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Liberties of the genome:
insertions of mitochondrial DNA fragments into nuclear genome

M.V. Golubenko @, V.P. Puzyrev

Research Institute of Medical Genetics, Tomsk National Research Medical Center of the Russian Academy of Sciences, Tomsk, Russia
@ maria-golubenko@medgenetics.ru

Abstract. The transition of detached fragments of mitochondrial DNA into the nucleus and their integration into
chromosomal DNA is a special kind of genetic variability that highlights the relation between the two genomes
and their interaction in a eukaryotic cell. The human genome contains several hundreds of insertions of mtDNA
fragments (NUMTS). This paper presents an overview of the current state of research in this area. To date, evidence
has been obtained that the occurrence of new mtDNA insertions in the nuclear genome is a seldom but not excep-
tionally rare event. The integration of new mtDNA fragments into the nuclear genome occurs during double-strand
DNA break repair through the non-homologous end joining mechanism. Along with evolutionarily stable “genetic
fossils” that were integrated into the nuclear genome millions of years ago and are shared by many species, there
are NUMTS that could be species-specific, polymorphic in a species, or “private”. Partial copies of mitochondrial DNA
in the human nuclear genome can interfere with mtDNA during experimental studies of the mitochondrial genome,
such as genotyping, heteroplasmy assessment, mtDNA methylation analysis, and mtDNA copy number estimation.
In some cases, the insertion of multiple copies of the complete mitochondrial genome sequence may mimic pater-
nal inheritance of mtDNA. The functional significance of NUMTS is poorly understood. For instance, they may be a
source of variability for expression and splicing modulation. The role of NUMTS as a cause of hereditary diseases is
negligible, since only a few cases of diseases caused by NUMTS have been described so far. In addition, NUMTS can
serve as markers for evolutionary genetic studies. Of particular interest is the meaning of NUMTS in eukaryotic ge-
nome evolution. The constant flow of functionally inactive DNA sequences from mitochondria into the nucleus and
its significance could be studied in view of the modern concepts of evolutionary theory suggesting non-adaptive
complexity and the key role of stochastic processes in the formation of genomic structure.

Key words: mitochondrial DNA; nuclear copies of mtDNA; NUMTS; genome evolution; mtDNA inheritance.

For citation: Golubenko M.V., Puzyrev V.P. Liberties of the genome: insertions of mitochondrial DNA fragments into
nuclear genome. Vavilovskii Zhurnal Genetiki i Selektsii = Vavilov Journal of Genetics and Breeding. 2024;28(5):467-475.
DOI 10.18699/vjgb-24-53
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BOJIbHOCTM reHOMaA: MHCepLu PparMeHTOB
MUTOXOHApuaabHOM JHK B simepHbIl reHOM

M.B. Toay6enko (2 @, B.IT. TTysbipén

HayuHo-nccnegoBaTenbCKmm UHCTUTYT MEAULIMHCKON reHeTUKK, TOMCKMI HaUMOHaNbHbIN NcCefoBaTebCKUn MeAULIMHCKNI LeHTP
Poccuiickoi akapemmn Hayk, Tomck, Poccna

@ maria-golubenko@medgenetics.ru

AHHoTauus. Nepexop oTaenbHbIX pparmeHToB MUTOXOHAPUanbHon [IHK B Appo n BcTpansaHue nx B JHK xpomocom
ABNATCA 0COOLIM TUMOM FEHETNYECKON N3MEHUMBOCTU, XapaKTepr3yOLM CBA3b U B3aMIMOAENCTBUE ABYX FeHOMOB
JyKaproThyecKkon KneTku. B reHome yenoBeka cofepKUTCA HECKONbKO coTeH Taknx nHcepumin (NUMTS). Cratba no-
cBALLlEeHa 0630py COBPEMEHHOIO COCTOAHUA UCCIE[OBaHNI B 3TO 061acTu. K HacToALeMy BpeMeHU NoslyyeHbl AaH-
Hble O TOM, UTO MOAB/EeHME HOBbIX NHCepunin MTAHK B AnepHOM reHoMe — pefikoe, HO He CKUmMTeIbHOe CobbITUe.
BcTpavBaHue HoBbix dpparmeHToB MTAHK B A8epHbI reHOM NPOMCXOAWT NPpU penapauun ABYHUTEBbIX Pa3pbliBOB
[HK no mexaH13my HErOMOJIOMMUYHOIO COeAUHEHNA KOHLIOB. Hapaay C 9BOMIOLMOHHO CTabUSIbHBIMY «TeHeTUYeCKN-
MU UCKOMAeMbIMU», BCTPOUBLUVMMUCS B SIA€PHbIN reHOM MUITIMOHDI JIET Ha3ad 1 06WMMI As MHOTYX BUAOB 1 bonee
KPYMHbIX TaKCOHOB, CyLLeCTBYIOT BugocneundmnyHble, nonumopdHblie n «npusatHbie» NUMTS. Konun ¢dparmeHTos
MuToxoHapwuanbHol AHK B aAlepHOM reHOMe yenoBeka MOryT MHTepdeprpoBaTb ¢ MuToxoHapuansHon OHK npu
JKCNeprMeHTaNbHbIX NCCefOBaHMNAX MUTOXOHAPWANbHOIO reHOMa, TaknxX Kak reHOTUMMPOBaHME N U3y4YeHne re-

© Golubenko M.V., Puzyrev V.P, 2024
This work is licensed under a Creative Commons Attribution 4.0 License
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M.V. Golubenko
V.P. Puzyrev

Liberties of the genome: insertions
of mitochondrial DNA fragments into nuclear genome

Teponnasmumn oTaenbHbix BapuaHToB MTOHK, aHanu3 metunuposanma mTHK, onpepgenerne uncna konum mtAHK
B KneTke. Kpome TOro, B HEKOTOPbIX Cyyasx MHCEPLUMUA HECKONbKMX KOMWI MOMHOW NOCnefoBaTeNbHOCTU MUTO-
XOHAPMANbHOro reHOMa MOXET MMUTUPOBATb HacniegosaHme MTOHK oT oTua K getam. Bonpoc o ¢yHKLMOHanbHowm
3HauymmocTn NUMTS ocTaetcs manousyyeHHbIM. B 4acTHOCTI, OHM MOTYT ABNATLCA UCTOYHUKOM U3MEHUYMBOCTU ANA
moaynAaumMn akcnpeccun 1 cnnancuHra. Ponb NUMTS Kak npuynHbl pa3BUTUA MOHOTeHHOWN Hac/eCTBEHHOW naTo-
NOTrMN HeBeNMKa, MOCKOJIbKY OMMCAHO BCEro HECKOMbKO cinyyaeB 3aboneBaHui, obycnosneHHbix NUMTS. Momumo
s1oro, NUMTS mMoryT cny»kutb Mapkepamu A1 3BOMIOLNOHHO-TEHETUYECKMX nccrnefoBaHun. OTaenbHbIN nHTepec
npepactaBnseT 3HayeHne NUMTS B aBontoumy reHoMa 3yKapuroT. MoCTOAHHbIN NOTOK QYHKLNOHANbHO HeaKTUBHbIX
nocneposatenbHocTen HK 13 MUTOXOHAPUIA B AAPO 1 €ro 3HaYeHVe MOXHO UCCNeoBaTb C TOUKM 3PEHNA CoBpe-
MEHHbIX NpeACTaBNeHNI TEOPUM IBONIOLNN, CBA3AHHBIX C HEaAanTUBHOCTbIO CJIOMKHOCTM U LIEHTPaNbHOM PObIO CTO-
XaCTUYECKUX NPpoLLeccoB B GOPMUPOBAHNN CTPYKTYPbl FeHOMOB.
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mMTOHK.

Introduction
Mitochondrial DNA (mtDNA), which is situated outside the
cell nucleus, is a special part of the genome. The establish-
ment of symbiosis between the ancestor of the eukaryotic cell
and the ancestor of the mitochondrion was the most impor-
tant event in biological evolution, leading to the emergence
of eukaryotes. During the further evolution of eukaryotes,
most genes moved from mitochondria to the nucleus. This
process apparently began immediately after the introduction
of alphaproteobacteria into the cytoplasm of pro-eukaryotes
(see review (Panov et al., 2020)). Moreover, it is assumed that
the mosaic structure of eukaryotic genes is a consequence of
the integration of DNA fragments from endosymbionts into
the nuclear genome at the early stages of eukaryotic evolu-
tion, which, in turn, stimulated cell compartmentalization and
isolation of the nucleus (Koonin, 2006; Rogozin et al., 2012).

Genomes of modern mitochondria contain a very limited set
of genes. In most animals, mtDNA encodes only 13 subunits
of respiratory chain proteins, ribosomal and transfer RNAs.
The remaining genes have long and irreversibly “moved”
into the nucleus. However, comparative genomic analysis
shows that the integration of new mtDNA fragments into
the nuclear genome continues, now being a microevolution
process. So, in the chromosomal DNA of modern eukaryotes,
including humans, there are many regions that are homolo-
gous to the mitochondrial genes. These sequences are called
NUMTS — NUclear MiTochondrial Sequences. The placement
of NUMTS in the genome is often associated with repetitive
elements and transposons, but NUMTS themselves are not
mobile genetic elements. The “mission” of NUMTS has not
yet been revealed, but they are of interest both in a practical
sense, because they may have a pathogenic effect, and in a
theoretical aspect, since they may represent a different path
of genome evolution.

The article is devoted to an overview of the current state of
research on the NUMTS phenomenon and its role in the life
of the human genome.

Prevalence of NUMTS in the human genome

Soon after the sequence of human mitochondrial DNA was de-
termined, DNA fragments embedded in nuclear chromosomes
and homologous to mtDNA were discovered (Tsuzuki et al.,
1983). As the human genome was sequenced, the analysis of
homology between NUMTS and modern mtDNA in humans
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and other species showed that the insertion of mtDNA frag-
ments into chromosomes is an ongoing process (Mourier et al.,
2001). NUMTS are found on all human chromosomes and are
situated mostly in regions rich in various repeats. Development
of new sequencing technologies, improvements in bioinfor-
matics, and the accumulation of data on individual genomes
lead to the identification of more and more such insertions,
and it is becoming evident that NUMTS is a common phe-
nomenon. The human reference genomic sequence GRCh37/
hg19 contains 766 insertions of mitochondrial genome frag-
ments homologous to the modern human mtDNA reference
sequence (Calabrese et al., 2012). Subsequently, analysis of
data from the 1,000 Genomes Project (999 individuals from
20 populations) identified 141 polymorphic NUMTS sites in
the nuclear genome, in addition to those insertions that are
“fixed” in the human population. Of these, 42 % of polymor-
phic NUMTS were located in introns, 43 % were located in
intergenic regions, and most of these NUMTS were “younger”
than a million years old (Dayama et al., 2014).

A recent analysis of the complete genomes of 66,000 indi-
viduals, including more than 10,000 trios (Wei et al., 2022),
has already identified more than 1,500 new NUMTS, the vast
majority of which were rare in the population or “private”,
i.e. found in only one individual. So, the incidence of de novo
NUMTS insertions has been estimated to be approximately
1 in 10,000 births and approximately 1 in 1,000 tumors.
Moreover, estimates of the time of integration into the nuclear
genome obtained for several hundred NUMTS showed that
90 % of these events occurred no more than 100 thousand
years ago (Wei et al., 2022). Some figures characterizing the
diversity of NUMTS in the human genome are presented in
Table 1. It is worth noting that the total length of NUMTS is
about 630,000 bp (Tao et al., 2023), or approximately 0.02 %
of the total length of the human genome.

Depending on the search and aligning algorithms, the
minimal length of detected mtDNA fragments starts from
30 bp, and most of them are shorter than 500 bp. However,
insertions of almost the entire mitochondrial genome sequence
also occur. In particular, in the intergenic region on chromo-
some 4, there is an insertion 14,836 bp in length, homologous
to a 14,904 bp region in the mtDNA sequence (positions
661-15,564) (Calabrese et al., 2012).

Mitochondria are not the only organelles that “send” frag-
ments of their DNA to the nucleus. To the same extent, this
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Table 1. Characteristics of the NUMTS “landscape” in the human nuclear genome

Study Number of NUMTS

Ramos et al,, 2011 755 225
Calabrese et al., 2012 766 214
Wei et al., 2022 1,637 (including polymorphic) 156
Tao etal,, 2023 863 194
Uvizl et al., 2024 846 ND

Note.ND - no data.

process is characteristic of plastids (Zhang et al., 2024). In
addition, this phenomenon may be more or less prevalent de-
pending on the species. For example, the search for NUMTS in
the genomes of 13 different species revealed large interspecific
differences: the nematode, some dipterans (4nopheles, Dro-
sophila) and puffer fish have only a few mtDNA fragments in
their nuclear genome, while humans, some insects, and plants
have several hundred NUMTS (Richly, Leister, 2004; Leister,
2005). Moreover, the number of NUMTS may depend on the
genome size and speciation characteristics.

These data suggest that the integration of mtDNA fragments
into chromosomal DNA is not a rare event but a natural prop-
erty of the human genome dynamics, and therefore it must be
taken into account and should be explored.

The mechanism for the emergence

of new NUMTS

Almost all studies show that the general mechanism for the
integration of mtDNA fragments into the nuclear genome
is non-homologous end joining (NHEJ) as a way to repair
double-stranded DNA breaks (Gaziev, Shaikhaev, 2010).
Usually, NUMTS are associated with mobile genetic elements:
for example, a study of 271 human NUMTS showed that most
of them are located within 150 bp from repetitive elements
(predominantly LINE and Alu repeats) or even within these
sequences (Mishmar et al., 2004). A recent search and analysis
of NUMTS in the genomes of 45 mammalian species has es-
sentially confirmed this fact (Uvizl et al., 2024).

In a study from Japan (Onozawa et al., 2015), it was shown
that DNA insertions belonging to the second class of “tem-
plated sequence insertion polymorphism” (TSIP) had some
characteristics consistent with their occurrence as a result of
double-strand breaks repair event with use of the mechanism
of non-homologous end joining, and it is noteworthy that in
more than 20 % of TSIP cases, mitochondrial DNA served
as the “donor” DNA for such insertions (Onozawa et al.,
2015).

According to the results of experiments on irradiation of
chicken eggs, new insertions of mtDNA fragments were identi-
fied in 25 % of surviving embryos (2 out of 8) (Abdullaev et
al., 2013). In the paper on the case of a pathogenic de novo
NUMTS insertion leading to the development of Pallister—
Hall syndrome, the authors note that the family where the af-
fected child was born lived in an area exposed to the Chernobyl
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Median length (bp)

Average homology
with mtDNA, %

Cumulative length (bp)

548,250 79.2
541,113 79.5
ND ND
631,156 ND
548,500 80.9

accident in 1986 (Turner et al., 2003). It is fair to assume that
since ionizing radiation leads to double-strand breaks in DNA
and the appearance of new NUMTS is associated with the
process of repairing this damage, the probability of integra-
tion of mtDNA fragments into the nuclear genome increases
after irradiation.

It should be noted that in a non-dividing cell, the nuclear
and mitochondrial genomes are separated from each other by
a total of four membranes (the nuclear double membrane and
the mitochondrial double membrane). To integrate a fragment
of mtDNA into the DNA of a chromosome, this fragment
should be able to enter the nucleus. To date, several possible
ways of such transfer have been proposed. The most accept-
able hypothesis is the assumption that mtDNA fragments that
appear due to the impact of reactive oxygen species enter
the cytoplasm as a result of changes in the mitochondrial
membrane (opening of pores, mitochondrial fusion/fission,
etc.), and then are transported into the nucleus using vacuoles
(Puertas, Gonzalez-Sanchez, 2020).

NUMTS studies in evolutionary genetics
Depending on the time of their origin, NUMTS can provide
information about the evolutionary history of the human spe-
cies (Hazkani-Kovo, 2009). Two features of the evolution of
NUMTS can be distinguished in comparison with the ho-
mologous mtDNA regions: firstly, NUMTS are pseudogenes,
therefore selection does not affect them, and the mutation
process is more “uniform”, and secondly, the rate of molecular
evolution declines after integration into the nuclear genome,
consistent with general differences in mutation rates between
nuclear and mitochondrial DNA. That is, on the one hand, the
“biological clock” for NUMTS works more precisely, and on
the other hand, they are a kind of “genetic fossil” containing
information about mtDNA haplotypes that might not have
been preserved in modern populations, so they can serve as
an “outgroup” for intraspecific phylogeny (Bravi et al., 2006).
For example, two NUMTS in the human genome that are
homologous to the COI gene contain nucleotide substitutions
(compared to the reference mtDNA sequence) characteristic of
the most ancient mitochondrial superhaplogroup L (Mishmar
et al., 2004).

Using a comparative analysis of polymorphic NUMTS in
the genomes of Homo sapiens sapiens, H. sapiens neander-
thalensis and H. sapiens denisova, five insertions of mtDNA
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fragments were identified. These insertions occurred during
the evolution of the genus Homo and have been preserved
in the genomes of modern humans. Of these, two NUMTS
originated from the mitochondrial genome of Denisovans and
entered the modern human genome as a part of nuclear DNA.
They were identified in the genomes of several Indonesians
(Biicking et al., 2019). Analysis of NUMTS in the genomes
of great apes revealed several fragments, for which the diver-
gence of their sequence from modern mtDNA of these species
indicated that they also entered the genomes of hominids as
part of nuclear DNA due to admixture of unknown extinct
species (Popadin et al., 2022). Interestingly, an analysis of
the time of appearance of Homo-specific NUMTS in the
human genome showed that the occurrence of a significant
number (one third of the 18 analyzed) of insertions coincided
in time with the estimated time interval of the origin of the
genus Homo, as well as with drastic climate change, i.e.
about 2.5-2.9 million years ago. Thus, speciation appears to
be associated with an increase in the rate of insertion of new
NUMTS into the genome. However, the question remains
open whether these insertions are just markers of a period of
genomic instability in the species’ history (“riders’) or whether
they play a significant role in speciation, changing the struc-
tural and expression architecture of the genome (“drivers”)
(Gunbin et al., 2017). The first hypothesis is supported by
data on a similar “explosion” in the frequency of NUMTS in
marsupial martens, which occurred during the same period
(Hazkani-Covo, 2022). The second hypothesis deserves at-
tention due to the fact that NUMTs are often found in regions
of open chromatin associated with DNase I hypersensitivity
and expression regulation (Wang, Timmis, 2013). The uneven
rate of organelle DNA insertions into chromosomes during
evolution is also demonstrated by homology analysis of
NUMTS and the “parental” organelle genomes: the distribu-
tion of NUMTS by extent of their sequence identity to the
mitochondrial genome shows that although these insertion
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events occur throughout the species history, the rate of the
process is not constant. For example, in Homo sapiens, most
NUMTS have 70 to 85 % identity with the mitochondrial ge-
nome, while in Phytophthora, the sequence identity is about
100 % (Hazkani-Covo, Martin, 2017).

Pathogenic effects of NUMTS

Random insertion of any DNA fragment into exonic or regula-
tory regions of genes can have a pathogenic impact. Cases of
hereditary diseases caused by de novo insertions of mtDNA
fragments into nuclear genes have indeed been described, but
it should be noted that they are rare (Table 2).

The first case of a disease associated with NUMTS was
described in 2002. Severe coagulation factor VII deficiency
was found in a patient who was a compound heterozygote: one
copy of the gene had a 7 bp deletion, and the other had a 251 bp
insertion from the MT-RNRI gene into the polypyrimidine
tract near the splice acceptor site in intron 4 of /7 (Borensz-
tajn et al., 2002). In 2003, a sporadic case of Pallister—Hall
syndrome was characterized: a de novo 72-bp insertion from
mtDNA into exon 14 of the GLI3 gene resulted in a frameshift
and the formation of a premature stop codon (Turner et al.,
2003). Notably, the allele with this de novo NUMTS was of
paternal origin. In addition, several other cases of pathogenic
NUMTS disrupting splice sites or causing frameshifts have
been published. Given the large number of genetic tests being
performed (targeted and exome sequencing) that can poten-
tially detect such insertions, we can conclude that pathogenic
NUMTS in humans are extremely rare.

In contrast to the few cases of NUMTS leading to heredi-
tary diseases and syndromes, de novo insertions within exons
and regulatory sequences in malignant tumors are not so rare.
In one study, 220 somatic “tumor-specific” NUMTS were
identified within genes, and out of these, 13 were located in
the coding regions of genes (including 3 and 4 that disrupted
stop and start codons, respectively), and 16 were located in

Table 2. Known cases of diseases caused by insertions of mtDNA fragments

Reference

Insertion of a 251 bp fragment from MT-TF and MT-RNRT genes
(591-809) which occurred near acceptor splicing site in intron 4,

A 36 bp insertion into exon 9, originating from the MT-TL2 gene

(8,479-8,545) and MT-ATP6 (8,775-8,835) into exon 2

Disease Gene Event

Factor VIl deficiency F7
resulting in exon 5 skipping

Usher syndrome IC USHIC
(12,253-12,288)

Pallister-Hall syndrome GLI3 De novo 72 bp insertion into exon 14, originating
from MT-TS2 and MT-TL2 (12,244-12,315),
causing a frameshift and a premature stop codon

Mucolipidosis type IV MCOLNT  Insertion of 93 bp from MT-ND5 into exon 2,
resulting in splicing disruption

Lissencephalia PAFAH1B1 Insertion of 130 bp from the sequence of MT-ATP8
just upstream of the translation initiation site

The X-linked hyper-IgM syndrome  CD40LG
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Insertion of 147 bp from MT-RNR1 (664-805) into exon 1,
causing a translation frameshift and a premature stop codon
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the 3’ or in 5’ untranslated regions (Wei et al., 2022). Pos-
sibly, accumulation of somatic NUMTS with time may also
contribute to aging.

Recently, it was shown that insertions of mtDNA fragments
into introns can affect gene expression, i.e. transcription and
splicing, especially if the inserted fragments contain tRNA
genes that are capable of forming secondary structures. In
particular, one study examined the effect of such mitochon-
drial tRNA (nimtRNA) gene insertions on splicing, using
a splicing reporter gene construct (Hoser et al., 2020). The
experiments showed that nimtRNAs inserted into the intron of
the reporter gene enhance pre-mRNA splicing, depending on
their number and location, as well as the efficiency of splice
site recognition, while the insertion of nuclear tRNAs did not
have such an effect. In addition, this work demonstrated that
partial deletion of nimtRNA(Lys), located in intron 28 of the
PPFIBPI gene, reduces the likelihood of inclusion of exon
29 in the mRNA (Hoser et al., 2020). Thus, some NUMTS
may have a regulatory impact.

NUMTS as a source of artifacts
in mitochondrial DNA studies

MtDNA heteroplasmy

When studying mtDNA heteroplasmy, NUMTS can signifi-
cantly interfere with the results, especially in the case of low
levels of the mutant allele (Maude et al., 2019; Xue et al.,
2023). In particular, G. Dayama et al. (2014) identified 59 po-
sitions in mtDNA where false heteroplasmy caused by poly-
morphic insertions in the nuclear genome can be systemati-
cally detected. A comparison of enrichment methods for NGS
(hybridization or long-range PCR) and alignment approaches
(aligning reads on the whole genome or only on mtDNA,
using different threshold levels for heteroplasmy detection)
showed that a significant part of the “alternative” alleles in
heteroplasmic positions actually correspond to NUMTS al-
leles, and this effect is more pronounced when using a low
heteroplasmy threshold, a hybridization enrichment method,
and mtDNA as the only reference for alignment. On the other
hand, taking these factors into account leads to a decrease in
coverage depth and to the omission of truly heteroplasmic
positions in mtDNA (Li M. et al., 2012).

