trichum orbiculare and causes lysis of hyphae, presumably
with the help of unknown polyketides (Hodgkin et al., 2013;
Abdul Salam et al., 2022).

Ochrobactrum spp. Strain BS-206 synthesizes the glyco-
lipid ochrozin, which kills 90-100 % of storage pests (Tribo-
lium, Sitophilus, Callosobruchus) and has an insecticidal effect
against the corn borer Spodoptera. The O. pseudogrigno-
nense NC1 strain produces dimethyl disulfide and benzalde-
hyde, which cause up to 100 % mortality of young M. incog-
nita individuals and reduce tomato gall formation by more
than 60 % (Kumar et al., 2014; Yang T. et al., 2022).

As can be seen from the brief summary above, there is a
variety of active substances for different pathogens, which
can complicate mass analysis, but offer prospects for future
research on little-studied endophytes that may have similar
properties.

In this article, we presented 15 genomes of endophytic
bacteria isolated from various parts of wheat, soybeans,
and rapeseed. We have demonstrated the presence of genes
responsible for insecticidal and fungicidal activity in the
studied strains, with the largest number of genes encoding
insecticidal and fungicidal proteins found in strains BZR 736,
BZR 920, and BZR 936 of the genus Bacillus. However, for
strains BZR 162, BZR 588, and BZR 201P of the Brucellaceae
family, no genes encoding fungicidal proteins present in our
database were identified.

This may indicate several factors: firstly, bacteria of the
genus Bacillus are more widely studied and published, and
secondly, the database contains a bias in data on insecticidal
and fungicidal proteins for this genus. Therefore, when in-
terpreting the results obtained for less represented genera,
we make the reservation that the presence of such proteins
is possible in these genomes, but their sequences differ sig-
nificantly from the publicly available sequences that we were
able to aggregate into the database. Nevertheless, the bias in
the data for the genus Bacillus does not affect the search for
proteins with insecticidal and fungicidal properties. There is
also little aggregated information in the literature on insec-
ticidal and fungicidal proteins, which confirms the need to
create databases of proteins associated with insecticidal and
fungicidal properties.

Nevertheless, the genomic data obtained in this study
are consistent with the results of bioassays previously con-
ducted for some of the strains studied. According to the
initial screening of the bioresource collection, strains with
pronounced entomopathogenic activity against the wax moth
Galleria mellonella were identified. The strains BZR 1159,
BZR 588, BZR 936, BZR 206, BZR 920, BZR 926, and
BZR 277 (65-95 % mortality on the third day and 83-95 %
on the fifth day) (Gyrnets (Bondarchuk), Asaturova, 2022).
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With regard to the large mealworm beetle Tenebrio molitor,
strains BZR 201, BZR 278, BZR 1159, BZR 635, BZR 762,
BZR 736 showed themselves to be effective (72-98 % on
the third day and 81-99 % on the fifth day). In addition, the
potential multifunctionality of a number of strains was as-
sessed: BZR 1159, BZR 936, and BZR G3, which showed
insecticidal activity against the natural population of the
codling moth Cydia pomonella, reaching 95.5 %, as well
as fungicidal activity against apple disease pathogens of the
genera Fusarium, Alternaria, Trichothecium, with mycelium
inhibition of up to 84.8 % (Gyrnets (Bondarchuk), Asaturova,
2022; Gyrnets, Asaturova, 2023). The BZR 936 strain is worth
noting: it has both insecticidal and fungicidal properties,
which directly correlates with its identified lipopeptide syn-
thase genes (iturin, fengycin, surfactin) and other biocontrol
markers. Thus, comparison of the genomic composition with
experimental biotests confirms that the presence of specific
insecticidal protein genes and lipopeptide synthetase clusters
is a reliable indicator of the biocontrol potential of strains. This
opens up prospects for their further inclusion in programs for
the development of biological products for the protection of
agricultural crops.

Conclusion

In this article, we present the taxonomic identification, assemb-
lies, and annotations of 15 endophytic bacterial genomes, the
samples of which were obtained from the roots and/or leaves
of wheat, soybean, and rapeseed.

Taxonomically, strains BZR 736, BZR 920, and BZR 936
belong to the genus Bacillus, strains BZR 635, BZR 466,
BZR 206, and BZR 201 belong to the genus Leucobacter, and
the remaining strains belong to the phylum Pseudomonadota.
The phylogenetic tree constructed from a set of 120 bacterial
marker genes fully reflects the topology of our taxonomic tree,
which confirms the correctness of the established taxonomic
identity at a relative level.

Genome assembly was performed in two stages: a pre-
liminary stage of primary genome assembly and a hybrid
(de novo + reference-guided) cascade approach based on a
set of closely related references. Genome annotation was per-
formed taking into account the databases of protein sequences
with insecticidal properties prepared within the framework
of this study, including the BPPRC database, and fungicidal
properties, as well as the most complete known genome an-
notations of the corresponding species/genus.

Analysis of the gene repertoire revealed differences between
the analyzed strains and the reference genomes used. A high
degree of correspondence between the gene repertoire of the
studied strains and the corresponding reference genomes was
shown by BZR 585 in relation to A. phenalicus, by BZR 762
and BZR 278 in relation to Alcaligenes sp., by BZR 588
and BZR 201P with respect to P. pullorum, by BZR 920
and BZR 936 in relation to B. velezensis, and by BZR 206,
BZR 466 and BZR 201 with respect to L. aridicollis. This
indicator may also confirm the correctness of the established
taxonomic identity. At the same time, when compared with the
closest reference genome, Leucobacter sp., BZR 635 shows
only a small number of intersections, which may be due to
both its distinctive taxonomic identity and the fragmentation
of the genome assembly of this strain.
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We demonstrated the presence of genes encoding fungi-
cidal and insecticidal proteins in all strains except BZR 162,
BZR 588, and BZR 201P. No genes encoding fungicidal pro-
teins present in our database were identified for these strains.
However, the results obtained in this study indicate that the
strains under study, which possess a complex of lipopeptide
synthetase and insecticidal toxin genes, demonstrate an ex-
perimentally confirmed broad spectrum of biological activity
against insects and phytopathogens.

Further targeted study of endophytic bacteria with fungi-
cidal and insecticidal genes opens up prospects for identifying
candidates for biocontrol agents of various pathogens and
using bacteria to protect agricultural plants.
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A housekeeping gene search to analyze expression changes
of individual genes in Macaca mulatta
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Abstract. Rhesus macaques (Macaca mulatta) are the most common non-human primates living in captivity. The use
of rhesus macaques as model objects is determined, first of all, by their phylogenetic and physiological closeness to
humans, and, as a consequence, the possibility of extrapolating the obtained results to humans. Currently, it is known
that a number of biochemical changes occur under various physiological conditions, including at the transcriptomic
level. The real-time polymerase chain reaction is a widely used universal method for gene expression analysis.
Carrying out such studies always requires a preliminary selection of “housekeeping genes” (HKGs) — genes necessary
for the implementation of basic functions in the cell and stably expressed in different cell types and under different
conditions. At present, there are only two systematic studies on the search for HKGs in the rhesus macaque brain, and
therefore in this work a search and systematization of HKGs for this species were carried out. As a result, two panels of
promising HKGs for M. mulatta were formed: an extended panel, consisting of 56 genes, and a small panel, consisting
of 8 genes: ARHGDIA, CYB5R1, NDUFA7, RRAGA, TTC1, UBA6, VPS72, and YWHAH. Both panels of potential HKGs do
not have pseudogenes in macaques or humans, are characterized by stable and sufficient expression in the brain of
rhesus macaques and can be used to analyze expression not only in the brain but also in peripheral blood. However, it
should be noted that the data have not been experimentally verified and require verification in laboratory conditions.
Key words: Macaca mulatta; expression analysis; “housekeeping gene”; real-time PCR; expression
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[IOMCK reHOB JOMaAaIIITHEro X034iCTBa I aHaIn3a
M3MEHEHNS SKCIIpeCcCuI OTOeIbHbIX TeHOB V Macaca mulatta

M.B. lllyabckast @, A .X. Aanesa (12, VI.P. Kymaxos (%), M. lllappuna (1), TT.A. CAoMuHCKuMI

HauunoHanbHbIN nccnepoBaTenbCkmin LeHTp «KypuaToBCKMin MHCTUTYT», MockBa, Poccus
@ shulskaya.m@yandex.ru

AHHoTauuA. Makakn pesyc (Macaca mulatta) asnaoTca Hanbonee pacnpocTpaHeHHbIMY HeYenoBekoobpasHbIMM
npryMaTamu, UX MCNonb3yloT B KauecTBe MoAesibHbiX O6BEKTOB, B MEPBYIO oyepefb, U3-3a GUNOreHeTNYECKON 1
dusmonornyeckon 6a130CTM K YenoBeky. B HacTosee BpemMa MOfeNbHbIE OPraHM3Mbl LUIMPOKO MCMOMb3YOTCA Ans
Lenoro paga nccefoBaHnn, B TOM YiCe Ha YPOBHe TpaHCKprnToma. [Npu 3Tom Ana aHanmsa sKCnpeccun oTaenbHbIX
reHOB NPUMEHAETCA YHUBEPCAbHbIN MeToZ — NoNuMMepasHas LenHaa peakuus B peanbHOM BpemeHu. MpoBeseHve
TaKoro pofa WCCeAoBaHW Bceraa TpebyeT npefBapuTeNbHOrO Mofbopa «reHOB [OMALUHero Xo3sncTBa»
(FAX) — reHoB, HEO6XOAMMbBIX ANA Peanu3aunm OCHOBHbIX GYHKLUWIA B KNeTKe 1 CTabuSIbHO SKCMPeCccupyoWwmnxca B
PasnnUHbIX TUMAxX KNEeTOK M MK pasHbIX YCIoBUAX. Ha CerogHAWHNA AeHb AnA Makak pe3yc CyLLeCcTBYIOT Mlb ABe
cMCTeMaT3npoBaHHble paboTbl no novcky MNIX, oAgHAKO 3TN NCCNefoBaHMA NPOBOAUINCL NNLWb ANA TKaHe Mo3ra
1 HE YUNTbIBAIOT TaKOW BaXKHbIV KpuUTepuid, Kak cBasb X ¢ 3ab6oneBaHnAMU. B cBA3M € 3TMM B Hallei paboTe 6binn
chopMynUpPOBaHbI KITloUeBblE KpUTepuK, yumTbiBaeMble npu nogbope IAX. MpoBeaeHbl NOWCK 1 CUCTeMaTM3aLMs
KaHanpaTHbix TOX. B pe3synbtate cdopmupoBaHbl ABe naHenu nepcnekTuBHbix [OX ana M. mulatta: paclumpeHHas
rnaHesb Ha 56 reHOB 1 Marnas naHesb, cocToswas n3 BocbMu reHoB: ARHGDIA, CYB5R1, NDUFA7, RRAGA, TTC1, UBA6,
VPS72 n YWHAH. O6e naHenv COOTBETCTBYIOT BCeM Kputepuam nogbopa MAX (He MeloT NceBAOreHOB HY Y MaKaKuy,
HW Y YenoBekKa, XapaKTepusyloTcsA CTabuibHON 1 AOCTaTOYHON SKCMpeccMein B MO3re Makak pesyc v MoryT ObiTb
MCMOSb30BaHbl Af1A aHanM3a SKCNpPeccun He TONTbKO B MO3re, HO 1 B Nepudepuryeckoli Kposu). OfHako Heo6xoarnmo
OTMETUTb, YTO aHHbIe SKCNEPUMEHTANIbHO He BeprdULMpPOBaHbI 1 TPebyioT MPOBEPKM B 1abOPATOPHbIX YCIOBUAX.
KntoueBble cnoBa: Macaca mulatta; SKCNPeCcCUOHHBIA aHanm3; «reH AomMallHero xo3ancrtea»; MUP B peanbHom
BpeMeHW; SKcnpeccus
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Introduction

Rhesus macaques (Macaca mulatta) have served as a model
for studying various human diseases for decades. Their use
as a model is primarily explained by the phylogenetic and
physiological similarity to humans, and, consequently, the
potential for transferring the results obtained. To date, genetic
models of cancer (Brammer et al., 2018; Deycmar et al., 2023),
cardiovascular diseases (Patterson et al., 2002; Ueda et al.,
2019), ophthalmologic diseases (Singh et al., 2009; Liu et al.,
2015; Moshiri etal., 2019; Peterson et al., 2019, 2023), skeletal
diseases (Colman, 2018; Paschalis et al., 2019), diseases of
the reproductive system (Lomniczi et al., 2012; Nair et al.,
2016; Abbott et al., 2019), as well as a wide range of neuro-
logical diseases (McBride et al., 2018; Sherman et al., 2021)
are known in rhesus macaques. In addition, rhesus macaques
are used for research as model objects of toxicity (Kaya et
al., 2023), radiation (Li et al., 2021; Majewski et al., 2021),
hormones (Noriega et al., 2010; Eghlidi, Urbanski, 2015), etc.
In addition to studying diseases, this model can be used to test
various pharmacological drugs, which is especially important
for applied research.

It is now known that a wide range of biochemical changes
occur under various physiological conditions, including at the
transcriptome level. Relative transcript levels of individual
genes can be accurately and reproducibly measured using
real-time polymerase chain reaction (RT-PCR). This method
is a widely used and versatile tool for analyzing the expres-
sion of a small number of genes. RT-PCR is also frequently
used to confirm results obtained using whole-transcriptome
expression analysis (Ramskold et al., 2009). However, this
type of study is always complicated by variations in the copy
number of the target mRNA due to differences in the amount
of total RNA between samples, therefore requiring the prelimi-
nary selection of control (reference) genes, or “housekeeping
genes” (HKGS).

The term HKG most often refers to genes stably expressed
in various cell types and under various conditions and required
for basic cellular functions. They are often used as reference
genes in gene expression studies to normalize mRNA levels
between different samples.

In rhesus macaques, there is currently very little systematic
data on the use of HKGs (Ahn et al., 2008; Noriega et al.,
2010). Noriega et al. (2010) conducted a study only on the
brain, while Ahn et al. (2008) worked with both brain tissue
and some other tissues (intestine, liver, kidney, lung, and
stomach). However, neither of these studies examined the
animals’ peripheral blood, which is widely used for various ex-
pression studies. In this regard, this review conducted a search
and systematization of data on HKGs in rhesus macaques for
their further use in studying gene expression changes under
various conditions.

Modern principles of selection of HKGs

Currently, the selection of HKGs is based on the following
main principles. First, the absence of pseudogenes, copies of
genes that contain certain defects in the coding region (loss of
introns and exons, frameshifts, or premature stop codons, as
well as pseudogenes formed as a result of retrotransposition),
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Fig. 1. Main HKG criteria.

is an important criterion for selecting HKGs (Tutar, 2012).
Pseudogenes are not involved in protein processing but can
be expressed at the RNA level. Furthermore, the number of
pseudogenes is known to be unstable in the genomes of dif-
ferent individuals. From a practical standpoint, the presence of
pseudogenes may require additional treatment of the analyzed
RNA samples with DNases, which is critical for samples with
low RNA amounts. Therefore, the presence of pseudogenes
is highly undesirable when selecting HKGs.

Second, expression stability is considered to be another
important criterion for selecting HKGs, i. e., they should have
relatively constant expression levels across different cell types,
tissues, and experimental conditions (Tu et al., 2006). How-
ever, it is known that HKGs can be expressed differentially
in different tissues. For example, well-known HKGs such as
beta-actin and GAPDH have been shown to vary significantly
in expression levels across tissues (Cai J. et al., 2014). There-
fore, a high level of HKGs’ expression in the specific tissue
under study is an important criterion.

Third, there is increasing support for the idea that HKGs
should be tailored to specific experimental conditions (Silver
etal., 2008). For example, the human HSPA8 gene is a HKG,
but it cannot be used as such in the study of age-related or
neurodegenerative diseases, as there is evidence of a decrease
in HSPA8 gene expression with age, as well as an association
between this gene and the development of neurodegenerative
discases (Loeffler et al., 2016; Tanaka et al., 2024). Expres-
sion profile variability has also been demonstrated for HKGs
used in the study of cancer (de Kok et al., 2005; Dheda et al.,
2005). To date, no studies have identified all-purpose HKGs,
meaning that HKGs’ selection for the specific pathology being
studied is necessary.

Thus, an ideal HKG should have no pseudogenes, no as-
sociation with the disease or condition being studied, and
it should be stably expressed under specific experimental
conditions and tissues (Fig. 1). The optimal HKG should be
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Table 1. Names of search queries in the PubMed database (https://pubmed.ncbi.nlm.nih.gov/)

Search query

(gene expression) AND (rhesus macaque)

(gene expression) AND (Macaca mulatta)

(housekeeping genes) AND (rhesus macaque)
(housekeeping genes) AND (Macaca mulatta)

(reference genes) AND (rhesus macaque)

(reference genes) AND (Macaca mulatta)

((housekeeping genes) AND (rt-pcr)) AND (rhesus macaque)
((housekeeping genes) AND (rt-pcr)) AND (Macaca mulatta)
((reference genes) AND (rt-pcr)) AND (rhesus macaque)
((reference genes) AND (rt-pcr)) AND (Macaca mulatta)

Note. Accessed on April 28, 2025.

carefully selected for each specific experiment. Using multiple
HKGs also improves the reliability of the expression data
obtained (Vandesompele et al., 2002; Dheda et al., 2005).

Analysis of the published data on HKGs

in rhesus macaques

We screened scientific publications in the PubMed database
to find papers focused on the analysis of HKGs in rhesus ma-
caques. An initial search using the keywords (gene expression)
AND (rhesus macaque) identified 3,017 publications. Since
“rhesus macaque” and “Macaca mulatta” are synonymous,
both terms were used in the analysis of search queries. Due
to the relatively large number of publications returned, the
search query was specified using the synonymous terms
“housekeeping genes” and “reference genes”, which yielded
126 and 97 search results, respectively. Further narrowing the
search by refining it using the keyword “rt-pcr” revealed 16
and 7 publications (Table 1).

A detailed analysis of these seven studies identified two
most relevant systematic studies to date on the selection of
HKGs in rhesus macaques (Ahn et al., 2008; Noriega et al.,
2010). Five of the seven remaining publications analyzed
did not mention HKGs and were therefore not included in
the analysis.

Next, a block of 126 open-access publications found in
PubMed using the keywords (housekeeping genes) AND
(rhesus macaque) was manually analyzed. It was found that
107 publications, for one reason or another, did not mention
any HKGs, while 16 publications used genes recommended by
the authors of the two main studies on the selection of HKGs
in rhesus macaques (Ahn et al., 2008; Noriega et al., 2010).
These two types of publications were excluded from further
analysis. Our search yielded only one additional publication
(Robinson et al., 2018). Supplementary Table S1! sum-
marizes the data from these three key studies and describes

T supplementary Tables $1 and S2 are available at:
https://vavilov.elpub.ru/jour/manager/files/Suppl_Shulskaya_Engl_29_8.pdf

Result (publications, pcs.)
3,017
2,743
126
112
97
86
16
16
7

7

115 genes expressed in the rhesus macaque brain that could
be considered as HKGs. These genes were selected for further
analysis.

Due to periodic database updates, some gene names were
updated and given with names different from those used in
(Ahn et al., 2008; Noriega et al., 2010) when compiling this
list. Four sequences that were homologous to human sequenc-
es but were absent in the Ensembl database for rhesus ma-
caques (Genome assembly: Mmul 10 (GCA_003339765.3))
(Table S1) and five M. mulatta genes currently identified as
having pseudogenes (LDHB, RPL37, RPS27A, SNRPA, and
SUI1) were also excluded.

Due to the underannotation of modern rhesus macaque
genome assemblies (for example, we found that the nucleotide
sequence of the M. mulatta YWHAH gene in the Ensembl
database corresponds to the sequence of the unannotated
DEPCDS5 gene in the NCBI database), we assessed the pres-
ence of pseudogenes not only in rhesus macaques but also in
humans using the Ensembl database (www.ensembl.org). As
a result, we excluded 58 genes with human orthologs having
pseudogenes.

This procedure allows us to identify all-purpose HKGs for
both humans and macaques, while also avoiding problems
associated with the low level of annotation of the rhesus
macaque genome assembly. For example, the RPL19 gene,
currently the most widely used HKG in rhesus macaques, is
not recommended for use as an all-purpose HKG because it
has pseudogenes in human genome.

The genes selected after the previous screening steps can
be used for studies on brain tissue. However, peripheral
blood, widely used in human studies, is of particular interest.
Peripheral blood is promising for expression studies due to its
availability and low invasiveness. Therefore, we considered
it necessary to select candidate HKGs for peripheral blood,
for the purpose of which the selected genes were further
analyzed for acceptable expression levels in peripheral blood
(Table S2).
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Since peripheral blood expression data are currently com-
pletely lacking for M. mulatta, and due to the similarity
between the macaque and human transcriptomes, publicly
available mRNA expression data were analyzed in human
whole blood and lymphoblasts. We also included expression
data in mice, as these animals are a well-studied model object
(due to the lack of peripheral blood data, tissues with similar
expression patterns, such as bone marrow, lymph nodes, and
spleen, were used). Expression data in the brain and spleen
of rhesus macaques were added from the Ensembl database
(Table S2).

This analysis was conducted using the BioGPS database
(http://biogps.org/), where we selected genes with expression
above the median in the tissues of interest. “Median expres-
sion” represents the 50th percentile of the expression data,
meaning that half of the tissues have expression levels below
the median, and the other half have expression levels above
the median. BioGPS uses this metric to provide a summary
of how a gene is expressed in different tissues, conditions,
or data sets.

As aresult of the analysis, the list of genes was divided into
three groups: genes with expression levels above the median in
both humans and mice, genes with expression levels above the
median in only one of the two species, and genes with expres-
sion levels below the median in both humans and mice (Fig. 2,
Table S2). Genes from all three groups can be considered as
candidate HKGs. However, their use will limit the number of
model objects compared based on their expression profiles.
Genes from the first group are the most promising. It should
also be noted that the expression data presented in BioGPS
require experimental verification in the laboratory.

However, it is important to note that the median value is not
always a good indicator for selecting candidate genes, since
the mRNA abundance in the tissue under study may be higher
than the median, but the absolute expression levels are quite
low. Therefore, all analyzed genes were ranked according to
their relative expression levels in the analyzed tissues. The
results of this analysis are presented as a heat map (Fig. 3).
Ultimately, we formed a group of 25 most promising candi-
date HKGs (genes with high or moderate expression levels
in humans, mice, and rhesus macaques).

Since HKGs can be used to study changes in the expression
of various genes in various diseases, potential HKGs should
not be implicated in the development of the disease under

H. sap. - whole blood
H. sap. - lymphoblasts
M. mul. - brain/spleen

M. mus. - bone marrow
M. mus. - lymph nodes
M. mus. - spleen

ARHGDIA
CSNK2B
MAPKAPK2
PRPF8
VPS72
YWHAH
NDUFA1
SSR2
TMED9
UBB
GPX4
LDHA
RRAGA
ATF4
POLR2A
COPS6
EEF2
NDUFA2
HPCAL1
ADGRE2
NDUFA7
RAD23A
AHSA1

Expression level: i low (<10),

Fig. 3. Heatmap of relative expression levels of candidate HKGs.
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ACVRL1
ARHGDIA
COL6A1
CSNK2B
CYB5R1
DIAPH1

HPCAL1
MAPKAPK2
MCM3AP
POLR2A
PRPF8
RAD9A
GABRA4 TADA3
GABRG2

GABRD

Fig. 2. Expression of candidate HKGs in selected human and mouse
tissues.