For the sample of a thousand individuals from the Swedish
population, analysis of complete mitochondrial genomes
showed that with an average mtDNA read depth of more than
2000x, about 40 % (373 out of 934) of mtDNA haplotypes
have “heteroplasmic” positions with a variant fraction of more
than 2 % (i.e. above the “noise level”) that is driven by va-
riants in NUMTS (Sturk-Andreaggi et al., 2023). At the same
time, 31 “heteroplasmic” positions were characterized by a
proportion of the alternative (associated with NUMTYS) allele
of more than 10 %, but the authors note that in these cases the
mtDNA reading depth was less than 100x (Sturk-Andreaggi et
al., 2023). Given that mtDNA mutations leading to the deve-
lopment of mitochondrial diseases are also heteroplasmic, and
the level of heteroplasmy can vary depending on the tissue,
it is important to take NUMTS existence into account when
performing genetic diagnostics (Yao et al., 2008).
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NUMTS and assessment

of mitochondrial DNA methylation level

Studies of the mitochondrial DNA epigenetics produce con-
tradictory results: some groups of researchers reveal a fairly
high level of cytosine methylation in mtDNA, while others
reveal a very low methylation level (see reviews (Byun et
al., 2013; Hong et al., 2013; Zinovkina and Zinovkin, 2015;
Maresca et al., 2015; Patil et al., 2019)). Analysis of these
publications suggests that the resulting estimates of the
proportion of methylated cytosines depend on the detection
methods. Since NUMTS are essentially pseudogenes, they
are expected to be methylated, and this is indeed supported
by direct determination of methylation levels using Oxford
NanoPore technology (Wei et al., 2022). In particular, our
own studies showed an extremely low (at the scale of error
rate) level of cytosine methylation in the regulatory region
(D-loop) of mtDNA; this estimate was obtained by sequencing
(NGS) of PCR products using sodium bisulfite-treated DNA
as a template (Golubenko et al., 2018).

Recent publications have shown that the true level of cyto-
sine methylation in mtDNA is indeed less than 1 %, and higher
values are caused by “interference” of signals from nuclear
pseudogenes (i.e. NUMTS) or the influence of nucleotide
context on base calling (Bicci et al., 2021; Guitton et al.,
2022; Shao et al., 2023). However, it should be noted that
DNA methyltransferase DNMT1 was in fact found in mito-
chondria, and its mitochondrial isoform is synthesized from
an alternative promoter (Shock et al., 2011). So, the existence
of DNA methylation in mitochondria cannot be completely
excluded, and for instance, it might occur during programmed
or pathological deactivation/degradation of mtDNA.

NUMTS and mtDNA copy number estimation

The presence of NUMTS is a major difficulty in the develop-
ment and use of methods for quantifying mtDNA copy number
per cell, i.e. the ratio of the number of copies of a mtDNA
region to the number of copies of a “control” nuclear gene.
Currently, several methods are used to determine mtDNA
copy number, the most popular of them is real-time PCR using
fluorescent dyes, including TagMan probes, as well as digital
PCR. Designing primers that could anneal only to mtDNA
involves significant difficulties, since almost the entire mtDNA
sequence is represented in the nuclear genome, and moreover,
a significant part of it is represented by a large number of
fragments, sometimes comparable to the number of mtDNA
copies in the cell. In addition, each individual lacks on ave-
rage four NUMTS from the reference genome sequence (Wei
et al., 2022). Thus, even a thorough BLAST analysis for the
primers and probes sequences that takes into account sequence
identity level of NUMTS and mtDNA, adding the high level
of polymorphism of mtDNA itself, does not always allow to
make an adequate assessment of the mtDNA copy number in
a cell. Probably, several regions of mtDNA should be used
simultaneously for these purposes.

NUMTS and forensic studies

Considering that events of de novo insertion of mtDNA frag-
ments into the nuclear genome are not extremely rare and
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their length can be large, data obtained by forensic experts
during molecular genetic examinations should be interpreted
with caution. If a large mtDNA insertion persists in the ge-
nome for several generations, or if a child “inherits” part of
the parent’s mtDNA genotype in its nuclear genome due to a
de novo insertion, then analysis of a total DNA sample will
yield a mixture of the two haplotypes (see, for example, Lutz-
Bonengel etal.,2021) and could potentially lead to false DNA
identification. In addition, co-amplification of NUMTS can
probably occur in other cases (for example, when analyzing
a degraded DNA sample, where the copy number of mtDNA
is low and comparable to the copy number of homologous
NUMTS in the sample under study (Bravi et al., 2000)). It
was shown that when analyzing data obtained using multiple
parallel sequencing (NGS, or MPS) methods, it is possible
to filter out NUMTS using bioinformatics methods, but in
forensic studies, researchers often deal with degraded DNA
samples from which only short fragments can be obtained,
and in this case bioinformatic “filtering” is less effective
(Marshall, Parson, 2021).

“Paternal inheritance” of mtDNA

The history of the search for the possibility of paternal in-
heritance of human mtDNA is quite interesting. Reports on
cases with a supposed contribution of mtDNA from sperm
mitochondria to the general pool of mtDNA in the zygote and
developing organism keep appearing in the scientific press.
A-recent sensational publication on this topic (Luo et al., 2018)
demonstrated three pedigrees where children inherited their
father’s mtDNA in a certain proportion and then passed it to
some of their children in the same proportion. The authors
suggested that the possibility of paternal mtDNA inheritance
was due to a variant of a nuclear gene with a dominant ef-
fect. This paper gave rise to an extensive scientific debate in
the following publications (Luo et al., 2019; Lutz-Bonengel,
Parson, 2019; McWilliams, Suomalainen, 2019), and also
stimulated further research in this area, which showed that
these cases can be explained by insertions of concatemers
(tandem linear copies) of mtDNA into the nuclear genome,
representing the so-called mega-NUMTS (Wei et al., 2020;
Bai et al., 2021). For example, one concatemer identified on
chromosome 14 consisted of 50 copies of mtDNA (Lutz-Bo-
nengel et al., 2021).

And yet, the final verdict on the topic of “intergenerational
transmission of the paternal mitochondrial genome” should
not be rendered, since it is still unclear how exactly the obli-
gate elimination of paternal mtDNA is ensured in the zygote.
Some studies show that there is no universal mechanism for
such elimination. For example, in nematodes, sperm mito-
chondria are “digested” in the zygote after fertilization using
the autophagy mechanism, but if it does not happen, then the
embryos are not viable. In mice (and, probably, humans), the
paternal mitochondrial genome is eliminated already in the
mitochondria of the sperm, which, therefore, do not contain
mtDNA at all. However, if for some reason mtDNA is not
completely degraded, then its presence in the mouse embryo
can be traced up to the morula stage (Luo et al., 2013).

The results of experiments on the introduction of human
mtDNA into mouse zygotes using microinjections, conducted
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at the Institute of Experimental Medicine in St. Petersburg,
attract attention in this regard. In some embryos and newborn
mice, human mtDNA was retained in some tissues, and in
some cases, it was transmitted to F1 and even F2 offspring
(Sokolova et al., 2004; Bass et al., 2006). Later it was de-
monstrated that mouse and human mitochondria successfully
merged with each other in cell fusion experiments, and also
produced “xenocybrids” containing the mouse cell nucleus
and human mitochondria, although they could not grow in
a medium requiring normal mitochondrial function (Yoon
et al., 2007). Thus, the formation of chimeric human and
mouse mitochondria is possible, and it is likely that after
microinjection into the mouse zygote, human mitochondria
were combined with mouse ones. It is unknown whether hu-
man mtDNA was integrated into mice nuclear genome in this
case, and additional experiments are needed to clarify this, but
given that human mtDNA was found in much less than half
of the offspring and not in all tissues, and that injections of
mitochondria were carried out into already fertilized zygotes,
it can be assumed that it was not contained in the nucleus but
specifically in the mitochondria.

Conclusion

The phenomenon of translocation of mtDNA fragments into
the nuclear genome is a special type of genomic variability
that deserves close attention. In recent years, it has been
shown that the prevalence of these events is much higher than
previously thought. The mitochondrial genome unexpectedly
appeared not as a subordinate “prisoner” of the eukaryotic cell,
but as an independent source of new material for the nuclear
genome. The role of this phenomenon in the life of the cell
remains unknown. Perhaps its understanding goes beyond the
framework of classical “deterministic” genetics and can be
explored in the paradigm of a new “postmodern” approach,
which assumes the multiplicity of patterns and processes of
evolution for the living forms, as well as the central role of
unpredictable events, that is, the non-adaptiveness of the main
path of evolution (Koonin, 2014). This suggests the need
for stochastic transformation of the genome in evolution,
“genomic instability” (Khesin, 1985) or “genome liberties”
(Puzyrev, 2002). It is worth noting that while genetics as a
science was developing in the frame of classical simplified
concepts regarding genes, mutations and heredity, the ideas
of gene mobility, as well as abruptness of mutational changes
and multiplicity of gene manifestations at the phenotypic level,
were expressed by many researchers since the end of the 19th
century (see in: Puzyrev, 2002; Golubovsky, 2011).

It is interesting that in the model of the evolution of entropy
and genome complexity proposed by E.V. Koonin, two sce-
narios are considered, including a “high-entropy” way, which
is accompanied by a decrease in gene density, and the opposite
“low-entropy” way, which consists of genome optimization
and maximum information density (Koonin, 2014). We can
say that the transfer of mtDNA fragments into the nuclear ge-
nome contributes to its evolution in the “high-entropy” mode,
while the mitochondrial genome itself followed the opposite
“low-entropy” scenario. It is noteworthy that these two paths
are governed, among other things, by the effective population
size, which is small in the first case (“high-entropy”) and
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large in the second (“low-entropy”); this rule surprisingly
corresponds to the diploidy (in most cases) of the eukaryotic
nuclear genome, on the one hand, and the large number of
mitochondria inhabiting them, on the other hand. It should
also be noted that it is the simplification of the genome fol-
lowing an abrupt increase in its complexity that is assumed
by this model as a general trend in evolution (Wolf, Koonin,
2013), and “an increase in the entropy of the genome ... can
be considered as a “genomic syndrome”, as the inability of
organisms with a small effective population size to cope with
the spreading of selfish elements and other processes leading
to the increase in entropy” (Koonin, 2014).

If we consider NUMTS from a “practical” point of view, it
has now been demonstrated that nuclear copies of mitochon-
drial DNA fragments in the human genome can introduce some
noise into the data obtained from experimental studies of the
mitochondrial genome, but may also carry some functional
load. At least, they serve as a variability source for modulation
of expression and splicing. In addition, they have significant
potential as polymorphic markers for evolutionary genetic
studies. Also, NUMTS may be involved in speciation, but this
issue requires further research. The significance of NUMTS
in the development of monogenic hereditary pathology is ap-
parently small, and their role in aging and the development
of multifactorial diseases, including cancer, remains to be
studied.
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Abstract. The review describes the hypothesis that the drivers of epigenetic regulation in memory formation are
transposable elements that influence the expression of specific genes in the brain. The hypothesis is confirmed by
research into transposon activation in neuronal stem cells during neuronal differentiation. These changes occur
in the hippocampus dentate gyrus, where a pronounced activity of transposons and their insertion near neuron-
specific genes have been detected. In experiments on changing the activity of histone acetyltransferase and inhibi-
tion of DNA methyltransferase and reverse transcriptase, the involvement of epigenetic factors and retroelements
in the mechanisms of memory formation has been shown. Also, a number of studies on different animals have
revealed the preservation of long-term memory without the participation of synaptic plasticity. The data obtained
suggest that transposons, which are genome sensors highly sensitive to various environmental and internal in-
fluences, form memory at the nuclear coding level. Therefore, long-term memory is preserved after elimination
of synaptic connections. This is confirmed by the fact that the proteins involved in memory formation, including
the transfer of genetic information through synapses between neurons (Arc protein), originate from transposons.
Long non-coding RNAs and microRNAs also originate from transposons; their role in memory consolidation has
been described. Pathological activation of transposable elements is a likely cause of neurodegenerative diseases
with memory impairment. Analysis of the scientific literature allowed us to identify changes in the expression of
40 microRNAs derived from transposons in Alzheimer’s disease. For 24 of these microRNAs, the mechanisms of
regulation of genes involved in the functioning of the brain have been described. It has been suggested that the
microRNAs we identified could become potential tools for regulating transposon activity in the brain in order to
improve memory.

Key words: long noncoding RNAs; long-term memory; miRNAs; retroelements; transposons; epigenetic factors.
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AHHoTauuA. B 0630pHOI CTaTbe OnrcaHa rMnoTesa, CoracHo KOTOPOW ApariBepaMm SNUreHeTUYeCKo perynaumm
B GOPMUPOBaHNY NaMATU ABMIAIOTCA MOOMbHbIE FeHeTMYECKIE NIEMEHTbI, BIMAIOLLME Ha SKCMpeccuio cneundrye-
CKWX reHOB B FOIOBHOM Mo3re. B noaTsepxaeHne npusefeHbl pe3ynbTaTbl HayUYHbIX NCCIEA0BaHNI O 3aKOHOMEpP-
HOW aKTUBaLUM TPAHCMO30HOB B HEMPOHAJIbHbIX CTBOSIOBbIX KneTKax npu anddepeHUnpoBKe HENPOHOB. [JaHHble
npoLecchbl NPONCXOAAT B 30HE HelporeHesa — 3y6yaTol N3BUIMHE TMMMNOKaMNa, rae onpeaenaoTca Hambonbluas
AKTUBHOCTb MOOWIbHBIX TEHETUYECKNX 3NTIEMEHTOB 1 UX MHCEPLMU B JIOKYCbl BONM3W FEHOB, SKCMPeCCUpyeMbIX
HeﬁpOHaMI/I Ccux aKTVIBaU,I/Ieﬁ. B SKCnepmmeHTax Nno NU3MeHeHU0 akKTUBHOCTU aueTmnTpch¢epa3bl T’MCTOHOB, NHTN-
6uposaHuio JHK-meTuntpaHcdepasbl 1 06paTHON TPAHCKPMNTa3bl 6bI0 NOKa3aHO BOBMIEYEHWNE SNMUTEHETUUYECKNX
$aAKTOPOB 1 PETPO3IEMEHTOB B MEXaHN3Mbl pOPMMPOBAHUA NaMATU. B TO e Bpema B psae paboT Ha pasHbIX Xu-
BOTHbIX MPOAEMOHCTPMPOBAHO COXPaHEHWe AONTOBPEMEHHON NamATU 6e3 yyacTna CHaNTUYeCKON NAacTMyHo-
cTn. NonyyeHHble faHHble MO3BONAT NPEANONOXKNTb, YTO TPAHCMO30HbI, ABMAIOWMECA BbICOKOUYYBCTBUTENbHBIMU
CEHCOPaMM reHOMa K PasfIyHbIM CPeAOoBbIM 1 BHYTPEHHUM BO34eNCTBMAM, OPMMPYIOT NaMATb Ha YPOBHE Afep-
HOrO KOAMPOBAHMA. OTO OTPAXKAETCA B 3MEHEHUN CUHANTUYECKOWN NMAACTUYHOCTU, YEM MOXKHO OOBACHUTbL COXpa-
HeHVe JONroBpPeMEeHHON NaMATH Nocsie YCTPaHEeHNA CUHANTUYeCKNX CBA3EN Y XKUBOTHbIX. [logTBepXKaeHnem cy-
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[MnoTe3a B3aMMOCBA3Y SMMIreHeTUYECKUX HaKTopoB
C TpaHcno3oHamy B OpMMpPOBaHMU MAMATY

XKaT GpaKTbl MPONCXOKAEHNSA OT MOBUIIbHBIX FEHETUYECKUX 3/1EMEHTOB GETKOB, HEMOCPEACTBEHHO YUaCTBYIOLVX B
$bopmMmpoBaHMM NaMATY, B TOM YKC/IEe B Nepefaye reHeTuyeckom nHGopmaLmmn yepes crHarncbl Mexxay HelipoHamMm
(6enok Arc). TpaHCMO30HbI — NCTOYHUKIM ASIMHHBIX Hekoaupytowmx PHK n mnkpoPHK, ponb KoTopbix B KOHCONW-
Jauuy namaTy onmcaHa. MNatonoruyeckas akTmBauma MOOUIbHBIX FEHETUYECKUX IEMEHTOB ABNAETCA BEPOATHOM
NPUYMHOW HeNpoaereHepaTUBHbIX 60e3HeN C HapyLweHnemM NaMATW. AHann3 Hay4YHoOW NnTepaTypbl NO3BOSINII HaM
06HapyXuUTb AaHHble 06 n3meHeHMnAX sKcnpeccmn 40 MrKpoPHK, npon3olueaLwmx ot TpaHCMO30HOB, Npu 6one3HNn
Anburenmepa. ina 24 n3 stnx MUKPoPHK onmncaHbl MexaHW3Mbl perynaumm reHoB, y4acTBYoWmX B QYHKLMOHNPO-
BaHVM rofioBHoro mo3ra. CaenaHo NpeAnonoXeHuve, YTo yCTaHOBNIEHHbIE HamMmn MUKPOPHK mornu 6bl cTaTb noTeH-
LManbHbIMU NHCTPYMEHTaMU AN1A Perynaumnm akTMBHOCTA TPAHCMO30HOB B FOJIOBHOM MO3re C Liefibio ynyylleHunA
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MO30HbI; SNnUreHeTnvyeckmne (baKTOpr.

Introduction

Memory is defined as the storage and use of received informa-
tion in the brain during adaptation to the environment during
the life of the organism. Memory includes the processes of
encoding, consolidation, storage of information, and recol-
lection. The molecular and cellular mechanisms of memory
formation are logically interpreted by the transmission of
nerve impulses between the synapses of many neurons.
Most modern researchers explain the processes of memory
formation by synaptic plasticity (SP) — the possibility of
differential changes in the strength of neuronal transmission
through certain synapses (with the weakening of some and
strengthening of other connections between neurons) (Ortega-
de San Luis, Ryan, 2022). There are four levels of memory
study: psychological, neurophysiological, biochemical and
cybernetic. According to the neurophysiological concept,
memory is divided into short-term and long-term memory
(LTM). Most modern neurophysiological theories boil down
to the role of synaptic plasticity in the formation of LTM,
which is closely related to the biochemical theory, since the
electrochemical reaction of the formation of a nerve impulse
turns into the biochemical process of the formation of new
proteins (Munin, Olenko, 2022).

Reconsideration of the classical hypothesis of synaptic
plasticity is necessary in connection with the growing eviden-
ce of memory retention without the participation of synaptic
plasticity. The results of the first experiments in this area were
published in 1984. Preservation of odor avoidance memory
formed at the caterpillar stage was revealed in mature Man-
duca sexta moths after metamorphosis with reorganization
of synapses (Levine, 1984). The memory of recognizing a
textured surface to determine the presence of food was re-
tained in planarians after head removal and subsequent brain
regeneration (Shomrat, Levin, 2013). In a coculture of mo-
tor and sensory neurons from the sea hare Aplysia, memory
for training with interval serotonin pulses persisted after
its apparent elimination by anti-mnemonic drugs that erase
learning-associated synaptic growth (Chen et al., 2014). In
experiments on mice, the restoration of fear memory was de-
termined when engram cells were reactivated in the absence of
synaptic changes (after administration of the protein synthesis
inhibitor anisomycin) (Ryan T.J. et al., 2015).

Various genes are involved in the formation of LTM, the
most famous of which is CREB (cAMP-responsive element
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binding protein). Mutations in the CREB gene cause memory
deficits in mice (Hegde, Smith, 2019). The CREB gene pro-
duct, together with glucocorticoid receptors, is involved in the
intracellular mechanisms of the influence of glucocorticoids on
LTM formation in the hippocampus (Buurstede et al., 2022).

Experiments on Drosophila demonstrated the role of the
beta-catenin gene (CTNNBI) in the consolidation of LTM due
to its effect on Wnt signaling pathways (Tan Y. et al., 2013).
Systematic reviews of data accumulated in the scientific
literature have shown a stimulating effect of transcription
factors on memory development, which are protein products
of the expression of the following genes: NF-xB (Kaltschmidt
B., Kaltschmidt C., 2015), Zif268, XBP1, Srf, Npas4, Foxpl,
Crtcl, c-Rel (Hegde, Smith, 2019). In addition to the genes
necessary for memory consolidation, which also include NR2B
(encodes a subunit of the inotropic glutamate receptor N-
methyl-d-aspartate), memory suppressor genes, which include
AIM2,ATF4, BChE, Becl, CCRS, Cdk5, Crtll, Diapl, Dicerl,
DFF45,GABAaB3, GABAARa4, Gabra 4, Galectin-3, GAT1,
OR2,Np65,Hcenl, Hdac2, Mef2, Kvp1.1, PDE1b, Paip2a, Pkr,
GCN2, IRS2, RGS14, RARalpha, p75NTR, PDE44, Oggl,
PERK, RPTPsigma, Piwil, Piwi2, S100b, TLCN, Pde4d/8b,
11b-HSD1, are important in the regulation of LTM (Noyes
etal., 2021).

The results obtained indicate the presence of other mecha-
nisms for maintaining LTM, which are realized in the form of
synaptic plasticity. Most likely, memory is consolidated at the
level of nuclear DNA under the driver influence of transpos-
able elements (TEs), which rearrange the chromatin structure
upon their activation, and are also integrated into specific loci
during neuronal differentiation (Perrat et al., 2013; Upton et
al., 2015). Chromatin remodeling under the influence of epi-
genetic modifications is necessary for the preservation and
maintenance of memory, since it is reflected in changes in gene
regulation in the brain. Epigenetic factors include cytosine
methylation at CpG dinucleotides, chromatin modifications,
and non-coding RNAs (ncRNAs), all of which are involved
in long-term memory formation (Lipsky, 2013). The role of
epigenetic factors in memory formation has been proven in
experiments. Exposure to a DNA methyltransferase inhibitor
destroyed fully consolidated fear memory one month after its
onset (Miller et al., 2010).

Enhancing histone acetylation by manipulating the activi-
ty of a specific isoform of histone acetyltransferase (HAT) in
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neurons significantly reduced memory consolidation (Jarome,
Lubin, 2014). The formation of LTM is influenced by specific
histone modifications: H2BK 120ub, H3K9me2, H3K36me3,
H3K27me3, H3K9me3, H3K4me3, H3K14ac, H3K9ac
(Hegde, Smith, 2019).

At the same time, DNA methylation and chromatin reorga-
nization enzymes interact with microRNAs (Mustafin, Khus-
nutdinova, 2017), which can also serve as guides recognizing
complementary genome sequences in the mechanism of RNA-
dependent DNA methylation (Chalertpet et al., 2019). This
phenomenon suggests the role of TEs as drivers of epigenetic
regulation of memory, since transposons are important sources
for the emergence of microRNA genes (Wei et al., 2016). The
role for TEs in regulation of neuronal function in humans
was suggested in a 2022 review (Chesnokova et al., 2022).
Although TEs cannot be the drivers of all epigenetic changes
associated with mnestic processes, they are the evolutionary
sources of many microRNAs (Wei et al., 2016), most long
non-coding RNAs (IncRNAs) (Johnson, Guigo, 2014), and can
themselves be transcribed directly into IncRNAs (Lu X. etal.,
2014; Honson, Macfarlan, 2018). Consequently, transposons,
to one degree or another, participate in most epigenetic and
gene networks regulating genome functioning. In addition,
TEs themselves are under the control of epigenetic changes,
in part due to the mutual regulatory effects of microRNAs
derived from them (Mustafin, Khusnutdinova, 2017).

Epigenetic regulation of transposons involves KRAB zinc
finger proteins via heterochromatin initiation complexes,
which modify histones and alter DNA methylation (Wolf et
al., 2015). More than half of the binding regions for the PLZF
(Promyelocytic Leukemia Zinc Finger) protein, a member of
the Kriippel-type zinc finger family, are located within the
LINE1 element genes (Lapp, Hunter, 2016). The SOX2 and
HDACI control LINEI activity by binding to the transcrip-
tional repressor methyl-CpG-linked protein-2 (MeCP2). There
are many other ways to regulate transposon activity, which
include the APOBEC3 (Mager, Stoye, 2014), APOBECI,
ERCC, TREX1, RB1, HELLS, MEGP2 (Rodic, Burns, 2013),
SIRT6 proteins (Van Meter et al., 2014).

In the MDTE DB database, 661 human microRNAs de-
rived from TEs have been published (Wei et al., 2016). In
neuronal stem cells (NSCs), transposon activation promotes
genomic mosaicism of maturing neurons, which is necessary
for their differentiation (Muotri et al., 2005). These changes
are found in the zone of neurogenesis, the dentate gyrus of
the hippocampus, not only in experimental animals, but also
in humans (Coufal et al., 2009; Baillie et al., 2011; Kurnosov
et al., 2015). In this case, TEs are inserted into genes or near
genes involved in the functioning of neurons (Upton et al.,
2015), and the hippocampus plays a key role in learning and
memory formation (Zhang H. et al., 2021).

TEs can be activated under the influence of environmental
factors, the signals of which enter the brain through neural
networks, since transposons are highly sensitive sensors of
environmental and internal changes (Mustafin, Khusnutdi-
nova, 2019). Transposons are regions of the genome that
move within the genome using the mechanism of “cut and
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paste” (DNA transposons) and “copy and paste” (retroele-
ments — RE). REs may contain long terminal repeats (LTR-
REs) or not contain them (non-LTR-REs). In humans, the
latter include autonomous REs (LINEs — long interspersed
nuclear elements) and non-autonomous ones (SINEs — short
interspersed nuclear elements, SVA — SINE-VNTR-Alu ele-
ments) (Mustafin, Khusnutdinova, 2017).

Most IncRNAs, like microRNAs, are derived from trans-
posons. On average, 41 % of IncRNA exons contain RE se-
quences, and 83 % of them contain at least one transposon
fragment (Johnson, Guigo, 2014; Wei et al., 2016). Moreover,
LINEI transcripts themselves function as IncRNAs, interact-
ing with specific regions of chromatin and regulating gene
expression (Honson, Macfarlan, 2018), and LTR-REs serve
as genes for many IncRNAs (Lu X. et al., 2014). Therefore,
the participation of ncRNAs in memory storage indicates the
importance of transposons in these processes.

The role of non-coding RNAs

in memory formation

The tissue specificity of IncRNAs exceeds that of proteins.
In the regulation of stem cell differentiation, they interact
with REs (Ramsay et al., 2017). IncRNAs are formed from
intergenic regions of eukaryotic genomes, characterized by
tissue-specific transcription, from overlapping and antisense
patterns relative to adjacent genes, which they regulate (Arendt
et al., 2017). This allows them to determine a variety of cel-
lular phenotypes, especially in the brain (Lapp, Hunter, 2016),
which may reflect the role of transposons in these processes
(Coufal et al., 2009; Baillie et al., 2011). RNA sequencing
analysis with induction of long-term potentiation (LTP) in the
dentate gyrus of rats after high-frequency stimulation of the
perforant pathway showed a positive, pronounced correlation
of the dynamic expression of IncRNAs with REs and protein-
coding genes (Maag et al., 2015).

Anumber of scientific works have shown the role of specific
IncRNAs in memory consolidation. Experiments on rodents
revealed that IncRNA NEAT1 is an epigenetic suppressor
of LTM formation in the hippocampus (Butler et al., 2019).
Increased expression of the IncRNA SLAMR was detected
in hippocampal neurons under the influence of contextually
conditioned fear. SLAMR is transported to dendrites via the
molecular motor KIF5C and is recruited to the synapse in
response to stimulation. SLAMR modulates the activity of
the CaMKIla protein, which plays an important role in synap-
tic plasticity in synaptoneurosomes (Espadas et al., 2023).
IncRNA Carip also interacts with the CaMKII protein, which
controls the phosphorylation of AMPA and NMDA receptors
in the hippocampus, affecting spatial memory. In the absence
of Carip, synaptic plasticity dysfunction occurs in CA3-CAl
in the hippocampus, indicating the role of this IncRNA in
memory regulation (Cui et al., 2022). Since many IncRNAs
are expressed in the brain, they may regulate genes of LTM
(Samaddar, Bnerjee, 2021).

At least 70 % of human miRNAs are expressed in the
brain, with a specific miRNA activation pattern for each re-
gion (Chen, Qin, 2015). In hippocampal neurons, induction
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of Dicer by the BDNF protein leads to increased synthesis
of miR-7a, -7b, -7f, -9, -107, -124a, -125b, -132, -134, -143,
-375, which are involved in the regulation of memory (Leal
et al., 2014). A systematic review of the scientific literature
showed an increase in the expression of miR-124, miR-134,
miR-2006, as well as a decrease in the expression of miR-9-3p,
miR-92, miR-195 and the miR-183/96/182 cluster during
LTM consolidation (Grinkevich, 2020). miR-124 and miR-12
promote the formation of the early phase of long-term memory
(Michely etal., 2017). Because miRNAs play a role in normal
memory formation, their abnormal expression may play a role
in the development of neurodegenerative memory-impairing
diseases such as Alzheimer’s disease (AD). A systematic
review of the scientific literature conducted in 2019 showed
the post-transcriptional regulatory influence of specific mi-
croRNAs on the mRNA of genes involved in the pathogenesis
of AD. It was revealed that miR-17, -655, -644, -323-3p, -153,
-147, -20a bind to APP protein mRNA. miR-1306, -451, -181,
-144, -107, -103, -9 have an inhibitory effect on a-secretase
ADAMI10; miR-101, -107, -384, -339-5p, -200b, -195, -186,
-135a, -29a, -29b-1, -29c¢ inhibit B-secretase BACE1 (Patel
etal., 2019).

The role of retroelements

in the consolidation of long-term memory

The role of REs in the formation of long-term memory is
evidenced by the results of experimental work of independent
researchers. Thus, by inhibiting LINE1 in the hippocampus of
mice, the role of REs in memory consolidation resulting from
genomic mosaicism was determined. To do this, the animals
were placed on an illuminated side, after which they were
allowed to move to the dark side of the chamber, where they
were exposed to current. The learning memory was reflected
in an increase in mouse latency when moving to the dark
side of the chamber. Long-term memory was significantly
impaired 72 hours after hippocampal administration of the
reverse transcriptase inhibitor lamivudine (Bachiller et al.,
2017). Another study of context-dependent fear memory, in
addition to demonstrating significant suppression of long-
term memory following lamivudine administration, identified
LINE1 expression in the hippocampus and prefrontal cortex
during fear memory using quantitative real-time PCR of
hippocampal and prefrontal cortex samples (Zhang W.J. et
al., 2021). A significant number of TEs transpositions (more
than 200 per cell) in memory-related neurons have also been
identified in the Drosophila brain (Perrat et al., 2013). Since
the results of many of the studies cited in the review reflect
correlational relationships and require more direct confirma-
tion of the effect of transposons on memory, such as single-
cell sequencing of the hippocampal region and specific areas
of the cerebral cortex before and after long-term memory
training.

According to data from the ENCODE and FANTOM con-
sortia, transposon activity depends on the cell type and affects
the expression of neighboring genes. TEs are of greatest im-
portance in brain function regulation, providing adaptive
functions of the central nervous system. In response to the
effects of steroids, epigenetic and environmental factors, they
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change the functioning of neurotransmitter systems to adapt
to changing environmental conditions, including LTM forma-
tion (Lapp, Hunter, 2016). Activated REs play a regulatory
role not only for NSCs, but also in the late phase of neuronal
differentiation (Muotri et al., 2010), controlling the specific
pattern of gene expression in neurons located in certain areas
of the brain, due to which memory is formed (Singer et al.,
2010). In the mouse hippocampus, SINE expression profiles
are cell type specific. In response to brief exposure to a novel
stimulus, SINEs are activated in dentate granule neurons over
a time course similar to that of protein-coding genes (Linker
et al., 2020).

LTR-REs play an important role in the development of
long-term memory. The protein product of the HERV env gene
activates BDNF (brain-derived neurotrophic factor) (Huang et
al., 2011), which is involved in synaptic transmission and LTP
in the hippocampus and other brain regions for the formation
of various forms of memory (Leal et al., 2014). In evolution,
the domestication of LTR-REs led to the formation of genes
that are key to long-term memory. According to computer
analysis (Campillos et al., 2006), confirmed by phylogenetic
studies (Ashley et al., 2018; Pastuzyn et al., 2018), the Arc
gene (Activity-regulated cytoskeleton-associated protein) in
humans originated from ERV Ty3/gypsy. The Arc protein
regulates synaptic plasticity in the control of signaling net-
works during memory consolidation. Arc gene transcripts are
transported to dendrite synapses, where they are synthesized
into protein on ribosomes. Arc forms a capsid that encapsulates
its own mRNAs. The resulting virus-like structures are loaded
into extracellular vesicles and transported to neurons, trans-
mitting genetic information and regulatory signals through
neural networks, which is necessary for the formation of LTM
(Ashley et al., 2018; Pastuzyn et al., 2018).

The Prp8 protein, which is a component of the eukaryotic
spliceosome, evolved from ERV reverse transcriptase (Dla-
ki¢, Mushegian, 2011). Experiments on Drosophila demon-
strated the key role of Prp8 in controlling the expression of
the neuropeptide FMRFa in neurons (Cobeta et al., 2018). The
TERT protein, derived from retroelement reverse transcriptase
(Kopera et al., 2011), regulates spatial memory formation by
modulating neuronal development in the hippocampus (Zhou
et al., 2017). The Gag ERV protein gave rise to the PEG10
protein, which interacts with ATXN2 and ATXN10 in stress
granules and extracellular vesicles and regulates neuronal mi-
gration during LTM formation (Pandya et al., 2021). In evolu-
tion, Gag also became the source of the CCHC type of zinc
finger protein (encoded by the SIRH11/ZCCHC16 gene). Dele-
tion of the SIRH11/ZCCHC16 gene in mice causes abnormal
behavior associated with cognitive abilities, including working
memory (Kaneko-Ishino, Ishino, 2016). The Gag gene was
the origin of the RTLI/PEGI1I gene expressed in the brain.
Mice with knockout of the paternal allele (Rtl1m+/p—) showed
decreased memory (Chou et al., 2022). The data obtained on
the role of ERV-derived proteins in LTM formation indicate the
potential participation of ERVs themselves in these processes.

Thus, the strength of the hypothesis of the role of transpo-
sons in the formation of long-term memory is the presence
of direct experimental evidence of the participation of REs in
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these processes (Singer et al., 2010; Huang et al., 2011; Perrat
etal., 2013; Leal et al., 2014; Lapp, Hunter, 2016; Bachiller
et al., 2017; Zhang W.J. et al., 2021). There is also indirect
evidence of the importance of mobile genetic elements in
the mechanisms of long-term memory, since REs are the
evolutionary sources of proteins involved in the formation of
memory, such as Arc (Campillos et al., 2006; Ashley et al.,
2018; Pastuzyn et al., 2018), Prp8 (Dlaki¢, Mushegian, 2011;
Cobeta et al., 2018), TERT (Kopera et al., 2011; Zhou et al.,
2017), PEG10 (Pandya et al., 2021), CCHC type zinc finger
protein (Kaneko-Ishino, Ishino, 2016).

TEs are also sources of microRNAs (Wei et al., 2016) and
long ncRNAs (Johnson, Guigo, 2014), which are actively
involved in the epigenetic regulation of LTM. Therefore, the
strength of the proposed hypothesis is the explanation of the
mechanisms of influence of environmental stimuli on epige-
netic factors, since in these processes REs are effective media-
tors, sensitive not only to stress, but also to many external and
internal factors, perceiving information for the adaptation of
the body (Mustafin, Khusnutdinova, 2019), which corresponds
to the definition of memory (Ortega-de San Luis, Ryan, 2022).
Moreover, the ability of REs to insert into new loci of the
genome, thereby changing the expression of specific genes
involved in the formation of long-term memory, in contrast
to the synaptic plasticity hypothesis, explains long-term con-
solidation at the genome level (Perrat et al., 2013; Bachiller
etal., 2017; Zhang W.J. et al., 2021).

The proposed hypothesis is also supported by the high rate
of information consolidation at the genome level (compared
to the possible influence of the potential on protein synthesis
on ribosomes) due to the activation of REs, since TEs are
involved in many gene and epigenetic networks (due to the
presence of sequences complementary to non-coding RNAs
derived from TEs). Therefore, environmental stimuli that ac-
tivate TEs can quickly affect changes in gene networks, which
is sufficient for the formation of LTM.

A possible counterargument to the role of transposons
in memory formation can be the fact of activation of REs
during aging, which is characterized by a decline in cognitive
functions and memory. However, a systematic review of the
scientific literature showed that the cause of aging is a patho-
logical activation of REs (Mustafin, Khusnutdinova, 2018a),
while for ontogenesis, starting from the division of the zygote
and until reaching the sexually mature state of the organism,
species-specific activation of strictly defined transposons oc-
curs, including in the brain (Mustafin, Khusnutdinova, 2018b).
This statement is supported by pathological activation of REs
in diseases associated with old age, characterized by impaired
long-term memory.

Relationship between transposons

and microRNAs in memory disorders

Prospects for studying the relationship of TEs with epigenetic
factors in the formation of LTM in health and disease are
associated with the possibility of correcting disorders, since
epigenetic changes are reversible. Although TE expression is
required for normal memory consolidation, their pathological
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activation is a factor in the development of neurodegenerative
diseases. Experiments on mice modeled for AD showed im-
pairment of long-term memory due to derepression of REs (El
Hajjar et al., 2019). G-quadruplex derived from evolutionarily
conserved LINE1 suppresses gene expression in Alzheimer’s
disease neurons (Hanna et al., 2021). In the mouse brain, tau
proteins activate ERVs, increasing their DNA copy numbers
(Ramirez et al., 2022), and in patients with Alzheimer’s
disease, decondensation of heterochromatin and reduction in
piwi and piRNA levels activate HERVs (Sun W. et al., 2018),
LINE1 and Alu (Grundman et al., 2021).

Since microRNAs are also characterized by changes in ex-
pression during normal memory formation (Leal et al., 2014;
Chen, Qin, 2015; Michely et al., 2017; Grinkevich, 2020) and
in Alzheimer’s disease (Patel et al., 2019), these changes may
be associated with pathological TE activation. To confirm
this assumption, we analyzed the scientific literature on the
relationship between microRNAs and TEs in Alzheimer’s
disease. For this purpose, we studied the results of studies
on changes in the expression of microRNAs derived from
mobile genetic elements (according to the MDTE database
(Wei et al., 2016)) in Alzheimer’s disease. As a result, 40
such microRNAs were discovered, which indicate the role
of microRNAs interconnected (due to complementarity of
nucleotide sequences) with TEs in the mechanisms of memory
formation in humans under normal and pathological condi-
tions. For 24 of these miRNAs, functional significance in the
brain was described (see the Table).

Conclusion

Investigation of the role of epigenetic factors in normal and
pathological long-term memory formation is promising due
to the reversibility of changes occurring under their influen-
ce and the possibility of influencing them with the help of
microRNAs. The most likely drivers of epigenetic regulation
of genes during memory formation are TEs — highly sensitive
genome sensors to environmental and internal influences. This
is evidenced by the preservation of long-term memory with the
complete elimination of synaptic connections. TEs consolidate
memory at the level of nuclear DNA due to a programmed
pattern of their activation and transposition. An analysis of
the scientific literature made it possible to find evidence of
the role of TEs, IncRNAs and microRNAs interconnected
with them in the formation of memory in health and disease.
In Alzheimer’s disease, changes in the expression of 40 mi-
croRNAs derived from TEs were determined, the majority
of which originate from REs (24 microRNAs — from LINEs,
7 — from SINEs, 5 — from ERVs).

It can be assumed that in the future the identified mi-
croRNAs may become objects and tools for regulating the
activity of TEs in the brain. The proposed hypothesis of the
role of REs in the formation of LTM explains the missing
links in the theory of synaptic plasticity, since activated
transposons form insertions in specific genomic loci that
change the expression of genes involved in the development
of memory, which explains the consolidation of LTM at the
level of nuclear coding.
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Association of transposon-derived microRNAs with Alzheimer’s disease

microRNA

miR-1202
miR-1246
miR-1271

miR-151

miR-192
miR-211

miR-224

miR-28

miR-31
miR-3199

miR-320c

miR-3200
miR-325

miR-326

miR-335

miR-340
miR-342

miR-3646
miR-378a

miR-384

miR-4286
miR-4422
miR-4487
miR-4504
miR-4772
miR-495

miR-502
miR-511

miR-517
miR-545
miR-566
miR-576
miR-582

microRNA
source

LINE1
ERVL
LINE2

LINE2

LINE2
LINE2

MER135

LINE 2

LINE2
LINE2

LINE2

ERV-L
LINE2

hAT-Tip100

SINE

TcMar
SINE

SINE
SINE

LINE/Dong-R4
LTR/ERVL
LTR/Gypsy
LINE1

LINE1

LINE1

ERVL

LINE2
LINE1

SINE/Alu
LINE2
SINE/Alu
LINE1
LINE/CR1

Changes in microRNA expression
in Alzheimer’s disease (author)

(1 - increase, | — decrease)
1 (Henriques et al., 2020)

1 (Guo et al., 2017)

| (Majumder et al,, 2021)

1 (Satoh et al., 2015)

| (Qin etal.,, 2022)

1 (Sierksma et al., 2018;
Lietal, 2021)

1 (Sun X. etal., 2023)

1 (Hong etal, 2017;
Zhao et al., 2020)

| (Barros-Viegas et al., 2020)
1 (Sun C.etal,, 2021)

1 (Raheja et al., 2018;
Boese et al., 2016)

| (Satoh et al., 2015)
| (Barak et al., 2013)

1 (Caietal, 2017)
1 (Bottero, Potashkin, 2019)

| (Tan X. et al., 2020)
| (Dakterzada et al., 2021)

1 (LuL.etal, 2021)
1 (Dong et al., 2021)

1 (Samadian et al., 2021)
| (Henriques et al., 2020)
| (Hajjri et al., 2020)

|l (Huetal, 2018)

1 (Eysert et al., 2021)

| (Luglietal., 2015)

1 (Yuen et al, 2021)

| (Satoh et al., 2015)
| (Wang etal,, 2023)

1 (Schipper et al., 2007)
| (Cosin-Tomas et al., 2017)
1 (Yaqub et al., 2023)

| (Liuetal., 2014; Xu X. et al., 2022)

| (Eysertetal., 2021)

The role of microRNAs in the brain (author)

Inhibits Rab1a and TLR4/NFkB signaling pathways (Song et al., 2020)
NA

Interacts with the mRNA of the tyrosine kinase receptors ALK and RYK
(Majumder et al., 2021)

Regulates memory in the hippocampus (Xu X.F. et al., 2019;
Ryan B. et al,, 2017)

Affects the TGF-B1 signaling pathway (Tang et al., 2019)

Regulates migration and differentiation of neurons
(Mainigi et al., 2016)

Inhibits the NLRP3 inflammasome (Sun X. et al., 2023),
regulates NPAS4, is involved in long-term memory (Bersten et al., 2014)

NA

Regulates LTP (Parsons et al., 2012)

Participates in the regulation of beta-amyloid expression
(Sun C.etal,, 2021)

NA

NA

Inhibits tomosyn protein expression (impairs synaptic plasticity
in the hippocampus (Barak et al., 2013))

Regulates genes involved in synaptic plasticity (Cohen et al., 2014);
in response to BDNF, it reduces Arc expression (Wibrand et al., 2012)

Modulates synaptic plasticity and spatial memory in the hippocampus
(Capitano et al., 2017)

Regulates the enzyme that breaks down amyloid precursor protein
(BACE1) (Dong et al., 2022)

NA

Inhibits the EZH2 gene, regulating the production of pro-inflammatory
cytokines (Weng et al., 2023)

Is involved in LTP maintaining (Gu et al., 2015)

NA

NA

Suppresses beta-amyloid-induced apoptosis (Hu et al., 2018)
Inhibits the APP-interacting FERMT2 gene (Eysert et al., 2021)
NA

Participates in memory formation in the hippocampus
(Puig-Parnau et al., 2020)

NA

Regulates neuronal differentiation by inhibiting the FKBP5 gene
(Zheng et al., 2016)

NA
NA
NA
NA
Suppresses FERMT2 gene expression (Eysert et al., 2021)
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Table (end)
microRNA  microRNA Changes in microRNA expression The role of microRNAs in the brain (author)
source in Alzheimer’s disease (author)
(1 - increase, | — decrease)
miR-603 TcMar 1 (Zhang C. et al., 2016) NA
miR-6087  LINE1T | (Lauetal, 2013) NA
miR-619 LINE1 | (Baek et al, 2021) Regulates circadian rhythm genes PPP1CB, PPP1CC, CREBBP, HELZ2,
NCOAT, TBL1X (Baek et al., 2021)
miR-659 LINE2 1 (Luglietal., 2015) Inhibits the progranulin gene (GRN) (Pisopo et al., 2016)
miR-664 LINE1T 1 (Schonrock et al., 2010) Binds to the 3'UTR of the NMDART gene mRNA, which stimulates GnRH
(Juetal., 2019)
miR-708 LINE2 | (Rahman et al., 2020; Regulates neuronatin synthesis (Vatsa et al.,, 2019)
Di Palo et al., 2022)
miR-885 SINE/MIR | (Tan L. et al., 2014) Inhibits KREMENT gene expression (Pan et al., 2022)

Note. NA - no data available.
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Abstract. Chromatin is not randomly distributed within the nucleus, but organized in a three-dimensional struc-
ture that plays a critical role in genome functions. Cohesin and condensins are conserved multi-subunit protein
complexes that participate in mammalian genome organization by extruding chromatin loops. The fine temporal
regulation of these complexes is facilitated by a number of other proteins, one of which is microcephalin (Mcph1).
Mcph1 prevents condensin Il from associating with chromatin through interphase. Loss of Mcph1 induces chromo-
some hypercondensation; it is not clear to what extent this reorganization affects gene expression. In this study, we
generated several mouse embryonic stem cell (mESC) lines with knockout of the Mcph1 gene and analyzed their
gene expression profile. Gene Ontology analyses of differentially expressed genes (DEGs) after Mcph1 knockout re-
vealed gene categories related to general metabolism and olfactory receptor function but not to cell cycle control
previously described for Mcph1. We did not find a correlation between the DEGs and their frequency of lamina as-
sociation. Thus, this evidence questions the hypothesis that Mcph1 knockout-mediated chromatin reorganization
governs gene expression in mESCs. Among the negative effects of Mcph1 knockout, we observed numerous chro-
mosomal aberrations, including micronucleus formation and chromosome fusion. This confirms the role of Mcph1 in
maintaining genome integrity described previously. In our opinion, dysfunction of Mcph1 may be a kind of “Rosetta
stone” for deciphering the function of condensin Il in the interphase nucleus. Thus, the cell lines with knocked-out
Mcph1 can be used to further study the influence of chromatin structural proteins on gene expression.
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[TonmyueHNe U XapaKTepUCTUKA JIVMHUNA
SMOPMOHAIBbHBIX CTBOJIOBbBIX KJI€TOK MBbIIIN
C HOKayTOM reHa Mcphl (MmukpoiiedaanH)

A.M. IOnycosa 1@, A.B. Cwmupuos (D1, T.A. llxaitaep (21, VL.E. TTpuctsxniok (91, C.I0. Kopa6aésa?, H.P. Barryaun (91 2