Genes expressed predominantly in humans are shown in pink, and genes
expressed predominantly in mice are shown in purple. The overlapping area
indicates genes expressed in specific tissues of both species.

study. A selected group of 25 genes was analyzed using the
MalaCards database (www.malacards.org). MalaCards is a
searchable, integrated knowledge base containing comprehen-
sive information on human diseases, medical conditions, and
disorders. We searched for associations between the gene and
currently known disease models in rhesus macaques (Table 2).
Six genes associated with oncological diseases (AHSA1,
BAGALT3, HPCAL1, TBP, TMEDY, and SSR2), six genes
associated with neurological diseases (CSNK2B, DIAPH1,
MAPKAPK?2, NDUFA1, RAD23A, and UBB), as well as genes
associated with eye diseases (ARL2 and PRPF8) and some
other diseases (GPX4 and LDHA) were excluded.

As a result, at this final stage of the selection of candi-
date HKGs, we selected eight genes (ARHGDIA, CYB5R1,
NDUFA7, RRAGA, TTC1, UBA6, VPS72, and YWHAH -
highlighted bold in Table 2), characterized by the absence
of pseudogenes, the absence of data on the involvement of
these genes in the development of diseases modeled in rhesus
macaques, as well as stable and high expression in the ana-
lyzed tissues (brain, peripheral blood, spleen, lymph nodes,
bone marrow).

UBA6
CYB5R1
DIAPH1

TTCI1
B4GALT3
TBP
H6PD
MCM3AP
MVK
GRIK5
H2BC4
NUDT3
HMBS
INPP5K
RAD9A
EIF1
ALG9
DMAC2L
VEGFB
TADA3
RHGEF7
SDC3
TCF25
COL6AT
ACVRL1
GABRG2
GABRD
GABRE
GAD1
GABRAT
GABRA4
GP2

Genes
medium (11-100), msssm high (> 100)

Median-normalized values for each gene in the BioGPS resource (http://biogps.org) were used as the basis.
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Table 2. Association of the selected highly expressed potential HKGs with disease groups modeled in rhesus macaques

Gene Disease* Reference

AHSAT Osteosarcoma and hepatocellular carcinoma Wei et al., 2024

ARL2 Rod-cone dystrophy, cataracts, and posterior staphyloma Cai X.B.etal., 2019

ARHGDIA - -

B4GALT3 Cancers Sunetal, 2016

CSNK2B Myoclonic epilepsy Poirier et al., 2017

CYB5R1 - -

DIAPH1 Microcephaly Esmaeilzadeh et al., 2024

GPX4 Spondylometaphyseal dysplasia of the Sedaghatian type Smith et al., 2014

H6PD Glioblastoma Zhang Y.B.et al., 2022

HPCAL1 Glioblastoma Zhang D. et al, 2019

LDHA Fanconi-Bickel syndrome Serrano-Lorenzo et al.,, 2022
MAPKAPK2 Pheochromocytoma, ataxia, telangiectasia Liang et al., 2015

NDUFA1 Mitochondrial encephalomyopathy Fernandez-Moreira et al., 2007
NDUFA7 - -

PRPF8 Retinitis pigmentosa, retinal dystrophy Tanackovic et al,, 2011; Georgiou et al,, 2021
RAD23A Machado-Joseph disease Doss-Pepe et al., 2003

RRAGA - -

SSR2 Hepatocellular carcinoma Chen et al.,, 2022

TBP Ataxia, phenotype associated with Huntington’s disease Zuhlke et al.,, 2001; Stevanin et al., 2003
TMED9 Cancers Mishra et al,, 2019; Wang et al., 2024
TTC1 - -

UBA6 - -

UuBB Alzheimer’s disease Maniv et al., 2023

VPS72 - -

YWHAH - -

*Pubmed (https://pubmed.ncbi.nlm.nih.gov/) has no published data for 2000-2025.

Conclusion

Thus, two panels of promising HKGs for M. mulatta were
formed: an extended panel consisting of 56 genes (Table S2)
and a small panel consisting of 8 genes (Table 2). Both panels
of potential HKGs have no pseudogenes either in macaques or
in humans, and they are characterized by stable and sufficient
expression in the rhesus macaque brain. However, the spe-
cialized panel is more all-purpose, as it is suitable for selecting
HKGs for parallel studies on several model organisms (mouse,
macaque, and human) or for studying several different diseases
simultaneously by a single research group. The small panel is
of interest for further development of a working HKGs panel
to study changes in the expression of various genes in various
diseases in M. mulatta. At the same time, the extended panel
of potential HKGs is also quite promising.
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Abstract. Hypertension is among the major risk factors of many cardiovascular diseases. Chronic psychoemotional stress
is one of its key causes. Studies of molecular mechanisms of human hypertension development are conducted in animals,
including artificial rat strains that model various forms of the disease. The RatDEGdb database, used in our work, includes
144 hypothalamic genes that represent the common response to single short-term restraint stress in hypertensive ISIAH
and normotensive WAG rats. These rat genes were annotated with changes in the expression of the human orthologs using
data on 17,458 differentially expressed genes (DEGs) from patients with hypertension compared to normotensive subjects.
We applied principal component analysis to orthologous pairs of DEGs identified in hypertensive patients and rat hypo-
thalamic DEGs upon single short-term restraint stress. Two principal components, corresponding to a linear combination
of log2 expression changes associated with the similarity (PC1) and difference (PC2) in the response to psychoemotional
stress in two rat strains, on the one hand, and different forms of human hypertension, on the other, explained 64 % and
33 % of the variance in differential gene expression, respectively. The significant correlation revealed between PC1 and PC2
values for the group of DEGs with stress-induced downregulation indicates that psychoemotional stress and hypertension
share a common molecular mechanism. Functional annotation suggests that stress-induced downregulation of genes in-
volved in the plasma membrane function and, simultaneously, interactions with the extracellular matrix is the most likely
contribution of psychoemotional stress to the development of the hypertensive status in patients, and the SMARCA4 tran-
scription factor is the most likely mediator in the epigenetic modification affecting gene expression under chronic stress.
Peripheral blood markers for the diagnosis of psychoemotional stress are proposed.
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ponent analysis
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AHHoTauuA. [MNepToHUA cunTaeTca BeaywM GakTopoM pUCKa Pa3BUTUSA MHOMUX CEPAEUYHO-COCYANCTLIX 3aboneBaHui.
OpHUM 13 KNoyeBbiX GaKTOPOB, CNOCOGCTBYIOWMUX PA3BUTMIO TMMEPTOHUN, ABMAETCA XPOHNUYECKNN NCUXOIMOLMOHASBbHDIN
cTpecc. MayueHre MoneKynspHO-reHeTUYeCKUX MeXaHU3MOB Pa3BUTKA TMMEPTOHUM YeNIOBEKa NPOBOAAT Ha XMBOTHbIX, B
TOM UKCIIe Ha CMeumanbHO CO34aHHbIX MHOPeHbIX IMHUAX KPbIC, MOAENVPYIOWMX pa3fnyHble GOpMbl TMNEPTOHNUN Yeno-
BeKa. B HacTosLeli paboTe ncnonb3oBaHbl AaHHbIEe 113 6a3bl AaHHbIX RatDEGdb o 144 reHax runoTtanamyca, KoTopble npeg-
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Genes representing the stress-dependent component
in arterial hypertension development

CTaBNSIOT OOLMI OTBET Ha PECTPUKLMNOHHBIN CTPECC Y rnnepTeH3nBHbIX Kpblic HUCAT 1 HopmoTeH31BHbIX Kpbic WAG. 3Tu
reHbl KpblC 6bIIM aHHOTUPOBAHbI 3MEHEHUAMY SKCMPECCUN OPTOSTOMMUYHBIX UM FreHOB YeNTIoBEKa C MCMONb30BaHEM JaHHbIX
0 17458 puddepeHumanbHO sKcnpeccupyowmxca reHax (I36) naumMeHToB C apTepranbHON FrMnepTeH3nen Mo CPaBHEHMIO C
HOPMOTEH3UBHbIMW NaLeHTamuy. [InA BbIABNEHHbIX Nap opTonoros mexay 13 rmnoTtanamyca KpbliCbl NOCne pecTPUKLMOH-
HOro cTpecca 1 NauMeHTOB C apTepuasibHON rmnepTeH3ret NPYUMEHWUIN aHann3 raBHbIX KOMMOHEHT. [1Be rnaBHble KOMMo-
HeHTbI, COOTBETCTBYIOLME IMHENHON KOMOVHaLUMKW 3HaYeHn [0g2 n3meHeHni SKcnpeccnm, CBA3aHHble co cxofcTeom (PCT)
n pasnuumem (PC2) oTBeTa Ha NCUXOIMOLMOHANbHDBIM CTPECC ABYX JIMHWI KPbIC, C OfHOW CTOPOHbI, N pa3HbIMK popmMamu
rMNEePTOHNM YENOBeKa, C APYroi, OOBACHANN COOTBETCTBEHHO 64 U 33 % Ancnepcun auddepeHUManbHON SKCnpeccnn
reHoB. BbifAiBNeHHas 3Haunman Koppenauma mexay 3HaueHmammn PC1 n PC2 gna rpynnbl 151 co cTpecc-MHAYLUMPOBaHHbIM
CHVKEHMEM 3KCNPeccuMm yKasblBaeT Ha CyLeCcTBOBaHMe O6LEero MoNeKynspHOro MexaHn3ma mexay ncuxo3mMoLUUoHasb-
HbIM CTPECCOM U1 runepToHuen. x pyHKLMoHanbHaa aHHOTaLMA NO3BONMAA NPEANONOXKNUTD, YUTO CTPECC-MHAYLMPOBaHHOE
CHVXKEHMe SKCNPeCCcMm reHOB, yYacTBYOLWMX B QYHKLMOHMPOBaHMM Mia3mMaTnyeckon membpaHbl 1 OGHOBPEMEHHO BO B3au-
MOAENCTBUM C MEXKKJIETOUHbIM NPOCTPAHCTBOM, ABNAETCA Hanbosiee BePOATHbIM BKNAOM MCUXO3MOLIMOHAIbHOTO CTpecca
B GOpPMMPOBaHME MMNepPTEH3UBHOIO CTaTyca NaLMEHTOB, a TPAHCKPUNUMOHHbIN dakTop SMARCA4 — Hanbonee BEPOATHbIM
YUYaCTHUKOM 3MUreHeTMYecKon MogudrKaLmm SKCNPeccum reHoB B pesynbTaTe XPOHNYECKOro cTpecca. TakKe NpefnoXeHsbl
MapKepbl neprdepryeckoin KpoBU AnA ANAarHOCTUKIM NCUXOIMOLMOHANbHOIO CTpecca.

KnioueBble cnoBa: Kpbica; yenosek; anddepeHumanbHO sKcnpeccupyowminea reH (O30); apTepranbHas rnepToHus;

cTpecS 6VIOM€AI/IL[I/IHCK3FI MoAesib; MeToA NMaBHbIX KOMMNOHEHT

Introduction

Arterial hypertension is a multifactorial disease. Its develop-
ment is caused by both hereditary and environmental factors.
It is contributed by chronic psychoemotional stress, which
can be induced by occupational factors, social isolation, low
socioeconomic status, anxiety, distress, and other lifestyle
factors (Liu M.Y. et al., 2017).

Chronic stress factors hyperactivate the sympathetic
system. This process is accompanied by neuroinflammation
and mitochondrial dysfunction. In the brain, it may result in
the accumulation of reactive oxygen species (ROS), which
exceed the neuronal antioxidant capacity (Lambert A.J.,
Brand, 2009; Hovatta et al., 2010; Picard, McEwen, 2018).
Oxidative stress triggers the cell membrane damage cascade,
enhances lipid peroxidation, and impairs neural conduction
(Cheetal., 2015; Montezano et al., 2015). Neuron damage af-
fects the activity of neuronal circuits; in particular, it reduces
the GABAergic inhibitory activity and results in the predomi-
nance of glutamatergic exciting signals in sympathetic nuclei.
This enhances impulse transmission in the cardiovascular
system and causes persisting blood pressure (BP) increase
(Lambert E.A., Lambert G.W., 2011; Hering et al., 2015).
The emerging closed cycle of neurogenic and oxidative
stresses promotes the formation of a pathological vegetative
pattern, in which even minor stressful events cause pro-
nounced BP increase (Fontes et al., 2023).

Thus, not only hereditary predisposition can cause hy-
pertension. Some patients develop hypertension due to a
combination of other causes. Their multitude hampers the
understanding of underlying molecular processes and de-
termination of causes that are associated with hereditary
predisposition. Hereditary causes may include high stress
sensitivity; other processes may be triggered by, e.qg.,
elevated salt sensitivity or related to endothelial or endo-
crine dysfunction. Knowledge of these processes may be
helpful in seeking approaches to the pathogenetic therapy
of hypertensive disease. Our study is focused on this issue,

in particular, the identification of the stress-associated com-
ponent of hypertension development.

Strains of hypertensive rats characterized by a broad range
of pathophysiological changes in the cardiovascular system
are often used in studies of the molecular mechanisms of
hypertension. Each of such strains models a certain form of
arterial hypertension. One of them is ISIAH (Inherited Stress-
Induced Arterial Hypertension), prone to stress-induced
arterial hypertension. It models spontaneously developing
hypertension, marked by severe response (BP increase) to
psychoemotional stress (Markel, 1992; Markel et al., 1999,
2007).

Stress adaptation in cells involves a significant remode-
ling of gene expression programs (de Nadal et al., 2011).
However, the molecular mechanisms underlying stress adap-
tation are still poorly understood. Formerly, we showed that
the transcription levels of many genes in the hypothalamus
of hypertensive ISIAH and normotensive WAG/GSto-lcgn
(Wistar Albino Glaxo, hereinafter WAG) rats changed when
the animals were exposed to short-term (2 h) restraint stress
in tight wire-mesh cages. These changes may affect a great
number of biologic processes and metabolic pathways
(Oshchepkov et al., 2024). The focus on hypothalamic
genes is due to the fact that this brain region is among
the key ones regulating the neuroendocrine response to
stress. It integrates the central and peripheral components
involved in blood pressure regulation and arterial hyperten-
sion development by controlling glucocorticoid secretion
(Carmichael, Wainford, 2015; Burford et al., 2017; Kins-
man et al., 2017; Fontes et al., 2023). Actually, it is a key
link between stress and hypertension development. The
studied stress model induced a significant BP increase in
ISIAH but not in WAG rats, although blood corticosterone
levels significantly increased in both rat strains; thus, both
hypertensive and normotensive animals responded to stress
(Oshchepkov et al., 2024). Therefore, we presume that the
differentially expressed genes (DEGs) associated with the

1326 Vavilovskii Zhurnal Genetiki i Selektsii / Vavilov Journal of Genetics and Breeding - 2025 - 29 - 8



[0.10. Owenkos, 0.B. MakoBka, .B. Yapaesa ...
M.M. NMoHomapeHko, AJ1. Mapkenb, O.E. PeanHa

common (hypertension genotype-independent) response
of the rat hypothalamus on restraint stress (considered
psychoemaotional) are involved in the stress-dependent com-
ponent.

In human daily routine, stress can be induced by many
factors to activate the sympathetic nervous system and cause
hypertension, as well as other cardiovascular diseases. As
we mentioned, the hypothalamus takes a significant part
in these processes. The study of molecular mechanisms of
hypothalamic response to stress in humans is difficult, and
there is no relevant information on gene expression in brain
regions in hypertensive patients. Nevertheless, PubMed
presents commonly available independent sets of experi-
mental data on gene expression in other organs and tissues,
including peripheral blood, in hypertensive patients and in
biomedical cellular models of hypertension (Oshchepkov et
al., 2022; Shikhevich et al., 2023). Here we employ these data
to reveal human genes orthologous to rat genes associated
with the response to restraint (psychoemotional) stress and
to identify genes forming the stress-dependent component
in hypertension development in the human.

Materials and methods

Experimental animals. Experiments were conducted with
3-month old male rats of the hypertensive ISIAH and nor-
motensive WAG strains in the conventional vivarium of the
Center for Experimental Animal Genetic Resources, Institute
of Cytology and Genetics, Novosibirsk, Russia. The animals
were kept under standard conditions at the light schedule
12:12. Water and standard diet were given ad libitum.

Transcriptome analysis in the hypothalamus by the RNA-
Seq method was done in four groups of seven animals each:
(1) ISIAH_control, (2) WAG_control, (3) ISIAH_stress, and
(4) WAG_stress. Basal systolic arterial BP was measured by
the tail-cuff method (Markel et al., 2007). Rats were semi-
narcotized with ether to avoid emotional stress during the
measurement. The experimental rats in ISIAH_stress and
WAG_stress groups were exposed to restraint (emotional)
stress seven days after BP measurement. In this procedure,
an animal was placed into a tight wire-mesh cage for 2 h;
for details, see (Oshchepkov et al., 2024).

All international guidelines for the care and use of labora-
tory animals were followed. Animal protocols were approved
by the ICG Bioethics Committee, Novosibirsk, Russia,
protocol No. 115 of December 20, 2021.

RNA-Seq. RNA was isolated at the Institute of Genomic
Analysis, Moscow, Russia. Hypothalamus sample prepara-
tion and transcriptome sequencing were conducted at BGI
Hongkong Tech Solution NGS Lab. following manufacturer’s
recommendations (MGI Tech Co., Ltd., China). Paired-end
sequencing of cDNA libraries was performed by DNBSEQ
Technology with read length 150 bp and sequencing depth
over 30,000,000 uniquely mapped reads. All samples were
analyzed as biological replicates.

The sequencing results were preprocessed with FastQC
software version 0.11.5 (Andrews, 2010) to check the qual-
ity. The overall number of nucleotide reads in the librar-
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ies after the preprocessing was 1,287,393,367; of them,
1,267,436,623 (98.45 %) were mapped on the reference rat
genome mRatBN7.2/rn7 (rn7 assembly, Wellcome Sanger
Institute Nov, 2020) with STAR 2.7.10a software (Dobin
etal., 2013).

The mapping data were statistically processed to calculate
differential expression of genes in the R environment for
statistical computing. We applied surrogate variable analy-
sis SVA (Leek et al., 2012) to take into account undesirable
variations in data caused by inadvertent systematic deviations
during sample preparation. Prior to SVA, the expression
data were normalized and transformed with the vst function
in DESeq2 v1.30.1 (Love et al., 2014) according to online
documentation. Relevant surrogate variables were then in-
cluded as factors in the differential expression analysis with
DESeq2. The differential expression analysis was conducted
separately for each pair of groups.

Differential expression was calculated for all genes exhi-
biting significant expression levels above the threshold:
sum of gene coverages in all libraries over 10 reads. The
significance level for DEG detection was chosen with the
consideration of the correction for multiple comparisons.
It corresponded to adjusted p-value < 5 % and Log?2 fold
change > |0.585| (1.5 fold). The information on the re-
vealed DEGs had been described in (Makovka et al., 2024;
Oshchepkov et al., 2024) and uploaded to the RatDEGdb
database (Chadaeva et al., 2023). The data are presented as
transcription upon stress normalized to transcription at rest.

Choice of human genes whose expression changes in hy-
pertension. We used generally accessible sets of experimental
data on patients with hypertensive disease and data on cellular
hypertension models available from PubMed (Lu, 2011).
The sample included only data reported as statistically
significant according to Fisher’s Z test with correction for
multiple comparisons (P,py < 0.05). We selected 16 publica-
tions with data on 17,458 genes differentially expressed in
tissues and cells of hypertensive and normotensive subjects.
This list of DEGs presents 16 tissues and 15 hypertension
forms (Table 1). The threshold for a significant change in
transcription level was set to be 1.5 times. The data are
presented as the transcription level in hypertensive patients
normalized to normotensive subjects.

Bioinformatical analysis of orthologous genes in the
rat and human. Orthologs were sought with the Gene
and Ortholog Location Finder (GOLF) module in the Rat
Genome database (https://rgd.mcw.edu/rgdweb/ortholog/
start.ntml) (Vedi et al., 2023). Pairwise combinations of
log2 changes in the expression of orthologous genes were
analyzed by the principal component method with the con-
ventional Past v.4.04 software (Hammer et al., 2001). Two
values corresponded to log2 expression changes for ISIAH
and WAG rats and one for the human orthologous gene.
The same software was applied to the calculation of factor
loadings and the statistical significance of the explained por-
tion of component variance from 1,000 bootstrap samples
(Efron et al., 1996). Pearson correlation analysis was con-
ducted with the two-tailed test of significance. Groups of
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Table 1. DEGs in hypertensive patients and biomedical cell models of hypertension found in PubMed

# Hypertension form Datum

1 Essential hypertension Norm

2

3

4 Pulmonary artery hypertension (PAH) Norm

5

6 Pulmonary fibrosis associated Norm
with hypertension

7 Lung transplantation for PAH Norm

8 Hypertensive nephrosclerosis Norm

9 Cerebrorenal hypertension Norm

10 Preeclampsia Norm

1

12

13

14 Hypertensive heart failure Norm

15 Hypertensive myocardial infarction Norm

16 Hypertensive coronary artery disease Norm

17 Hypertensive atrial fibrillation Norm

18 Hypertensive squamous cell carcinoma Norm
of the lung

19 Sedentary teenagers with obesity and Athletes

hypertension

20 mir-201 excess as a preeclampsia model Normal Swan71
cells

21 BMPR2 knockdown as a PAH model Normal
endothelial
cells

)3 15 hypertension forms 4 norms

Note. Npgg, number of differentially expressed genes (DEGs); 3, total.

gene pairs for which the first principal component PC1 was
above zero and groups for which it was below zero were
analyzed separately.

Functional annotation of DEGs. Functional enrichment
networks were constructed with the STRING database
(Szklarczyk et al., 2023). The functional annotation of
DEGs was done with Enrichr-KG (Evangelista et al., 2023).
Analysis of the enrichment of DEG promoter regions with
transcription factor binding sites was done with Enrichr (Xie
etal., 2021).

Results
We studied genes that change their transcription levels by
more than 1.5 fold in the hypothalamus of hypertensive

Tissue Npeg References

Renal cortex (6‘,52) 46 Marques et al., 2011
Renal cortex (&) 6

Renal cortex (@) 10

Lung biopsy 5,685 Yao et al., 2021

Lung biopsy 49 Qiuetal, 2021

Lung biopsy 6,936 Yao et al., 2021

Lung 5 Mura et al,, 2019
Renal biopsy 16 Neusseretal., 2010
Renal medulla 13 Wuetal,, 2013
Venous blood 64 Textoris et al., 2013
Decidua 372 Yong et al., 2015
Amniotic fluid 10  Jungetal, 2019
Placenta 1,228 Saeietal., 2021
Peripheral blood 248 Maciejak et al., 2015
Peripheral blood 75 Maciejak et al., 2015
Peripheral blood 1,524 Zheng, He, 2021
Aortic biopsy 300 Zheng, He, 2021
Squamous cell carcinoma 119 Koperetal., 2017
cells

General blood analysis 250 Plaza-Florido et al., 2021
Swan71 human trophoblast 19 Ahnetal., 2017

cell line

Pulmonary artery 483  Awadetal, 2016
endothelial cells

16 tissues 17,458 16 publications

ISIAH and normotensive WAG rats upon short-term (2 h)
restraint stress. There were 257 and 229 such genes, respec-
tively. Of them, 144 DEGs produced common responses,
113 DEGs showed significant expression changes only in the
ISTAH hypothalamus, and 85 genes significantly change their
expression only in the WAG hypothalamus (Oshchepkov et
al., 2024). To reveal genes that might form the stress-sensitive
component in human hypertension development, we sought
orthologous human genes differently expressed in subjects
with hypertension and normal arterial blood pressure.