1 DepepanbHblii NCCNeROBATENbCKUI LeHTP VHCTUTYT ymtonorum u reHeTnkn Cnbrpckoro otaeneHnsa Poccuiickol akafgemmnm Hayk, HoBocnbupck, Poccns
2 HoBoCMOMPCKIMiA HaLMOHANbHbI KCCNefoBaTeNbCKNA FOCYAAPCTBEHHbIN yHUBepcuTeT, HoBOCM6MpCK, Poccms
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AHHOTauuA. XpOMaTUH B AAPE KNeTKW pacnpefenieH He XaoTUYHO, a UMeeT OpraH130BaHHYI0 CTPYKTYpPY, KOoTopas
OKa3blBaeT NpsmMoe BvsHMEe Ha GYHKLUMOHMPOBaHMe reHoma. OfHVMY 13 OCHOBHbIX apXMUTEKTYPHbIX 6ETKOB XPo-
MaTrHa B KNeTKax MIEKOMUTAIOWMX ABSIOTCA KOHCEPBATUBHBIE MyIbTUCYObeUHNYHbIE GEIKOBbIE KOMMEKCbI: KO-
re3nH 1 KOHAEHCUHbI. DTN KOMMEKCbl CMOCOBHbI MPOTArMBaTh NETIN XPOMATUHA, ONOCPeays KOHTaKTbl Mexay yaa-
neHHbIMKM yyacTkamy [IHK. ToHKas BpeMeHHas perynauus nx akTMBHOCTY OCYLLECTBAAETCA PAAOM APYrUX Genkos,
O[IMH 13 KoTopbiX — MUKpouedanuH (Mcph1). Mcph1 npenaTcTByeT B3anmMofAencTBII0 KOHAeHCKHa Il ¢ xpomaTHOM B
uHTepdase. MNpwn HapylweHun ero GyHKLMM HabnogaeTca MaclwTabHas peopraHn3aLma XpoMaTUHa, Bbi3BaHHasA aHo-
MasnbHOM 3arpy3Koi KoHaeHcKHa Il. Kak 3To cKa3blBaeTcs Ha SKCMPeccu reHoB, 0 CUX Nop Heu3BecTHo. B gaHHOM
NCCNeA0BaHMM Mbl CO3AaMN HECKOMBKO NIMHUIA SMOPUOHANBbHBIX CTBOMIOBbIX KNETOK MbllK C HOKAyTOM reHa McphT,
OXapaKTepr30Bany UX 1 NpoaHanv3npoBany Npodub SKCNpeccn reHoB. AHHOTaLMA AuddepeHLmanbHO aKcnpec-
CUPYIOLLVIXCA FEHOB B TEPMIVHAX FreHHOV OHTOJNOT MY BbisiBUJIa KAaTEropriv reHOB, OTHOCALLMECA K 06LLeMy MeTabonu3-
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Generation and analysis of mouse embryonic stem cells
with knockout of the McphT1 (microcephalin) gene

MYy U QYHKLMOHMPOBaHWIO OOOHSTENBHBIX PELIENTOPOB, HO HE K PETYNALMMN KIETOYHOTO LUKIA, ONCaHHOWN paHee
ana Mcph1. Mbl Takxe He OGHaPYXUSIN KOPPENALMM MEXIY reHamMW, N3MEHUBLUVMU CBOK TPAHCKPUMLIMOHHYIO aK-
TUBHOCTb Nocsie HokayTa Mcph1, n BepOATHOCTbIO X TOKanv3auuy Ha AgepHon naMuHe. 3TOT pe3ynbTaT CTaBUT Nog,
COMHEHWMe runoTesy o BANAHUM ONOCPEA0BaHHO HOKayTOM Mcph T apXUTEKTYpbl XPOMAaTVHA Ha SKCMPECCUIO FTeHOB.
Cpepnu HeraTrBHbIX 3bdeKToB HoKayTa Mcph1 Mbl HabMIOAANIN MHOXECTBEHHbIE XPOMOCOMHbIe abeppauuu, BKoYasa
HapyLUEHUA CErperayun XpOMOCOM C 06pasoBaHNEM MUKPOAAEP, A TaKXKe CJIMSHNE XPOMOCOM. DTO NMOATBEPKAAET
OMMCaHHYI0 B NpeabIayLwmX nccnefoBaHnsax ponb 6enka Mcph1 B noggep»kaHny LeIoCTHOCTU CTPYKTYpPbl FeHOMA.
Mbi nonaraem, uto HokayT Mcph 1 MOXeT oKa3aTbCA CBOEOOPa3HbIM «PO3ETTCKM KaMHeM», CMOCOBHBIM paclumdpo-
BaTb GYHKLUMM KOHAEHCKHa |l B iHTepdasHom agpe. MonyyeHHble HAMU NMHUK SMOPUOHASbHbIX CTBOJIOBbIX KNETOK C
HoKayToM reHa Mcph1 mMoryT GbITb UCNOJIb30BaHbl A1 AaNibHELLEro N3yyeHns BAUAHUA CTPYKTYPHbIX 6eKoB Xpo-

MaTuHa Ha SKCnpeccuto reHoB.

Kniouesble cnosa: Mcph1 (MnkpouedanuH); KoHaeHcauma XpoMocom; SC KNeTKU MblLUW; TPAHCKPUMTOMHbIA aHanms.

Introduction

The three-dimensional organization of chromatin plays a
crucial role in maintaining genome stability and regulating
key cellular processes such as DNA replication, DNA repair,
and gene expression (Marchal et al., 2019; Stadhouders et
al., 2019; Sanders et al., 2020). Interphase chromosomes are
decondensed and distributed all over the nucleus. Contacts
between distant genomic regions are important in the regula-
tion of gene expression and mediated by CTCF and cohesin
complexes (SMC family of ATPases) (Dixon et al., 2012; Rao
etal., 2014) (Fig. 1). The transition from interphase to mitosis
leads to significant chromatin structure changes: chromosomes
become highly compacted due to the loading of condensin
complexes — other members of the SMC protein family (Earn-
shaw, Laemmli, 1983; Naumova et al., 2013). Condensin II
builds large regular chromatin loops early in mitosis forming
helically arranged axial scaffold, whereas condensin I gener-
ates smaller nested loops inside the large loop and promotes
the widening of the chromosomes. As mitosis progresses,
outer loops grow and the number of loops per turn increases,
promoting axial shortening of the chromosomes (Gibcus et
al., 2018) (Fig. 1).

In recent years, interest in condensin complexes as mo-
tor proteins involved in establishing chromatin loops has
greatly increased driven by advances in 3D genomics and
super-resolution microscopy methods. However, many of
their functions remain unclear. One of the most intriguing
questions is the role of condensin II in the interphase nucleus
(Wallace, Bosco, 2013). Unlike cytoplasmic condensin I,
which interacts with chromatin only after nuclear envelope
breakdown, condensin II is present in the nucleus throughout
interphase (Hirota et al., 2004; Ono et al., 2004). Some studies
suggest that condensin II loads coordinately with cohesin and
transcription factor TFIIIC onto chromatin at the promoters
of actively transcribed genes (Dowen et al., 2013; Yuen et al.,
2017). Other studies indicated that condensin II does not play
any significant role during interphase since the depletion of
condensin II in non-dividing cells does not lead to changes in
the spatial organization of the genome or gene transcriptional
activity (Abdennur et al., 2018; Hoencamp et al., 2021). It is
well established that condensin II’s activity during interphase
is blocked by microcephalin (Mcphl) (Trimborn et al., 2006;
Yamashita etal., 2011; Houlard et al., 2021). Mcphl is a mul-
tifunctional protein that also participates in DNA repair, cell
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Fig. 1. DNA loop extrusion by SMC (Structural maintenance of chromosomes) complexes during cell-cycle progression in WT and

Mcph1-depleted cells.
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cycle control, apoptosis, and chromatin remodeling (reviewed
by (Kristofova et al., 2022)). Mcphl binds to condensin II
through its short linear motif in the central domain thereby
blocking the condensin II interaction with chromatin (Houlard
et al., 2021). Disruption of Mcphl function leads to chromo-
some condensation of interphase nuclei (Fig. 1). As a result,
mutant cells acquire a unique phenotype characterized by
prophase-like compacted chromosomes during interphase
(Neitzel et al., 2002; Gruber et al., 2011).

It has been shown that in mouse embryonic stem cells
(mESCs) Mcphl knockout leads to altered chromatin archi-
tecture by enhancing the mixing of A and B chromatin com-
partments. This is consistent with microscopic observations —
highly condensed chromosomes become “individualized”
in the interphase nuclei, while the chromocenters have dis-
appeared (Houlard et al., 2021). Whether these chromatin
state changes can affect gene expression is not clearly un-
derstood. To address this issue, we generated mESCs with
stable Mcphl knockout and analyzed the changes in gene
expression profiles.

Materials and methods

Mouse embryonic stem cells culture. All AMcphl cell lines
were generated from mouse ES cells (Rad21-minilAA7-
eGFP) previously established in our laboratory (Menzorov et
al., 2019; Yunusova et al., 2021). Cells were cultured on the
plates coated with a 1 % gelatin solution under 2i conditions,
which ensures the pluripotency by specifically blocking the
MAPK-ERK pathway (PD0325901, 1 uM) and glycogen
synthase kinase 3 (CHIR99021, 3 uM) in DMEM (Thermo
Fisher), supplemented with 7.5 % ES FBS (Gibco), 7.5 %
KSR (Gibco), 1 mM L-glutamine (Sigma), NEAA (Gibco),
0.1 mM B-mercaptoethanol, LIF (1,000 U/ml, Polygen), and
1% penicillin/streptomycin (Capricorn Scientific). The growth
medium was changed to a fresh one every day. Upon reaching
appropriate confluence (70-80 %), the cells were passaged
every 2-3 days.

Gene targeting of the Mcphl gene in mESCs. The se-
quences of guide RNAs were taken from the article (Houlard et
al., 2021). gRNAs were cloned into the gRNA _cloning vector
(Addgene, 41824). For exogenous Cas9 expression, the vector
pCSDest2-2XNLS-SpCas9-WT-NLS-3XHA-NLS-TALentry
(Addgene, 69232) was used. The plasmids were introduced
into cells via electroporation (Neon Transfection System,
Thermo Fisher Scientific, USA) as follows: for each 10 ul
electroporation, 250,000 cells and 1 pg of total DNA (with an
equimolar ratio of the two vectors) were used. Electroporation
was performed following the manufacturer’s protocol under
conditions 6 and 10, previously determined as the most optimal
for efficiency/survival ratio for mouse ESCs in our laboratory.
After electroporation, cells were seeded into a 24-well plate
in pre-warmed media without antibiotics. The next day cells
were split into 10 cm dishes at low density. The medium was
changed every 2-3 days. After single-cell clones were visible,
a subset of clones was handpicked with pipette tips under the
light microscope and transferred into a drop of trypsin/EDTA
in each well of a 96-well plate, and then resuspended in growth
medium. Upon reaching a confluent density, subclones were
plated into two new 96-well plates (one for stock storage and
one for PCR-genotyping).
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For PCR-genotyping, cells were lysed in PBND buffer
(10 mM Tris-HCI, 50 mM KCl, 2.5 mM MgCl,, 0.45 % NP-40,
and 0.45 % Tween 20, pH 8.3) containing 1 pg/pl proteina-
se K (NEB, USA) for an hour at 55 °C. After inactivation of
proteinase K (95 °C, 10 minutes), 1 ul of lysate was used as
a template for PCR amplification of the Cas9-target site. The
target region included exon 2 of the Mcphl gene and was am-
plified using HS-Taq DNA Polymerase kit (Biolabmix, Russia)
under the following conditions: 95 °C for 30 s, followed by
34 cycles of 95 °C - 10°s, 60 °C — 20 s, 72 °C — 1 min, and
a final elongation at 72 °C for 5 minutes. The primers used
were: Mcphl-del-F — ACCACATGCTTTGGCGTAGA and
Mcphl-del-R - GCCAGACTCAAGTCTCCCAC. Amplified
DNA fragments were separated on 2 % agarose gel. For se-
lected subclones, amplicons were purified and their nucleotide
sequence was determined by Sanger sequencing.

Protein detection by Western Blotting. Growth medium
was discarded and cells were washed with PBS and scraped
from the surface in the presence of RIPA buffer (50 mM
Tris-HCI pH 8, 150 mM NaCl, 1 % Triton X-100, 0.5 % so-
dium deoxycholate, and 0.1 % SDS) containing the protease
inhibitor cocktail [1x Complete ULTRA, 1x PhosSTOP
(both from Roche, Switzerland), 5 mM NaF (Sigma-Aldrich,
USA)]. After that, the cell lysates were sonicated by three 10 s
pulses at 33-35 % power settings with UW 2070 (Bandelin
electronics, Germany). The sonicated samples were centri-
fuged at 14,000 g for 20 min at 2 °C, frozen, and stored at
—80 °C. The protein concentrations were quantified according
to instruction’s protocol by using Pierce BCA Protein Assay
Kit (Thermo Fisher Scientific, USA). Equal amounts of the
denatured total protein (20 pg) were separated on 10 % SDS-
PAGE gel and then transferred onto the Immun-Blot PVDF
membrane (Bio-Rad). After blocking in 5 % milk in TBST
(50 mM Tris base, 150 mM NacCl, 0.05 % (v/v) Tween 20) for
2 h, the membranes were incubated with primary antibodies
against Mcphl protein (D38GS5) Rabbit mAb #4120 (Cell
Signaling Technology, USA) at a 1:1,000 dilution overnight
at 4 °C. On the following day, after three washes with TBST
buffer (10 min) membranes were incubated with horseradish
peroxidase — conjugated secondary antibodies (Anti-rabbit
IgG #7074, Cell Signaling Technology) for 2 h at room tem-
perature. Detection was performed with Clarity™ (BioRAD,
USA) and iBright™ FL1500 (Thermo Fisher Scientific, USA).

RNA extraction and transcriptome sequencing. The
isolation of total RNA was performed using Trizol reagent
(Sigma-Aldrich, MA, USA) following the manufacturer’s
instructions. The isolated RNA samples were resuspended in
DEPC-treated water, then RNA concentration and quality were
assessed by spectrophotometry and gel electrophoresis. Total
RNA was sequenced on the BGISEQ-500 High-throughput
Sequencing Platform (BGI, Beijing, China). The expression
of RNA transcripts was quantified using Salmon (Patro et al.,
2017). All analyses were performed using R Statistical Soft-
ware (v4.3.2; R Core Team 2023). Raw counts were processed
and normalized by Log2 fold change using tximport (https://
github.com/thelovelab/tximport), genefilter (https://github.
com/Bioconductor/genefilter), GenomicFeatures (https://
github.com/Bioconductor/GenomicFeatures) and DESeq2
(https://github.com/thelovelab/DESeq?2). Volcano plots were
constructed using the EnhancedVolcano R package (https://
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github.com/kevinblighe/EnhancedVolcano). The heat map
was generated using the ComplexHeatmap (https://github.
com/jokergoo/ComplexHeatmap). The gene ontology term
enrichment analysis was carried out using the PANTHER
server (https://www.pantherdb.org). The set of genes specifi-
cally expressed in mESCs with a base mean level >100 was
used as a reference set.

To examine whether the differences in gene expression in
AMcphl cell lines were associated with the differences in
lamina association, we used the LaminB1-DamlID libraries
from (Borsos et al., 2019). Next, we determined the DamID
score in a 100 kb bin containing the coordinates of the tran-
scription start sites of DEGs (Supplementary Material 1)!. To
determine the correlation between the DamID score and the
magnitude of the change in activity (log2FoldChange), the
Pearson correlation coefficient was calculated for each gene.

Cell cycle analysis by flow cytometry. After trypsinization,
cell pellets were washed with PBS and resuspended in cold
70 % ethanol for fixation overnight at 4 °C. The next day, the
fixed cells were centrifuged and the fixative was thoroughly
removed. The cell pellet was suspended in PI solution (1 %
Triton X-100, 500 pg/ml propidium iodide, and 10 pg/ml
RNase A in PBS) and incubated for 30 min at room tempera-
ture. After that, cell cycle distribution was analyzed using a
BD FACS Aria flow cytometer (BD Biosciences, USA).

Chromosome spread analysis. Chromosome preparations
were obtained following standard protocols (Matveeva et al.,
2017). Briefly, cells were exposed to a 0.1 pg/ml colcemid
(Merck, Germany) in growth medium for 3 h. After, cells were
treated with 0.05 % Trypsin-EDTA solution (Capricorn Scien-
tific GmbH, Germany), hypotonic solution (0.25 % KCl and
0.2 % sodium citrate) was added directly to the culture plates
for 20 min at 37 °C. Then, cells were harvested, fixed with
Carnoy fixative (3:1 methanol:glacial acetic acid) and dropped
onto cold wet glass slides. Nuclear DNA was counterstained
with 1 pg/ml 4’,6-diamidino-2-phenylindole (DAPI) (Sigma-
Aldrich, USA). Representative images were captured under
a Carl Zeiss Axioscop 2 fluorescence microscope equipped
with a CoolCubel CCD-camera (Meta Systems, Altlussheim,
Germany) at the Public Center for Microscopy SB RAS, No-
vosibirsk. The fraction of PLCs was determined after counting
130 to 230 nuclei in two replicas for each sample. The total
length of all chromosomes in 15 metaphases for each sample
was measured in arbitrary units (au) using ImagelJ software.

Statistical analysis. Data analysis was performed using
GraphPad Prism software package, employing two-sided
Student’s t test or Analysis of variance (ANOVA). Differences
were considered statistically significant at p < 0.05.

Results

Generation and chromosome analysis of AMcph1 cells

Following the protocol described by (Houlard et al., 2021),
we generated mESCs with a deletion of exon 2 of the Mcphl
gene, consequently producing a gene knockout. Based on
PCR genotyping, we selected 3 clones (#23_ 1, #70, #85) and
confirmed the presence of the targeted deletion of exon 2 in

T Supplementary Materials 1-3 are available at:
https://vavilovj-icg.ru/download/pict-2024-28/appx18.xIsx
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clones #70 and #85 (Fig. 2a, b) by Sanger sequencing. We
were unable to obtain satisfactory Sanger sequence data for
clone #23 1 because of difficulties in resolving overlapping
sequencing signal peaks of heterozygous deletions. However,
this clone was included in further analysis. The absence of
Mcphl was confirmed by Western blotting for all subjected
clones (Fig. 2¢). For CRISPR/Cas9 off-targets analysis, we
utilized NGS data from three Mcphl-knockout cell lines
obtained previously by our group (unpublished data). We
found no detectable off-target editing at the predicted sites
(Supplementary Material 2).

It is known that dysfunction of Mcphl is associated with
an increased fraction of cells with prophase-like condensed
(PLCs) chromosomes in interphase (Arroyo et al., 2017; Hou-
lard etal., 2021) (Fig. 2d). For the mutant clones we calculated
the proportion of PLCs, which amounted to over 20-30 %,
significantly differing from that in the parental Mcph I+/+ cell
line (4 %) (Fig. 2e). Interestingly, this significant disruption
of proper temporal activation of chromosome condensation
does not affect the cell cycle progression. The proportion of
cells in different stages of the cell cycle was similar in both
parental McphI+/+and AMcphl cell lines, which is consistent
with previous findings (Arroyo et al., 2017; Houlard et al.,
2021) (Fig. 2f).

Additionally we measured the metaphase chromosome
length from AMcphl cell lines and compared it to the parental
line. Our analyses demonstrate that metaphase chromosomes
in Mcphl-depleted cells are significantly shorter than the
chromosomes of the parental line (Fig. 2g, /).

Moreover, we observed a significant increase in micronuclei
in Mcphl-lacking cells (Supplementary Material 3). In two
out of three AMcph 1 cell lines we detected the formation of a
Robertsonian metacentric chromosome by the fusion of two
acrocentric chromosomes (marked by the red arrowhead at

Fig. 2g).

Effects of Mcph1 knockout on gene expression in mESCs
To determine if specific interphase chromatin features affect
gene expression, we conducted a transcriptome analysis in
the AMcph1 cell lines and the control parental Mcphl+/+ cell
line. RNA-seq also confirmed the deletion of exon 2 of the
Mcphl gene in all targeted cell lines (Fig. 3a). The absence
of transcripts aligning to the second exon in AMcphl cell
lines unequivocally indicates successful CRISPR/Cas9-me-
diated targeting. According to RNA-seq data, the expression
level of Mcphl in knockout cell lines decreases threefold
(p-value = 1.05e—15) compared to the parental cell line, likely
due to the activation of the nonsense-mediated RNA decay
mechanism (Brogna, Wen, 2009).

To determine the changes in gene expression following
Mcphl knockout, we analyzed RNA-seq data from three in-
dependently derived knockout cell lines and compared them
with three replicates of the parental cell line. Genes with a base
mean expression < 100 were excluded from analysis. We found
that 876 genes significantly changed their expression level
(twofold or more) after Mcphl knockout (see Supplementary
Material 1 for the whole list of differentially expressed genes
(DEGs)). These DEGs are equally distributed between up- and
downregulated genes’ groups. Classification by Gene Onto-
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Fig. 2. The deletion of Mcph1 in mESCs induces chromosome condensation and metaphase chromosome shortening.

a, Representative PCR genotyping of genome-edited mESCs clones (three potential clones are shown as an example). b, Genotyping
of the potential clones by Sanger sequencing. ¢, Western blot analysis of parental Mcph1+/+ and AMcph1 cell lines. d, Representative
images of prophase-like nuclei (arrowheads) observed in the AMcphT cell lines. The nuclei were visualized through DAPI staining.
Scale bar: 10 um. e, Quantification of the percentage of prophase-like nuclei cells. Data represent the mean of two independent experi-
ments+SD. A minimum of 134 cells was examined in each experiment. Two-sided Student’s t test. f, Cell-cycle analysis through pro-
pidium iodide flow cytometry in parental Mcph1+/+ and AMcph1 cell lines. g, Representative images from a normal-sized metaphase
and a metaphase with hypercondensed chromosomes in AMcph1 cell lines. h, Mean length of all chromosomes in parental Mcph1+/+
and AMcph1 cell lines. The lengths were measured in arbitrary units (au); 15 metaphases were examined for each sample. One-way
ANOVA followed by Dunnett’s test.
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Fig. 3. Effects of Mcph1 depletion on gene expression in mESCs.

a, RNA sequencing coverage across the first three exons of Mcph1 in AMcph1 cell lines. b, Volcano plot of the significant DEGs between
parental cell lines and AMcphT cell lines. The x-axis represents the log2 fold change and the y-axis represents —log10 of each significant
DEG. Red spots beyond the dashed lines are considered to be significantly expressed at p < 0.05. ¢, Heat map of pluripotency gene
expression values for all the cell lines used. Each horizontal line represents a gene and each column represents a single sample. The
color intensity reflects the level of gene expression (red for upregulation and blue for downregulation). d, The correlation between DEGs
and LADs. For the gene sets with significantly altered gene expression after Mcph1 knockout (log2 fold change y-axis) DamID contact
frequency scores are shown (x-axis).
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Gene Ontology categories with FDR < 0.05 enriched after Mcph1 knockout in mESCs

GO biological process complete Over/under Fold enrichment Raw p-value FDR

Sensory perception of smell (GO:0007608) + 7.48 3.68E-08 4.95E-04
Sensory perception of chemical stimulus (GO:0007606) + 6.75 4.04E-08 2.72E-04
Oxidative phosphorylation (GO:0006119) + 339 5.83E-06 1.57E-02
Organic substance metabolic process (GO:0071704) - 0.81 5.66E-06 1.90E-02
Primary metabolic process (GO:0044238) - 0.80 6.55E-06 1.47E-02
Nitrogen compound metabolic process (GO:0006807) - 0.79 8.59E-06 1.65E-02
Macromolecule metabolic process (GO:0043170) - 0.76 2.14E-06 9.60E-03

logy (GO) terms revealed 5 significantly-affected categories  Discussion

(FDR p-value < 0.05) related to general metabolism and ol-
factory receptor activity (see the Table). Interestingly, terms
of sensory perception were not attributed to Mcphl knockout
before. While oxidative phosphorylation was highlighted
as one of the most affected pathways in primary cultures of
neural progenitors from Mcph! full-knockout mice (Journiac
et al., 2020).