Analysis of the common response
The search for orthologs of the 144 rat DEGs in the GOLF
Rat Genome Database and their comparison with the list of
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Fig. 1. Factor analysis of differentially expressed genes (DEGs) in hypertensive subjects (Table 1) and stressed rats.

A, choice of statistically significant (p < 0.05) principal components PC1 and PC2 in the factor analysis of DEGs in hypertensive subjects
and stressed rats. Designations: o, mean; whiskers, standard error of the mean; red line, lower boundary of the 95 % confidence range
of the statistical significance of the explained variance. B, principal component and regression analysis. Designations: PC1 and PC2, the
first (Y-axis) and second (X-axis) principal components as the corresponding linear combinations of original variables with regard to the
calculated factor loadings. Red marks (Upregulated): group of DEGs with stress-induced upregulation; blue marks (Downregulated): group
of DEGs with stress-induced downregulation according to the PC1 estimate. Dashed lines: boundaries of the 95 % confidence range
for the regression line (solid). Letters r and p: linear correlation coefficients and their statistical significance, respectively, assessed with

conventional Statistica (Statsoft™, USA).

human DEGs found in PubMed (see Materials and methods)
revealed 96 orthologous pairs. This set included data on six
tissues of nine hypertension forms from seven publications
(Supplementary Table S1, 96 common DEGs)™.

In succession to our earlier papers on the factor analysis
of DEGs (Chadaeva et al., 2021; Shikhevich et al., 2023),
we processed data on the changes in the expression of rat
genes upon stress regardless of the hypertensive genotype
and data on orthologous genes of hypertensive humans by
the principal component method. As seen in Figure 1A, the
96 pairs of human genes and their rat orthologs are charac-
terized by two principal components: PC1 and PC2. They
explain 64 and 33 % of the variance, and both are statistically
significant according to 1,000 bootstrap samples (Efron et al.,
1996).

The results of the principal component analysis are shown
in Figure 1B. We see that PC1, plotted along the Y-axis, is
proportional to a linear combination of the original variables
with regard to the calculated factor loadings. The combina-
tion summarizes the log2 values of changes measured in
independent experiments with hypertensive subjects and
log2 values of changes in rats of the two strains exposed to
asingle restraint stress. Thus, this component may characte-
rize the similarity between the responses of two rat strains on

1 Supplementary Table S1 is available at:
https://vavilovj-icg.ru/download/pict-2025-29/appx54.xIsx

psychoemotional stress, on the one side, and different forms
of human hypertension, on the other side.

The second principal component PC2, plotted along the
X-axis, is proportional to a linear combination of the original
variables with regard to the calculated factor loadings. The
combination corresponds to the positive contribution of
values obtained in independent experiments on humans and
negative contribution of stress response values in the two rat
strains. It may characterize differences between the species
and features of particular impairments in hypertensive human
patients. Figure 1B clearly shows that all DEGs studied are
divided into two disjoint groups with respect to PC1 = 0. Red
and blue colors mark genes that respond to stress by expres-
sion increase (Upregulated) and decrease (Downregulated),
respectively. Regression analysis demonstrates a significant
(p < 0.05) correlation between PC1 and PC2 in a group of
66 pairs of 52 DEGs in the Downregulated cluster (Fig. 1B,
blue marks). This correlation may be indicative of acommon
molecular mechanism of gene suppression in the formation
of stress response in the rat and a similar process in the hu-
man, which leads to hypertension.

The corresponding analysis of the group of DEGs with
stress-induced upregulation (Upregulated) shows no sig-
nificant correlation. Thus, the mechanisms activating this
group of genes may be different in different tissues and
disorder forms.
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Functional annotation of DEGs associated
with stress-induced expression downregulation
To understand the molecular mechanism downregulating
genes in stress response formation common to the human and
rat, we performed functional annotation of 52 DEGs associ-
ated with stress-induced downregulation (the Downregulated
cluster in Fig. 1B). Eight genes associated with hypertension
were found among the 52 genes of the Downregulated cluster:
ALOX12, ATP2B4, CX3CR1, GRK3, KDR, NOS1, RASGRP3,
and SMADQ. Five of them (ALOX12, GRK3, KDR, NOS1,
and RASGRP3) showed unidirectional changes in the rat and
human in all cases (Table S1, 96 common DEGs).
Analysis of DEG enrichment in the STRING database.
Analysis of the group of 52 DEGs in STRING revealed
the most enriched terms: Postsynapse, Cell periphery, and
Plasma membrane (Fig. 2). Thus, the process bringing these
DEGs together is associated with extracellular matrix and the
membrane, directly involved in its interaction with the cell.
Analysis with the Enrichr-KG resource. We analyzed
biologic processes and metabolic pathways with the Enrichr-
KG resource (Table 2). Signal Transduction was the most
enriched term. It included 17 DEGs. This group included
several hypertension-associated genes. The most enriched
metabolic pathways were Adrenergic signaling in cardio-
myocytes, Salivary secretion, Aldosterone synthesis and
secretion, Glucagon signaling pathway, Insulin resistance,
Differentiation of white and brown adipocyte, Constitutive
Androstane Receptor Pathway, and Neovascularisation
processes. They involve several DEGs under consideration
associated with hypertension (Table 2). Some DEGs associ-
ated with the biological processes and metabolic pathways
listed in Table 2 were found in peripheral blood.

DEGs in peripheral blood in the Downregulated cluster

We found 14 DEGs belonging to the Downregulated cluster
in the peripheral blood of patients (Table 3). These DEGs are
promising as candidate peripheral markers associated with
psychoemotional stress.

Analysis of transcription factors involved

in the regulation of DEGs of the Downregulated cluster
Analysis of DEGs of the Downregulated cluster with the
Enrichr resource revealed transcription factors that may be
involved in the regulation of these DEGs in the rat hypothala-
mus and in tissues of hypertensive patients (Table 4). The
most enriched terms in the ChEA 2022 library are associated
with transcription factors SMARCA4 (SWI/SNF related
BAF chromatin remodeling complex subunit ATPase 4) and
glucocorticoid receptor NR3CL1 (nuclear receptor subfamily 3
group C member 1). Receptor NR3C1 and six transcription
factors (PPARG, ESR1, AR, NFE2L2, BRD4, and STAT3)
presented in Table 4 are associated with hypertension.

Discussion

The hypothesis of an association between chronic psycho-
social stress and hypertension was put forward long ago
(Spruill, 2010). It has been confirmed in several studies

Genes representing the stress-dependent component
in arterial hypertension development

(LiuM.Y. etal., 2017; Bautista et al., 2019), but the molecular
mechanisms responsible for this association remain obscure.
Here we considered 144 genes for common stress response
in the hypothalamus of hypertensive and normotensive rats
and compared this response with changes in gene transcrip-
tion levels in different organs and tissues in patients with
different hypertension forms. It follows from our results
that the transcription changes observed may point to some
common features in the restructuring of the gene expression
pattern, which reflect the contribution of psychoemotional
stress to the manifestation of the hypertensive condition.

We found human DEGs orthologous to 144 genes that
change their transcription in response to single short-term
restraint stress in the hypothalamus of hypertensive ISIAH
and normotensive WAG rats. Analysis by the principal com-
ponent method revealed two DEG clusters and demonstrated
a significant correlation between PC1 and PC2 values for
the DEG cluster with stress-induced downregulation. This
correlation suggests the existence of a molecular mechanism
suppressing gene expression in the formation of stress response
shared by the human and rat. It is in good agreement with the
notion that adaptation to stress is accompanied by remodeling
of the functional transcriptome and arrest of translational
processes (Advani, Ivanov, 2019; Baymiller, Moon, 2023).
It should be mentioned that transcription up- or downregu-
lation under stress can be both compensatory and pathogenet-
ic, as can be elucidated by functional analysis of a particular
gene. Gene downregulation can stimulate many processes,
contributing to the activation of the sympathetic nervous
system and enhancing oxidative stress in tissues. It may also
participate in neuroprotection, as we discussed earlier in con-
nection with some DEGs (Makovka et al., 2024; Oshchepkov
etal., 2024).

The enrichment in the linked terms Plasma membrane
and Cell periphery found in the group with stress-induced
downregulation encompasses 30 and 33 genes of 52, re-
spectively. It is consistent with the idea that the change in
the composition of extracellular matrix associated with the
release of corticosterone and catecholamines resulting from
the activation of the hypothalamic—pituitary—adrenal (HPA)
axis and the sympathetic nervous system is the most com-
mon feature in the model of human chronic stress. This
change triggers various signaling pathways, including free
radical generation, apoptosis, elevated glutamate release
in synapses, and production/release of cytotoxic cytokines
(Bali et al., 2013). These intercellular signals, in turn, may
affect gene expression, leading to structural and functional
changes in plasma membranes (Bali et al., 2013), such as
changes in the lipid profile of platelet membranes (Bikulciene
et al., 2024) and to neuron excitability due to modifications
in membrane structure and composition (Rosenkranz et
al., 2010; Matovic et al., 2020), including the postsynap-
tic membrane, as indicated by the enrichment of the term
Postsynapse in our study. Analysis of biological processes
and metabolic pathways in the DEG cluster with stress-
induced downregulation also emphasizes the role of signal
transduction and postsynaptic signal transmission (Table 2).
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Functional enrichments in your network

Cellular Component (Gene Ontology)

GO-term description
G0:0098794 Postsynapse
G0:0071944 Cell periphery
G0:0005886 Plasma membrane
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count in network strenght signal false discovery rate
90of 621 0.74 0.42 0.0238
33 0f 6015 0.32 037 0.0021
300f 5544 0.31 033 0.0083

Fig. 2. Screenshot of the annotation of the Downregulated cluster in Fig. 1B with the STRING database (Szklarczyk et al., 2023).

Designations follow the STRING annotation.

Stress can also impair the expression of genes for autophagy
marker proteins and disturb the concentrations of lysosomal
proteins and enzymes (Ulecia-Moron et al., 2025). Generally
speaking, the considerable number of genes downregulated
in response to stress that are common in different organs and
tissues characterizes the scale of changes affecting the plasma
membrane in response to stress-induced release of active
signaling molecules into the extracellular matrix.

The DEG cluster with stress-induced downregulation was
found to include eight hypertension-associated genes. Their

expression changes may influence biological processes and
metabolic pathways involved in blood pressure regulation:
Adrenergic signaling in cardiomyocytes (Maltsev et al.,
2019), Aldosterone synthesis and secretion (Ferreira et al.,
2021), and Lipid oxidation (Leong, 2021).

Our study revealed genes encoding transcription factors
that may be involved in the regulation of genes of the DEG
cluster with stress-induced downregulation. We suppose that
SMARCAA4 (SWI/SNF-related BAF chromatin remodeling
complex subunit ATPase 4) and NR3C1 (nuclear receptor
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Table 2. Analysis of biological processes and metabolic pathways of the Downregulated cluster

Library Term g-value Genes
Reactome Signal Transduction R-HSA-162582 0.0206 GABRB3, CX3CR1*, NCOA2, P2RY13, NRP2, PTCH1*,
2022 RASGRF2*, PCDH7, SMAD9*, RASGRP3*, GRK3*,
P2RY4, DHRS9, SPATA13, KDR*, PIK3AP1*, PLCB2
P2Y Receptors R-HSA-417957 0.0295 P2RY'13, P2RY4
Transmission Across Chemical Synapses R-HSA-112315 0.0295 GABRB3, RASGRF2*, GRIK3, CACNA2D2, PLCB2
Neurotransmitter Receptors And Postsynaptic Signal 0.0428 GABRB3, RASGRF2*, GRIK3, PLCB2
Transmission R-HSA-112314
KEGG 2021 Adrenergic signaling in cardiomyocytes 0.0510 ATP2B4*, CACNA2D2, PLCB2, CREB5
Human Salivary secretion 0.0510 ATP2B4* NOS1*, PLCB2
Aldosterone synthesis and secretion 0.0510 ATP2B4*, PLCB2, CREB5
Glucagon signaling pathway 0.0510 PPARGCITA, PLCB2, CREB5
Insulin resistance 0.0510 MLXIPL*, PPARGCT1A, CREB5
WikiPathway  Differentiation of white and brown adipocyte WP2895 0.0877 SMADY*, PPARGC1A
2021 Human Constitutive Androstane Receptor Pathway WP2875 0.0877 NCOA2, PPARGCITA
Neovascularisation processes WP4331 0.0877 KDRY, SMAD9*
GO Biological  Positive regulation of transcription by RNA polymerase Il 0.1140 NCOA2, MLXIPL*, NFIX*, NFIB, PLAG1*, SMADY",
Process 2021  (GO:0045944) NOS1*, POU2F2*, PPARGCTA
Lipid oxidation (GO:0034440) 0.1140 ALOX12*, PPARGCI1A

Positive regulation of purine nucleotide biosynthetic 0.1140 NOS1*, PPARGCIA
process (GO:1900373)

Cellular response to growth factor stimulus 0.1140 KDRY, SMAD9*, CPNE3, NOS1#
(GO:0071363)

Positive regulation of fatty acid metabolic process 0.1140 MLXIPL*, PPARGCT1A
(GO:0045923)

* DEGs found in peripheral blood, # genes associated with hypertension.

Table 3. Peripheral blood markers in the Downregulated cluster

Hypertension Human Human Rat log2FC Gene name References
form gene log2FC ortholog  Stress/rest
HT/norm ISSAH  WAG
CAD DHRS9 1.35 Dhrs9 -1.60 -1.40 Dehydrogenase/reductase 9 Zheng, He, 2021
MLXIPL 1.39 Mixipl -0.46 -0.61 MLX interacting protein like
NFIX 1.20 Nfix -0.60 -0.25 Nuclear factor I X
NRP2 1.08 Nrp2 -0.59 -0.40 Neuropilin 2
PGAP1 -1.41 Pgap1 -0.62 -0.31 Post-GPI attachment to proteins 1
PIK3AP1 1.27 Pik3ap1  -0.63 -0.95 Phosphoinositide-3-kinase adaptor protein 1
PLAG1 -1.70 Plag1 -0.62 -0.49 PLAG1 zinc finger
POU2F2 -1.36 Pou2f2 -1.00 -0.56 POU class 2 homeobox 2
PTCH1 -1.70 Ptch1 -0.64 -0.82 Patched 1
RASGRF2  -1.33 Rasgrf2 -0.72 -0.28 Ras protein specific guanine nucleotide
releasing factor 2
SCML4 -1.20 Scml4 -0.36 -0.61 Sex comb on midleg-like 4 (Drosophila)
Ml GPR34 1.355 Gpr34 -0.56 -1.03 G protein-coupled receptor 34 Maciejak et al.,
HF FLVCR2 1.797 Flvcr2 -0.70 -0.59 Feline leukemia virus subgroup C cellular 2015
receptor family, member
GPR34 2.026 Gpr34 -0.56 -1.03 G protein-coupled receptor 34

Note. CAD, hypertension-induced coronary artery disease; M, hypertension-induced myocardial infarction; HF, hypertension-induced heart failure; HT/norm,
transcription level in hypertensive subjects normalized to the transcription level in subjects with normal arterial blood pressure.
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Table 4. Analysis of transcription factors involved in the regulation of DEGs of the Downregulated cluster

ChEA_2022 term

SMARCA4 23332759
ChIP-Seq OLIGODENDROCYTES
Mouse

NR3C1 27076634
ChIP-Seq BEAS2B Human
Lung Inflammation

OLIG2 23332759
ChIP-Seq OLIGODENDROCYTES
Mouse

SOX2 21211035
ChIP-Seq LN229 Gbm

MTF2 20144788
ChIP-Seq MESCs Mouse

PPARG 20176806
ChIP-Seq 3T3-L1 Mouse

TCF4 22108803
ChIP-Seq LS180 Human

YAP1 20516196
ChlIP-Seq MESCs Mouse

IRF8 27001747
Chip-Seq BMDM Mouse

BACH1 22875853
ChIP-PCR HELA AND SCP4
Human

TCF4 23295773
ChlP-Seq U87 Human

CEBPD 21427703
ChIP-Seq 3T3-L1 Mouse

MYCN 21190229
ChlIP-Seq SHEP-21N Human

ESR1 22446102
ChlIP-Seq UTERUS Mouse

RUNX2 22187159
ChIP-Seq PCA Human

AR 27270436
ChIP-Seq LNCaP Human
Prostate Carcinoma

FOXA2 19822575
ChIP-Seq HepG2 Human

ISL1 27105846
Chip-Seq CPCs Mouse

NFE2L2 20460467
ChIP-Seq MEFs Mouse

LEF1 29337183
ChIP-Seq mESC Mouse Stem

BRD4 27068464
Chip-Seq AML-cells Mouse

STAT1 17558387
ChIP-Seq HELA Human

TF

SMARCA4

NR3C1#

OLIG2

SOX2

MTF2

PPARG*

TCF4

YAP1

IRF8

BACH1

TCF4

CEBPD

MYCN

ESR1#

RUNX2

AR*

FOXA2

ISL1

NFE2L2*

LEF1

BRD4*

STAT1

Number Adjusted DEGs of the Downregulated cluster

of DEGs
20

21

15

19

18

13

14

15

13

1

19

1

10

16

15

10

14

11

10

p-value

0.000068

0.00165

0.00172

0.00205

0.00213

0.00213

0.00213

0.00242

0.00377

0.00488

0.00872

0.0177

0.0190

0.0220

0.0277

0.0317

0.0347

0.0347

0.0347

0.0396

0.0411

0.0411

CX3CR1,NCOA2, NRP2, PGAP1,PCDH7,CD180, PPP1R9A, TANC2,
SLC7A2, RASGRP3, NAV3, NFIB, SPATA13, FLVCR2, KIF 1B, TPPP, PIK3AP1,
FREM1, PPARGC1A, CREB5

NRP2, NFIX, PCDH7, CD180, FNDC3B, ATP2B4, CACNA2D2, PPPTR9A,
POU2F2, TANC2, SLC7A2, NAV3, DHRS9, NFIB, KDR, FLVCR2, KIF1B, TPPP,
PIK3AP1, PPARGC1A, CREB5

NCOA2, PGAP1,PCDH7, PTCH1,CD180, FNDC3B, PPPTR9A, TANC2,
RASGRP3, NAV3, SPATA13, KIF1B, PIK3AP1, FREM1, CREB5

CX3CR1,TUB, NCOA2, NRP2, PGAP1, RASGRF2, PCDH7, CD180, ABCC6,
GRIK3, FNDC3B, ATP2B4, PPP1R9A, SLC7A2, RASGRP3, NAV3, NFIB,
PPARGCTA, CREB5

TUB, SNED1, NRP2, NFIX, RASGRF2, PCDH7, PTCH1, GRIK3, FNDC38B,
CACNA2D2, SMAD9, TMC7, SLC7A2, MLXIPL, NFIB, KDR, TPPP, PIK3AP1

NRP2, PGAP1,CD180, ATP2B4, MPEGT, NAV3, NFIB, KIF1B, NOS1, TPPP,
PIK3AP1, PPARGCTA, CREB5

SNED1,NCOA2, P2RY13, NFIX, PTCH1, ATP2B4, ALOX12, TANC2, MLXIPL,
NAV3, NFIB, NOS1, TPPP, CREB5

NCOA2, NFIX, RASGRF2, PTCH1,CD180, ABCC6, GRIK3, PPP1R9A, TANC2,
SLC7A2, NAV3, NFIB, FLVCR2, NOS1, PPARGCITA

CX3CR1,P2RY13, NRP2, PGAP1, GPR34,CD180, MPEG1, SCML4, DHRS9,
PIK3AP1, EVI2B, PLCB2, CREB5

TUB, SNED1,NCOA2, PGAP1, PCDH7, ABCC6, KDR, ATP2B4, KIF 1B, PLCB2,
CREB5

NCOA2, NRP2, PGAP1, NFIX, RASGRF2, PCDH7, ABCC6, GRIK3, ATP2B4,
CACNA2D2,ALOX12, PPP1R9A, TANC2, RASGRP3, FLVCR2, KIF1B, FREM1,
PPARGCI1A, CREB5

CX3CR1,SNED1, NRP2, PGAP1, NFIX, NFIB, PCDH7, CD180, FNDC3B,
TANC2, CREB5

PCDH7, PIK3AP1, MPEG1, SLC7A2, CREB5

SNED1,NCOA2, SCML4, NAV3,CD180, KDR, FNDC3B, ATP2B4, FLVCR2,
CACNA2D2

SNED1, PGAP1, PCDH7, PTCH1, GRIK3, FNDC3B, CACNA2D2, TMC7,
PPPTR9A, RASGRP3, NFIB, SPATA13, KDR, TPPP, PPARGC1A, CREB5

GABRB3, NFIB, FNDC3B, PIK3AP1

SNED1,NCOA2, NRP2, NFIX, PTCH1, ABCC6, FNDC3B, CACNA2D2, TMC7,
PPPTR9A, MLXIPL, SPATA13, KIF1B, PIK3AP1, PPARGC1A

NRP2, NAV3, NFIB, PCDH7, PTCH1, CD180, KDR, FNDC3B, FREM1,
RASGRP3

PGAP1,SCML4, PCDH7, KIF1B, TMC7, MPEGT, TANC2, RASGRP3

NCOA2, NRP2, PLAG1, PCDH7, PTCHT, GRIK3, CACNA2D2, ALOX12,
SLC7A2, SCML4, NFIB, SPATA13, FREM1, CREB5

NCOA2, P2RY13, NRP2, SCML4, DHRS9, PTCH1, PIK3AP1, EVI2B, MPEG],
TANC2, RASGRP3

CX3CR1,SCML4, GPR34, DHRS9, SPATA13, PPP1R9A, POU2F2, MPEGT,
SLC7A2, RASGRP3
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Table 4 (end)

Genes representing the stress-dependent component
in arterial hypertension development

ChEA_2022 term TF Number Adjusted
of DEGs p-value

STAT3 23295773 STAT3* 15 0.0411

ChIP-Seq U87 Human

KDM2B 26808549 KDM2B 10 0.0449

Chip-Seq REH Human

TCF4 18268006 TCF4 5 0.0449

ChIP-ChIP LS174T Human

EZH2 27294783 EZH2 11 0.0474

Chip-Seq ESCs Mouse

DEGs of the Downregulated cluster

GABRB3, SNED1, NRP2, CD180, GRIK3, FNDC3B, CACNA2D2, TMC7,
ALOX12, TANC2, RASGRP3, MLXIPL, KIF1B, FREM1, CREB5

TUB, PGAP1, NFIB, PCDH7,CD180, SPATA13, KIF1B, PPP1R9A, CREBS,
RASGRP3

NRP2, PGAP1, DHRS9, ATP2B4, RASGRP3

GABRB3, SNED1, NRP2, NFIX, SCML4, PTCH1, CACNA2D2, ALOX12, TPPP,
PPP1R9A, PPARGCTA

#Transcription factors encoded by genes associated with hypertension; TF, transcription factor.

subfamily 3 group C member 1, the glucocorticoid receptor)
are essential for the processes.

SMARCA4 belongs to the family of proteins with helicase
and ATPase activities. These proteins play the key role in the
arrangement of chromatin conformation, which is crucial for
gene regulation. The SWI/SNF (BRG1) complex has been
shown to participate in the epigenetic and transcription regu-
lation in vascular smooth muscle cells, thus being associated
with the development of cardiovascular disorders (Liu H. et
al., 2024). Genetic polymorphisms in the SMARCA4 gene are
associated with hypertension risk (Maet al., 2019). The SWI/
SNF complex can be directly recruited by glucocorticoid
receptor NR3CL1 for remodeling chromatin in glucocorticoid-
dependent gene activation to potentiate the glucocorticoid
receptor action afterwards (Fryer, Archer, 1998; Wallberg et
al., 2000). This consideration is in line with the inference by
Patel et al. (2025) that SMARCA4 may be the key regulator
in glucocorticoid-induced increase in intraocular tension
(regarded as ocular hypertension by the authors), which can
result in secondary glaucoma.

Glucocorticoid receptor NR3C1, upregulated by steroid
hormones, is associated with hypertension. It acts as a tran-
scription factor (Timmermans et al., 2019). Our previous
study demonstrated Nr3cl downregulation in the hypo-
thalamus of both rat strains under stress: log2FC = —0.133
in ISIAH and log2FC = —0.113 in WAG. The decrease in
glucocorticoid receptor activity after the increase in gluco-
corticoid level upon stress can be interpreted as regulation of
the homeostasis of glucocorticoid receptors (Burnstein et al.,
1991). The results of this work suggest the involvement of
NR3Cl in the regulation of 21 genes associated with the DEG
cluster with stress-induced downregulation. The fact that the
lists of target genes for NR3C1 and SMARCA4 intersect sig-
nificantly (14 common targets in Table 4, p-value = 0.0007)
agrees well with the aforementioned data that the regulation
networks of these TFs are interrelated and, correspondingly,
many genes we found can undergo SMARCA4-mediated
epigenetic modification under stress, whose key signal is
NR3C1 activation.

Our approach to data analysis revealed 14 DEGs in pe-
ripheral blood (Table 3). The genes listed in Table 3 have not

been found to be associated with hypertension thus far, but
our study suggests that they may be candidate peripheral mar-
kers associated with psychoemotional stress in hypertensive
patients. Our results are insufficient for a reliable choice of
peripheral blood markers suitable for clinical practice. This
issue demands a special study aimed at the corroboration of
the role of the markers in the blood of patients with chronic
hypertension. Such a study would also help in determining
their reference values in clinical use.

Conclusions

Our work revealed stress-induced downregulation of genes
involved in plasma membrane function and, simultaneously,
in interaction with the extracellular matrix. This downregula-
tion reflects the significant contribution of psychoemotional
stress to the formation of hypertension in humans and ap-
pears to be a fundamental process linking chronic stress and
hypertension, primarily in the hypothalamus, which is a key
component of this link and the focus of our study. Numer-
ous publications confirm the effect of stress on the plasma
membrane. This process is universal, even when comparing
stress responses in the rat and fruit fly (Podkolodnaya et al.,
2025). Furthermore, according to the membrane concept of
arterial hypertension pathogenesis (Orlov, 2019), changes in
membrane structure and permeability are among the chief
processes underlying the impairments that promote the
development of hypertensive disease. The identified target
genes of the SMARCA4 transcription factor, which is likely
to be involved in their epigenetic regulation, are the most
probable common factor mediating long-term alteration of
gene expression patterns caused by chronic stress. Its further
investigation looks promising. On the grounds of our data,
we propose candidate peripheral blood markers that may
be helpful in clinical practice to diagnose psychoemotional
stress.
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Overcoming the problem of heterologous proteins folding
to improve the efficiency of yeast bioproducers
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Abstract. In the last few decades, yeasts have been successfully engineered to be an excellent microbial cell factory for
producing recombinant proteins with desired properties. This was due to their cost-effective characteristics and the
successful application of genomic modification technologies. In addition, yeasts have a conserved post-translational
modification pathway among eukaryotic organisms, which ensures the correct folding of recombinant proteins. However,
the folding machinery cannot always cope with the load caused by the overexpression of recombinant genes, leading to
the accumulation of misfolded proteins, the formation of aggregates and low production. Therefore, the protein-folding
capacity of the endoplasmic reticulum (ER) remains one of the main limitations for heterologous protein production in
yeast host organisms. However, thanks to many years of effective research of the fundamental mechanisms of protein
folding, these limitations have been largely overcome. The study of folding in both model organisms and bioproducers
has allowed to identify the molecular factors and cellular mechanisms that determine how a nascent polypeptide chain
acquires its three-dimensional functional structure. This knowledge has become the basis for developing new effective
techniques for engineering highly productive yeast strains. In this review, we examined the main cellular mechanisms
associated with protein folding, such as ER transition, chaperone binding, oxidative folding, glycosylation, protein quality
control. We discuss the effectiveness of applying this knowledge to the development of various engineering techniques
aimed at overcoming bottlenecks in the protein folding system. In particular, selection of optimal signal peptides, co-
expression with chaperones and foldases, modification of protein quality control, inhibition of proteolysis, and other
techniques have allowed to enhance the ability of yeast bioproducers to effectively secrete heterologous proteins.
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PenteHns rmpo6ieM (poaamHra 6e1KkosB
1151 TIOBbINIeHS 9P (PEKTUBHOCTY APOKKEBBIX OMOIIPOAYIIEHTOB

H.B. Aoporosa ®. CA. Depoposa

DepepanbHbI CCefoBaTENbCKUIA LLeHTP VHCTUTYT yutonorum n reHetukn Cnbrpckoro otaeneHnsa Poccuiickoin akagemun Hayk, HoBocnbupck, Poccus
@ dorogova@bionet.nsc.ru

AHHOTaumA. 3a nocnefHne HeCKONbKO AeCATUNETUI JPOXXKM CTann Hambonee 3¢pdekTnBHbBIMU BGronpoayLeHTamm
PEKOMOUHAHTHBIX GENKOB C Pas3fvyHbIMK NOTPEOUTENBCKUMY CBOMCTBaMK. DTO CTaslo BO3MOXHbIM 6narogapsa ux
SKOHOMMYECKM BbIFOAHBIM XapakTepuUCTUKam U YCMEWHOMY NPUMEHEHNIO FeHHO-MHXKEHePHbIX TexHonorni. Kpome
TOro, APOXKN O6NafaloT KOHCEPBATVBHBIM AJ1A SYKapUOTUYECKMX OPraHM3MOB MEXaHW3MOM MOCTTPAHCIALNOHHOM
MoanduKaumm 6enkos, KOTOPbI 06eCneunBaeT NX KOPPEKTHbIN GONAMHT, HEOOXOAUMBI ANA fanbHENLEeN cekpeummn
1 PyHKUMOHaNbHOM akTMBHOCTM. OpHako annapaTt GonfuHra He BCerga CrnpaBfAeTCA C Harpyskow, Bbl3BaHHOM
CBepxaKcnpeccmen PekoMOVHAHTHbIX FeHOB, YTO MPUBOAWUT K HAKOMIEHWI0 HempaBUSIbHO CBEPHYTbIX 6enkos,
06pa30BaHNIIO arperaToB 1 HU3KOW NPOAYKTUBHOCTY [POXMKEBbIX LUTAMMOB. Taknm 06pa3om, CMOCOOHOCTb K GONANHTY
6e/1KoB B SHAOMIA3MaTNUYECKOM PETUKYNTyMe MO-NPeXHeMy OCTaeTCA OLHUM U3 OCHOBHbIX OFPaHUYEHNIA NPU CUHTE3e
peKOM6VIHaTHbIX 6EI'IKOB B OPOXMXeBbIX KNeTKaxX. o orpaHnyeHunA 6bIﬂVI B 3HAUYUTEJIbHOW CTeneHun npeofosieHbl
6narogapsa MHoronetHUM 3GeKTMBHbIM MccnefoBaHUAM GyHAAMEHTaNbHbIX MexaHM3MoB 6enkoBoro donavHra.
I/I3yqume cbonnvmra KaK 'y MOJeJIbHbIX OPraHM3moOB, Tak Ny 6I/I0np0,£l,yU,eHTOB NO3BOJSINNO BbIABUTb MONEKYNApPHble
daKkTopbl M KeTouHble MeXaHW3Mbl, onpeaenswwyme GopMUpPOoBaHME TPeXMePHON OYHKLUOHANbHOW CTPYKTYpPbl
pactywen nentugHoi uenu. MonyyeHHble 3HaHWA NErM B OCHOBY pPa3paboTKU HOBbIX 3OPEKTUBHbIX METOLoB
KOHCTPYMPOBAHUA BbICOKONPOAYKTUBHbIX LWTaMMOB ApPOX>kel. B paHHOM o0630pe Mbl paccMOTpPeny OCHOBHble
KNeTOYHblE MEXaHW3Mbl, CBfi3aHHble C GONAMHIOM 6enkoB, TakKMe KakK TPaHCMOPT 4Yepe3 >SHAOMIa3MaTUYeCKUin
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PeweHuna npobnem donanHra 6enKkos ANA NOBbILLEHNSA
30 GEKTVBHOCTY APOXKKEBBIX BONPOAYLIEHTOB

PeTUKynym, B3aUMOZENCTBME C LIANepoHaMU, OKUCIUTENbHbIA GONAUHT, FMKO3UNMPOBAaHUE I KOHTPOJb KauyecTsa
6enKoB. Mbl 06cyamnu 3¢deKTMBHOCTb MPUMEHEHUA 3TVX 3HAHWI NPU Pa3paboTKe PasNUYHbBIX UHXKEeHEPHbIX METOAO0B,
HanpaBeHHbIX Ha NPeofosieHNe Y3KUX MeCT B cucTeme 6enkoBoro donguHra. B uactHocTy, nof6op onTrManbHbIX
CUTHaNbHbIX NeNTUAOB, KO3KCNPEeCcHs C lWanepoHamm 1 dongasamu, MoguduKaLma KNeTouHbIX MeXaHU3MOB KOHTPOIS
KauecTBa 6GeNikoB, MHIMOMPOBaHKE NPOTEONM3a U HEKOTOPbIE Apyrue npremMbl NO3BOMWIN MOBLICUTb BO3MOXHOCTM
MCMNONb30BaHNA APOXKEN-NPOoAYLEHTOB B KauecTBe 3GpdEKTMBHON Npor3BoanTeNibHON Nnatdhopmbl Afis SKCnpeccum

n cekpeyunmn peKOMGVIHaHTHbIX 6enKkoB.

KnioueBble cnoBa: OPOXXN-NPOoAYUEHTDI; (I)OJ'I,D,I/IHI' 6enKoB; SHAOMNAa3MaTUYeCKUin PeTuKynym; MoneKkynapHbie

LIaNepPOoHbI; PEKOMOVHaHTHbIe 6enKn

Introduction

Yeast expression systems are excellent for the production of
valuable recombinant proteins and peptides widely used as
biopharmaceuticals and industrial enzymes. They are com-
mercially viable bioproducers due to their high growth rate,
resistance to harmful microbiota, ability to assimilate many
food sources, and fairly easy to cultivate in industrial condi-
tions (Thak et al., 2020; Madhavan et al., 2021; De Brabander
et al., 2023). The development of genetic and metabolic en-
gineering has increased the efficiency of yeast strains, mainly
due to the use of genomic technologies: strong promoters,
new vector elements with improved inducers and enhancers,
targeted mutagenesis, signaling molecules, high-performance
devices for cloning, screening and fermentation (De Brabander
etal., 2023; Tsuda, Nonaka, 2024). However, expression at the
transcriptional and translational levels often does not correlate
with the level of secretion of heterologous proteins, which is
due to the insufficient efficiency of the folding mechanism
(Ishiwata-Kimata, Kimata, 2023; Zahrl et al., 2023). There-
fore, the search for new technological methods for optimizing
the synthesis and increasing the yield of heterologous proteins
in yeast cells remains an urgent task. A significant direction
for its solution is overcoming the problem of folding target
proteins into the correct three-dimensional structure.

Proper folding is necessary for the functional activity of
synthesized proteins, their intracellular transport and fur-
ther secretion. Recombinant proteins are secretory and go
through a secretory pathway, beginning with folding in the
ER and ending with release into the extracellular environment
(culture media) (Raschmanova et al., 2021). Proteins are
translocated to the ER in an unfolded state and then undergo
modification and folding involving ER-resident chaperones,
folding enzymes, and glycosylation (Hartl et al., 2011; Saibil,
2013). Disruptions in this machinery result in the accumula-
tion of misfolded proteins in the cytoplasm, where they are
recognized by the Protein Quality Control (PQC) system that
regulates cellular homeostasis (Korennykh, Walter, 2012).
This system includes the Unfolded Protein Response (UPR)
signaling pathway, which can trigger refolding of misfolded
proteins or initiate their proteolysis.

In some cases, misfolded proteins clump together to form
aggregates or Inclusion Bodies (IBs), which can cause cell
damage (Yamaguchi, Miyazaki, 2014). Such I1Bs often contain
potentially active proteins with a normal secondary structure,
which can be recovered from these aggregates under appropri-
ate conditions (Burgess, 2009; Yamaguchi, Miyazaki, 2014;
Singhvi et al., 2021). However, their isolation and refolding
procedures are complex, expensive, and inefficient (Singhvi
et al., 2021). It is therefore clear that the solution to the fold-
ing problem of heterologous proteins must be directly linked

to their production process: protein folding engineering and
quality control in yeast host strains. In this article, we review
various cellular mechanisms and signaling pathways that
influence heterologous protein folding and discuss the latest
updates to biotechnological strategy allowing to address this
issue in order to maximize the yield of recombinant proteins.

Post-translational modifications and folding

Preparation for folding

In yeast, as in other eukaryotes, a newly synthesized peptide
must undergo post-translational modification and folding in
the endoplasmic reticulum to form the correct spatial con-
formation. A stable 3D structure determines the functional
activity of the protein and its subsequent traffic through the
secretory pathway (Schwarz, Blower, 2016).

Translation of secretory proteins occurs on cytosolic ribo-
somes and they are then co-translationally or post-transla-
tionally directed to the ER by a specific protein-RNA com-
plex — Signal Recognition Particle (SRP). SRP binds to the
N-terminal sequence of a precursor protein, which is called the
signal peptide (SP). Transfer across the ER membrane occurs
in an unfolded state of the nascent protein and is dependent
on the Sec water channel, a multiprotein complex that spans
the membrane (Berner et al., 2018; O’Keefe et al., 2022) (see
the Figure).

When the unfolded nascent chain appears in the ER lu-
men, its hydrophobic sequence elements are recognized by
ER-resident HSP chaperones: Kar2 (yeast Hsp70) and Ydj1
(yeast Hsp40) (Braakman, Hebert, 2013; Hendershot et al.,
2024). They bind to the hydrophobic amino acid side chains
exposed by the unfolded proteins. There is evidence that Kar2
assists in the folding of nascent proteins as they enter the
ER and remains bound until folding is complete. The Ydj1
chaperone forms transient complexes with Kar2, facilitating
its binding to non-native polypeptides (see the Figure). Thus,
chaperones prevent premature misfolding of the immature
polypeptide chain and protect it from aggregation (Omkar et
al., 2024; Ruger-Herreros et al., 2024).

According to some data, the chaperone function of Kar2 in
these events also depends on members of the DnaJ-like protein
family, such as Jem1 and Scj1, and the nucleotide exchange
factor Lhs1 (see the Figure). These co-chaperones promote the
ATPase cycle and thus maintain Kar2 activity (Schlenstedt et
al., 1995; Steel et al., 2004; de Keyzer et al., 2009).

Oxidative protein folding

3D structure formation begins with the process called Oxida-
tive Protein Folding (OPF), which results in the formation of
disulfide bonds due to the oxidation of thiol groups of cysteine
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Overcoming the problem of heterologous proteins folding

initiate ERAD.

(Hatahet, Ruddock, 2009; Palma et al., 2023). OPF is carried
out by Protein disulfide isomerase (Pdi) (see the Figure). Pdi
not only is responsible for the formation of the disulfide bonds
in unfolded eukaryotic proteins, but also catalyzes the rear-
rangement of incorrect disulfide bonds (isomerase activity)
(Gross et al., 2006). The OPF pathway, like Pdi, is conserved
across eukaryotic organisms. Yeast Pdil protein is encoded by
the pdil gene, and pdil-deleted yeast strains have low viability
and accumulate secretory proteins within the ER lamellae
(Mizunaga et al., 1990; Frand, Kaiser, 1998).

The transition of Pdi to the active form is catalyzed by ER
sulfhydryl oxidase 1 (Erol). Erol is an oxidoreductase that
oxidizes Pdil via direct thiol-disulfide exchange (conversion
of cystine to cysteine) (Gross et al., 2006; Sevier, Kaiser,
2006). Yeast contains a single erol gene that encodes the Erol
protein. The loss of erol is lethal for yeast (Niu et al., 2016).
Thus, Pdi and Ero act synergistically; for the correct catalysis
of disulfide bonds in proteins, a balance of these two factors is
necessary (Niu et al., 2016; Wang L., Wang C.C., 2023). The
need to maintain such a balance is also due to the fact that the
activation of Pdi and Ero occurs via the oxidation—reduction
type and the high rate of disulfide bond formation in cells
and tissues should create dangerous levels of oxidative stress
(Gasser et al., 2008).

Role of glycosylation in promoting protein folding

Proper folding of most proteins requires post-translational
modification known as glycosylation. In yeast, secretory pro-
teins are glycoproteins and they contain covalently linked
oligosaccharides, which are mainly mannose residues (see
the Figure). Predominantly, yeast polypeptides are N-glyco-
sylated, i. e. mannose is N-glycosidically linked to the f-amido
group of asparagine. This reaction is catalyzed by the Oligo-
saccharyltransferase Enzyme Complex (OST) (Kelleher, Gil-
more, 2006) and occurs on ER membranes. OST transfers
Glc3Man9GIcNAc2-oligosaccharide (where Glc is glucose,
Man is mannose, and GIcNAc is N-acetylglucosamine) from
the lipid-pyrophosphate donor, dolichol diphosphate, to as-
paragine residues of nascent polypeptide chains. The protein-
linked oligosaccharide is called N-glycan. This glycan has
maintained a well-conserved structure throughout evolution
and is characteristic of all eukaryotes (Qi et al., 2020). Gly-
cans undergo further processing in the ER by glycosidases. In
Saccharomyces cerevisiae, the following glycosidases have
been described: alpha-glucosidase | encoded by CWHA41,
alpha-glucosidase Il encoded by ROT2, alphal,2-manno-
sidase encoded by MNS1. Glycosidases partially deglycosyl-
ate and shorten the N-glycan (Herscovics, 1999; Lehle et al.,
2006).
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Glycosylation promotes folding by enhancing the solubility
and stability of the proteins in the ER and the Golgi. Oligo-
saccharide residues are a marker for interactions with certain
chaperones, also assisting in the folding of glycoproteins
(Parodi, 2000; Xu C., Ng, 2015).

The N-glycan-modified polypeptide chain is recognized
by lectin chaperones (Ware et al., 1995; Caramelo, Parodi,
2015). In mammalian cells, two related ER lectin chaperones,
calnexin (Cnx) and calreticulin (Crt), are important for the
proper folding of newly synthesized glycoproteins. Calnexin
is an integral membrane protein, and calreticulin is a soluble
protein found in the ER lumen (see the Figure). They retain
glycoproteins in the ER during translation by inhibiting their
aggregation and formation of non-canonical disulfide bridges,
and also promote their association with other chaperones. In
yeast (S. cerevisiae), only the calnexin homologue Cnel has
been identified. Cnel is structurally similar to mammalian cal-
nexin except that it lacks a cytoplasmic tail and does not bind
calcium (Parlati et al., 1995). Yeast calnexin has been shown
to function as a molecular chaperone similar to mammalian
calnexin (Xu X. et al., 2004). A calnexin-like transmembrane
protein has also been identified in S. pombe (NUfiez et al.,
2015). However, genes encoding a calreticulin homologue
have not yet been identified in the yeast genome.

Protein Quality Control

All eukaryotes have conserved mechanisms that control cel-
lular proteostasis and protect the cell from stress. These are the
three main pathways that comprise the quality control system:
UPR, ERAD (ER-associated degradation), and autophagy.
There are essentially two alternative cellular responses to the
accumulation of abnormal proteins. UPR promotes their re-
folding repair through additional activation of ER chaperones
and folding enzymes, while ERAD and autophagy target them
for degradation (see the Figure).

Unfolded protein response

In eukaryotes, UPR includes ER-localized molecular chape-
rones that participate in sensing misfolded proteins, activating
downstream signaling cascades, and mitigating proteotoxic
ER stress: Inositol-requiring enzyme 1 (Irel), Activating tran-
scription factor 6 (Atf6), and Protein kinase R-like ER kinase
(PERK). However, only Irel is highly conserved and has been
found in unicellular eukaryotes, including yeast (Schroder et
al., 2003; Mori K., 2022). Presumably, through its luminal do-
main, Irel enables direct interaction with exposed hydrophobic
groups of misfolded proteins in the ER. This reaction results
in the activation of Irel, and as a result, its C-terminal RNase
domain mediates splicing of the Hacl gene mRNA removing
a 252-nucleotide intron near the 3" end. Then Rlgl, a tRNA
ligase, ligates the hacl transcript cleaved by Irelp. Its spliced
and unspliced forms are termed Hacli and Haclu, respectively
(“i”and “u” for induced and uninduced) (Schroder et al., 2003;
Xia, 2019). Hacli mRNA is translated into the transcription
factor Hacl. It is then transported into the nucleus where it
induces transcription of a large number of genes involved in
the UPR mechanism (Hernandez-Elvira et al., 2018) includ-
ing those encoding ER-located molecular chaperones and
protein modification enzymes such as kar2, pdil, erol, ecj1,
Ihs1, jem1. Additionally, the Irel/Hacl pathway is essential
for activating genes that carry out ERAD functions promoting
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selective removal of terminally damaged proteins (Friedlander
et al., 2000; Travers et al., 2000).

Hacl orthologs have been identified in various yeast
species, such as Pichia pastoris, Hansenula polymorpha,
Kluyveromyces lactis, Yarrowia lipolytica, Candida albicans,
and Candida parapsilosis. All of these species share the Irel-
dependent mechanism of splicing the Hacl transcripts in
response to ER stress (Hernandez-Elvira et al., 2018; Fauzee
et al., 2020; Ishiwata-Kimata, Kimata, 2023).

However, it has been reported that S. pombe probably
does not contain a Hacl ortholog. Its Irel triggers a process
called Regulated Ire-dependent decay (Kimmig et al., 2012).
In S. pombe, stress-activated IRE1 cleaves mMRNAs located
in the ER, leading to their exonuclease-mediated degradation
(Hernandez-Elvira et al., 2018).