We did not observe an enrichment of regulated genes as-
sociated with cell cycle control — pathways in which Mcphl is
known to be involved (Yang et al., 2008). In detail, there were
no significant differences in the expression levels of Chkl,
Breal, Topbpl, Ddb2, p73 and Tert, which were all reported to
show reduced expression following Mcph 1 knockout (Yang et
al., 2008). Contrary to previous reports, we observed a slight
but significant upregulation of Rad51 and Apafl expression
level in AMcph1 cell lines (log2FoldChange =—0.81, adjusted
p-value =3.27x107° for Rad51; log2FoldChange = 0.6, ad-
justed p-value = 6.38x1073 for ApafT).

One of the hallmarks of embryonic stem cells is their abili-
ty to differentiate into almost any cell type. Thus, the high
number of differentially expressed genes between parental
Mcphl+/+ and AMcphl cell lines might be a consequence
of cell differentiation after Mcphl depletion. To test this
hypothesis, we have further analyzed the expression levels
of key pluripotency markers such as Sox2, Pou5f1, Nanog,
Klf4, etc. We have not observed any significant or consistent
decrease in expression of these genes thereby indicating that
differentiation had not taken place (Fig. 3¢). Thus, Mcphl is
involved in the regulation of pluripotency in mESCs neither
directly nor indirectly through influencing global chromatin
organization.

The Mcphl depletion induces significant remodeling of
nuclear chromatin due to chromosome condensation. It can
be hypothesized that the formation of rod-shaped chromo-
somes during interphase may cause disruptions in chromatin
association with the nuclear lamina. Thus, we decided to find
a correlation between alterations in gene expression level
and frequency of contact with the lamina. Lamina-associated
domains (LADs) regions in mESCs were identified by DamID-
seqof Lamin B1 (Borsos et al., 2019). We found no correlation
between the DamID contact frequency scores and changes
in gene expression in mutant Mcphl cells (Fig. 3d). These
data suggest that Mcphl-mediated premature chromosome
condensation during interphase is not the one that leads to
changes in gene expression patterns of mESCs.
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Microcephalin (Mcphl) is found in all metazoa. This multi-
faceted protein plays an important role in multiple fundamental
cellular processes including DNA damage repair, cell-cycle
progression and apoptosis, regulation of chromosome conden-
sation and centrosome biogenesis. Loss-of-function mutations
of Mcphl cause primary microcephaly, associated with severe
reduction in brain volume and clinical decline in neurocogni-
tive function (Jackson et al., 2002). Previous studies have
shown that the expression level of Mcphl is decreased in
many types of cancers including breast cancer, lung cancer,
cervical cancer, etc. compared to normal tissue (Alsolami et
al., 2023). Thus, Mcph1 has attracted intense research interest
due to its crucial role in neurogenesis and cancer suppression
(Pulvers et al., 2015; Liu et al., 2016).

Numerous studies have implied that Mcphl plays an im-
portant role in chromosome maintenance (Arroyo etal., 2017;
Cicconi et al., 2020). Tracking the dynamics of mitosis pro-
gression in Mcph1-depleted cells in real time revealed a range
of anaphase defects and missegregated chromosomes that
become encapsulated in micronuclei (Arroyo et al., 2017).
Mcph1 specifically interacts with TRF2 in the shelterin com-
plex of telomeric DNA and promotes homology-directed re-
pair of dysfunctional telomeres. Moreover, Mcphl supports
telomere replication during the S-phase of the cell cycle by
counteracting replication stress (Cicconi et al., 2020). In our
study we also observed an elevated frequency of chromosomal
abnormalities including micronuclei and Robertsonian trans-
locations in the knockout AMcph lines (Supplementary Ma-
terial 3). According to the previously published data we also
detected a significant reduction in chromosome length for all
AMcphl cell lines (Gruber et al., 2011; Arroyo et al., 2017)
(Fig. 2h). A similar phenomenon of hypercondensed meta-
phase chromosomes was also observed in cells continuously
treated with nocodazole resulting in spindle destruction and
significant prolonged mitosis (Naumova et al., 2013). Thus,
increasing the duration of condensin loading to chromatin
either by prolonged metaphase arrest after nocodazole treat-
ment or chromosome condensation in interphase nuclei me-
diated by Mcphl knockout leads to the shortening of mitotic
chromosomes.

Several studies reported the transcriptional activity of
MCPHI1 (Lin, Elledge, 2003; Yang et al., 2008; Shi et al.,
2012). It was shown that in HEK293 cells MCPH1 acts as
a coactivator by forming a complex with the transcription
factor E2F1 and regulates a number of genes (such as CHK 1
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and BRCA1) involved in DNA repair, the cell cycle and apo-
ptosis (Yang et al., 2008). Furthermore, MCPHI was first
identified as an inhibitor of hTERT expression — that is why
MCPH] is also called BRITI (BRCT-repeat inhibitor of TERT
expression) (Lin, Elledge, 2003). Later it was demonstrated
that MCPH1 directly binds to the hTERT proximal promoter
leading to reduced hTERT expression and telomerase activity
(Shi et al., 2012). Comparative gene expression profiling of
neural progenitors in Mcphl knockout and wild-type mice
has revealed altered expression of genes controlling the cell
cycle and genes related to metabolic pathways (Journiac et al.,
2020). In our study we investigated the changes in the tran-
scriptional profiles of mESCs after Mcphl knockout. Among
significantly upregulated and downregulated (876) DEGs,
GO analysis revealed enrichment for general metabolism
and sensory perception of smell. Although it is hard to draw
direct connections to the known Mcphl functions, these data
show that mESCs may try to adapt their metabolism to chronic
chromatin hypercondensation. Furthermore, contrary to the
aforementioned studies, we found no significant differences
in the expression levels for 7ert or for genes implicated in the
cell cycle pathway after Mcphl knockout in mESCs. Thus,
contribution of Mcphl to the regulation of gene expression
appears to be species- and tissue-specific. This is also sup-
ported by the fact that most of the human-specific amino acid
substitutions in MCPHI1 resulted in changes in the regulatory
effects on the downstream genes (Shi et al., 2013).

It is now established that spatial organization of chroma-
tin in the nucleus is important for proper regulation of gene
expression. Mcphl knockout results in the loading of conden-
sin IT onto chromatin followed by chromosome condensation
during interphase. It is possible to assume that at least a part
of the expression changes after Mcphl knockout could be
explained by alterations in chromatin spatial organization. It
was previously shown that condensin I1 depletion contributes
to the folding of the human genome by shifting from chro-
mosome territories to Rabl-like polarized organization with
chromocenter formation (Hoencamp et al., 2021). Such drastic
reorganization affects the expression of a small fraction of
genes within LADs and near LAD borders (Hoencamp et al.,
2021). Knockout of Mcphl also leads to large-scale reorga-
nization but in the opposite manner: interphase chromosomes
are individualized into prophase-like rod-shaped chromatids,
while chromocenters have disappeared. In our transcriptome
analysis of mESCs with Mcphl knockout, we found no cor-
relation between changes in the expression level of genes and
their proximity to lamina. Thus, loading of condensin II onto
chromatin does not affects smaller-scale chromatin structures
such as LADs and TADs (topology associated domains) con-
tributing to the regulation of gene expression.

Conclusion

In this work we have generated mESCs with a knockout of
the Mcphl gene. Our conclusion is that Mcphl is likely not
involved in the regulation of gene expression in mESCs by
direct binding to target promoters or by modulation of spatial
chromatin organization, while the DEGs observed may be the
result of secondary effects due to persistent chromatin hyper-
condensation. These cell lines will be a valuable resource for
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CTBOJOBbIX KNETOK MbILUM C HOKayToM reHa Mcph1 (MykpouedannH) 28.5

investigating Mcphl-condensin II pathway in chromosome
maintenance, and could also be used to study Mcphl roles
in DNA repair.
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Abstract. One of promising areas of wheat breeding is the creation of varieties with a high concentration of anthocya-
nins in the grain for the production of functional food products. Nonetheless, the question of how these compounds
affect seed viability after long-term storage has remained unexplored. A comparative study on seed viability was con-
ducted using a set of near-isogenic lines on the background of spring wheat variety Saratovskaya 29. These sister
lines carry different combinations of recombinant DNA regions (on chromosomes 2A and 7D) containing dominant
and recessive alleles at loci Pp3 and Pp-D1 (Pp: Purple pericarp), which determine the anthocyanin color of coleoptiles
and of the pericarp. Seeds were germinated on two layers of water-moistened filter paper in a climatic chamber at a
constant temperature of 20 °C on a 12-hour daylight cycle. During long-term natural storage of the seeds for up to
9 years in a dry ventilated room in Kraft bags at 20+2 °C, the tested wheat samples experienced a loss of seed ger-
mination capacity of ~50 %; anthocyanins were found to not participate in the preservation of germination capacity.
Nonetheless, anthocyanins contributed to the preservation of seed viability under unfavorable short-term conditions
of a temperature rise to 48 °C at 100 % humidity. The accelerated aging test did not predict poor germination capacity
after long-term seed storage. The results showed a neutral role of anthocyanins in the maintenance of seed germina-
tion capacity for 6-9 years under natural storage conditions at 20 + 2 °C. A small statistically significant increase in grain
germination capacity during natural aging was associated with the presence of a recombinant region containing the
Pp-D1 gene on wheat chromosome 7D.
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CpaBHUTEJIbHOE 3YVYEeHle IIPOpacTaHms CEMSH IIIIEeHUIIbI,
pas3aIMyarIXxcsad aHTOLIIMMaHOBOM OKPAaCKOi repukKapiIia,
B VCJIOBUSIX €CTECTBEHHOTI'O M MHAVIIIPOBAHHOI'O CTapeHMsI

E.V. ToppaeeBa 1@, O.10. llloera (91, E.K. XaecTkuna (912

1 DepepanbHbI CCefoBaTeNbCKUIA LLeHTP VHCTUTYT yutonorum n reHetukn Cnbrpckoro otaeneHns Poccuiickon akagemun Hayk, HoBocnbupck, Poccus
2 DepiepanbHblii NCCNEROBATENBCKNI LLeHTP BCepoCCUNCKII MHCTUTYT reHeTUYeCKrX pecypcoB pacteHuii um. H./. Basunosa (BUP), CankT-MNeTep6bypr, Poccus
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AHHoTauuA. OfHMM 13 NepCnekTUBHbIX HaNPaBEHNI CeNeKLMU NMILEHULbI ABAETCA NOJlyYeHne COPTOB C MOBbILLIEH-
HbIM COAepXaHEM aHTOLMAHOB B 3€PHOBKE A1 NPOK3BOACTBA GYHKLMOHANbHbIX NPOAYKTOB NuTaHuA. OfHaKo BO-
NPOC O TOM, KaK 3TV COefIMHEHNA BAUAIOT Ha XKM3HECMOCOBHOCTb CEMAH NOCSIE ANINTENIbHOMO XPaHEeHNA, OCTaBasnCA He-
n3yyeHHbIM. CpaBHUTENbHOE NCCNef0BaHNe XKN3HECNOCOOHOCTY ceMsH Obifo NPOoBefEeHO C NCMOoJb30BaHeM Habopa
MOYTW M30reHHbIX NNHWIA NweHnUbl copTa CapaToBcKasa 29. 9T CECTPUHCKME NMHUN UMEIOT PasfnyHble coyeTaHuA
pekomMbUHaHTHbIX yyacTkoB [HK B xpomocomax 2A 1 7D ¢ JOMUHAHTHBIMI 1 PeLleCCMBHBIMU afiensaMu reHoB Pp3 n
Pp-D1 (Pp, Purple pericarp), KOHTPONMPYIOLLMX aHTOLMAHOBYIO OKPACKy KONleonTuen n okononnogHrka. CemeHa npo-
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Longevity of wheat seeds
containing anthocyanins

pawmBanu B yawiKkax [eTpy Ha yBnaXHeHHON GpUIbTPOBaNbHON Bymare B KNMMaTUYeCKO Kamepe Npw NOCTOSHHOW
TemnepaType 20 °C ¢ 12-4acoBbIM LMKIOM JHEBHOIO ocBelyeHus. MNpu gnntenbHOM eCTeCTBEHHOM XPaHEHUW CEMSAH
[10 9 IeT B CyXOM NPOBETPKBaeMOM MOMELLEHUN B KpadT-nakeTax npu Temnepatype 20+ 2 °Cy ncnbiTaHHbIX 06pa3LoB
MNLeHNLbl NPONCXOAMNA NOTePA BCXOXKeCTN ceMAH [0 50 %. [Tpy 3TOM NONOXKNTENbHOIO BAVAHMA HaNMuMA aHToLMa-
HOB B 3€pHEe Ha COXPaHeHNe BCXOXKECTMN He BbiABeHo. OfHaKo aHTOLMaHbl COCO6CTBOBASIN COXPAHEHNIO XKU3HECMO-
CcoBHOCTV 3epeH B HebnaronpuATHbIX KPaTKOBPEMEHHbIX YCTIOBUAX NOBbILLEHNA TemnepaTypbl 4o 48 °C n 100 % Bnax-
HOCTW. TeCT Ha HAYLMPOBaHHOE CTapeHne He NO3BONMA NpefcKasaTh yxXy[lleHne NpopacTaHna nocne AnnTesibHoro
XpaHeHuA ceMsAH. Pe3ynbTaTbl nCCieoBaHMA NOKa3ann HEMTPanbHYO POJib aHTOLIMAHOB B COXPaHEeHUN NpopacTaHmna
CEMSH B TeUeHre 6-9 NeT B eCTECTBEHHBIX YCOBUAX XpaHeHusA npu 20+ 2 °C. Hebonbluoe CTaTUCTUYECKN AOCTOBEP-
HO€ MOBbILIEHVE BCXOXKECTY 3€PEH NPY eCTECTBEHHOM CTapeHUN BblSI0 CBA3AHO C HaIMUYMEM PEKOMOUHAHTHOIO yyacT-
Ka B xpomocome 7D nweHunubl, cogepalyero reH Pp-D1.

KnioueBble cnoBa: nieHnLa; aHToLaHbl; eCTeCTBEHHOE CTapeHMe; XKMU3HEeCNOCOOHOCTb CEMSAH.

Introduction

Bread wheat is one of the most important grain crops ensur-
ing this country’s food security. Currently, there is increasing
interest in the growing of wheat with a high concentration of
anthocyanins in grain bran. It is not only a resource of stress
resistance and plant adaptability (Kaur et al., 2023), but also
a source of functional foods (beneficial to human health) and
a possible therapeutic agent (Yudina et al., 2021; Liu et al.,
2021; Loskutov, Khlestkina, 2021; Garg et al., 2022).

Anthocyanins are plant pigments belonging to the class of
flavonoid compounds (Patra et al., 2022). They take part in
the protection of plants from excess ultraviolet radiation and
from pathogens and play the role of attractants for insects
and animals for pollination of flowers and for seed dispersal
(Corso et al., 2020). As biologically active secondary me-
tabolites with antioxidant properties, these compounds can
neutralize cell-damaging reactive oxygen species (ROS) that
accumulate during normal metabolism or stress (Shen et al.,
2022). Despite the advent of wheat varieties that accumulate
anthocyanin pigments in the caryopsis, the relation between
the biosynthesis of these compounds and their protective
and adaptive ecological functions remains unexplored, as do
mechanisms maintaining seed viability, that is, the ability to
produce normal seedlings under favorable conditions after
long-term storage.

Wheat — just as most angiosperms common in regions with
a temperate climate and large seasonal temperature fluctua-
tions — has orthodox, desiccation-tolerant, ripened seeds. Their
moisture content drops below 10 %, which reduces cellular
activity (mobility of molecules) inside the seeds to a minimal
level and allows to maintain viable dormant embryos in a state
of anabiosis for a long period (Guryeva et al., 2021). This state
of minimal cellular activity represents a highly successful
strategy for plants to survive under adverse environmental
conditions, thereby extending their longevity.

Seed longevity is a polygenic trait and is regulated by a
complex interaction of variable environmental factors (such as
temperature, relative humidity, and partial pressure of oxygen)
with endogenous genetically controlled factors of plants. The
latter factors include seed coat structure, the concentration of
ROS, the integrity of phospholipid layers, proteins, nucleic
acids (and associated repair systems), energy reserves (sugars)
in the endosperm, and a balance of dormancy phytohormones
and seed germination (Zhou W. et al., 2020).

Molecular mechanisms underlying the processes of seed
viability and longevity are currently being actively studied (Li
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etal., 2022; Stegner et al., 2022). It is known that the dormant
stage of seeds is controlled by a phytohormone called abscisic
acid, and on the contrary, phytohormones gibberellins partici-
pate in seed germination: they are antagonists of abscisic acid
(Longo et al., 2020). Plant hormones, together with ROS (such
as the superoxide anion, hydrogen peroxide, and hydroxyl and
peroxyl radicals), are components of the regulatory signal-
ing system responsible for the sensing of (and adaptation of
plant metabolism to) stress and participate in the control of
developmental and growth processes as well as in protection
from pathogens (Kurek et al., 2019; Considine, Foyer, 2021).
For example, hydrogen peroxide causes the catabolism of
abscisic acid and stimulates the biosynthesis of gibberellins,
thereby promoting exit from dormancy and triggering seed
germination (Chen et al., 2018). Regulation of ROS accumula-
tion should be under strict control of antioxidants. When the
balance between pro- and antioxidant processes is disturbed,
oxidative stress takes place, causing protein modifications,
lipid peroxidation, membrane damage (with elevated leakage
of electrolytes and mitochondrial degradation), and lesions in
DNA and RNA; these events lead to cell death and ultimately
a loss of seed viability (Kurek et al., 2019; Li et al., 2022).

To ensure homeostasis and diminish excessive levels of
ROS, plants activate internal defense systems, such as enzy-
matic and nonenzymatic antioxidants (Kumar et al., 2020).
Enzymatic antioxidants include superoxide dismutase, cata-
lase, and enzymes of the glutathione-ascorbate cycle, the
activity of which sharply decreases in dry seeds owing to
cytoplasm viscosity. The nonenzymatic antioxidant system
is represented by molecules of ascorbic acid, glutathione,
lipophilic tocopherols (vitamin E), carotenoids, and a large
class of phenolic compounds (Dogra, Kim, 2020; Kumar et
al., 2020; Dumanovi¢ et al., 2021).

Seed viability is closely related to the morphological
structure of the seed coat and to the concentration of phenolic
compounds in it (Sano et al., 2016). The seed coat plays the
part of a physical barrier to external adverse factors by limiting
water absorption and damage by fungi and microbes (Rathod
etal.,2017; Zhou W. et al., 2020). As demonstrated in mutant
Arabidopsis thaliana plants, defects in flavonoid pigmentation
reduce the permeability of the seed coat and as a consequence
affect seed survival (Sano et al., 2016). For instance, in a study
on mutants #£2, tt10, and t¢12, a connection was found between
a decrease in the concentration of pigments called proantho-
cyanidins (polymeric flavonoids located in the endothelium
of the seed coat and in chalaza cells) and a shortening of seed
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lifespan (Debeaujon et al., 2001). The #/0 mutants have a
phenotype of delayed seed coat browning, which is associated
with the formation of condensed tannins by the product of the
TRANSPARENT TESTA 10 (TT10) gene encoding laccase-like
15-flavonoid oxidase (AtLAC15), and a concomitant reduction
in seed dormancy and lifespan (Pourcel et al., 2007).

Biosynthesis of flavonols and proanthocyanidins (which
are precursors of highly polymerized insoluble pigments) in
the seed coat of the red-grained wheat caryopsis is associated
with greater dormancy and resistance to germination before
harvest as compared to white-grained forms (Kohyama et
al., 2017; Mares, Himi, 2021). Polyphenols are positively
connected with the control of seed dormancy owing to their
influence on the transcription of genes related to the production
of phytohormones (abscisic, salicylic, and jasmonic acids; gib-
berellins; and polyethylene) as well as to the removal of ROS
(Shah et al., 2018; Zhou G. et al., 2023). It has been shown
that water-soluble phenolic compounds in the wheat caryopsis
coat act as endogenous inhibitors on germination processes
and partially inhibit peroxidase activation (Kong et al., 2008).

Atincreased temperature of storage and high humidity, the
oxidation of fats and proteins and disturbances of nucleic-acid
integrity are accelerated, whereas seed longevity is markedly
reduced (Zhou W. et al., 2020). In this way, it is possible to
emulate natural aging of seeds. This phenomenon has been
used to develop the “accelerated aging test” (AA test) (Rehman
Arifetal., 2012; Hay et al., 2019). Tests of germination vigor
and seed viability have been validated and included in the
International Seed Testing Association’s (ISTA) seed testing
guidelines (International Rules..., 2004).

The purpose of the present work was a comparative study
on seed viability of wheat near-isogenic lines (NILs) featuring
the presence of recombinant regions (on chromosomes 2A and
7D) carrying Pp (Purple pericarp) genes (which regulate the
biosynthesis of anthocyanins in the caryopsis pericarp) after
natural long-term storage and artificially induced aging of

Table 1. Wheat samples used in this study
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the seeds. The obtained data will allow to answer the ques-
tion whether the accumulation of anthocyanins — which have
antioxidant properties — in the wheat caryopsis pericarp affects
seed longevity.

Materials and methods

Plant material. Seed germination capacity was assessed in
seven sister lines (NILs) of wheat that were created from a
spring variety of common wheat — Saratovskaya 29 (S29) —
via crosses with donors of dominant alleles of Pp genes
[varieties Purple (P) and Purple Feed (PF)] and selection of
purple-grained hybrid plants in BCg oF, (Arbuzovaetal., 1998;
Gordeeva et al., 2015). These lines are characterized by the
presence (in chromosomes 2A and 7D) of recombinant DNA
regions inherited from the donor lines and containing genes
Pp3 and Pp-D1 (Tereshchenko et al., 2012; Gordeeva et al.,
2015). A brief description of the lines is given in Table 1 and
Figure 1.

When conditions for accelerated induced aging (AA test)
were being chosen, seeds of red-grained winter variety Miro-
novskaya 808, of white-grained spring variety Novosibir-
skaya 67, and of red-grained spring varieties Saratovskaya 29
and Chinese Spring were used, from the GenAgro collection
[Institute of Cytology and Genetics of the Siberian Branch
of the Russian Academy of Sciences (ICG SB RAS), Novo-
sibirsk, Russia].

The method of accelerated seed aging. For induced seed
aging, the AA test developed by the ISTA was employed,
with modifications. Seeds from varieties Mironovskaya 808,
Novosibirskaya 67, Saratovskaya 29, and Chinese Spring —
grown under identical conditions of one growing season in
a hydroponic greenhouse — were used to find temperature
conditions for the AA test.