ER-associated degradation

Proteins that have not achieved their native conformation after
repeated folding remain in the ER, bound to ER chaperones
that prevent their aggregation. If a protein remains unfolded
in the ER for too long, it is identified as potentially harmful
and eliminated via ER-associated degradation. The process
involves several steps: the recognition of substrates in the
lumen and membrane of the ER, their translocation into the
cytosol, ubiquitination and degradation in the 26S protea-
some. Thus, ERAD is associated with the highly conserved
ubiquitin proteasome system (UPS) (Ruggiano et al., 2014;
Krshnan et al., 2022). In all eukaryotes, it includes the fol-
lowing main components: ubiquitin-activating enzyme (E1),
ubiquitin-conjugating enzyme (E2), ubiquitin ligase (E3), and
26S proteasome (Pickart, 2001). If a misfolded glycoprotein
stays in the ER for a critically long time, its N-linked glycans
are trimmed by yeast 1,2-mannosidasel — Htm1. This trimmed
N-glycan is recognized by a lectin chaperone known as Y0s9.
At the same time, the Hrd3 protein (HMG-CoA reductase de-
gradation protein 3) associates with hydrophobic amino acid
residues exposed on the surface of misfolded glycoproteins
(Thibault, Ng, 2012; Berner et al., 2018). After recognition and
binding to Hrd3 and Yos9, the substrate protein is transferred
to the E3 ubiquitin ligases complex responsible for ubiquiti-
nation — Hrd1 (HMG-CoA reductase degradation protein 1).
Hrd1 is embedded in the ER membrane and is in conjunction
with Derl (Degradation in the endoplasmic reticulum pro-
tein 1) and Usa 1 (U1 SNP1-associating protein 1), which
mediates retrotranslocation of misfolded proteins through the
ER membrane from the lumen side of the cytosolic membrane.
The Hrd1 E3 ubiquitin ligase contains a RING domain that
accepts ubiquitin from the membrane-associated protein Ubc7
(E2 ubiquitin-conjugating ligase). Finally, Hrdl transfers
ubiquitin to the substrate protein. Proteins covalently linked
to one or more ubiquitin molecules are recognized by protea-
some (Preston, Brodsky, 2017; Berner et al., 2018; Krshnan
etal., 2022).

Ways to solve the protein folding problem
in yeast synthetic biology

Selection of ER-targeting signal peptides

ER-targeting signal peptides (SPs) are critical components
for the secretion of heterologous proteins because they are
required for their correct transport and localization to the ER,
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where modification and folding occur (Zha et al., 2023). SPs
are short sequences, 15 to 30 amino acids in length, mostly lo-
cated at the N-terminus of the secreted proteins. SPs typically
consist of a series of hydrophobic amino acids (core region)
that embed into membranes, positively charged residues at the
N-terminus (necessary for proper topology of the polypeptide),
and a cleavage site at the C-terminus. When an SP is cleaved
by a signal peptidase, it releases the secreted protein into the
ER lumen (Zha et al., 2023).

Recent research has revealed that the secretion efficiency of
heterologous proteins is strongly dependent on their successful
combination with SPs. Therefore, various bioinformatic and
experimental studies have been carried out to elucidate the
optimal SP sequence, allowing to maximize the efficiency of
protein secretion.

A wide range of signal sequences, both from native genes
(including those from different organisms) and synthetic
molecules, are used to improve heterologous expression in
yeast. For example, in Komagataella phaffii (P. pastoris), a
widespread host microorganism, the most commonly used
secretion signal is the mating pheromone of the a-factor
(MFal) from S. cerevisiae (Eskandari et al., 2023). Although
this SP has proven its effectiveness in increasing the yield of
heterologous proteins, work continues on its modification
and the search for more productive variants. In particular, it
was shown that some single amino acid substitutions of the
MFa signal sequences provided a significant increase in the
production of secreted proteins (Ito et al., 2022). An improved
secretion signal was also obtained by creating a chimeric con-
struct combining the MFal leader region and the Ost1 signal
sequence. This hybrid variant turned out to be more effective
compared to the original MFal SP (Barrero et al., 2018). The
emergence of new improved modifications of MFal SPs was
facilitated by the analysis of mutations accumulated in MFa
signal sequences during yeast evolution. This allowed to iden-
tify specific motifs as well as their combinations (mutation
synergism) that are important for enhancing yeast enzyme se-
cretion (Azaetal., 2021). Promising results were obtained by
combining bioinformatic prediction of the efficiency of certain
signal sequences and subsequent experimental validation. For
example, Duan and colleagues (2019) discovered four new
endogenous signal peptides, including Dan4, Gasl, Msb2,
and Fre2, according to the reported secretome and genome of
P. pastoris. Their properties were investigated experimentally
using three reporter proteins, and these SPs were shown to be
superior to a-MFs in the production of heterologous proteins
(Duan et al., 2019).

The SignalP databases (www.signalpeptide.de) can be used
as a resource for selecting suitable SPs. Mori and colleagues
(2015) created a library of 60 S. cerevisiae SPs that were
identified in SignalP 3.0 using SOSUI software. The authors
experimentally showed that six those SPs can maximize secre-
tion of heterologous proteins (Mori A. et al., 2015).

While some progress has been made in bioinformatically
predicting the efficiency of particular signal peptides for
recombinant proteins, their potential has only been explored
in laboratory settings. There is no reliable information yet
on their successful application in biotech platforms, and it is
unclear how they will function in specific yeast strains and in
combination with specific target proteins.

Overcoming the problem of heterologous proteins folding
to improve the efficiency of yeast bioproducers

Increased activity of the ER folding network

Positive effects of chaperone addition

Traditionally (since the 90s), yeast strain engineering has
used the method of simultaneous expression (co-expression)
of genes encoding heterologous proteins and genes encod-
ing chaperones and folding enzymes. It has been shown for
a variety of heterologous proteins that the introduction of
extra copies of these genes into yeast host cells increases the
secretion and decreases the aggregation of recombinant pro-
teins. For example, Robinson et al. (1994) demonstrated that
overexpression of Pdi in S. cerevisiae led to a four- to tenfold
increase in secretion yields of human protein. Shusta and co-
authors (1998) reported 2—6-fold increased secretion titers for
single-chain antibody fragments upon co-overexpression of
the Kar2 chaperone or Pdi. Simultaneous overexpression of
Pdi and Kar2 resulted in a synergistic up to eightfold increase
(Shusta et al., 1998).

The addition of Pdi and Kar2, both together and separately,
increased the yield of recombinant proteins used for medical
purposes: antithrombotic factor, hirudin (Kim et al., 2003);
mammalian peptide recognition proteins (Yang et., 2016);
Necator americanus secretory protein (Inan et al., 2007);
fragment of single-chain antibody A33 (Damasceno et al.,
2007); hydrophobins (Sallada et al., 2019), virus glycoprotein,
RABV-G (Ben Azoun et al., 2016).

In some cases, chaperone activity is enhanced by their
co-expression with molecular partners and cofactors. For
example, Kar2 functionality depends on the ATPase cycle,
which is promoted by the Jem1 co-chaperone and the Lhs1p
nucleotide exchange factor (Steel et al., 2004). Joint expres-
sion of genes encoding these factors has been shown to stimu-
late Kar2 activity and increase production of recombinant
human proteins (Payne et al., 2008).

As we wrote above, yeast strains overexpressing Pdi are the
most frequently used in the production of correctly folded and
functionally secreted recombinant proteins. However, in the
oxidative protein folding pathway, Pdi acts in partnership with
Erol-oxidase. Therefore, co-overexpression of these genes
can improve the efficiency of protein folding and secretion.
Beal and colleagues (2019) developed a new methodology
enabling the quantitative assessment of the interaction of Pdil
and Erol, and based on it provided a platform for the design
of more efficient heterologous protein expression systems
in yeast. The high efficiency of co-expression of Pdi and its
molecular partner Erol was also shown by other authors (Ben
Azoun et al., 2016; Sallada et al., 2019).

Thus, addition of known ER network folding factors to en-
hance heterologous expression has become a basic approach.
However, this is not a universal solution; there is no guarantee
that chaperones are always able to improve the secretion of
recombinant proteins. In particular, a combination of different
chaperones does not always lead to a synergistic effect.

Limitations of the approach

Recent investigations suggest that the efficiency of chaperones
depends on the dose of the gene encoding the recombinant
protein. For example, overexpression of Pdil or Erol caused
a statistically significant increase in recombinant hydropho-
bin in P. pastoris, but only in the 3-copy gene strain, and
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not in the 1- and 2-copy strains (Sallada et al., 2019). In the
same experiment, it was shown that hydrophobin production
increased with co-expression of Kar2 14-fold for the 1-copy
strain, 9.8-fold for the 2-copy and 22-fold for the 3-copy ones
(Sallada et al., 2019).

A correlation between chaperone activity and the copy
number of the recombinant gene has been found in other
experiments as well. In lipase-producing P. pastoris, over-
expression of Pdil led to enhanced productivity in the strain
carrying four copies of the lipase gene, whereas in the two-
copy strain, it remained unchanged (Huang J. et al., 2020).
Efficient expression of mammalian peptidoglycan recognition
proteins in P. pastoris also depended on the combination of
recombinant gene copy number and folding enzymes (Yang
et al., 2016). Thus, these experiments support the need for
empirical selection of optimal combinations of recombinant
protein-encoding genes and folding factor-encoding genes.

Recently, an increasing number of published data have
demonstrated that the activity of the folding factors described
above is selective for certain substrates and does not improve
the expression of some important recombinant proteins. In
particular, it was shown that Pdil, Erol, Kar2 did not have
a beneficial effect on the secretion of antibodies in S. cerevi-
siae (de Ruijter et al., 2016). Similar conclusions were also
drawn from other experiments (Smith et al., 2004; Payne et
al., 2008). These findings demonstrate that there is no single
suitable strategy that provides optimal conditions for the se-
cretion of all recombinant proteins, and very often a separate
productivity enhancement program must be set up for each
protein.

Forced activation of the UPR system

An effective way to solve the folding problem is the activation
of the ER chaperone network by overexpression of the Hacl
transcription factor, which is the main regulating UPR path-
way. Theoretically, an artificial increase in the level of Hacl

can be achieved in two ways. The first is the intensification of
Hacl mRNA splicing by overexpression of Irel. The second
way is overexpression of genetic sequences encoding Hacl.

The first approach is associated with additional expres-
sion of Irel, which should lead to an increase in the number
of events associated with Hacl mRNA splicing and, as a
consequence, promote transcription of genes encoding ER
chaperones and folding catalysts (see above “Unfolded protein
response”). However, at present, the effectiveness of this ap-
proach is confirmed by only one experiment. Only one study
convincingly showed that overexpression of Irel improved
the capabilities of the yeast expression system, which in par-
ticular led to an increase in hepatitis B small antigen (HBsAQ)
production in S. cerevisiae (Sheng et al., 2017). The lack of
positive results may be due to the complex mechanism of Hacl
activation, which involves many molecular factors.

The second approach aimed at using Hacl overexpression is
the most preferable in yeast biotechnology. As we wrote above,
adding Hacl to yeast host strains leads to up-regulation of a
large number of its target genes that mainly function for the
protein secretory machinery, and in particular, almost all these
genes are required for protein folding (see above “Unfolded
protein response”). For heterologous protein secretion, both
the active (spliced) form and the inactive (unspliced) form of
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Hac1 can be used. However, activation of the unspliced form
of Hacl mRNA requires additional cellular resources, in par-
ticular, molecular factors involved in its processing. The genes
encoding these factors must be added to the yeast strains. The
engineered strains with such a modification increased protein
secretion significantly and showed better performance than
strains with only overexpression of Hacl (Lin et al., 2023).

Most strains used in biotechnological practice contain an
insertion of the Hacl gene with a previously removed 3’ end
intron, i.e. encoding the active form of the transcript. For
such strains, a high level of transcriptional activity of Hacl
target genes involved in the UPR pathway and responsible
for correct protein folding was shown. In P. pastoris strains
overexpressing Hacl, electron microscopy revealed an expan-
sion of the intracellular membranes (Guerfal et al., 2010),
which probably indicates an increase in the folding capacity
of the ER and may contribute to the alleviation of ER stress
(Schuck et al., 2009).

To date, a large number of research groups have reported
an increase in the productivity of secretory proteins due
to artificial and high-level expression of the Hacl protein
(Raschmanova et al., 2021; Lin et al., 2023; Khlebodarova
etal., 2024). Hacl overexpression successfully increased the
yield of recombinant proteins: phytase (a product of the Phy
gene from C. amalonaticus) in P. pastoris (Li C. et al., 2015);
a-amylase (Valkonen et al., 2003; Lin et al., 2023); chitosanase
(from Bacillus subtilis) (Han et al., 2021); kringle fragment of
human apolipoprotein (which inhibits endothelial cell migra-
tion) in S. cerevisiae (Lee et al., 2012); xylanase (a microbial
hydrolase used to hydrolyze xylan) in S. cerevisiae (Li C. et
al., 2015; Bao et al., 2020).

However, to achieve efficient heterologous expression
in Hac-modified cells, it is important to select the optimal
combination of the copy number of Hac-encoding genes and
genes encoding recombinant proteins (Valkonen et al., 2003;
Guerfal et al., 2010; Huang M. et al., 2017; Huang J. et al.,
2020). Some studies have found that increasing Hacl doses
also leads to increased ER stress (Gasser et al., 2006; Guerfal
etal., 2010; Li C. etal., 2015). It is also necessary to take into
account that Hacl is a positive regulator of the ERAD pathway
(see above “ER-associated degradation”) and its overactiva-
tion can promote protein degradation.

Thus, the addition of Hac allows the yeast strain to be
adapted to large-scale protein expression caused by an exces-
sive dose of transgenic constructs. However, many researchers
note that the effectiveness of this approach must be assessed in
each specific case when designing a specific producer strain.

An additional advantage in strain engineering may be
gained by using Hac orthologs from other yeasts, and even
phylogenetically more distant eukaryotes. In particular, Val-
konen et al. (2003) reported that the secretion of a-amylase
was increased by overexpressing Trichoderma reesei-derived
Haclin S. cerevisiae. Bankefa and colleagues (2018) showed
that for P. pastoris, Hacl orthologs of other species and even
mammalian ones may be more effective than the native one.
They investigate the effects of overexpressing Hacl orthologs
from S. cerevisiae (ScHac1p), Trichoderma reesei (TrHac1p)
and Homo sapiens (HsXbp1l) on the secretory expression le-
vels of three reporter proteins, b-galactosidase, b-mannanase
and glucose oxidase. The authors reported diverse effects of
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these orthologs on heterologous expression levels, but HsXbpl
remarkably improved the enzyme production levels, both in
shake flask and fermenter culture, both in single- and four-
copy strains, which demonstrated its great application potential
(Bankefa et al., 2018).

Thus, artificial activation of the UPR pathway by overex-
pression of the Hacl transcription factor has demonstrated
an obvious positive effect on improving the secretory protein
productivity. It allowed to remove bottlenecks in the engi-
neered yeast strain, arising due to abnormal accumulation of
unfolded/misfolded proteins in the endoplasmic reticulum.
However, this positive experience cannot be extrapolated to
all recombinant proteins. Therefore, the real effect for each
product must be assessed in experiments, often based on trial
and error.

Prevention of ERAD pathway activation

As we wrote above, the UPR system is in crosstalk with the
ERAD pathway. ERAD is activated when ER chaperones and
folding enzymes are unable to form tertiary or quaternary
structures of proteins. Sometimes ERAD is excessively acti-
vated during heterologous expression, so depletion of some
components of this system can contribute to an increase in
the yield of recombinant proteins.

De Ruijter and Frey (2015) analyzed the effect of deletions
of genes involved in ERAD on the production of human IgG
in S. cerevisiae. It was shown that deletion of only one gene,
HTM1, contributed to a slight improvement in heterologous
secretion, whereas deletions of the yos9, hrd1, hrd3, and ubc7
genes either did not affect or negatively affected the recombi-
nant protein yield (de Ruijter, Frey , 2015).

In P. pastoris, excessive activation of ERAD enhanced
intracellular degradation of recombinant antibody fragment
Fab. In the work of Pfeffer et al., it was shown that most of the
newly synthesized Fab is not secreted but undergoes intracel-
lular degradation via the ubiquitin-proteasome system (Pfeffer
etal., 2012; Zahrl et al., 2019). The yield of the recombinant
protein was increased by inhibiting proteasome components
(Pfeffer et al., 2012). However, subsequent work aimed at
reducing proteolysis through ERAD gene disruptions did not
yield significant increases in Fab secretion (Zahrl etal., 2019).

Thus, the reduction of ERAD activity can be considered as
a potential strategy for improving the secretion of recombinant
proteins. However, the current level of research in this area
does not yet allow for the transition to engineering producer
strains protected from the proteolysis system.

Search for new solutions

The potential of the ER folding network can be enhanced by
factors that are not directly involved in it, but create favorable
conditions for its active functioning.

Zahrl et al. (2023) proposed to combine the transcriptional
programs induced by Hacl and Msn4 in one strain. Msn4 is
a transcriptional factor involved in the response to various
forms of stress (heat, oxidative, osmotic, etc.). Co-expression
of Hacl and Msn4 (both native and synthetic) revealed syn-
ergistic effects resulting in increased titers of recombinant
proteins. This strategy was tested for scFv and VHH antibody
fragments expressed in P. pastoris (Zahrl et al., 2023).

Overcoming the problem of heterologous proteins folding
to improve the efficiency of yeast bioproducers

In another work, the same research group identified the most
relevant chaperones of the Hsp70 network, both cytosolic and
ER-localized, and investigated the impact of their combined
overexpression on recombinant protein secretion (Zahrl etal.,
2022). In their work , they implemented a principle they called
the push-and-pull strategy. The addition of cytosolic chape-
rones allowed to increase the translocation competency of the
recombinant protein and its targeting to the ER membrane
(= push). At the same time resident ER chaperones improved
the folding process (= pull). This allowed to successfully
engineer strains and improve protein secretion up to 5-fold
for the antibody Fab fragment and scFv (Zahrl et al., 2022).

The screening of new molecules involved in the folding
system may improve yeast expression systems and expand the
range of heterologous proteins. In particular, analysis of the
reported P. pastoris secretome and genome predicted novel
folding factors: Mpd1 and Pdi2 (members of the Pdi family),
as well as Sill (nucleotide exchange factor for Kar2) (Duan
et al., 2019). Subsequent experimental studies showed that
all of the novel folding factors enhanced total production of
reporter proteins, with Sill showing the highest efficiency
(Duan et al., 2019). This work is an example of a successful
combination of the achievements of yeast omics technologies
and metabolic engineering, but this experience has not yet
been widely applied.

Conclusion

One of the main limitations of heterologous protein produc-
tion in yeast hosts is the ability of proteins to fold in the endo-
plasmic reticulum. The folding system is subject to unbalanced
stress due to overexpression of recombinant genes, leading to
the accumulation of misfolded proteins, aggregate formation,
and low productivity. However, thanks to years of effective
research into the fundamental mechanisms of protein folding,
these limitations have been largely overcome. Studying fold-
ing in both model organisms and bioproducers has enabled the
identification of molecular factors and cellular mechanisms
that determine how a nascent polypeptide chain acquires its
three-dimensional functional structure. This knowledge has
formed the basis for the development of new, efficient me-
thods for constructing highly productive yeast strains. Many
problems arising from insufficient folding systems have been
overcome by selecting optimal signal peptides, coexpressing
with chaperones and foldases, modifying the ubiquitin-pro-
teasome system (UPS), and preventing the ERAD pathway.
Modern engineering solutions utilize combinations of these
factors, but for each protein of interest, the expression strain
is typically developed individually. In practice, optimized
folding conditions for one protein often do not work for
another. Therefore, no general strategy for overcoming pro-
tein folding bottlenecks that would be applicable to a wide
range of proteins has yet been proposed.

In the future, some problems can be minimized by analyz-
ing data obtained using omics technologies and modeling the
secretion pathway in silico. An example of such a development
is the pcSecYeast model designed for S. cerevisiae (Li F. etal.,
2022). Such models allow choosing a combination of factors,
both known and unknown, to generate new engineering strate-
gies in designing strains with high protein yields.
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Abstract. This review focuses on cellulases, a subclass of hydrolases that catalyse the breakdown of the polysaccharide
cellulose. Cellulases are of immense practical significance, given that cellulose-containing materials are utilised across
a multitude of industrial sectors. An overview of the fundamental properties and structure of cellulases is provided.
However, primary attention is paid to the industrial application of these enzymes, with other aspects discussed within
this context. The most practically significant bacterial and fungal cellulases are analysed, with their key benefits
and differences being emphasised. Particular attention is paid to extremophilic (specifically thermo-, psychro-, and
halophilic) cellulases, as they possess properties essential for modern technological processes. Given that practical
application necessitates mass production and an optimal combination of enzymatic characteristics, the creation
of effective producers and the modification of cellulase properties are also assessed. Finally, key trends in cellulase
production approaches and their future application potential are summarised.
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AnHOTaumsA. B nocnegHve roapl Lenntonasa nprenekaeT orpOMHOE BHUMaHME Kak MPOMbILLISIEHHO BaXKHbIN GepmeHT
C LIMPOKMM CMEeKTPOM MpumeHeHus. Llennonasbl npeactaBnsatoT coboli CnoxHyo rpynny GepMeHTOB, KOTopble
ceKkpeTrpytoTcA MHOroobpasnem MUKPOOPraHM3MOB, BKoYaa rpubbl 1 6aktepmn. OHM OTHOCATCA K Moaknaccy
depmeHTOB rupponas, cybcTpaTomM KOTOpPbIX ABNAETCA Monmcaxapuf Lenntonosa. Llennonasbl umeloT orpomHoe
npaKkTnyeckoe 3HaueHue, NOCKOJIbKY CoAepallye LIenoNno3y MmaTepuarnbl UCMOJb3y0TCA BO MHOXeCTBe oTpacsien
HapoAHoro xo3AicTea. B a3Tom 0630pe MpuBeAeHbl cBefeHNA 06 OCHOBHbIX CBOWCTBAaX U CTPYKType Lienstonas.
Ho ocHOBHOe BHUMaHWe yAeneHo MPUMEHEHWI0 3TUX GEePMEHTOB B MPOMbIWJIEHHOCTU, @ MPOYMNe acneKTbl, Tak
VAN MHaye, paccmMaTpuBaloTcA C yyeTom 3Toro. MccnepoBaHbl MMetowme Hanbosbluee NpakTuyeckoe 3HayeHue
6aKTepuranbHble 1 rpubHble Lenonasbl, X OCHOBHble NpenmylectBa M oTanumA. OTAeNbHO PacCMOTPeHbl
3KcTpeModubHble (a MMEHHO TepmMo-, NCUXPOo- U ranodunbHble) Lennonasbl Kak obnapatolime CBOWNCTBaMU,
HY>HbIMW B YCJTOBUAX COBPEMEHHbIX TEXHONMOrMYeCKMNX NpoLeccoB. MOCKONbKY AnA NPakTUYeCKoro NprmMeHeHus
HeobXoAUMbl MaccoBasa MPOAYKLMA 1 ONTUMasbHOE COYeTaHue CBOWMCTB GepMEHTOB, BHUMaHME Takxe yaeneHo
nonyyeHnto 3GPeKTUBHbIX MPOAYLIEHTOB U MOANPUKALMN CBONCTB, MPOM3BOAVMbIX Lienntonas. HakoHel, 0603Ha-
YeHbl K/llo4eBble TEHAEHUMN B NOAXOAaX K MPOU3BOACTBY Uentonas N NnepCcnekTnBbl NPaKTUYeCKOro npuMeHeHns.
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Introduction

The rise in environmental consciousness and progress in
biotechnology have facilitated the replacement of numerous
chemical procedures by enzymatic biocatalysts in a variety
of industries, including textiles, leather, pulp and paper,
fruit and vegetable processing, food processing, and feed
production (Wackett, 2019). Enzymes can be isolated from
various sources; animal tissues, plants, and microbial cells.
Microbial proteins are frequently more stable than enzymes
of similar specificity derived from plant or animal sources
and can often be stored under less-than-ideal conditions for
extended periods without significant loss of biological activ-
ity (Singhania et al., 2010). Most commercial enzymes are
obtained from microorganisms. These enzymes are strong
candidates for efficient biotechnological processes due to
properties like thermostability, broad pH range stability,
and multifunctionality, which allow them to function under
various physicochemical conditions.