Fifty seeds of each genotype in triplicate were placed on
stainless-steel meshes set above distilled water in plastic cups
covered with waterproof film. The cups were kept either at an

Red-grained isogenic line S29 with a recombinant region (on chromosome 2A)

containing a dominant allele of the Pp3 gene from variety Purple

Red-grained isogenic line S29 with a recombinant region (on chromosome 7D)

containing a dominant allele of the Pp-D1 gene from variety Purple

Purple-grained isogenic line S29 with two recombinant regions (on chromosomes 2A

and 7D) containing dominant alleles of genes Pp3 and Pp-D1 from variety Purple

Red-grained isogenic line S29 with a recombinant region (on chromosome 2A)

containing a dominant allele of the Pp3 gene from variety Purple Feed

Red-grained isogenic line S29 with a recombinant region (on chromosome 7D)

containing a dominant allele of the Pp-D1 gene from variety Purple Feed

LineID# Cultivar/ Short name Short description
Line genetical name

1 cv. Saratovskaya 29 S29 Red-grained spring variety
S29pp3pp-D1

2 i:529Pp3Ppp-D1 S29Pp3°

3 i:529pp3Pp-D1°P S29Pp-D1°P

4 i:529Pp3°Pp-D1P S29Pp3Pp-D1°

5 i:529Pp3°Fpp-D1 S29Pp3PF

6 i:529pp3Pp-D1°F S29Pp-D1PF

7 i:529Pp3PFPp-D1PF S29Pp3Pp-D1PF

Purple-grained isogenic line S29 with two recombinant regions (on chromosomes 2A

and 7D) containing dominant alleles of the Pp genes from variety Purple Feed
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Fig. 1. The grains and schematic representation of chromosomes 2A and 7D carrying recombinant regions containing antho-
cyanin biosynthesis-regulatory genes in the wheat NILs used in the natural aging tests.

elevated temperature (42,44, 46, or 48 °C) or at 20 °C (control)
with 100 % humidity for 72 h in a Rubarth Apparate climatic
chamber (RUMED GmbH, Germany). The seeds were then
transferred to 24 24 cm Petri dishes onto two-layer moist
filter paper and placed in the climatic chamber at 20 °C with
12-h lighting for germination. The vigor of seed germination
as a percentage was determined as the ratio of the number of
seeds that germinated within 72 h (on the third day) to the total
number of analyzed seeds in triplicate. Seed viability (%) was
determined as the number of seeds that germinated after seven
days to the total number of analyzed seeds in triplicate. Only
healthy green seedlings with a normal root system without
anomalies were included in the calculations [GOST (Russian
quality standard) No. 12038-84] (Fig. 2).

The germination index after artificial (induced) aging was
calculated by means of the formula:

Germination index (%) =

Normal germinated grains

_ after 48 °C treatment and 7 days of germination < 100 %
Normal germinated grains in control, i. e., -

after 20 °C treatment and 7 days of germination

Based on the assessment results, a temperature was chosen
for the AA test of the studied NILs of the Saratovskaya 29 va-
riety. Seeds of these lines were collected either after the spring
growing season of 2012 in a greenhouse or on an experimental
plot at a selection/genetic center at the ICG SB RAS in 2012.
Before the experiment, the seeds were stored for 2 months in
Kraft bags at 20 + 2 °C. The AA test was performed similarly
to the experiment with the selection of temperature condi-
tions, except that instead of fifty, one-hundred seeds of each
genotype were used. Significance of differences between
parent variety Saratovskaya 29 and sister NILs was evaluated
as three biological replicates by the Mann—Whitney U test; at
p <0.05, differences were considered significant.

Natural aging of grains. To test seed germination capacity
under natural aging conditions, seeds of the analyzed lines
were collected from plants grown in the greenhouse of the
ICG SB RAS from 2014 to 2017 and in 2021 (for control). The
seeds were stored in Kraft paper bags at 20 + 2 °C, and their

>z

Fig. 2. Seedlings’ performance after a standard germination test.

X = abnormal seedlings; N = normal germination.

germination capacity was assessed in 2023 after 6-9 years of
storage. Seeds after two years of storage served as a control.

One-hundred seeds of each NIL were germinated in trip-
licate in 24 x 24 cm Petri dishes on two layers of moistened
filter paper. The Petri dishes were placed in the Rubarth Ap-
parate climatic chamber, incubated for 24 h at 4 °C in the dark
to synchronize germination, and then were germinated at a
constant temperature of 20 °C on a 12-h/12-h light/dark cycle.
Germination vigor and seed viability were determined at days
three and seven, respectively, after the germination initiation.
Seed germination vigor as a percentage was determined as
the ratio of the number of seeds that germinated within 72 h
(on the third day) to the total number of analyzed seeds in
triplicate. Seed viability (%) was determined as the number
of seeds that germinated after seven days to the total number
of analyzed seeds in triplicate. The significance of differences
between parent variety Saratovskaya 29 and sister NILs was
evaluated as three biological replicates by the Mann—Whit-
ney test (U test); at p < 0.05, differences were considered
significant.
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Results

Seed germination after induced aging
To find conditions for the AA test, germination capacity was
tested in four varieties of bread wheat after heat treatment of
seeds at 42, 44, 46, or 48 °C with high air humidity for 72 h.
The results are presented in Table 2. Varieties Saratovskaya 29
and Chinese Spring maintained 100 % seed viability when
the temperature was increased up to 46 °C, while at the same
temperature, seed viability of varieties Mironovskaya 808 and
Novosibirskaya 69 decreased to 78 % and 96 %, respectively.
With a further increase in temperature by two degrees, all
varieties manifested a decrease in seed viability. Seed viabi-
lity of the red-grained winter variety Mironovskaya 808 was
52 %: inferior to that of the white-grained spring variety
Novosibirskaya 67 showing a seed viability of 64 %. Seed
viability of red-grained spring varieties Saratovskaya 29 and
Chinese Spring after such heat treatment was 87 and 86 %,
respectively. Since it was after 48 °C heat treatment that all
varieties showed a decrease in seed viability and differences
in this parameter, further comparative analysis of germina-
tion — by the AA test in the NILs featuring the presence of
anthocyanin pigmentation in the grain — was carried out at
this temperature.

Results of the AA test performed on the Saratovskaya 29
variety and two NILs with anthocyanin pigments in the peri-
carp (S29Pp3Pp-D1F and S29Pp3Pp-DIF) are presented in

Table 2. The germination of wheat grains in the AA test after sowing
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Table 3. After artificial aging, the germination capacity of
grains of the Saratovskaya 29 variety fell by 19 %, while in
purple-grained lines, this parameter declined only by 4 %. Ger-
mination indices of seeds from the wheat NILs were 1.2 times
higher than the germination index of Saratovskaya 29 seeds,
which are not colored by anthocyanins.

At the same time, the germination capacity of grains col-
lected from plants of these wheat lines grown in the field was
also tested. After the AA test, the viability of the field grains
was two times lower compared to seeds of the greenhouse
origin. For instance, germination vigor of seeds of the Saratov-
skaya 29 variety was only ~20 % and seed viability was 35 %,
whereas these parameters in grains of the S29Pp3Pp-DI1P
line, which has an anthocyanin-containing pericarp, were 36
and 42 %, respectively. Thus, despite the spoilage of seeds
by soil microorganisms, these results indicate resistance of
anthocyanin-pigmented bread-wheat grains to elevated tem-
peratures and high air humidity.

Seed germination after long-term natural storage
The experimental data showed that all the tested wheat
samples germinated with a vengeance after two years of
storage at 20+2 °C under favorable conditions in a dry ven-
tilated room; seed germination capacity was 100 % (Tables 4
and 5).

The vigor of seed germination decreased to 30-39 % after
six years and to 21-28 % after nine years of long-term natural

Varieties Type of vegetation
of grains

Control

20°C
Saratovskaya 29 (529) spring red-grained 2 years 1000
Novosibirskaya 67 spring white-grained 2 years 100+0
Chinese Spring spring red-grained 2 years 1000
Mironovskaya 808 winter red-grained 2 years 1000

Storage time Viability of seeds after 7 days of germination, %

With heat treatment at 100 % humidity for 72 h

42°C 44°C 46°C 48°C

100£0 1000 100+0° 87+1°
99+1 99+1 96+ 4P 64+2°
100+0 100+0 100+0° 86+ 2P
100+0 100+0 78+72 52+13?

b Different letters within a column denote statistically significant differences between lines at p < 0.05 (U test).

Table 3. Germination vigor (after 3 days, 72 h) and viability (after 7 days) of wheat seeds

LineID#  Varieties or lines Germination vigor, %,
after 3 days
1 S29/20°C 94+6
S29/48°C 41+9°
4 $29 Pp3Pp-D1°/ 20 °C 100+0
$29 Pp3Pp-D1P/ 48 °C 69+5P
7 $29 Pp3Pp-D1°%/ 20 °C 96+ 1
S29 Pp3Pp-D1°%/ 48 °C 70+13P

*The percentage of viable grains (48 °C) relative to the control (20 °C).

Seed viability, %, Germination index, %"

after 7 days
10040

81+82 80.7
99+1
96+ 3P 97.6
98+1

96+ 2° 98.3

b pifferent letters in a column denote statistically significant differences between lines at p < 0.05 (U test).

FEHETUKA U CENIEKLMA PACTEHUIA / PLANT GENETICS AND BREEDING 499



E.l. Gordeeva, O.Y. Shoeva
E.K. Khlestkina

storage (Table 4). In a comparison of germination vigor be-
tween the NILs and the parent variety Saratovskaya 29 (# 1),
seeds of the line S29Pp-DI” (# 5) with a recombinant DNA
region in chromosome 2A from variety Purple Feed showed
significant decrease in this indicator after 6 years, 7 years, and
8 years and 10 months of storage (Table 4).

The grains of line S29Pp-D 17 (# 3), carrying a recombinant
DNA fragment from the variety Purple in chromosome 7D,
had the highest germination vigor after seven years of storage.
The grain germination vigor of line S29Pp-DIPF (# 6) with a
recombinant fragment in chromosome 7D was significantly
exceeded in this indicator of variety Saratovskaya 29 seeds
(line # 1) after 8 years and 10 months. No significant diffe-
rences were found between the lines in grain germination
vigor after 9 years and 2 months.

The poorest seed viability seven days after sowing of wheat
grains stored for eight years and ten months was shown by
line S29Pp3*F (line # 5), and after 9 years and 2 months of
storage, by line S29Pp3” (line # 2); they carry recombinant
regions (on chromosome 2A) from variety Purple Feed and
variety Purple, respectively (Table 5).

The viability of purple-grained lines S29Pp3Pp-DI1” (# 4)
and S29Pp3Pp-D17F (#7), carrying recombinant regions from
varieties Purple Feed and Purple on chromosomes 2A and 7D,
was significantly lower after 8 years and 10 months of storage
(45 and 44 % versus 52 % for variety Saratovskaya 29). Then,

Longevity of wheat seeds
containing anthocyanins

four months later, after 9 years and 2 months of storage, the
seed viability levels diminished and did not differ significantly
from variety Saratovskaya 29 (Table 5).

Line S29Pp-DI” (# 3) with a recombinant region (only
on chromosome 7D) from the variety Purple had the highest
germination 7 days after sowing of grains stored for 6 and
7 years at 20 + 2 °C, comparable to control grains stored for
2 years (viability 95-100 %). The germination index of seeds
after 8 years and 10 months of storage for this line and line
S29Pp-DIPF (# 6), which carries recombinant regions (on
chromosome 7D) from variety Purple Feed, was significant-
ly higher than that of the parent variety Saratovskaya 29
(line # 1) (58 versus 52 %).

After long-term storage for 9 years and 2 months at 20+
2 °C, average seed viability in all lines was below 50 %, not
significantly different from variety Saratovskaya 29 (the pS0
value in Figure 3). The dependence of seed germination on
the duration of storage was found to be well described by a
linear regression model (coefficients of determination R? were
statistically significant and varied among the lines from 0.592
to 0.844). For all lines, negative dependences on storage dura-
tion of grains were documented (Table 6, Fig. 3).

The highest coefficients of determination R? for the depen-
dence of germination of the analyzed seed samples on storage
time were noted for lines ## 4, 5, and 6 (Table 6). The lowest
coefficient of determination R? = 0.592 and a weak depen-

Table 4. Germination vigor (at 3 days after sowing) of wheat grains stored for 2 or 6-9 years at 20+ 2 °C

LinelID# Line 2 years 6 years 7 years 8 years 8y10m 9y2m
1 S29 100+1 39+3 40+2 25+4 28+5 28+7
2 S29Pp3° 100+0 37x1 35£5 30%1 32+4 26+6
3 S29Pp-D1P 100=+0 35+6 62 +£4* 28+5 29+3 22+4
4 S29Pp3Pp-D1°P 1001 39+2 40+4 3412 25+6 23+2
5 S29Pp3°F 100+0 30+5*% 32+£3% 31+2 21+£1% 28+2
6 S29Pp-D1°F 100+0 36+3 34+6 33+2 37+£4% 27+£5
7 S29Pp3Pp-D17F 100+0 32+8 39+3 30+£3 29+2 21+7
* Differences are significant compared to the control at p < 0.05 (U test).

Table 5. Viability of wheat grains (at 7 days after sowing) stored for 2 or 6-9 years at 20+2 °C

LineID# Line 2 years 6 years 7 years 8 years 8y10m 9y2m
1 S29 100£1 93+2 79+£5 52+1 52+2 46+7
2 S29Pp3° 100+0 89+3 77+4 66+ 3% 55+4 40+6
3 S29Pp-D1P 100+0 95+3 95+ 5% 57+7 58+3% 43+3
4 S29Pp3Pp-D1° 100+1 83+4* 76+4 55+3 45+2* 42+2
5 S29Pp3°F 100+0 85+3* 66 +6* 57+5 38+ 1% 46+6
6 S29Pp-D1°F 100+0 89+4 74+8 54+6 58 +4% 48+9
7 S29Pp3Pp-D1°F 100+0 86 +6* 83+3 46+ 2% 44+ 1% 41+1

* Differences are significant compared to the control at p < 0.05 (U test).
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Fig. 3. The variability of grain germination after 2 and 6-9 years of seed storage at 20+ 2 °C.
Table 6. The results of the regression analysis of grain germination variability in the wheat lines with time
lineID#  Line Linear regression equation (y = by + b;X) R p
1 S29 y=125.415-7.944x -0.876 0.0000
2 S29Pp3° y=124.454-7.677x -0.888 0.0000
3 S29Pp-D1P y=127.712 - 7.594x -0.769 0.0002
4 S29Pp3Pp-D1° y=125342-8527x -0.919 0.0000
5 S29Pp3°F y=125.718 - 8.806x -0.932 0.0000
6 S29Pp-D1°F y=121.357 -7.302x -0.903 0.0000
7 S29Pp3Pp-D1°F y=126.469 - 8.674x -0.878 0.0000

dence of seed germination on storage duration was shown by
line # 3, which has a single recombinant region in the short
arm of chromosome pair 7D. Low coefficients of determina-
tion indicate a low quality of the constructed model, implying
that seed germination is also influenced by other factors (aside
from storage duration), which were not taken into account
when the regression model was constructed.

In the analysis of linear regression equations, it was found
that the initial germination of grains (coefficient b,) was
similar among the wheat lines. Coefficient b; characterizes
the slope of the regression line: the higher the value of 5,
the more sensitive the lines are to the storage of grains. The
highest b, values were registered in lines # 7 S29Pp3Pp-D17F
(by = -8.674), # 4 S29Pp3Pp-DI1” (b, = —8.527), and # 5
S29Pp3PF (b, = —8.806), which carry recombinant regions
(on chromosome 2A) from donors. By contrast, the lowest b,
values were obtained for lines # 6 S29Pp-DIFF (b, =-7.302)
and # 3 S29Pp-DI” (b, = —7.594), which are characterized
by the presence of a recombinant region from a donor on
chromosome 7D.

In contrast to the positive effect of anthocyanins on seed
germination after accelerated induced aging, a role of antho-
cyanins in the maintenance of the viability of bread-wheat
seeds under long-term storage conditions was not detectable;
however, an influence of a recombinant region from chromo-
some 7D was noted.

FEHETUKA U CENIEKLMA PACTEHUI / PLANT GENETICS AND BREEDING

Discussion

Induced seed aging and viability

It is generally accepted that at high humidity and increased
storage temperature, an accelerated loss of seed viability
takes place. The AA test, as a controlled spoilage procedure,
emulates natural aging of seeds and allows one to assess their
viability.

Grains of several spring and winter varieties of bread wheat,
grown under identical controlled conditions in a greenhouse
and stored for less than a year after harvesting, were tested in
this work; a pre-sowing seed treatment temperature (48 °C)
at high air humidity for 72 h was found for the AA test. Only
after seed pretreatment temperature was raised to 48 °C, did
seed viability of red-grained spring wheat varieties Saratov-
skaya 29 and Chinese spring diminish, to 87 and 86 %, re-
spectively. Seed viability of the Siberian white-grained variety
Novosibirskaya 67 decreased to 64 %. Of note, the lowest seed
viability was recorded for grains of winter variety Mironov-
skaya 808: only 52 %.

According to literature data, at the Institute of Plant Gene-
tics and Crop Research (IPK Gatersleben, Germany), a collec-
tion of winter wheat grains and synthetics has been subjected
to artificial aging: kept for 72 h at 43 °C with high humidity
(~100 %) (Landjeva et al., 2010; Rehman Arif et al., 2012;
Agacka-Moldoch et al., 2016; Arif et al., 2017). In contrast,
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in a study on a drought-tolerant red-grained dihaploid wheat
population at Shanxi Agricultural University (China), grains
were kept for 0, 24, 36, 48, 60, or 72 h at a higher temperature
of 48 °C (Shi et al., 2020). These data indicate that seeds of
spring red-grained wheat varieties are more resistant to brief
increases in temperature and humidity.

Previously, it has been reported that on the long arm of
chromosome 3A, a mutation of a functional allele of the R/
gene (Tamyb10-A1), which codes for a transcription factor of
the R2R3-MYB type and regulates the flavonoid biosynthesis
pathway, gives rise to a white shell of the wheat grain and
to a decrease in the dormancy period (Mares, Himi, 2021).
Those authors hypothesized that by itself the red color of the
seed coat is not absolutely necessary for dormancy. It had a
cumulative effect in combination with other dormancy con-
trol loci unrelated to the grain color because the exit from
dormancy occurred earlier in isolated embryos than in intact
hulled caryopses. Thus, the functional allele of the R/ gene
enhanced the expression of genes that control dormancy in the
wheat caryopsis and extended the time of exit from dormancy
(Mares, Himi, 2021).

Even though the red-grained wheat variety Saratovskaya 29
is more viable in comparison with white-grained and winter
varieties, in the NILs with anthocyanin pigmentation of the
grain that were derived from it, the germination index was sig-
nificantly higher (by ~20 %) after artificial aging as compared
with the red-grained variety Saratovskaya 29 (Table 3). Higher
viability of grains of NILs having an anthocyanin-containing
pericarp in comparison with the red-grained parent variety
was also observed in field harvest seeds, which were infected
with pathogens and fungi. This effect of anthocyanins can be
explained by their antioxidant properties and participation
in the neutralization of ROS arising under the conditions of
elevated temperature and humidity. Thus, a positive relation
between the content of anthocyanin pigments in the pericarp
of spring bread wheat Saratovskaya 29 and the preservation of
the viability of dormant seeds after a short increase in ambient
temperature to 48 °C at 100 % air humidity was demonstrated.
This phenomenon can be explained by the action of Pp genes’
products triggering the biosynthesis of anthocyanins (which
have antioxidant potential) in the pericarp of wheat grains after
the brief increase in temperature and humidity.

On chromosomes 2AL and 7DS, to which genes of tran-
scription factors regulating anthocyanin biosynthesis in the
pericarp of grains have been mapped, quantitative trait loci
(QTLs) controlling the longevity of wheat seeds after induced
senescence have been mapped too. Among such loci, for ex-
ample, there are QTLs localized to regions 2AS5-0.78—-1.00
and 2AL1-0.85-1.00, which contain genes affecting the pro-
duction and amounts of such enzymes as NADH dehydro-
genase, pyruvate decarboxylase, peroxidase, and superoxide
dismutase. Genes Per2 (peroxidase 2), Sod (superoxide
dismutase), Wip (wound-induced protein), and other defense
response genes of plants have been found on all three homeo-
logous chromosomes of group 2 (Li et al., 1999). The Cbp2
gene (chitinase-binding protein) has been mapped to the long
arm of chromosome 2A (Arifetal., 2017). A QTL that controls
seed longevity has also been mapped to barley chromosome
2H at a site where marker bPb6688 2H is localized, which is
homologous to the gene encoding ribonuclease H (RNase H);

502

Longevity of wheat seeds
containing anthocyanins

this enzyme takes part in replication, repair, recombination,
and transcription of DNA in the repair of the damage caused
during seed drying in the course of ripening and subsequent
storage (Nagel et al., 2015). Five DArT markers linked to
QTLs controlling longevity of wheat seeds have been mapped
to group 7 chromosomes in regions 7AS1-0.89-1.00, 7BS1-
27-1.00, 7BL10-0.78-1.00, and 7DS4-0.61-1.00 (Arif et al.,
2017). To orthologous chromosome 7H of barley, marker
bPb5747 7H has been mapped, corresponding to a gene
encoding a protein belonging to the ERF/APETALA?2 super-
family, which is involved in plant responses to numerous
stressors leading to heightened antioxidant activity (Nagel et
al., 2015).

Natural seed storage and viability

Among agricultural crops, bread wheat belongs to the group
of mesobiotics, the seeds of which retain germination capacity
for 5-10 years under favorable storage conditions (Guryeva
et al., 2021). Storage life of wheat seeds is believed to be up
to 14 years under ambient conditions of 20 °C and relative
humidity of up to 50 %, with a p5S0 value (50 % viability
period) of ~7 years (Nagel and Borner, 2010).

In our work, after natural aging when seeds were stored in
a dry ventilated room at 20+2 °C for two, six, seven, eight, or
nine years, a 50 % loss of seed viability of NILs created from
the Saratovskaya 29 variety was observed after nine years of
storage (Table 5), which is consistent with biological durability
of grains of up to 18 years of storage.

In the present experiment, after two years of storage at
20 °C, all tested wheat samples were healthy and had 100 %
seed viability and germination vigor (Tables 4 and 5). Only
after six years of storage, did germination capacity of three
lines—S29Pp3Pp-D17, S29Pp3TF, and S29Pp3Pp-D17F (lines
##4,5, and 7) — significantly decline as compared with varie-
ty Saratovskaya 29 (line # 1, at 93 %), amounting to 83, 85,
and 86 %, respectively. According to GOST R 52325-2005,
germination capacity of seed material in terms of reproduction
for the production of commercial products must be at least
87 % (Guryeva et al., 2021). It should be pointed out that the
Saratovskaya 29 variety itself is among red-grained varieties
of wheat and contains polymeric proanthocyanidins, which
are synthesized in the seed coat and promote seed dormancy
and longevity (Mares, Himi, 2021). It is possible that into
lines carrying recombinant regions from donor varieties Purple
and Purple Feed on chromosome 2AL, an allele of locus
0O.Lng.ipk.2A.1(SW) has been introduced (Arif et al., 2022),
which negatively affects seed lifespan.

According to the ISTA’s seed testing guidelines, a reduc-
tion in germination capacity after aging, as measured using
mean germination time (average latency to root emergence),
is interpreted as the time required for metabolic recovery
from deleterious effects of aging before germination can be-
gin (Powell, Matthews, 2012). After seven years of storage,
seeds of the S29Pp-D1” line (# 3) — carrying a recombinant
region from donor variety Purple on chromosome 7D — stood
out as the most effective in terms of germination vigor and
seed viability (Table 5). Significantly higher-than-normal ger-
mination capacity after nine years of storage was exhibited
by seedlings from grains of isogenic lines S29Pp-DI” and
S29Pp-DIPF (# 3 and 6), which carry recombinant regions
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from variety Purple and from variety Purple Feed, respectively,
on chromosome 7D. According to results of our regression
analysis, the weakest slope (coefficient 5;) — and therefore
the weakest influence of storage time on the germination of
grains — was registered for isogenic lines S29Pp-DI” and
S29Pp-DI17F (# 3 and 6), which carry a recombinant region
from a donor variety on chromosome 7D (Table 6, Fig. 3).
This result is apparently explained by genes responsible for
positive regulation of seed longevity that are located in these
regions of chromosome 7DS.

As reported earlier in research on traits of seed longevity in
recombinant lines of wheat Aegilops tauschii, the chromosome
7DS region, where microsatellite marker Xgwm 1002 (linked
to the Pp-D1 gene) is located, contains loci that control the
development of normal seedlings (Landjeva et al., 2010).
On the other hand, the lowest germination capacity and high
sensitivity to storage was observed in grains of lines with
stand-alone recombinant regions on chromosome 2AL; this
outcome, as we hypothesized, can be explained by negative
regulation exerted by an allele of the O.Lng.ipk.2A.1(SW)
locus, which is found in this region of chromosome 2AL
(Arif et al., 2022).

Germination capacity of seeds of lines S29Pp3Pp-D 1 and
S29Pp3Pp-DIPF (# 4 and 7) was also low; they have antho-
cyanin pigments in the pericarp and carry recombinant regions
from varieties Purple Feed and Purple on chromosomes 2A
and 7D. Our results revealed a neutral, and in some cases
even a negative role of anthocyanins, in the caryopsis pericarp
during long-term storage; this is in contrast to the findings
from the testing of grains after artificial aging induced by the
elevated temperature of 48 °C and 100 % humidity for 72 h.
In that experiment, despite an overall decrease in germina-
tion capacity, the germination index of anthocyanin-colored
grains was 20 % higher than that of lines without anthocyanin
pigmentation (Table 3).

Results obtained by laboratory-based methods of artificial
accelerated aging that are used to assess seed longevity under
storage conditions have been questioned because these me-
thods do not effectively simulate actual seed aging and cause
considerable discrepancies in results (Schwember, Bradford,
2010; Roach et al., 2018; Gianella et al., 2022). For example,
there is a report of a low correlation between grain viability
after natural storage at 0 °C with 10 % relative humidity for
12—14 years and the viability of grains subjected to artificial
aging (Agacka-Moldoch et al., 2016). In this context, loci
0.Lng.ipk-44 and -7B were identified, which control the
seed viability under conditions of long-term storage and arti-
ficial aging (Agacka-Moldoch et al., 2016). In barley, QTLs
responsible for grain longevity have been mapped to chro-
mosomes 2H, 5H, and 7H (Nagel et al., 2015). It has been
theorized that one of the identified loci controls the biosyn-
thesis of glutathione, which is the most ancient redox buffer
(Shvachko, Khlestkina, 2020).

It is believed that a decrease in the activity of antioxidant
systems contributes to the accumulation of ROS, which is
the main cause of DNA damage and deterioration of cells’
condition in aged seeds, and hence their reduced germination
capacity (Shvachko, Khlestkina, 2020). In ripe dry grains with
a low moisture content, nucleotide mutations and degradation
of macromolecules gradually accumulate as a consequence of
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destructive endogenous processes and metabolic by-products
associated with a slowdown of repair processes during long-
term storage. This notion is evidenced by the accumulation
of large amounts of ROS, oxidized lipids, and aldehydes in
seeds (Wiebach et al., 2020; Zhang et al., 2022). The loss of
seed viability manifests itself as a decrease in the speed and
uniformity of seed germination owing to a long period of
pre-growth DNA repair, which begins at the earliest stages
of seed impregnation with water before the start of growth
and of emergence of a root through the seed coat. Cell cycle
activation is regulated by checkpoint protein kinases, which
slow down germination in the presence of DNA damage,
and this phenomenon ultimately affects the fidelity of ge-
netic information transfer and seed quality (Waterworth et
al., 2016; Considine, Foyer, 2021). The need for prolonged
repair of accumulated lesions underlies delayed germination
and ultimately seed emaciation and death (Waterworth et al.,
2019).

Removal of excess ROS plays a key role in the regula-
tion of seed longevity (Zhou W. et al., 2020). Nonetheless,
water-soluble anthocyanins within the grain pericarp are in a
dried state and begin to perform their functions only during
moistening and swelling of the seeds. Therefore, it seems that
the protection of dry seeds having high cytoplasmic viscosity
and low cell motility during long-term storage is carried out
by other antioxidant systems, probably by glutathione (which
has been detected at high concentrations in dry seeds), or
by fat-soluble antioxidants. This function can be assumed
for anthocyanins located in the aleuronic layer of the grain,
which also contains a large amount of fatty acids. Perhaps
the observed positive effect of the locus from chromosome
7DS on the viability of wheat seeds after long-term storage is
explained precisely by the action of that powerful antioxidant,
and not by anthocyanins, the synthesis of which is controlled
by two loci, one of which (on chromosome 2A) has a negative
impact on viability after long aging.

Conclusion

Thus, in this study, for the first time it was shown that antho-
cyanins accumulating in wheat grains have a positive effect
on seed germination after artificial aging induced by elevated
temperature up to 48 °C for 72 h. Under conditions of long-
term natural storage, no positive effect of anthocyanins on
the maintenance of seed viability was detectable. Nonethe-
less, the presence of a recombinant region on chromosome
7D increased the viability of seeds after long-term storage;
this phenomenon may be due to the presence of loci (on this
chromosome) linked with the Pp-DI gene, which controls
wheat seeds’ longevity.
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Abstract. The use of the gene pool of wild relatives for expanding the genetic diversity of common wheat is an
important task of breeding programs. However, the practical application of common wheat lines with alien genetic
material is constrained by the lack of information on chromosomal rearrangements and the negative impact of the
transferred material on agronomically important traits. This research is aimed at studying 14 introgression lines with
the T2DL.2DS-2SS translocation and the 55(5D) substitution from Aegilops speltoides obtained from crossing com-
mon wheat varieties (Aurora, Krasnodarskaya 99, Nika Kubani) with the genome-substituted form Avrodes (BBAASS).
Hybrid lines with different combinations of T2DL.2DS-2SS and T1BL.1RS translocations and 55(5D) substitution were
characterized by resistance to leaf and yellow rusts, productivity components and technological qualities of grain.
The assessment of the varieties’ resistance to rust diseases showed that Krasnodarskaya 99, Nika Kubani and the
Aurora variety, which is a carrier of the T1BL.1RS translocation, are highly susceptible to diseases, while the presence
of the T2DL.2DS-2SS translocation and the 55(5D) substitution, both together and separately, provides resistance to
fungal pathogens. The analysis of the lines using markers designed for known resistance genes of Ae. speltoides did
not reveal the presence of the Lr28, Lr35 and Lr51 genes in the lines. The results suggest that the genetic material of
Ae. speltoides transferred to chromosomes 2D and 5D contains new resistance genes. To determine the effect of the
T2DL.2DS-2SS translocation and the 55(5D) substitution on the productivity and technological qualities of grain, the
lines were assessed by weight of 1000 grains, grain weight and number of ears per 1 m?, by protein and gluten con-
tent, gluten quality and general baking evaluation. A positive effect was determined upon the weight of 1000 grains,
protein and gluten content. There were no significant differences in other characteristics. The T2DL.2DS-2SS trans-
location and the 55(5D) substitution did not have a negative effect on the productivity and technological quality of
grain, and are of interest for breeding practice.
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kers; disease resistance; productivity and technological qualities of grain.
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Bnusaxue tTpaHcnokaumm T2DL.2DS-2SS v 3amelyeHmns 55(5D)
Ha CeNneKUMOHHO-LIEHHbIE MPU3HAKW MATKOW MLUEeHWLbI

AHHoTaumA. Vicnonb3oBaHue reHoPOHAa AKX COPOANYEN ANA paclUMPeHNA reHeTMYeckoro pasHoobpasna mar-
KO MLUEHWLbl ABAAETCA aKTyaslbHbIM HanpaBneHnem cenekuymm. OgHako npakTnyeckoe NprMeHeHre MMHUIA MATKON
MNLWEHMNLbI C YY>XXEPOLHbIM FrEHETUYECKM MaTEPUANIOM CAEPXKMBAETCA BBUAY OTCYTCTBMA MHGOPMALMN O XPOMOCOM-
HbIX MepecTporiKax U UX BAMAHUM Ha Ba)KHble XO3ANCTBEHHble Npu3Hakuy. Llenblo HacToAweln paboTbl 6bino nsy-
YeHue 14 NHTPOrpecCcMBHbIX IMHUI C TpaHcnokauuen T2DL.2DS-2SS v 3amewleHnem 5S(5D) ot Aegilops speltoides,
NOMyYeHHbIX OT CKPEeLUMBaHUA COPTOB MATKON MiueHuLbl ABpopa, KpacHogapckaa 99, Huka KybaHu ¢ reHomHO-3a-
MeLLleHHON cnHTeTuYeckon dopmoin Aspopec (BBAASS). TmbpraHble NMHUN C pa3nnUYHbIM COYeTaHUEM TPaHCIO-
Kauwmi T2DL.2DS-2SS v T1BL.1RS v 3amewierHus 5S(5D) 6biin oxapakTepu3oBaHbl MO YCTONUYMBOCTY K JINCTOBON U
YKEeNTon pXKaBYMHaM, KOMMOHEHTaM NPOAYKTUBHOCTU U TEXHONIOTMYECKM KayecTBam 3epHa. OueHKa yCTONYMBOCTH
COPTOB K pXkaBUMHHbIM 6one3HAM nokasana, uto KpacHogapckas 99, Huka KybaHu n copT ABpopa (HocuTesnb TpaHc-
nokauum T1BL.1RS) BbicOKOBOCMPUMMYYBBI K 60/1€3HAM, TOrAa Kak Hanuume TpaHcnokauum T2DL.2DS-2SS v 3ame-
weHna 55(5D) Kak coBMeCTHO, TaK 1 MO OTAENIbHOCTH obecneynBaeT YCTONUMBOCTb IMHUIA K TPUOHBIM NaToreHam.
AHanu3 NMHWI C MOMOLLbIO MapKEPOB, Pa3paboTaHHbIX AN1A N3BECTHbIX FEHOB YCTONUMBOCTU OT Ae. speltoides, He
BbIABWJT B IMHUAX MPUCYTCTBUA reHoB Lr28, Lr35 n Lr51. MNonyyeHHble pe3ynbTaTbl MO3BONAT NPeAnOoNoXKMNTb, UTO re-
HeTuueckuii matepuan Ae. speltoides B xpomocomax 2D 1 5D copepuT HOBbIe reHbl ycTonumnsocTy. [1na onpegene-
HUA BINAHUA TpaHcnokauum T2DL.2DS-2SS n 3ameleHna 55(5D) Ha NpofyKTMBHOCTb 1 TEXHONOMMYecKmne KayecTea
3epHa NPoBeAEHO M3yyeHune IMHKA No macce 1000 3epeH, Macce 3epHa 1 KONMYeCTBY Konocbes ¢ 1 Mm%, cogepa-
HUIO 6enKa 1 KNenKoBKHbI, KaYecTBY KI1eMKOBUHbI 1 06LLel xieboneKkapHoi oLeHKe. YCTaHOBNEH NOMOXKUTENbHbIN
3¢ PekT no macce 1000 3epeH, cofepaHNio 6enka 1 KNenKkoBMHbI. [10 0CTanbHbIM MPU3HaKaM CyLeCTBEHHbIX pa3-
NMYnIn He HampaeHo. TpaHcokauma T2DL.2DS-2SS n 3amelyeHmne 55(5D) He oKa3blBalOT HEraTUBHOMO BAUAHUA Ha
NPOAYKTUBHOCTb 1 TEXHONOTMYEeCKMe KauyecTBa 3epHa 1 NPefCcTaBAlT MHTepec ANA CeNeKUMOHHON NMPaKTUKN.
KnioueBble cnosa: Triticum aestivum; Aegilops speltoides; NHTPOrpeccBHbIE IMHWMW; XPOMOCOMbI; TPaHCIOKaLMK;
MONeKyNAPHble MapKepbl; yCTOMYMBOCTb K 60N1e3HAM; NPOAYKTUBHOCTb 1 TEXHONIOMMYECK/Ee KauecTBa 3epHa.

Introduction

The basis of breeding, including that of such an important
agricultural crop as common wheat (7riticum aestivum L.), is
sufficient genetic diversity. The intensification of the breeding
process and the widespread distribution of varieties of the
same type have led to significant genetic erosion, especially
of discase resistance genes. An effective way to solve this
problem is to use the gene pool of numerous species and genera
related to common wheat (Knott, 1987; Friebe et al., 1996).

One of the wild relatives most widely used as a source of
disease resistance is the species Aegilops speltoides Tausch
(Manisterski et al., 1988; Kerber, Dyck, 1990). This species
has given wheat genes for resistance to leaf rust — Lr28, Lr35,
Lr36, Lr47, Lr51 and Lr66, to stem rust — Sr32, Sr39, Sr47,
to powdery mildew — Pm12, Pm32 (MclIntosh et al., 2013).
Ae. speltoides is also characterized by its high protein content
and the ability to stimulate homeologous chromosome conju-
gation (Dvorak, 1972). However, due to a negative impact on
other economically valuable traits, introgression from this spe-
cies has not been widely used in breeding practice (McIntosch
etal., 1995; Helguera et al., 2005; Song et al., 2007; Brevis et
al., 2008). It should be noted that the negative effect of alien
introgression may depend both on the negative influence of the
genetic material of the wild relative transferred along with the
target gene, and on the genotypic environment of the recipient
variety (Hoffann, 2008; Leonova, Budashkina, 2016).

At the “P.P. Lukyanenko National Grain Center”, the ge-
nome substitution form Avrodes (BBAASS) has been de-
veloped, which is used as a “bridge” for the transfer of ge-
netic material from Ae. speltoides to common wheat (Zhirov,
Ternovskaya, 1984; Davoyan R.O. et al., 2012). This form
exhibits high resistance to leaf rust (Puccinia triticina Eriks.),
yellow rust (Puccinia stiifomis West.), powdery mildew (B/u-
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meria graminis f. sp. tritici) and is characterized by a high
protein content (Davoyan R.O. et al., 2018). This form has
been involved in obtaining a large set of introgressive lines
of common wheat, differing in the complex of morphologi-
cal, biological and economically valuable traits, in the form
of transmission of genetic material from Ae. speltoides (Da-
voyan R.O. et al., 2017).

Using the methods of differential chromosome staining
(C-banding) and fluorescent in situ hybridization (FISH), it
was found that introgressions affected mainly the chromo-
somes of the D genome. This is explained by the fact that in
the synthetic form of Avrodes it is the D genome of common
wheat that is replaced by the S genome of Ae. speltoides.
Moreover, most of the studied lines are characterized by the
T2DL.2DS-2SS translocation and the 5S(5D) substitution. To
determine the breeding value of the resulting translocations
and substitutions from Ae. speltoides, a comprehensive study
of introgression lines based on economically important traits
is required.

This research is aimed at the study of the impact of the
T2DL.2DS-2SS translocation and the 5S(5D) substitution
from Ae. speltoides on productivity, grain quality and resis-
tance to fungal diseases of three varieties of common wheat
of different origin.

Materials and methods

The material for the study was 14 introgressive lines of com-
mon wheat obtained from crossing the synthetic form Avrodes
with the varieties susceptible to leaf and yellow rust, bred
by the “P.P. Lukyanenko National Grain Center”: Aurora,
Krasnodarskaya 99 and Nika Kubani. Lines based on the
Krasnodarskaya 99 and Aurora varieties were obtained pre-
viously (Davoyan R.O. et al., 2017) and were selected within
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Table 1. Amplification conditions, names and sources of primers used to identify the Lr28, Lr35, Lr51 genes

Genes Primers Annealing temperature, °C Fragment size, bp Reference

Lr28 CS421570-L 60 570 Cherukuri et al., 2005
CS421570-R

Lr35 BCD260 59 931 Seyfarth et al.,, 1999
35R2

Lr51 AGA7-759 52 819 Helguera et al., 2005
S30-13

the framework of this work for researching the presence of the
T2DL.2DS-2SS translocations and the 5S(5D) substitution.
The lines obtained on the basis of the Nika Kubani variety were
characterized by cytological methods as part of this research.

Differential staining of chromosomes (C-banding) was
carried out at the “N.I. Vavilov Institute of General Genetics,
RAS” using a method developed in the Laboratory of Func-
tional Chromosome Morphology of the “V.A. Engelhardt
Institute of Molecular Biology, RAS” (Badaeva et al., 1994).
Fluorescence in situ hybridization (FISH) was carried out at
the “Institute of Cytology and Genetics, SB RAS” according
to a previously published method (Salina et al., 2006) using
probes: Speltl (Salina et al., 2004) to identify the genetic mate-
rial of Ae. speltoides in the studied lines; pSc119.2 (Bedbrook
etal., 1980) and pAs1 (Rayburn, Gill, 1986) to identify wheat
and aegilops chromosomes (Badaeva et al., 1996; Schneider
et al., 2003). The work was carried out at the Center for
Microscopic Analysis of Biological Objects of the SB RAS
(Novosibirsk).

Infestation of the lines was carried out under field condi-
tions, with yellow rust in the booting phase, and with leaf rust
in the boot-heading phase. In both cases, a mixture of uredo-
spores collected from different varieties of wheat was used.
The assessment was carried out when the most susceptible
and late-ripening recipient variety, Aurora, reached maximum
susceptibility rates (reaction type 4, degree of damage 60 %).
The type of plant reaction to infection with leaf rust was deter-
mined according to the scale of E.B. Mains and H.S. Jackson
(1926); to yellow rust, according to the scale of G. Gassner
and U.W. Straib (1934). Plants with an intermediate type of
reaction from 0 to 1 were designated as 01. The degree of
plant damage was assessed using the modified Cobb scale
(Peterson et al., 1948). Plants with a reaction type from 0 to 2
and a degree of damage from 0 to 20 % were classified as
resistant.

DNA was isolated from 5—7-day-old etiolated wheat seed-
lings according to the method of J. Plaschke et al. (1995).
Identification of the Lr28, Lr35 and Lr51 genes was carried
out using PCR. Markers were selected according to the pub-
lication data; their names and amplification conditions are
presented in Table 1.

A 25 pL reaction mixture contained 1x buffer for Tag-DNA
polymerase (50 mM KCI, 20 mM Tris-HCI, pH 8.4, 2—5 mM

MgCl,, 0.01 % Tween-20), 2 mM MgCl,, 0.2 mM of each
dNTP, 12.5 mM of each primer, 50 ng DNA and 1 unit of Taq
polymerase. Amplification was carried out according to the
conditions given in Table 1. PCR products for the Lr28 and
Lr35 genes were separated using electrophoresis in a 1.8 %
agarose gel with 0.5x TBE buffer; in the case of the Lr51 gene,
a 3 % agarose gel was used with MS-12 agarose, Molecular
Screening “diaGene” with increased clarity of fragment sepa-
ration. DNA marker M24 100 bp “SibEnzyme” was used as
a molecular weight marker. Gels were stained with ethidium
bromide and photographed under ultraviolet light using an
Infiniti 1000 photobox.

To characterize the lines by productivity, the weight of
1000 grains, grain weight and the number of ears per plot
were determined. The plot area was 1 m2, there were four rep-
lications. The technological qualities of grain and flour were
studied in the Department of Technology and Biochemistry
of Grain of the “P.P. Lukyanenko National Grain Center”
according to the methods of the State Variety Testing of Ag-
ricultural Crops (1988). Statistical processing of the obtained
results was carried out using the AGROS-2.10 program.

Results
To determine the breeding value of the T2DL.2DS-2SS trans-
location and the 5S(5D) substitution from Ae. speltoides, a
study was carried out on 14 introgressive lines obtained with
the participation of three varieties susceptible to leaf and
yellow rust: Aurora, Krasnodarskaya 99 and Nika Kubani.
The characteristics of the lines concerning introgressions and
resistance to leaf and yellow rusts are given in Table 2.

The majority of the presented lines are characterized by
a combination of the T2DL.2DS-2SS translocation and the
5S(5D) chromosomal substitution (Table 2, Fig. 1). Also, a sig-
nificant number of the lines have the TIBL.1RS translocation
(Table 2, Fig. 1), obtained from the synthetic form of Avrodes.
In line 1889n17, a single T2DL.2DS-2SS translocation was
detected (Fig. 2a). Only a 5S(5D) chromosomal substitution
was detected in lines 1009n19 and 493n20 (Fig. 2b).

Recipient varieties Aurora, Nika Kubani and Krasno-
darskaya 99 are susceptible to leaf and yellow rust. The
T2DL.2DS-2SS translocation and the 5S(5D) substitution,
both together and separately, provide line resistance to these
pathogens (Table 2). Line 1889n17 with the T2DL.2DS-2SS
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Table 2. The characteristics of the T. aestivum/Avrodes lines concerning introgressions and resistance to leaf and yellow rusts

Bnusaxue tTpaHcnokaumm T2DL.2DS-2SS v 3amelyeHmns 55(5D)

Ha cenekUuMoHHO-LEeHHble MpU3Hakn MArKOW nweHnubl

2024
285

Line T. aestivum Translocation, substitution Type of reaction and degree of damage, score/%
(recipient variety)
leaf rust yellow rust
D37n10 Aurora T1BL.1RS, T2DL.2DS-2SS, 55(5D) 01/10 2/10
AA60N9 Aurora T1BL.1RS, T2DL.2DS-2SS, 55(5D) 01/10 2/20
1575n17 Aurora T1BL.1RS, T2DL.2DS-2SS, 55(5D) 1/10 1/5
3210n15 Krasnodarskaya 99 T2DL.2DS-2SS, 55(5D) 01/5 1/10
3198n15 Krasnodarskaya 99 T1BL.1RS, T2DL.2DS-2SS, 55(5D) 01/5 1/10
3193n15 Krasnodarskaya 99 T2A,T1D, T2DL.2DS-2SS, 55(5D) 01/5 1/5
2900n17 Krasnodarskaya 99 T1BL.1RS, T2DL.2DS-2SS, 55(5D) 1/10 1/10
2955n17 Krasnodarskaya 99 T1BL.1RS, T2DL.2DS-2SS, 55(5D) 01/5 1/10
2636n18 Krasnodarskaya 99 T2DL.2DS-2SS, 55(5D) 1/5 1/5
1009n19 Krasnodarskaya 99 55(5D) 2/20 2/10
95n20 Krasnodarskaya 99 T1BL.1RS, 55(5D) 2/20 1/10
1889n17 Nika Kubani T2DL.2DS-2SS 1/10 1/5
1249n19 Nika Kubani T1BL.1RS, T2DL.2DS-2SS, 55(5D) 01/5 1/5
493n20 Nika Kubani 55(5D) 2/10 1/10
Aurora T1BL.1RS 4/60 4/60
Krasnodarskaya 99 4/80 3/40
Nika Kubani 3/60 4/60
1 2 3 4 5 6 7 resistance to this disease were identified using DNA markers.
; . 4 Among the known, identified leaf rust resistance genes de-
A X‘ %, ! ; rived from Ae. speltoides, the effective gene Lr35 was found
b & 1 be in Avrodes (Davoyan E.R et al., 2012) (Fig. 3a), as well as
¥ ¥ j E & 18 the genes Lr28 and Lr51 (Fig. 3b and 3¢, respectively). Since
- the absence of the Lr28 and Lr35 genes in the AA60n9 line
‘ E & 3 ey was previously determined (Davoyan R.O. et al., 2017), in
; : % %g ‘_; i this research this line was studied for the presence of only the
2 f 1 o} Lr51 gene. There were no Lr28, Lr35 and Lr51 genes found
: 1 . % “ " in the studied lines (Fig. 3a, 2-4, 6, 7, 9-17; Fig. 3b, 4-8,
' we . . _
TIRS:1BL 10-15, 17; 3c.,4 17). ‘
» %" v 4 To determine the breeding value of the T2DL.2DS-2SS
D 3 . —— = translocation and the 5S(5D) substitution, the lines were as-
3 | b § : €= ﬂt sessed for productivity components and technological qualities
w3 \ - " of grain and flour.

T2DS-2SS
#131249n19

Fig. 1. Differentially stained karyotype of line 1249n19.

translocation exhibits higher resistance to leaf rust (reaction
type 1, severity of damage 10 %) compared to lines 1009n19,
95n20 and 493n20 with the 5S(5D) substitution.