Cellulases represent the second largest group of industrial
enzymes by market share, and their usage continues to grow
alongside increasing demand from a wide range of sectors:
food, pulp and paper, textiles, pharmaceuticals, detergents,
animal feed, biofuels, and waste management (Ranjan et
al., 2023).

Cellulases, similar to other enzymes, are sourced from
plants, microorganisms, and animals. Fungi and bacteria
are most often used in the production of these enzymes
because of traits such as considerable yield and cost reduc-
tion. Historically, the principal producers of cellulases have
been natural strains of fungi, and their productivity has been
enhanced through selection and/or mutagenesis methods.
However, the advent and development of recombinant
DNA technology, genetic engineering, protein engineering,
directed evolution, omics technologies, and high-throughput
sequencing have led to the discovery of novel microbes
and enzymes for industrial applications (Patel et al., 1994;
Kirk et al., 2002; Rubin-Pitel, Zhao, 2006) alongside the
development of various recombinant microbial cellulases.
These enzymes are of particular significance due to their
specific attributes, including cost-effectiveness, energy-
efficient catalytic processes, environmental compatibility,
non-toxicity, and high efficiency.

In numerous scenarios, it is advantageous to use cellulases
that exhibit extremophilic properties, including stability
and efficiency across a range of temperatures, pH levels,
pressures, or in the presence of organic solvents, detergents,
and elevated ionic strengths within the operational environ-
ment. Enzymes demonstrating these attributes are typically
discovered in research on microorganisms within suitable
environments, whereas enzymes with uncommon properties
are also observed in mesophilic organisms. The increasing
demand has led to a gradual expansion in the selection of
cellulases with a wide range of properties. The applica-
tion of enzymes, which are stable under extreme condi-
tions, will optimise outcomes while minimising enzyme
consumption.
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Llenntonasa: oOCHOBHble CBOWNCTBa, npupoAHbIe UCTOYHUKN
M npyMeHeHne B MPOMbILWIEHHOCTU

Cellulases: key properties and structure

Fungi and bacteria are both employed in the production of
various cellulases. Fungi have long been a primary focus due
to their ability to secrete significant quantities of enzymes.
The recent shift towards bacteria is attributed to their rapid
growth rates, multifunctional enzymes, and their ubiquity
across diverse ecological niches. Bacteria are not only ca-
pable of surviving in harsh conditions but frequently produce
stable enzymes that can accelerate catalytic processes more
effectively than their fungal counterparts.

Cellulose, a natural polymer, serves as the substrate for
cellulase. Cellulases are enzymatic systems that hydrolyse
B-1,4-glycoside bonds found within cellulose polymers
and its derivatives, yielding soluble oligosaccharides and
glucose monomers (Nishida et al., 2007). The biochemical
degradation of the cellulose molecule by microorganisms is
catalysed by an extracellular enzymatic system comprising
three key components (Bhat M.K., Bhat S., 1997). These
are: (1) B-1,4-glucan glucanohydrolase (endoglucanase;
EC 3.2.1.4), which cleaves the long cellulose chain into
shorter fragments; (2) B-1,4-glucan cellobiohydrolase
(exoglucanase; EC 3.2.1.91), which acts upon the non-re-
ducing end of the cellulose chain; and (3) B-1,4-glucosidase
(EC 3.2.1.21), which breaks the glycosidic bonds of cello-
biose and cellodextrins, producing glucose molecules that
can readily permeate the cell. In nature, the synergistic action
of all three enzymes is required for complete hydrolysis of
the cellulose polymer to glucose units (Uhlig, 1998).

The complex spatial structure of the cellulase complex
facilitates the positioning of cellulose fibers near the active
sites of the enzymes. Cellulase systems are categorised
into two distinct types. The first type is exemplified by the
extracellular cellulases of filamentous fungi and aerobic
bacteria, which act synergistically to decompose cellulose.
The second type, found in anaerobic clostridia, attaches to
the bacterial cell surface, known as the “cellulosome”™.

A typical characteristic of cellulases is a two-domain
structure, which includes a catalytic domain and a cellulose-
binding domain (CBD), also referred to as a carbohydrate-
binding module (CBM), which are usually connected by
a peptide linker. The active site is found in the catalytic
domain, with the CBD ensuring accurate cellulose fiber
placement (Mathew et al., 2008).

Cellulose-degrading aerobic fungi, such as Hypocrea
jecorina (Trichoderma reesei), produce an enzyme com-
plex that acts synergistically and displays all three primary
activities: endoglucanase, exoglucanase, and -glucosidase
(Dashtban et al., 2011; Mukherjee et al., 2012). The process
begins with endoglucanases cleaving cellulose fibers in the
more amorphous regions. Subsequently, exoglucanases can
cleave cellobiose molecules from the more crystalline sec-
tions of the fibre that were previously inaccessible. Finally,
B-glucosidases hydrolyse the cellobiose.

Most anaerobic microorganisms have their cellulosolytic
system organised differently. The whole complex of various
cellulases and hemicellulases is integrated into a multi-
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protein complex, the cellulosome, that is attached to the
external part of the cell through the non-catalytic protein
scaffoldin. The molecular weight of cellulosomes can reach
several thousand kDa (Pinheiro et al., 2009). The surface of
asingle Clostridium thermocellum cell (the most extensively
studied cellulolytic bacterium capable of rapid growth on
cellulosic substrates) hosts multiple cellulosomes. This
ensures the secure attachment of the microorganism to the
cellulose fibre, while the spatial arrangement of the various
enzymes within the cellulosome facilitates their access to
the substrate. Furthermore, clostridia also produce free cel-
lulases not associated with cellulosomes. The presence of a
synergistic effect with cellulosomes remains undetermined
(Doi, Tamaru, 2001).

This organisational structure of the cellulosolytic system
results in simple sugars being produced in the immediate
vicinity of the microorganism, significantly facilitating nu-
trient uptake. In certain scenarios, anaerobic bacteria were
observed to regulate cellulosome binding on the cell surface,
resulting in free cellulosomes being detected, and to alter the
production of various cellulosome components depending
on growth conditions (Mohand-Oussaid et al., 1999).

Besides including the complex of cellulolytic enzymes,
the cellulosome also comprises carbohydrate fibrils, which
can account for up to 90 % of the molecular mass of the
cellulosome. They promote the sorption of the enzyme onto
the substrate and the sliding of the enzyme along the fibril-
lar structures of cellulose. Furthermore, the carbohydrate
portion protects the protein from the action of denaturing
agents and proteases.

The efficacy of different cellulase complexes in cellulose
hydrolysis varies significantly when the substrate possesses
high crystallinity. A significant reduction in activity occurs
in numerous complexes when crystallinity reaches 60-70 %,
with hydrolysis limited to the amorphous portion of the
substrate. The effectiveness of these complexes in hydroly-
sing cellulose with high crystallinity is contingent upon the
presence of endoglucanases capable of strong adsorption.
Consequently, the rate of crystalline cellulose hydrolysis
is directly influenced by the quantity of endoglucanase
adsorbed.

Industrial applications of cellulases
Cellulases are in high demand across a wide range of in-
dustrial sectors. In the food industry, cellulase is tradition-
ally employed for the extraction and clarification of juices
(Azman et al., 2021; Ozyilmaz, Gunay, 2023). In addition,
it allows the nutritional characteristics of brown rice to be
enhanced. Q. Zhang et al. (2019) demonstrated that cyclic
treatment with cellulase combined with germination is an
effective method for increasing GABA levels in brown rice
while improving its culinary and sensory qualities.
Additionally, cellulase is employed to improve dough
quality (Hu X. et al., 2022). Adding potato to wheat flour
increases the nutritional content of bread. However, the
adverse effects caused by the high dietary fibre content of

Cellulases: key properties, natural sources,
and industrial applications

potato flour can impair gluten matrix formation. The ad-
dition of cellulase and/or pectinase promotes loaf volume
and softness.

The application of cellulase for oil extraction in the food
and cosmetic industries also holds promise. D. Yu et al.
(2022) introduced a method for extracting oil from rice bran
using magnetically immobilised cellulase in combination
with magnetically immobilised alkaline protease. Simi-
larly, M.O. Chiwetalu et al. (2022) presented an extraction
method for obtaining fat from Pycnanthus angolensis seeds
via pre-treatment with an enzyme from Aspergillus niger
strain BC23.

Significant progress has recently been made in lignocel-
lulose biorefinery technologies for the production of bio-
chemicals and biofuels, using cellulase enzymes as a key
component (Sharma et al., 2023).

A. Shankar et al. (2024) pre-treated rice straw, rice bran,
wheat straw, wood chips, sorghum bagasse, and cotton stalks
with the basidiomycete fungus Ganoderma lucidum. Due
to its laccase activity, the fungus significantly degraded the
lignin present in the biomass. The saccharification of pre-
treated biomass using cellulase consortia, specifically those
isolated from Aspergillus flavus MDU-5 and Trichoderma
citrinoviride MDU-1, resulted in an approximate 70 % in-
crease in saccharide yield and an 89 % increase in ethanol
yield. Additionally, H. Sha et al. (2023) developed a novel
approach to the anaerobic digestion of corn straw using
magnetic cellulase coated with nickel and graphite. This sys-
tem increased methane production by approximately 74 %
compared to an uncoated system. Additionally, an increase
in the combined population of electroactive Bacteroidota
and Methanomicrobiales and improved energy conversion
efficiency by up to 57 % were reported.

E. Zanuso et al. (2022) demonstrated the efficacy of
using cellulase immobilised on magnetic nanoparticles for
the hydrolysis of corn cob biomass. Moreover, the mag-
netic properties of the carrier make this method promising
for continuous operation, contributing to reduced overall
process costs.

In the pulp and paper industry, cellulase is used in waste-
paper recycling (deinking) and the pre-treatment of raw
wood materials for pitch removal (Chutani, Sharma, 2016;
Lehr et al., 2021; Singh A. et al., 2021), thereby reducing
the environmental impact of the industry.

In the pharmaceutical industry, cellulase is employed
to extract biologically active compounds from plant raw
materials (Puri et al., 2012; Cao et al., 2019; Hu Y. et al.,
2021). It is also widely used in the production of enzyme
tablet formulations intended to facilitate the digestion of
plant-based foods rich in fiber. VeganZyme, for example,
is used both to enhance digestion and to manage metabo-
lic disorders (Ranjan et al., 2023). Furthermore, cellulase
and papain are used to treat phytobezoars (Ilwamuro et
al., 2014).

Chemical decomposition and incineration are the most
frequently employed techniques for the remediation of envi-
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ronmental pollutants. However, the application of microbial
enzymes for purification offers a more straightforward and
eco-friendly method (Okino-Delgado et al., 2019). Given
that Bacillus cereus and B. subtilis can produce cellulase and
lipase, enzymes known for their efficacy in waste degrada-
tion, these bacteria were identified by as potentially useful
in treating palm oil mill waste (Ranjan et al., 2023).

The study by J. Luo et al. (2021) used cellulase in the si-
multaneous fermentation of sewage sludge and paper waste,
resulting in the production of volatile fatty acids. All these
findings collectively suggest the applicability of cellulase
for wastewater treatment and its potential for producing
value-added products.

Cellulase finds broad application in the manufacture of
animal feed. Cellulase and hemicellulase facilitate the hy-
drolysis of low-protein feeds and B-glucans, consequently
improving the nutritional characteristics of the feed. The
application of cellulase also allows duodenal viscosity to be
reduced and feed consistency to be improved, consequently
enhancing digestion and nutrient uptake by animals (Azzaz
etal., 2021; Selzer et al., 2021). In poultry farming, the use of
cellulase is a viable strategy as it degrades cellulosic bonds,
releasing nutrients such as glucose, increasing the energy
value of the diet, and thus improving bird performance
(Perim et al., 2024).

In the textile industry, cellulase is used to improve the fab-
ric product finish by modifying protruding fibres. Cellulase
treatment reduces fabric roughness, increasing smoothness,
gloss, and colour brightness (Karmakar, Ray, 2011; Sajith
etal., 2016).

The inclusion of cellulase in detergents, alongside prote-
ases and lipases, is intended to enhance washing efficacy. It
helps maintain the shape and colour of laundered garments
by reducing the formation of fuzz and pills. Additionally, the
enzyme contributes to the soil and stain removal process by
selectively acting on cellulose fibres from the interior. The
cellulase enzyme breaks the bonds between cellulose and dirt
particles and alters the fibre surface structure, thereby facili-
tating soil removal by other detergent ingredients. Currently,
both broad-temperature-range (30-60 °C) and mesophilic
cellulases are added to detergents (Kasana, Gulati, 2011).
Cellulase enzymes are used in detergent compositions to
provide cleaning, softening, and colour retention. However,
the use of most cellulases has been limited due to the poten-
tial negative impact on fabric tensile strength resulting from
the hydrolysis of crystalline cellulose. Recently, cellulases
with high specificity towards amorphous cellulose have
been developed to exploit their cleaning potential without
undesirable loss of fabric strength.

Fungal cellulases

Cellulolytic fungi of the genus Trichoderma have long been
considered the premier source of cellulases (Reese, Mandels,
1963). However, the primary bottleneck associated with
Trichoderma cellulases is the very low B-glucosidase activity
in culture supernatants, coupled with product inhibition of
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this enzyme (Pérez et al., 2002). Conversely, cellulases pro-
duced by the thermophilic fungi Sporotrichum thermophile
and Talaromyces emersonii exhibit activity comparable to
that of the mesophilic fungus H. jecorina (Coutts, Smith,
1976; Folan, Coughlan, 1978).

Humicola insolens demonstrates exceptional production
capabilities of pH-neutral, thermostable cellulases that are
industrially relevant (Xu X. et al., 2016).

P. Chellapandi and H.M. Jani investigated the endo-
glucanase activity of 26 Streptomyces strains isolated
from garden soil (Chellapandi, Jani, 2008). The two most
promising isolates, selected for their potential celluloly-
tic activity on Bennett’s agar medium, were assessed under
varying conditions, including carbon and nitrogen sources,
and growth conditions. Maximum endoglucanase activity
(11.25-11.90 U/ml) was achieved after 72-88 hours in a
fermentation medium containing Tween-80, followed by the
utilisation of phosphate sources. Both cellulolytic Streptomy-
ces isolates produced nearly identical quantities of enzyme
in all trials. However, the influence of media ingredients
on endoglucanase induction differed somewhat between
the strains. Like mesophilic fungi, thermophilic fungi pro-
duce all components of the cellulase complex, synergisti-
cally degrading cellulose and hemicellulose (Mathew et al.,
2008).

Fungi are a source of vital extracellular enzymes used
in industrial applications. Genera such as Trichoderma,
Penicillium, and Aspergillus are especially recognised in
this regard (Zhao C.H. et al., 2018). In addition, fungi are
widely used in the production of industrial cellulases because
they possess useful characteristics such as the extracel-
lular secretion of the enzyme in large quantities using
economical substrates (Niyonzima, 2021). Enzymes can
be produced using substrates originating from agricultural
byproducts. For example, maize stalks and sugarcane ba-
gasse have been used to produce detergent-compatible cel-
lulases by Aspergillus fungi (Imran et al., 2018; El-Baroty
etal., 2019). B.R. Dave et al. (2012) used readily available,
low-cost de-oiled Jatropha seed cake to obtain cellulase
from Thermoascus aurantiacus RBB-1. Compared to its
amorphous or mixed forms, crystalline cellulose has been
observed to be a more effective carbon source for cellulase
production in thermophilic fungi (Fracheboud, Ganevascini,
1989).

Fungal enzyme genes are easily cloned into bacte-
rial strains for cellulase production, as fungal enzymes are
structurally less complex than their bacterial counterparts
(Maki et al., 2009; Acharya, Chaudhary, 2012). However,
their primary advantage remains that cellulases can be ob-
tained from fungi using relatively simple methods, and the
fungi themselves can produce cellulases when cultivated on
inexpensive substrates. Moreover, because they produce a
full spectrum of cellulases, filamentous fungi remain the
most popular choice for industrial cellulase production (Ili¢
et al., 2023).
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Bacterial cellulases
Several studies have demonstrated that bacterial cellulases
possess significant advantages over fungal cellulases in
specific activity and stability (Ejaz et al., 2021). Bacteria
exhibit high growth rates, are adapted to diverse ecological
niches, and are amenable to genetic manipulation (Nyathi
etal., 2023). Numerous cellulosolytic bacterial strains have
been identified, which produce specific enzymes that exhibit
resistance to extreme conditions (Bhati et al., 2021). Rapid
advancements in bacterial cellulase research indicate a more
diverse genetic makeup than fungal cellulases, which are
currently more extensively commercialised (Ili¢ et al., 2023).
The most common cellulolytic bacteria include Ace-
tivibrio cellulolyticus, Bacillus spp., Cellulomonas spp.,
Clostridium spp., Erwinia chrysanthemi, Thermobispora
bispara, Ruminococcus albus, Streptomyces spp., Ther-
monospora spp., and Thermobifida (Sadhu, Maiti, 2013).
The search for new cellulolytic bacteria strains is currently
attracting increasing attention. Consequently, numerous
new species of cellulolytic bacteria have been described.
These include Streptomyces abietis (Fujii et al., 2013),
Kallotenue papyrolyticum (Cole et al., 2013), Ornatilinea
apprima (Podosokorskaya et al., 2013), Bacteroides luti
(Hatamoto et al., 2014), Alicyclobacillus cellulosilyticus
(Kusube et al., 2014), Anaerobacterium chartisolvens
(Horino et al., 2014), Caldicellulosiruptor changbaiensis
(Bing et al., 2015), Herbinix hemicellulosilytica (Koeck et
al., 2015), Pseudomonas coleopterorum (Menendez et al.,
2015), Siphonobacter aquaeclarae, Cellulosimicrobium
funkei, Paracoccus sulfuroxidans, Ochrobactrum cytisi,
O. haematophilum, Kaistia adipata, Devosia riboflavina,
Labrys neptuniae, and Citrobacter freundii (Huang et al.,
2012), Thermotoga naphthophila (Akram, Hag, 2020), and
Nocardiopsis dassonvillei (Sivasankar et al., 2022).

Aerobic free-living bacteria secrete extracellular enzymes
equipped with binding modules for various cellulose confor-
mations. Enzyme synergism ensures the efficient hydrolysis
of cellulose-containing substrates. Anaerobic bacteria, fre-
quently found in the gastrointestinal tracts of herbivorous
animals, are characterised by an extracellular multienzyme
complex like the cellulosome. Within the cellulosome,
diverse cellulolytic enzymes are arranged on a scaffold
protein, ensuring the secure attachment of cells to cellulose,
promoting elevated local concentrations, and maintaining
the proper ratios and sequence of components. The cellulo-
some of the thermophilic bacterium C. thermocellum was
the initial subject of study, succeeded by investigations of
the cellulosomes of mesophilic clostridia, ruminococci, and
additional anaerobes (Schwarz, 2001).

In addition to cellulosome complexes, anaerobes, inclu-
ding clostridia, secrete cellulases and hemicellulases. By
contrast, cellobiohydrolases have not been found in the
enzyme systems of Pseudomonas, Bacillus, and Erwinia,
with their function extending beyond nutrition to include
facilitating the penetration of the phytopathogen into the
host cell (Rabinovich et al., 2002).

Cellulases: key properties, natural sources,
and industrial applications

Cellulases of thermophilic microorganisms

Thermostable cellulases exhibit stability at elevated tem-
peratures (Azadian et al., 2016). Thermostable microbial
enzymes demonstrate peak functionality within a tempera-
ture range of 60 to 80 °C. In the enzymatic hydrolysis of
cellulose, thermostable cellulases play a significant role as
they can be used immediately following the heating stage
without prior cooling, thereby reducing production cycle
times and increasing yields (Liu D. et al., 2011).

Thermophilic microorganisms produce specialised
proteins, referred to as chaperones, that assist in refolding
proteins into their native conformation and restoring their
functions (Laksanalamai, Robb, 2004; Singh S.P. et al.,
2010). The small DNA-binding protein Sso7d in Sulfolobus
solfataricus was observed to be involved in maintaining the
stability of aggregated proteins (Ciaramella et al., 2002).
However, the existence of such mechanisms suggests that
enzymes from thermophilic organisms may not inherently
exhibit high thermostability, especially outside of their host
organism.

The high temperature tolerance of proteins derived from
thermophilic bacteria, actinomycetes, and archaea is attri-
butable to elevated electrostatic, disulfide, and hydrophobic
interactions within their structural framework (Ladenstein,
Ren, 2006; Pedone et al., 2008). Some thermophilic enzymes
are stabilised by metal ions and inorganic salts (Vieille, Zei-
kus, 2001). The cellulolytic activity of certain thermophilic
fungi, such as Chaetomium thermophile, Sporotrichum
thermophile, and T. aurantiacus, is two to three times greater
than that of Trichoderma viridae (Tansey, 1971).

Another factor that may affect thermostability is glycosyl-
ation (Kahn et al., 2020; Ramakrishnan et al., 2023). Should
the bacterial gene be cloned into a protein-glycosylating
organism, like fungi, this phenomenon could augment the
thermostability of the enzyme.

Various thermophilic bacteria, including representatives
of the genera Bacillus, Geobacillus, Caldibacillus, Acido-
thermus, Caldocellum, and Clostridium, have been reported
to produce thermostable cellulolytic enzymes (Ghosh et al.,
2020). The hyperthermophilic bacterium Dictyoglomus tur-
gidum carries a gene (Dtur_0671) encoding a -glucosidase
expressed in Escherichia coli. This enzyme exhibits
maximum activity at 80 °C and pH 5.4, is extremely stable
within the pH 5-8 range, and retains 70 % of its activity
after 2 hours at 70 °C. The high tolerance to glucose and
ethanol has proven this enzyme to be suitable for industrial
bioethanol production (Fusco et al., 2018).

The gene of the cellulosolytic enzyme from Thermotoga
naphthophila RKU-10T was successfully obtained and
expressed in E. coli. The purified enzyme, TnCel12B, was
demonstrated to exhibit the maximum activity at pH 6.0 and
90 °C. It retained 100 % activity after incubation for 8 hours
at 85 °C, as well as across the pH 5.0-9.0 range (Akram,
Hag, 2020). A gene from the hyperthermophilic archaeon
Sulfolobus shibatae, encoding endo-1,4-f-d-glucanase,
demonstrated maximum activity at 95-100 °C following
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cloning and overexpression in E. coli. This enzyme exhi-
bited excellent resistance to high temperatures: it retained
full activity after one hour of incubation at temperatures up
to 85 °C; 98, 90, and 84 % of initial activity was observed
after 2 hours of incubation at 75, 80, and 85 °C, respectively
(Boyce, Walsh, 2018).

Cellulases are categorised into two groups depending on
their preferred pH ranges. The first group includes thermo-
acidophilic cellulases, such as those from Alicyclobacillus,
Geobacillus, and T. aurantiacus species, that thrive in acidic
conditions. The second group includes thermoalkaliphilic
cellulases, such as those from Bacillus, Halobacillus, and
archaea, that prefer basic conditions. Both groups of en-
zymes can operate effectively at high temperatures, but their
application varies according to the specific requirements of
different industrial sectors (Arya et al., 2024).

Cellulases of psychrophilic microorganisms

The application of cold-active enzymes operating at alkaline
pH may, for example, prove to be in demand in detergents,
as it preserves the quality of fabrics without the use of hot
water. Psychrophilic microorganisms are used to isolate
enzymes active in the low-temperature range. Psychrophilic
microorganisms represent a substantial segment of sapro-
phytic organisms that inhabit soil, marine environments,
freshwater ecosystems, and wastewater.

Metabolically active bacteria capable of surviving at
temperatures between -5 and —15 °C have been isolated
from Arctic permafrost (Bakermans, Skidmore, 2011;
Mykytczuk et al., 2013). These psychrophiles can survive
at low temperatures, with intracellular biochemical pro-
cesses performed by cold-active enzymes. Furthermore,
their extracellular enzymes facilitate the degradation of

Cellulases of psychrophilic microorganisms
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complex materials present in the environment. In mesophilic
organisms, the impact of reduced temperatures on enzyme
activity is more pronounced because their enzyme molecules
possess fewer structural adaptations for functioning under
such conditions, resulting in low enzymatic activity (Karan
et al., 2012). Conversely, psychrophiles growing in cold
environments possess cold-adapted enzymes characterised
by high catalytic activity and stability.

Over the past fifteen years, various psychrotrophic micro-
organisms have been identified. In 1996, the first low-tem-
perature cellulase was isolated from the fungus Acremonium
alcalophilum. At 40 °C and pH 7.0, this cellulase demon-
strated maximum activity, with over 20 % activity retained
at0 °C (Hayashi et al., 1996). Subsequently, cellulases have
been isolated and characterised from other psychrophilic
microorganisms. The optimal temperature for their activity
typically ranges from 20 to 40 °C (see the Table), with higher
optimal temperatures occasionally reported.

Microbial strains adapted to cold environments have been
primarily isolated from Antarctic and polar regions. Other
possible sources of cold-active cellulases are microorga-
nisms found in mud and deep-sea sediments. A Clostridium
strain isolated from manure biogas was capable of growth at
temperatures from 5 to 50 °C, producing a range of xylano-
and cellulolytic enzymes, which were most active at 20 °C
(Akila, Chandra, 2003). Similarly, the cellulase produced by
the fungus A. alcalophilum was active even at 0 °C (Hayashi
et al., 1996).

CelE1, a novel cold-tolerant cellulase from the GH5 fa-
mily, was isolated from a soil metagenomic library obtained
from a sugarcane field. A functional screening was employed
to identify cellulolytic clones within this library (Alvarez et
al., 2013). The CelE1 endoglucanase isolated via this method

Microorganism Enzyme Opt. Opt.
temp., °C pH
Acremonium alcalophilum  Cellulase 40 7.0
Arthrobacter sp. -glucosidas 35 -
Clostridium sp. Endoglucanase, 20 5-6
-glucosidase
Fibrobacter succinogenes Endoglucanase 25 5.5
Paenibacillus sp. strain C7 B-glucosidase 30-35 7-8
Paenibacillus sp. BME-14 Endoglucanase 35 6.5
Pseudoalteromonas sp. DY3 Endoglucanase 40 6-7
Rhodotorula glutinis Endoglucanase 50 4.5
Shewanella sp. G5 B-glucosidase 37 8
Pseudoalteromonas sp. MB-1 Endoglucanase 35 7.2

Activator Repressor Reference

Glucose Hayashi et al., 1996

Benesova et al., 2005

Akila, Chandra, 2003

lyo, Forsberg, 1999

Shipkowski, Brenchley,
2005

Ca2+ M92+ Mn2+
dithiothreitol,
B-mercaptoethanol

Cu?t, EDTA Fuetal, 2010

Zeng et al., 2006

Fe3+, Mn2+ A|3+, Ca2+’ Fez’f,

EDTA, EGTA

Oikawa et al., 1998

Cristébal et al., 2008

You, Wang, 2005
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demonstrated high activity across a broad temperature range
and under alkaline conditions.

T.V. Souza et al. (2015) investigated the influence of pH
on the secondary and tertiary structure, charge, and activ-
ity of CelE1. While the pH change had a minimal impact
on the enzyme structure, its activity diminished in acidic
conditions. Optimal activity was achieved at pH 8. To as-
sess the suitability of CelE1 as an additive in detergents and
cleaning agents, its activity was evaluated in the presence of
surfactants. The authors observed no significant inhibitory
effect of surfactants on CelE1 endoglucanase activity (Souza
etal., 2015). Furthermore, a thermodynamic analysis based
on structural stability and the chemical unfolding/refolding
process of CelEl was conducted. The findings indicated
that the chemical decomposition occurs through a reversible
two-phase process. Thermodynamic analysis data are highly
valuable in predicting enzyme stability.

The psychrophilic actinobacterium Nocardiopsis dasson-
villei PSY 13 produces a highly active cold-adapted cellulase
with optima at 10 °C and pH 7.5 (Sivasankar et al., 2022).

A cold-active cellulase (Celluzyme®) active at 15 °C has
been developed by Novozymes from cold-adapted H. inso-
lens fungi and is commercially available as part of a cellulase
blend under the trade name Celluclean®.

Cellulases of halophilic microorganisms

The universal application of cellulases necessitates the con-
tinuous search for novel enzyme sources. Enzymes of marine
origin have recently attracted particular attention, especially
for industrial applications. Specialised environments within
the marine ecosystem, including estuaries and mangroves,
are richin lignocellulosic biomass and consequently provide
a nutrient-rich habitat for cellulose-degrading organisms.
Given their ability to survive in environments with limited
nutrients and unfavorable circumstances, marine organisms
show promise as candidates for various industrial applica-
tions (Dalmaso et al., 2015; Barzakar, 2018). The elevated
salinity (3 %) of marine ecosystems, as noted by S.T. Jah-
romi and N. Barzakar, has resulted in a more diverse array
of cellulolytic microorganisms than those found in terrestrial
environments (Jahromi, Barzakar, 2018).

Investigations into cellulose degradation in the presence
of salt have identified new metabolic pathways and enzymes
that exhibit cellulolytic activity. Cellulose-degrading organ-
isms in marine ecosystems significantly contribute to the
mineralization of organic matter, which enhances the produc-
tivity of these ecosystems (Milici et al., 2017). The capacity
to degrade cellulose has been observed across various marine
organisms, including bacteria (Harshvardhan et al., 2013),
yeasts (Rong et al., 2015), filamentous fungi (Liu J. et al.,
2012; Batista-Garciaetal., 2017), protists (Bremer, Tabbot,
1995), rotifers (Chun et al., 2997), krill (Tsuji et al., 2012),
and echinoderms (Sakamoto et al., 2007).

Ahalotolerant endoglucanase with a molecular weight of
39 kDa was isolated from the filamentous fungus Botrytis

Cellulases: key properties, natural sources,
and industrial applications

ricini URM 5627 (Silva et al., 2018). The optimal opera-
ting conditions for the enzyme were 50 °C and pH 5. The
enzyme remained stable at 39-60 °C for 60 minutes and
at pH 4-6. Enzymatic activity was observed to increase in
the presence of Na*, Mn2*, Mg?*, and Zn?* and decrease in
the presence of Ca?*, Cu?*, and Fe?*. The endoglucanase
exhibited a halotolerant profile, with its activity increasing
proportionally with NaCl concentration. The highest activity
was observed at 2 M NaCl, representing a 75 % increase.

Selection of producers most suitable

for enzyme production

E. coli and Bacillus sp. are widely used as bacterial sys-
tems for recombinant protein expression. In addition, other
bacteria, including Zymomonas mobilis and Streptomyces
lividans, are also used as platforms. In the industry, E. coli is
the most commonly employed cellulase expression system,
possessing several benefits, including a thoroughly charac-
terised genome, commercial availability, and ease of modi-
fication. However, certain drawbacks have to be considered,
including limited secretion (due to the thick outer membrane
hindering transport across the cell membrane), degradation
of linker sequences, reduced cellulolytic activity, and the
potential for inclusion body formation. Zymomonas mobilis
has proven to be an alternative to yeast due to its versatility
in fermenting a wide range of sugars. Moreover, it serves
as an alternative to E. coli due to its capability to express
recombinant proteins both intracellularly and extracellularly.

Genetic methodologies for C. thermocellum are less ad-
vanced than those for model organisms like E. coli, and the
introduction of single nucleotide polymorphisms (SNPs) has
received limited attention. C. thermocellum is an obligate
thermophilic and anaerobic Gram-positive bacterium that
naturally ferments lignocellulose into ethanol and organic
acids (Lynd et al., 2005; Olson et al., 2012; Xu Q. et al.,
2016; Tian et al., 2019).

There are two main strategies for improving cellulases
or components of the cellulase complex through genetic
modifications: (1) rational design and (2) directed evolution
(Acharya, Chaudhary, 2012). The merits and modifications
(classic random mutagenesis or genetic modification) of each
approach are tested and employed by various specialists to
achieve maximum cellulase yield and efficiency. To obtain
the maximum cellulase yield, S. Sadhu et al. performed
random mutagenesis on a cellulolytic strain of the genus Ba-
cillus using N-methyl-N'-nitro-N-nitrosoguanidine (NTG),
resulting in AT and GC transition mutations (Sadhu et al.,
2014). This yielded a mutant strain with enhanced carboxy-
methylcellulase activity. Similar results were obtained using
NTG on Cellulomonas sp. (Sangkharak et al., 2012), but
the characteristics of these mutants have not been reported.

The production of recombinant enzymes involves de-
veloping technologies that combine directed evolution and
rational design (Zhao H. et al., 2002; Cherry, Fidantsef,
2003). Nonetheless, a significant barrier to rational design
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stems from incomplete understanding of cellulase substrates,
their enzymatic interactions, interrelationships, and the regu-
lation of cellulase activity, often resulting in the prevalent
application of directed evolution (Zhang Y.H.P. et al., 2006).

Nevertheless, there are examples of successful application
of the rational design method. In a study by A. Akbarza-
deh et al. (2018), directed mutagenesis was employed on
endoglucanase-11 (Cel5A) derived from H. jecorina. This
enzyme demonstrates thermal instability due to the presence
of four disulfide bonds in its structure. Cysteine amino acid
residues at positions 99 and 323 were substituted with valine
and histidine, respectively. The loss of two disulfide bonds
resulted in increased activity and thermostability of the en-
zyme. The activity of cellulase from Gloeophyllum trabeum
(GtCel5) was enhanced using site-directed mutagenesis of
loop 6 (Zheng et al., 2018). A.S. Dotsenko et al. (2020)
demonstrated that the thermostability of cellobiohydrolase
could be improved using rational design by substituting
proline. The resulting G415P protein exhibited a 3.5-fold
increase in half-life at 60 °C compared to the wild-type
protein. A number of authors have reviewed and compared
the expression systems of recombinant cellulases (Garvey
et al., 2013; Hasunuma et al., 2013; Sadhu, Maiti, 2013;
Juturu, Wu, 2014; Lambertz et al., 2014).

Several studies have documented the employment of
directed evolution techniques in conjunction with rational
design to achieve cellulase overexpression within their
native bacterial hosts. Ease of genetic modification and
other attributes have allowed species such as B. subtilis
and C. thermocellum to be used as homologous cellulase
production systems.

Nevertheless, employing these bacteria presents draw-
backs, including limited protein production, elevated manu-
facturing expenses, and the necessity of culture amplification
in an enriched environment (Lambertz et al., 2014). The use
of an E. coli strain for the expression of B-1,4-endoglucanase
and B-1,4-glucosidase from another E. coli strain under
a constitutive promoter was reported, which allowed for
biomass hydrolysates fermentation (Munjal et al., 2015).

D. Chung et al. (2014) engineered Caldicellulosiruptor
bescii, a bacterium capable of independently degrading lig-
nocellulosic biomass. The study involved the homologous
expression and cloning of a multimodular cellulase, CelA,
which consists of GH9 and GH48 domains.

A considerable number of studies have also focused on
applying the classical method of overproducing the target
protein or enzyme by cloning its coding genes into a high
copy-number plasmid. For example, this method was used to
obtain homologous overexpression of cellulase CelC2 from
Rhizobium leguminosarum bv. trifolii ANU843, which in-
creased its cellulolytic activity 3-fold (Robledo et al., 2011).

An effective Agrobacterium tumefaciens-mediated trans-
formation system for H. insolens was developed by X. Xu
et al. (2016). The authors transformed plasmids carrying
the H. insolens glyceraldehyde-3-phosphate dehydrogenase
gene promoter, which controlled the transcription of genes
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encoding neomycin phosphotransferase, hygromycin B
phosphotransferase, and enhanced green fluorescent protein.
T-DNA insertional mutagenesis was used to create a mutant
library of H. insolens. As a result, a transformant identified as
T4, exhibiting elevated cellulase and hemicellulase activity,
was isolated. The activities of phospholipase, endogluca-
nase, cellobiohydrolase, B-glucosidase, and T4 xylanase at
the fermentation endpoint exceeded those of the wild-type
strain by 60, 440, 320, 41, and 81 %, respectively.

Strategies based on heterologous expression focus on
employing non-cellulolytic microorganisms with high
production rates for the expression of microbial cellulases
(Bhattacharya et al., 2015). In both research and industry,
most frequently used are bacteria such as E. coli, various
species of the genera Bacillus, Pseudomonas fluorescens,
Ralstonia eutropha, and Zymomonas mobilis, yeasts such
as Saccharomyces cerevisiae and Pichia pastoris, and my-
celial fungi from the genera Aspergillus and Trichoderma.
Furthermore, mammalian, plant, or insect cell cultures, as
well as transgenic plants and/or animals, are employed for
protein expression (Demain, Vaishnav, 2009).

Conclusion

Due to their wide-ranging applications in cellulose-degra-
ding biocatalytic processes, cellulase enzymes have seen
an increase in industrial demand over the last few years.
The broad applicability and environmental compatibility
of cellulase-mediated processes continue to drive research
aimed at discovering efficient and cost-effective enzymes.

Filamentous fungi cultures have traditionally been em-
ployed in cellulase production. However, most filamentous
fungi obtained through natural selection exhibit low secre-
tory capacity for cellulase production, which is insufficient
to meet industrial demands.

An effective method for increasing fungal enzyme pro-
duction is random mutagenesis combined with an adaptive
laboratory evolution strategy (Peng et al., 2021). In recent
years, research has increasingly focused on bacterial cel-
lulases, due to their diverse properties, enhanced stability,
and the potential to integrate multiple activities within a
single enzyme.

Extremophilic microorganisms possess a variety of mo-
lecular strategies for surviving extreme conditions. Their
enzymes exhibit properties such as salt tolerance, thermosta-
bility, and cold adaptiveness. Enzymes that are thermophilic,
piezophilic, acidophilic and halophilic have been isolated
recently. Through the employment of genetic engineering,
these genes can be expressed in other organisms, leveraging
an extensive array of existing operational methodologies.

Cellulase immobilization technologies, especially the use
of the combination of polymeric carriers with nanomateri-
als, have attracted considerable attention. It is possible for
such immobilised cellulases to exhibit enhanced activity,
stability, reusability, and processability. The combination
of nanomaterials and biocatalysis technologies using im-
mobilised cellulases is currently considered a cutting-edge
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field of research and development in enzyme technology
(Ranjan et al., 2023).

The complexity of cellulase presents a unique challenge.
All three components of the enzyme complex are essential
for its proper functioning (Bhat M.K., Bhat S., 1997). This
complex nature makes it difficult to clone the enzyme into
heterologous systems. Consequently, significant global re-
search efforts are focused on identifying natural producers
and devising strategies to enhance the properties of cel-
lulase through genetic modification of isolated organisms.
Individual cellulase complex components are cloned and
expressed using standard production systems employed in
modern biotechnology.
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Abstract. Phenolic compounds constitute a significant group of secondary metabolites in barley grain and influence
its technological qualities when used in brewing, feed production, and food manufacturing. Proanthocyanidins -
polymeric flavonoids localized in the seed coat - play a particularly important role among them. These compounds are
responsible for several production issues, such as colloidal haze in beer and browning of groats after heat treatment.
Although proanthocyanidins possess health-beneficial properties based on their antioxidant activity, they can act as
antinutritional factors due to their ability to bind proteins. In this regard, the breeding of barley varieties completely
lacking proanthocyanidins in the grain was initiated, primarily for use in the brewing industry. Initially, it was assumed
that their absence would not be critical for the plant, since wheat, corn, and rice varieties lacking proanthocyanidins
in the grain had been identified. However, accumulated evidence indicates that proanthocyanidins perform important
physiological functions: they contribute to the maintenance of seed dormancy, provide protection against fungal and
bacterial pathogens and pests, and their absence negatively affects agronomic traits. For instance, proanthocyanidin-
free barley mutants obtained through induced mutagenesis exhibit reduced productivity and pathogen resistance, an
increased risk of pre-harvest sprouting, and deterioration of several technologically important properties. Nevertheless,
these mutant lines are actively used in breeding programs to develop varieties for various purposes. This review aims
to systematize and analyze global experience in breeding proanthocyanidin-free barley varieties, describing achieved
results to identify the most successful approaches and define future research directions. The work examines challenges
faced by breeders when using mutant lines, as well as strategies that have helped minimize negative side effects. It is
demonstrated that through targeted crossing and optimal selection of mutant alleles, competitive varieties have been
developed that combine the required technological qualities with satisfactory agronomic performance, meeting the
demands of both the brewing and food industries.
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CeeKIiIVisI Ha OTCYTCTBYE IIPOAHTOIMAaHUIVTHOB
B 3epHe gumeHs (Hordeum vulgare L.):
MOJIEKY/ISIPHO-TeHEeTMUECKUM U TEXHOJIOTUYEeCKII aCIIeKThI

K.A. Moao6exosa (12) &), .B. Touxuit (12, H.B. Tpy6aueesa (1), O.IO. llloeBa

DefiepanbHblii NCCNEROBATENBCKUI LeHTP UHCTUTYT yutonorum n reHetnkn Cnbrpckoro otaeneHnsa Poccuitckol akagemmnmn Hayk, HoBocnbrpcek, Poccns
@ K.molobekova@bionet.nsc.ru

AHHoTauuA. QeHOoNbHble COEAMHEHUA COCTaBMAT 3HAUVMMYK TPYMNy BTOPUYHLIX METaboNUTOB 3epHa AUYMEHSA
1 OKa3blBalOT BAUAHME Ha €ro TEXHONOrMYyeckne KauyecTBa MPW MCMNOMb30BaHWM B MMBOBAPEHUU, NMPOWU3BOACTBE
KOPMOB 1 NULLEBbIX NPoAyKTOB. OCOOYI0 POsib Cpefn HUX UrPatoT NPOAHTOLNAHUAVHBI — NOAUMepPHble GprnaBoHOULb,
NOKanmn3oBaHHble B CEMEeHHOW 06010uKe. TV CoeanHEHUA 0OYCIOBNNBAIOT PAL NPOW3BOACTBEHHBIX MPO6GIEM, TaKMX
KaK KONIongHoe NOMyTHEHUE MWBA, a TakXKe NMOTEMHEHME KPYrbl Nocsie TepMoobpaboTku. XoTa NpoaHToUMaHUgUHDI
06/1a4aloT NONE3HbIMY /1A 3[0POBbA YesIoBEKA CBONCTBAMM, OCHOBAHHbIMY HA X aHTUOKCUMAAHTHOV aKTUBHOCTU, OHU
MOTYT BbICTYNaTb Kak aHTUNUTaTeNbHble GaKTOpbl M3-3a CBOEW CNOCOBHOCTM CBA3bIBaTb Oenku. B cBA3M ¢ 3Tm Obina
VMHULMMPOBaHA ceneKkunsa COPTOB AYMEHS, NOMHOCTbIO NINLLEHHbIX NPOAHTOLMaHVANHOB B 3epHe, B MEPBYIO ouepeb
ONS NCNONb30BaHUA B MMBOBAPEHHOWN MPOMbILIEHHOCTU. epBOHaYanbHO Npepnonaranocb, YTo MX OTCYTCTBUE
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Breeding for the absence of proanthocyanidins
in grain of barley (Hordeum vulgare L.)

He KPUTUYHO ANst pacTeHUs, MOCKOMbKY Y MLUEeHNLbl, KYKYpY3bl U puca 6binv BbisiBlieHbl 06pasLpbl, He copepKalive
NPOAHTOLUMAHUANHOB B 3epHe. OfHAKO HAaKOM/EHHbIE faHHbIE CBUAETENIbCTBYIOT, YTO NMPOAHTOLMAHUANHBI BbIMONHAOT
BaXXHble ¢usmonornyeckme GyHKLUM: yyacTBYIOT B NOAAEPKAHUN MOKOA CeMsAH, 06ecneunBatoT 3alnTy OoT rPUBHbIX
1 GakTepuanbHbiX MaTOreHOB ¥ BpeauTesneil, U UX OTCYTCTBME HEraTMBHO CKa3blBaeTCA HA arpoOHOMMUYECKMX
XapakTepucTuKax. Tak, y 6ecnpoaHTOLMaHNANHOBBIX MyTaHTOB AYMEHS, NONYUYeHHbIX METOAAMMN MHAYLIMPOBAHHOTO
MyTareHe3a, OTMEUYEHO CHKeHUe NPOAYKTUBHOCTM U YCTONUMBOCTY K MaTOreHaMm, MoBbIlEeHVE PUCKa NpopacTaHnus
3epHa Ha KOPHIO U yXy[lleHne psaaa TEXHONIOTMYECKN BaXKHbIX CBOWCTB. TeM He MeHee MyTaHTHbIE JIMHUW aKTWBHO
MCMOSb3YTCA B CENTIEKLNOHHBIX MPOrpaMmax s Co3faHnA COPTOB PasfMYyHOro HasHaueHus. Llenb faHHoro o63opa —
CMCTeMaT3NPOBaTb U MPOaHaNM3NPOBaTb MUPOBON OMbIT CeNeKkUMn 6ecnpoaHTOLMaHNANHOBbLIX COPTOB AUYMEHS,
onvcaTtb JOCTUTHYTble pe3ynbTaTbl A BbiABAEHUA Hanmbomnee ycrewHbIX NOAXOAOB U ONpefeNieHns HanpasneHni
JanbHenwwnx nccnepoBaHuin. B pabote paccmatpriBatoTcs npo6sembl, C KOTOPbIMY CTONKHYNCh CeNeKLMOHepbl Npu
MCMOJIb30BaHMN MYTAHTHBIX JIMHUIA, @ TakXKe CTpaTeruy, Nno3BONMUBLIVE MUHMMMU3UPOBATb HEraTVBHble MOGOYHbIE
3¢ dekTbl. MMoKazaHO, YTO 3a CYET LeNeHanpPaBNEHHOTO CKPeWMBaHWA U ONTUMANbHOTrO nogbopa MyTaHTHbIX
annenei ypanocb co3faTb KOHKYPEHTOCMOCOOHbIE COPTa, COYeTalolne Tpebyemble TEXHOMOrMYeCKne KayectBa C
YLOBNIETBOPUTENbHBIMU arPOHOMUYECKMY XapaKTepUCTUKaMI 1 OTBeYaloLye 3anpocam Kak NMBOBApeHHON, TaK 1
NMLLEBOI NPOMbILIIEHHOCTU.

KnioueBble cnoBa: AYMEHb; 3epHO; MPOAHTOLMAHUANHDI; KOJUTOVAHOE MOMYTHEHWe; 6ecnpoaHToLMaHULUHOBDIN;

nnBoBapeHune

Introduction

Barley (Hordeum vulgare L.) is an important agricultural
crop widely used in brewing, forage production, and the
food industry. Its grain quality is determined not only by
protein and starch content but also by secondary metabo-
lites, particularly phenolic compounds, which accumulate
in the grain husk (Van Hung, 2016). Among them, proan-
thocyanidins (PAs) are of particular interest due to their
significant role in plant physiology. The deposition of PAs
in the seed coat is associated with their role in maintaining
seed dormancy (Debeaujon et al., 2000) and protecting the
developing seed from various factors, including fungal and
bacterial pathogens, insect pests, and heavy metal exposure
(Dixon et al., 2005).

The nutritional and feed value of PAs is controversial. On
the one hand, numerous studies describe their potentially
beneficial properties for human health (Santos-Buelga, Scal-
bert, 2000). In animal husbandry, these compounds are being
studied as a feed additive alternative to antibiotics (Kumar K.
etal., 2022). In ruminants, a moderate amount of PAs in feed
(24 %) can have a beneficial effect by reducing inefficient
protein degradation in the rumen. On the other hand, PAs act
as antinutritional factors when feeding monogastric animals,
since their digestive system is unable to effectively digest
PA complexes with proteins (Dixon et al., 2005). PA causes
undesirable darkening when barley porridge is prepared,
thereby negatively affecting the product’s consumer quality
(Kohyama et al., 2009).

In the brewing industry, PAs are the main cause of colloi-
dal haze, which occurs during cooling of beer and impairs
its stability (Delcour et al., 1984). Proteases and selective
absorbents are used to solve this problem; however, these
methods are not specific enough and can affect the taste and
quality of beer (Wang, Ye, 2021). A more effective approach
is to develop barley cultivars with reduced levels of protein
or PAs in the grain, which helps prevent haze without the
use of stabilizers. Since reducing the protein fraction of
grain can have a more harmful effect on the plant, breeding

of proanthocyanidin-free (PA-free) cultivars is considered
a priority (Erdal, 1986; von Wettstein, 2007). This became
possible due to the creation of induced barley mutants with
impaired flavonoid synthesis, which have served as donors
of the target trait in breeding programs (Jende-Strid, 1993).

This review discusses the challenges and prospects as-
sociated with breeding PA-free barley cultivars. Since PAs
are involved in the regulation of seed dormancy and stress
protection, their absence may be accompanied by changes
in grain germination rate, plant resistance to pathogens,
malt modification, and other important traits. Understanding
these relationships is essential for developing commercial
barley cultivars that combine the absence of PAs with high
agronomic and technical performance.

Molecular and genetic basis
of proanthocyanidin synthesis in barley
Flavonoid synthesis begins with the formation of chalcone
by the condensation of three malonyl-CoA molecules with
one 4-coumaroyl-CoA molecule. 4-Coumaroyl-CoA serves
as a precursor not only for flavonoids but also for lignans,
allomelanins, and lignin, which are also found in barley grain
(Bartlomigj et al., 2012; Shoeva et al., 2020; Yu et al., 2023).
The flavonoid synthetic pathway leads to the formation of
leucoanthocyanidins, which are common precursors of PAs
and anthocyanins (see the Figure). At this stage, the pathway
branches: leucoanthocyanidin reductase (LAR) catalyzes the
synthesis of flavan-3-ols, the monomers of PA, while the
competitive enzyme anthocyanidin synthase (ANS) oxidizes
leucoanthocyanidins to anthocyanidins (Saito et al., 1999;
Tanner et al., 2003). Subsequent glycosylation of anthocya-
nidins leads to the formation of anthocyanins. Anthocyani-
dins can also be reduced to flavan-3-ols by anthocyanidin
reductase (ANR), thus forming an alternative pathway for
PA synthesis (Xie et al., 2003).

The polymerization of flavan-3-ols to form PAs probably
occurs non-enzymatically, although the involvement of an
unknown flavanol-condensing enzyme has been previously
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4-coumaroyl-CoA

Scheme of synthesis and intracellular transport of proanthocyanidins.

Phenylalanine (Phe) and tyrosine (Tyr) serve as substrates for the synthesis of 4-coumaroyl-CoA in the phenylpropanoid pathway. From 4-coumaroyl-CoA, with
the participation of enzymes of the flavonoid synthetic pathway, flavan-3-ols are formed. Transport of flavan-3-ols into the vacuole is possible by three potential
mechanisms: (1) via transporters of the MATE family, (2) via vesicular transport, and (3) as part of specialized organelles — tannosomes, where their polymeriza-
tion may occur. Proteins of the GST family can bind flavan-3-ols and facilitate their transport into vesicles or vacuole. Polymerization of flavan-3-ols into PA in the
vacuole can occur spontaneously due to the acidic environment or with the participation of an unknown enzyme. Enzymes of the flavonoid synthesis pathway:
ANR - anthocyanidin reductase; ANS — anthocyanidin synthase; CHI - chalcone-flavanone isomerase (Ant30); CHS - chalcone synthase; DFR - dihydroflavonol-
4-reductase (Ant18); F3H - flavanone-3-hydroxylase (Ant17); F3'H - flavonoid 3'-hydroxylase; F3'5'H - flavonoid 3'5'-hydroxylase; LAR - leucoanthocyanidin re-
ductase (Ant19). The activity of the flavonoid pathway enzymes is controlled by the regulatory genes Ant1, Ant2, Ant13, Ant28.

suggested (Jende-Strid, 1993; He et al., 2008; Yu et al., 2023).
Flavan-3-ols are proposed as the starting units of polymeri-
zation, while leucoanthocyanidins and their derivatives are
considered to be the extention units. Another important aspect
of PA biosynthesis is their intracellular transport (see the
Figure). Flavan-3-ols are synthesized in the cytosol, while the
final site of PA accumulation is the vacuole (Winkel, 2004).
The transport of flavan-3-ols into the vacuole is mediated by
MATE family proteins, the functioning of which depends
on the proton gradient on the vacuolar membrane generated
by H*-ATPases (Yu et al., 2023). In addition, proteins of the
glutathione-S-transferase (GST) family are involved in the
transport of flavonoids, including PA, which presumably
perform the function of binding and delivering flavonoids
to vacuolar transporters (Pérez-Diaz et al., 2016). A tanno-
some model of PA synthesis was also proposed according to
which PA polymerization occurs in specialized organelles —
tannosomes, formed from chloroplast thylakoids (Brillouet
etal., 2013).

PA biosynthesis is under complex transcriptional control.
The key regulatory module is the MBW complex, consist-

ing of transcription factors of the MYB, bHLH, and WD40
families (Bulanov et al., 2025). The complex activates the
expression of structural genes of the flavonoid biosynthesis
pathway, providing their spatiotemporal regulation. In barley,
a MYB factor encoded by the HYMyb10 (or Ant28) gene
has been characterized; it specifically controls PA synthesis
by regulating the expression of Dfr and Lar genes (Jende-
Strid, 1993; Himi et al., 2011). In addition to the MBW
complex, transcription factors of the WRKY, MADS, and
WIP families are involved in the regulation of PA synthesis
(He et al., 2008).

Many genes involved in barley flavonoid synthesis were
identified through analysis of the Anthocyanin-less (Ant)
mutant collection. This collection was created in the 1970s
through induced mutagenesis of various cultivars and lines
from Europe, USA, and Japan and comprises about 900 mu-
tants with impaired flavonoid synthesis. Based on allelism
testing of 566 mutants, 30 Ant loci were described (Jende-
Strid, 1993). To date, the molecular functions of only seven
of'them have been established (see the Figure). Of particular
interest are the Ant19 and Ant25-Ant29 loci, mutations in
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which specifically suppress PA synthesis. Although the mo-
lecular functions for many loci remain unknown, a potential
function has been proposed for some of them based on bio-
chemical analysis of mutants. For example, the Ant25, Ant27,
and Ant29 loci presumably encode regulatory factors, since
the activity of several enzymes of the biosynthetic pathway
is impaired in the corresponding mutants. In contrast, Ant26
is likely a structural gene controlling the final stages of syn-
thesis, since ant26 mutant grains accumulate monomeric
flavan-3-ols in the absence of PA (Jende-Strid, 1993).

Mutant lines not only became an important tool for study-
ing PA synthesis genes but also formed the basis for the
development of PA-free brewing cultivars. The first such
line was ant13.13, obtained from the Foma cultivar. Despite
the reduced yield of ant13.13 compared to the original culti-
var, beer produced from the grain of this line demonstrated
excellent colloidal stability (von Wettstein et al., 1977).
Furthermore, using PA-free mutants, it was shown that the
absence of PA in beer does not affect its organoleptic charac-
teristics (von Wettstein et al., 1977; Delcour et al., 1984).
These results confirmed the potential of this approach and
stimulated further breeding work to develop PA-free barley
cultivars, which, in addition to PA content, must meet the
general requirements for malting.

Quality parameters of brewing barley cultivars
Malting barley is subject to stringent requirements (GOST
5060-2021) that must be taken into account during selec-
tion. Akey quality criterion is protein content, which should
not exceed 11.5-12.0 % of dry weigh (DW). Excess protein
inhibits starch degradation and reduces extractability, while
a protein deficiency limits yeast nutrition. Suffitient starch
content, which is converted into fermentable sugars, is
equally important. For malting barley, starch content should
be at least 60-65 % of DW (Golovin et al., 2008).

The grain nature (grain weight per liter) of malting barley,
which characterizes its plumpness, must be no less than
660 g/L. The 1,000-kernel weight depends on the grain size
and is optimal within the range of 40-50 g, as grains that
are too large do not malt quickly enough. The grain size,
determined by the proportion of grains passing through a
2.5%20 mm sieve, should be no less than 85 % for first-class
malting barley, as larger grains contain more starch and
have higher extractability. Husk content, or the percentage
of husks in the total grain weight, should not exceed 9 %, as
an excess husk reduces the starch content and extractability
and impairs beer taste, although a moderate amount of husk
is necessary for the formation of a filter layer (Khokonova,
2015). The moisture content of raw grain should not exceed
12 % to prevent mold growth and mycotoxin accumulation
during storage (Chi et al., 2003). Germination energy and
germination capacity are critical for uniform malting, as
starch in ungerminated grains is not fully fermented, which
reduces extract and beer yield. Good-quality grain should
have a germination capacity of over 95 %.

A crucial stage in beer production is malting, during
which a complex of hydrolytic enzymes (proteases and

Breeding for the absence of proanthocyanidins
in grain of barley (Hordeum vulgare L.)

amylases) is formed. The resulting malt serves not only as
a substrate for fermentation but also as a source of coloring
and aromatic components for beer (Bamforth, 2009). The
main quality indicator of malt is malt extract — the propor-
tion of dry matter transferred to the wort — which is at least
79 % for high-quality grain. Diastatic power, measured in
Windesch-Kolbach units (WK) and characterizing the
activity of amylolytic enzymes, should exceed 220 WK
units for spring barley and 350 WK units for winter barley.
The Kolbach index is an indicator of the degree of protein
degradation and is expressed as the ratio of soluble nitrogen
to the total nitrogen content in the malt. Deviation from the
optimal values of 35-49 % lead to filtration problems or taste
deterioration (Kumar V. et al., 2023). Free amino nitrogen
content is essential for normal yeast metabolism during fer-
mentation. The optimal concentration is 140-180 mg/L. The
B-glucan content in malt should not exceed 200 mg/100 g, as
its excess increases wort viscosity, which impairs filtration
and reduces beer quality. These indicators are quantitative
traits and are polygenically controlled (Trubacheeva, Per-
shina, 2021), which significantly complicates barley breeding
for brewing purposes.

Advances in breeding

proanthocyanidin-free barley cultivars

Developing PA-free barley cultivars that meet stringent
brewing standards has been challenging because the original
PA-free mutants exhibited a number of disadvantages, includ-
ing low grain plumpness, reduced yield and 1,000-kernel
weight (Figueroa et al., 1989; Bregitzer et al., 1995; Wu,
1995). Since PAs are involved in maintaining seed dormancy,
reduced grain dormancy was observed in the mutants (Himi
et al., 2011). Although accelerated and uniform germina-
tion may be an advantage for malting, reduced dormancy
increases the risk of pre-harvest sprouting, especially under
high humidity conditions.

Technological limitations were also of particular impor-
tance. Low protein content is desirable for brewing cultivars,
but PA-free mutants tended to have higher protein content
than the original cultivars (von Wettstein et al., 1977; @ver-
land et al., 1994; Wu, 1995). Malt produced from the mutant
grain exhibited reduced malt extract, diastatic power, and
degree of attenuation (Bregitzer et al., 1995). Despite these
limitations, mutant lines were actively used in breeding of
PA-free cultivars, which were registered and cultivated in
Europe, USA, Japan, and the Republic of Korea (see the
Table).

In Denmark, the Galant cultivar was bred from the
ant17.148 mutant. In trials conducted in 1982-1983 in
13 European regions, Galant showed yield only 1-7 % lower
than the standard (Erdal, 1986). However, Galant had reduced
synthesis of enzymes that degrade cell wall polysaccharides
and starch compared to the original cultivar, which led to
a decrease in the proportion of fermentable sugars and an
increase in wort viscosity (Palmer, 1988). The Japanese line
Mokkei 92-130, derived from the ant13.347 mutant, was
relatively successful, demonstrating high malt extract and
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Registered proanthocyanidin-free barley cultivars
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Name Pedigree Year of Country Organization Reference
of the cultivar creation
Galant ant17.148 (Triumph) 1985 Denmark  Carlsberg Laboratory Erdal, 1986
(Copenhagen)
NFC8808 ant27.488 (Zenit) x Sewa x 1994 Seet Plantbreeding (Horsens) Wettstein, 1995
Fergie
Caminant ant28.484 (Grit) x Blenheim 1994
Clarity - 1993 United CRISP Malting Group (Norfolk) Clarity. Proantho-
Kingdom cyanidin-free malt *
Radiant ant29.667 (Harrington) x 2003 USA Washington State University von Wettstein et al., 2004
Baronesse Agricultural Research Center
) ) (Washington) )
Fritz ant-499 (Apex) x Alexis X 2014 Rustgi et al., 2020
Baronesse x Cellar
Yeongbaekchal Radiant (ant29.667) x 2013 Korea National Institute of Crop Science, Leeetal, 2016
Saechalssal RDA (Waniju)
Tochinoibuki ant28.494 (Catrin) x 2007 Japan Tochigi Prefectural Agricultural Takayama et al., 2011
Tochikei216 x Tochikei253 Experimental Station (Tochigi)
Shiratae Nijo ant28.494 x Nishinohoshi 2009 National Agricultural Research Tonooka et al., 2010
Center for Kyushu Okinawa Region
(Kumamoto), National Institute
of Crop Science (Tsukuba)
Kirari-mochi Tochinoibuki (ant28.494) x 2009 National Agriculture Research Yanagisawa et al., 2011
Yumesakiboshi x Center for the Western Region
Shikoku-hadaka (Fukuyama)
Mochikinuka Daikei RF0831 (ant28.494) x 2017 Tochigi Prefectural Agricultural Yamaguchi et al,, 2019
Daikei LM1 x Sachiho Golden x Experimental Station (Tochigi)
Daikei HL9-2-6
Fukumi Fiber Yon R kei 3755 / Yon kei 9814 2018 National Agriculture Research Takahashi et al., 2025

(ant28.2131 (Alexis))

Center for the Western Region
(Fukuyama)

* Clarity. Proanthocyanidin-free malt. 1999. CRISP Malting Group. Available at: https://www.yumpu.com/en/document/read/4110511/

diastatic power. However, the beer prepared from it was
characterized by an accelerated deterioration of organoleptic
properties (Fukuda et al., 1999), which was probably due
to the absence of phenolic compounds that usually ensure
oxidative stability of beer. In the USA, more than 40 promis-
ing PA-free lines were created based on the ant-517 mutant
(Wesenberg et al., 1989). Many of these lines were equal to
or superior to the standard Klages cultivar in most malting
quality indicators, but were inferior in yield, percentage of
malt extract, and also had an excessive amount of protein
(Wesenberg et al., 1989). Also in the USA, PA-free lines with
improved traits were created based on the ant13.582 line
and the Azure, Glenn, and Hazen cultivars: earlier heading,
increased roundness of grains and higher soluble protein
content. However, due to the negative impact of the mutant
ant13 allele on malt quality and other traits, the authors
considered the ant13.582 line unsuitable for further breeding
(Horsley et al., 1991).

Thus, practice has shown that mutations blocking the
initial stages of PA biosynthesis are generally unsuitable for
cultivar development due to their pleiotropic effects on yield
or brewing quality. The use of mutants with impaired PA syn-
thesis at the final stages is more promising, as it minimizes the
side effects of mutations. For example, mutants at the Ant26
locus, which have impaired PA synthesis at the final stages,
demonstrate productivity at the level of the original cultivar
Grit (Totsky et al., 2024). In Denmark, the NFC8808 and
Caminant cultivars were developed based on the ant27.488
and ant28.484 mutants, respectively. The Caminant cultivar
exceeded the standard yield by 4 %, including in conditions
where there was no fungicidal protection (Wettstein, 1995).
It met the European Alexis standard in key parameters such
as germination index, malt extract, diastatic power, nitrogen
content, and B-glucan content. In 1999, the Clarity cultivar,
characterized by high colloidal stability and yield, was re-
gistered in the United Kingdom (see the Table). The authors
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did not report the cultivar’s pedigree, but the presence of
anthocyanin pigmentation in the vegetative organs of Clarity
indicates that the synthesis was disrupted at the final steps.

It is worth noting that the breeding of feed and food
PA-free cultivars is actively developing in addition to malt-
ing cultivars. In 2003, the Radiant cultivar, based on the
ant29.667 mutant, was officially approved in the USA. Due
to its heat-stable B-amylase, Radiant possessed high dia-
static power (von Wettstein et al., 2004). The cultivar also
demonstrated high yield, resistance to several pathogens,
and improved nutritional characteristics, making it suitable
for use not only in the brewing but also in the food industry.
Korean breeders, based on Radiant, developed the food cul-
tivar Yeongbaekchal (Lee et al., 2016). Porridge made from
Yeongbaekchal grain did not darken after heat treatment,
making the product more attractive to consumers. The cul-
tivar was resistant to barley yellow mosaic virus (BaYMV),
and its yield was only 5 % lower than the control.

In the USA, the Fritz cultivar, which exhibits excellent
germination and high resistance to yellow and leaf rust and
powdery mildew, was developed from the ant-499 mutant
(Rustgi et al., 2020). The locus carrying the mutation in the
original mutant ant-499 has not been determined. However,
the presence of anthocyanins in the stem of Fritz indicates a
defect in PA biosynthesis specifically at late stages. Although
Fritz was registered as a forage cultivar due to its high protein
and B-glucan content, it also demonstrated good malting
qualities, making it a potential dual-purpose cultivar.

Japanese researchers developed the two-row Shiratae Nijo
cultivar using the ant28.494 mutant (Tonooka et al., 2010).
Despite the initial late maturity anf susceptibility of the
ant28.494 mutant to BaYMYV, they obtained a cultivar not
inferior to the original Nishinohoshi in yield and resistance
to BaYMV and powdery mildew. Notably, despite reduced
levels of flavan-3-ols and PAs, compounds with antifungal
activity, Shiratae Nijo’s susceptibility to fusarium head
blight did not exceed that of the original cultivar. The same
ant28.494 mutant was used to create the Tochinoibuki culti-
var (Takayama et al., 2011), which is similar to the standard
Sukai Golden in heading and ripening dates and 1,000-kernel
weight. Subsequently, the Tochinoibuki cultivar was used
to develop the naked, waxy, PA- and amylose-free Kirari-
mochi cultivar (Yanagisawa et al., 2011). Pearled barley from
Kirari-mochi grain contained 1.5 times more -glucans than
the standard Ichibanboshi cultivar, making it particularly
valuable for the production of functional food products.
A waxy, PA-free Mochikinuka cultivar was also developed
from Tochinoibuki. The absence of the enzyme lipoxyge-
nase-1, which catalyzes lipid oxidation, in this cultivar led to
a more pleasant taste of the groats (Yamaguchi et al., 2019).
A recent achievement of Japanese breeding was the six-row
naked cultivar Fukumi Fiber, which combines the mutant al-
leles wax and amol, which control the content of B-glucans,
and ant28 (Takahashi et al., 2025). Due to this, the B-glucan
content in Fukumi Fiber grain reached 13.2 % — three times
higher than the standard Ichibanboshi and twice as high as
the waxy Kirari-mochi.

Breeding for the absence of proanthocyanidins
in grain of barley (Hordeum vulgare L.)

Thus, despite the significant shortcomings inherent in
PA-free mutants, targeted breeding work has proved the
possibility of creating competitive barley cultivars based
on them.

Conclusion

Breeding malting barley cultivars that do not accumulate
PAin grain has been associated with a number of challenges
related to reduced yield and grain quality. However, based
on world experience in developing PA-free cultivars, it
can be concluded that the choice of a mutant line as a trait
donor largely determines the success of breeding. It has
been shown that mutations in genes specifically controlling
the PA synthesis branch have the least negative impact on
agronomic traits, as the synthesis of other physiologically
important flavonoids is preserved. Based on breeding experi-
ence and comparative morphological studies, mutants for the
Ant26, Ant28, and Ant29 genes currently represent the most
promising donors for breeding PA-free cultivars. Despite
the high breeding potential of mutants in these genes, the
molecular functions of only one of them, Ant28, are known.
The lack of data on the functions of the remaining genes
makes it impossible to develop DNA markers for selection,
which are effectively used in breeding for the Ant28 gene.
This highlights the need for fundamental research into the
molecular genetic mechanisms of PA biosynthesis, since a
deep understanding of these fundamentals is the key to the
creation of competitive commercial cultivars.
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