Since one of the main objectives was the transfer of resis-
tance to leaf rust from the synthetic form Avrodes, genes for

Productivity was determined by the weight of 1000 grains,
the weight of grains and the number of ears per 1 m? (Table 3).
In the lines obtained with the participation of the Aurora
variety as a recipient, a significant excess in the weight of
1000 grains was revealed. The highest value for this indica-
tor had line 1575n17 (41.7 g). There were no significant dif-
ferences in the number of formed ears per 1 m2. In terms of
grain weight per 1 m2, lines D37n10 and AA60n9 were at the
same level, and line 1575n17 was significantly higher than
the Aurora variety.
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Fig. 2. FISH results on metaphase chromosomes of lines: (a) 1889n17 with probes pAs1 (green) and Spelt1 (red); (b) 493n20 with probes

pSc119.2 (red) and Spelt1 (green).

C 3 4 5 6 7 8 9 10

931 bp

1

819 bp

Fig. 3. Electropherograms of amplification products using primers to diagnostic markers linked to genes: a) Lr35 (1 - length marker,
2 - Aurora, 5 -TcLr35, 8 — Avrodes; 2-4, 6, 7, 9-17 — introgression lines); b) Lr28 (1 - length marker, 2 - TcLr28, 9, 16 — Avrodes, 3 — Aurora,
4-8, 10-15, 17 — introgression lines); ¢) Lr57 (1 - length marker, 2 — Avrodes, 3 — Aurora, 4-17 — introgression lines).

All lines obtained with the participation of the Krasno-
darskaya 99 variety reliably exceeded it in the weight of
1000 grains. There were no significant differences in the
number of ears per | m? and grain weight.

Line 1249119 significantly exceeded the recipient variety
Nika Kubani in the weight of 1000 grains (40.2 g) and the

510

weight of grain per 1 m? (570.5 g). The weight of 1000 grains
for lines 1889n17 and 493n20 was also higher than that of
Nika Kubani. The differences in the number of ears and grain
weight per 1 m? were insignificant.

Important features that limit the use of lines carrying alien
genetic material in breeding practice are the technological cha-
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Bnusaxue tTpaHcnokaumm T2DL.2DS-2SS v 3amelyeHmns 55(5D)
Ha CeNneKUMOHHO-LIEHHbIE MPU3HAKW MATKOW MLUEeHWLbI

Table 3. Productivity components of introgressive lines of T. aestivum/Avrodes

Line T. aestivum (recipient variety )

D37n10 Aurora 40.3
AA60N9 Aurora 40.9
1575n17 Aurora 41.7
3210n15 Krasnodarskaya 99 39.3
3198n15 Krasnodarskaya 99 40.2
3193n15 Krasnodarskaya 99 4.1
2900n17 Krasnodarskaya 99 40.5
2955n17 Krasnodarskaya 99 39.7
2636n18 Krasnodarskaya 99 40.3
1009n19 Krasnodarskaya 99 39.8
95n20 Krasnodarskaya 99 41.1
1889n17 Nika Kubani 394
1249n19 Nika Kubani 40.2
493n20 Nika Kubani 40.9
Aurora 394
Krasnodarskaya 99 38.1
Nika Kubani 38.7
LSDg 5 0.6

Note.LSD - least significant difference.

racteristics of grain. The lines obtained with the participation
of the Aurora variety as a recipient have similar characteristics
of protein and gluten content, gluten quality and general bak-
ing assessment (Table 4).

The transfer of the T2DL.2DS-2SS translocation and the
chromosomal 5S(5D) substitution to the Krasnodarskaya 99
variety contributed to an increase in protein and gluten con-
tent in the lines (Table 4). The excess protein content in lines
3210n15, 2955n17, 2636n18 and 1009n19 ranged from 2 to
3 %. At the same time, it should be noted that all lines have
higher GDI values and correspond to the second group of
GOST in terms of gluten quality. The lines are also inferior
to the Krasnodarskaya 99 variety in terms of volumetric bread
yield and overall baking rating. Lines 1249n19 and 493n20
have approximately the same performance as the recipient
variety Nika Kubani. Line 1889n17 exceeds the recipient
variety in protein and gluten content, but is inferior to it in
gluten quality (Table 4).

Discussion

The transfer of economically valuable genes from the gene

pool of numerous related species and genera to common wheat

remains an effective way of solving current breeding problems.
The purpose of using the synthetic form Avrodes, first of

all, was the transfer of new genes for resistance to diseases, in
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Weight of 1000 grains, g

Number of ears per 1 m?, pcs.  Grain weight per 1 m?, g

3452 4354
331.7 4482
352.3 528.5
437.2 558.3
474.2 570.2
4529 5434
450.7 537.9
4615 542.8
4527 527.5
462.7 556.2
4474 550.3
443.6 540.8
410.2 570.5
4258 528.4
357.0 410.7
456.2 531.3
430.4 510.8

286 40.7

particular to leaf rust, from Ae. speltoides to common wheat.
Currently, the catalog of wheat gene symbols includes six re-
sistance genes transmitted from this species: Lr28, Lr35, Lr36,
Lr47, Lr51 and Lr66 (Mclntosh et al., 2013), respectively
localized in common wheat chromosomes 4A, 2B, 6B, 7A,
1B and 3A (Friebe et al., 1996). Additionally, I.G. Adonina
et al. (2012) characterized the TSBS.5BL-5SL transloca-
tion from Ae. speltoides with an effective gene designated
LrASPS.

Our molecular genetic analysis did not reveal in the studied
wheat lines the presence of effective resistance genes Lr28,
Lr35 and Lr51 present in the synthetic Avrodes. We found
that the T2DL.2DS-2SS translocation and the 5S(5D) sub-
stitution from Ae. speltoides, both together and separately,
provide wheat lines with resistance to leaf rust. At the same
time, line 1889n17 with the T2DL.2DS-2SS translocation is
characterized by higher resistance to leaf rust (reaction type 1)
than lines with only the 5S(5D) substitution (reaction type 2)
(Table 2). None of the previously transferred known leaf rust
resistance genes are located on chromosomes 2D and 5D. Ac-
cording to S.N. Sibikeev et al. (2015), the 2D/2S translocation
is carried by lines L195 and L200, which are resistant to leaf
and stem rust. Due to the lack of these lines at our disposal, we
were unable to clarify the identity of these leaf rust resistance
genes with the genes present in the lines we obtained.
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Table 4. Technological characteristics of introgressive lines of T. aestivum/Avrodes

Line Recipient variety Protein content, % Gluten content, % GDI (units) Volume yield General score,
of bread, ml point

D37n10 Aurora 15.9 24.0 86 680 4.2
AA60Nn9 Aurora 16.1 29.1 85 700 43
1575n17 Aurora 15.0 27.8 90 720 4.1
3210n15 Krasnodarskaya 99 16.4 322 80 770 4.2
3198n15 Krasnodarskaya 99 15.2 28.7 86 700 43
3193n15 Krasnodarskaya 99 15.6 29.6 85 760 45
2900n17 Krasnodarskaya 99 16.3 28.5 85 720 43
2955n17 Krasnodarskaya 99 15.9 31.3 93 670 43
2636n18 Krasnodarskaya 99 15.8 293 82 750 4.5
1009n19 Krasnodarskaya 99 16.1 30.8 91 690 4.1
95n20 Krasnodarskaya 99 15.2 29.1 88 740 4.0
1889n17 Nika Kubani 15.4 311 87 780 43
1249n19 Nika Kubani 14.0 26.1 72 650 4.2
493n20 Nika Kubani 14.5 27.3 83 765 4.1
Aurora 15.7 29.8 84 700 43
Krasnodarskaya 99 13.8 26.0 65 800 4.6
Nika Kubani 14.5 28.7 74 770 43
LSDy s 03 0.8 14 10.2 -

Note. GDI - gluten deformation index.

It should also be noted that our lines with the T2DL.2DS-
2SS translocation and the 5S(5D) substitution are resistant to
yellow rust, which is one of the most common wheat diseases.
Although until the end of the 1960s it had no economic sig-
nificance on the territory of Russia, since 1990, in the south,
primarily in the Krasnodar region, the yellow rust pathogen
has had a tendency of expanding its range, and the damage
to some varieties of winter wheat against a natural infectious
background has reached 90 % (Volkova et al., 2020). At the
same time, not a single yellow rust resistance gene transferred
to the wheat genome from Ae. speltoides (Mclntosh et al.,
2013) is registered in the catalog of gene symbols. Thus, our
results indicate the possible transfer of new resistance genes
to common wheat from this species. Additional research is
necessary to test this assumption.

When transferring alien genetic material, along with useful
traits (disease resistance, high protein content, etc.), intro-
gressions often have a negative impact on the productivity
and technological characteristics of grain. For this reason, a
number of alien translocations have not found wide applica-
tion in breeding practice. Thus, of the abovementioned six
resistance genes to leaf rust, only the Lr28 and Lr47 genes
are used in practical breeding (Leonova, 2018). At the same
time, introgression lines with genetic material of Ae. speltoides

can combine disease resistance with productivity and good
technological qualities of grain and flour (Lapochkina et al.,
1996; Sibikeev et al., 2015; Davoyan R.O. et al., 2017).

Based on our results (Table 3), we can conclude that the
presence of the T2DL.2DS-2SS translocation and even the
5S(5D) chromosomal substitution in the lines does not have
a negative effect on the elements of productivity. Two lines,
1575n17 and 1249n19, significantly exceed the recipient
varieties Aurora and Nika Kubani, respectively, in terms of
grain weight per 1 m?. In the remaining lines, no significant
differences were found either in the number of ears per 1 m?
or in grain weight. A positive effect of the T2DL.2DS-2SS
translocation and the 5S(5D) substitution on the weight of
1000 grains was determined. Almost all the lines we stu-
died exceeded the recipient varieties for this trait, while, for
example, in the work of N.V. Petrash et al. (2016), a decrease
in the weight of 1000 grains was noted in all introgressive
lines, regardless of chromosomal localization (chromosomes
5BL, 6BL and 7D) of alien chromatin.

The study of the technological characteristics of grain and
flour also did not reveal a negative effect of the T2DL.2DS-
2SS translocation and the 5S(5D) substitution (Table 4). There
were no significant differences in protein and gluten content,
gluten quality and overall baking rating between the Aurora
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variety and the lines obtained on its basis. The lines obtained
with the Krasnodarskaya 99 variety, in comparison with it,
have higher levels of protein and gluten content and, despite
a slight deterioration in the quality of gluten (second group of
GOST), in general, they received a fairly high baking rating.
The technological characteristics of the Nika Kubani/Avrodes
lines are similar to those for the recipient variety Nika Kubani.

The manifestation of traits in introgressive lines depends
not only on the alien genetic material present in them, but also
on the genotypic environment of the recipient variety. In our
studies, the nature of the manifestation of the T2DL.2DS-2SS
translocation and the 5S(5D) substitution was studied on the
genetic background of three common wheat varieties of dif-
ferent origins. The lines combine disease resistance with good
indicators of productivity, grain and flour quality, regardless
of the recipient variety.

Conclusion

Thus, we can conclude that the resulting new translocation
T2DL.2DS-2SS and the substitution 5S(5D) from Ae. speltoi-
des can contribute to the improvement of common wheat, in
particular in terms of disease resistance, protein and gluten
content, as well as weight of 1 000 grains, and are of interest
for breeding practice.
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Abstract. Soybean [Glycine max (L.) Merr.] is one of the important crops that are constantly increasing their cultivation
area in Kazakhstan. It is particularly significant in the southeastern regions of the country, which are currently predomi-
nant areas for cultivating this crop. One negative trait reducing yield in these dry areas is pod dehiscence (PD). Therefore,
it is essential to understand the genetic control of PD to breed new cultivars with high yield potential. In this study,
we evaluated 273 soybean accessions from different regions of the world for PD resistance in the conditions of south-
eastern regions of Kazakhstan in 2019 and 2021. The field data for PD suggested that 12 accessions were susceptible
to PD in both studied years, and 32 accessions, in one of the two studied years. The genotyping of the collection using
a DNA marker for the Pdh1 gene, a major gene for PD, revealed that 244 accessions had the homozygous R (resistant)
allele, 14 had the homozygous S (susceptible) allele, and 15 accessions showed heterozygosity. To identify additional
quantitative trait loci (QTLs), we applied an association mapping study using a 6K SNP lllumina iSelect array. The results
suggested that in addition to major QTL on chromosome 16, linked to the physical location of Pdh1, two minor QTLs
were identified on chromosomes 10 and 13. Both minor QTLs for PD were associated with calmodulin-binding protein,
which presumably plays an important role in regulating PD in dry areas. Thus, the current study provided additional
insight into PD regulation in soybean. The identified QTLs for PD can be efficiently employed in breeding for high-yield
soybean cultivars.

Key words: soybean; pod dehiscence; seed yield; genome-wide association study; quantitative trait locus.

For citation: Doszhanova B.N., Zatybekov A.K., Didorenko S.V., Suzuki T., Yamashita Y., Turuspekov Y. Identification of
quantitative trait loci of pod dehiscence in a collection of soybean grown in the southeast of Kazakhstan. Vavilovskii
Zhurnal Genetiki i Selektsii = Vavilov Journal of Genetics and Breeding. 2024;28(5):515-522. DOI 10.18699/vjgb-24-58

Funding. The research was supported using the grant AP13068118 provided by the Ministry of Science and Higher
Education of the Republic of Kazakhstan.

MaeHTUdUKALUS KOJINYeCTBEeHHBIX JIOKYCOB IIpM3HaKa
pacTpeckuBaHMsI 6000B B KOJIJIEKIIUN COU,
BBbIpAllleHHOM Ha I0ro-BOCTOKe KasaxcraHa
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3 Kasaxckui Hay4HO-MCCNeoBaTeNbCKNA MHCTUTYT 3eMnefiena 1 pacTeHNeBOACTBa, Moc. AiManblibak, AfMaTHCKas obnacTb, KasaxctaH
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AHHoTauusA. Cos [Glycine max (L.) Merr.] — ofHa 13 Ba)KHEMLINX CENbCKOXO3ANCTBEHHbIX KYNbTyp, MAOLWaan KOTopon B
KasaxcTtaHe noctosHHO yBenuumaTca. Oco6eHHO 3Ta KynbTypa 3HauMMa B F0XKHbIX U I0ro-BOCTOYHbIX PErMOHax CTPaHbl,
KOTOpble ABMAIOTCA OCHOBHbIMU PErroHaMu BbipalynBaHua coun. K HeraTuBHbIM dpakTopam, BIVAIOLUM Ha YPOXKaNHOCTb
COW B 3aCyLUNMBbIX ParioHaX, OTHOCUTCA pacTpecknBaHue CTpyykoBs. [103TOMy NOHMMaHMe reHeTUYeCcKoro MexaHv3ama
pacTpecknBaeMoCT CTPYUKOB COM BaXKHO [J1A BbIBeA€HNA HOBbIX BbICOKOYPOXalHbIX COPTOB. B HacToALem nccnenosa-
HUW Mbl U3y4mnin 273 copTa Y IMHAK COMN 13 Pa3HbIX PErMOHOB MMPa Ha YCTONYMBOCTb K PaCTPECKBAeMOCTH B YC/TOBMAX
tOxHoro KasaxctaHa B 2019 1 2021 rr. HabniogeHrs 3a Npr3HAKOM «PacTPeCKUBAEMOCTb CTPYUYKOB COM» B MOJIEBbIX YC-
nosuAx AIMaTUHCKOW 06acTy BbisiBUAN, 4To B 2019 1. pacTpecknBaHuio 6b11v nogeeprkeHbl 23 copTa, B 2021 .- 21 copT.
[lBeHapuaTb COPTOB COM MOBTOPHO MOABEPraNNCh PAaCcTPECKMBaHMIO B 06a rofa akcnepumeHTa. CornacHo cpefiHiM faH-
HbIM UCMbITaHMI, BCErO NOABEPKEHbI pacTpeckrBaHuto 32 copta con. Mpy reHOTUNUPOBaHUN KOMIEKLM C UCMOSb30-
BaHuem [JHK-mapkepa reHa Pdh1, OCHOBHOrO reHa pacTpecKnBaemMoCTN CTPYUYKOB cou, Y 244 06pa3uoB Obl BbIABIEH
YCTONUMBBIN annenb, y 14 06pasLoB — BOCIpUUMUMBBIN, a 15 0bpasLioB obnaganu reTepo3nroTHOCTbio. na naeHtndun-
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Identification of QTLs associated
with pod dehiscence in soybean

KaLuun JOMOSTHUTESNbHbIX JIOKYCOB KOMMYECTBEHHbIX NPU3HaKoB (quantitative trait locus, QTL) Mbl npumeHUn nonHo-
reHOMHbI aHaNn3 € ncnosb3oBaHrem 6 Tbicay SNP-mapkepoB Ha ocHoBe umna 6K SNP lllumina iSelect. B gononHeHune K
ocHoBHOMy QTL Ha xpomocome 16, cBA3aHHOMY € GU3MYeCKUM pacronioxeHnem reHa Pdh1, 6biim naeHTUGULMPOBaHbI
ZBa MUHOPHbIX QTL Ha xpomocomax 10 1 13. 06a MUHOPHBIX TOKYCa acCoLMMPOBaHbI C pacTPeCKNBAHMEM CTPYUYKOB COU
1 CBfI3aHbl C KallbMOLYINMH-CBA3bIBAOLLVIM 6e/TKOM, KOTOPbI, BEPOATHO, UTPaET BaXKHYIO POJib B PErynMpoBaHNM pacTpe-
CKNBAEMOCTV CTPYYKOB COM B 3aCyLUNUBbIX PervoHax. Taknum obpa3om, HaMm nosyyeHa AoNoNHUTeNbHasA uHdbopmaLuua o
perynaummn pactpecknaemoctu B coe. ipeHTnduumposaHHble QTL Ana npusHaka «pacTpecknBaemoCcTb CTPYUYKOB COM»
MOTYT 6bITb 3PpEKTVBHO NCMONb30BaHbI NPY CeNeKLMMN BbICOKOYPOXKalHbIX COPTOB COU.

KnioueBble cnoBa: cos; pacTpeckrBaHne 6060B; ypoXKall 3epHa; NMOMHOTEHOMHbBIV aHanu3; fIOKyCbl KONMYECTBEHHbIX

npu3sHakos; QTL.

Introduction

Soybean [Glycine max (L.) Merr.] is a major crop among
oilseeds worldwide and a global source of edible protein and
oil, providing approximately 60 and 28 % of the world sup-
ply, respectively (Vollmann et al., 2000; Zhou et al., 2020).
According to the USDA, Brazil, the United States of America,
and Argentina are the largest soybean production countries,
while Kazakhstan is on the list of the top forty producers
(https://ipad.fas.usda.gov). Kazakhstan is one of the largest
agro-industrial countries in Central Asia and is interested in
increasing soybean production areas (Abugalieva et al., 2016;
Didorenko et al., 2016; Zatybekov et al., 2017). Therefore,
developing new competitive cultivars for new cultivation areas
is a priority for the local breeding community.

One of the limiting factors for the increase in soybean
productivity, particularly in southern regions, is pod dehiscen-
ce (PD), which leads to a substantial yield loss (Zhang Q. et
al., 2018). For wild plants, PD is an important mechanism for
spreading progenies (Benvenuti, 2007; Fuller, 2007), but for
cultivated plants, it is an unfavorable agronomic trait because
mature pods open to release seeds before harvesting (Kang et
al., 2009; Zhang L., Boahen, 2010). PD was nearly eliminated
during soybean domestication and breeding (Liu et al., 2007;
Krisnawati, Adie, 2017). Nevertheless, the yield losses due to
PD today may range from 34 to 99 % depending on genetic
background, environmental factors, pod morphology and
anatomy, and management (Romkaew, Umezaki, 2006; Bhor
et al., 2014; Parker et al., 2021).

Pod dehiscence is a highly heritable and complex trait; it
was shown that its broad sense heritability may range from
90 to 98 % in different populations (Tsuchiya, 1987; Bailey
et al., 1997; Kang et al., 2009). Previously, two genes, Pdhl
and SHAT1-5, were identified and mapped on chromosome 16
(Funatsuki et al., 2008, 2014; Dong et al., 2014). The gene
pdhl was identified in cultivated soybeans by Funatsuki and
co-authors in 2014 (Funatsuki et al., 2014). The dominant
Pdhl encodes a dirigent family protein in soybean and is
highly expressed in the pod endocarp layer, increasing dehisc-
ing forces. The recessive pdhl in dehiscence-resistant types
includes a premature stop codon, which blocks proper protein
synthesis (Funatsuki et al., 2014). The effect of pdhl on pod
dehiscence is generally larger among the other genes that had
important value in worldwide soybean cultivation (Funatsuki
etal.,2014; Huetal., 2019; Zhang J., Singh, 2020). SHATI-5
gene activates secondary wall synthesis and stimulates the de-
hiscence site’s thickening in pods. The domestication process
resulted in extra SHAT-5 expression compared to the wild
soybean allele (Dong et al., 2014). Previous research suggested
that all domesticated soybeans carry SHAT-5 haplotypes
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derived from a haplotype that differs from wild soybeans
(Funatsuki et al., 2014; Sedivy et al., 2017).

Recently, a genome-wide association study (GWAS)
described another dehiscence-associated candidate gene,
Glyma09g06290 (Hu et al., 2019). This gene is highly ex-
pressed in developing pods; however, the biological func-
tions of this gene should be further investigated (Hu et al.,
2019). Later, another GWAS showed that the NST/A gene
(Glyma.07G050600) has a potential role in soybean pod
dehiscence (Zhang J., Singh, 2020). NST1A4 codes a NAC
family transcription factor and a paralog of SHATI-5 (NAC
are NAM, ATAF1/2, and CUC2 proteins, the largest families
of transcription factors in plants: NAM — no apical meristem
proteins, ATAF1/2 — Arabidopsis transcription activation fac-
tor, CUC2 — cup-shaped cotyledon; NST1-NAC secondary
thickeningl) (Zhang J., Singh, 2020). The authors identified
an indel in its coding sequence, leading to a premature stop
codon. Epistatic analyses showed that NST/4 works with Pdh1
to provide durable resistance to pod dehiscence (Zhang J.,
Singh, 2020; Parker et al., 2021).

Apart from genes, several QTLs were repeatedly identified
throughout the soybean genome on different chromosomes.
To date, several QTLs for PD have been identified on almost
all chromosomes in different soybean populations (Bailey et
al., 1997; Liu et al., 2007; Kang et al., 2009; Yamada et al.,
2009; Han et al., 2019; Hu et al., 2019). The identified QTL
on chromosome 16 was located near the major gene pdh/ and
had a high value of the coefficient of determination (Seo et
al., 2020; Jia et al., 2022).

Most new QTLs were identified using GWAS, a powerful
tool for detecting natural variation involving the regulation
of complex traits based on genotype-phenotype association
(Rafalski, 2010; Huang, Han, 2014). Although many QTLs
for PD in soybeans were discovered, some can be unstable
in different environments and may vary in diverse genetic
backgrounds (Hu et al., 2019; Seo et al., 2020; Jia et al.,
2022). Hence, additional studies for searching QTLs for PD
are important for breeding practices in new soybean environ-
ments. Therefore, this study aimed to identify QTLs for PD
in the southeast region of Kazakhstan using a diverse world
soybean collection.

Materials and methods

Field evaluation of the collection. The soybean collection
consisted of 273 cultivars and lines from Eastern and Western
European countries, North America, and East and Central Asia
(Supplementary Material 1)! (Zatybekov et al., 2017, 2018).

T Supplementary Materials 1-5 are available at:
https://vavilovj-icg.ru/download/pict-2024-28/appx19.pdf
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The collection was grown in 2019 and 2021 at the experi-
mental stations of Kazakh Research Institute of Agriculture
and Plant Growing (KRIAPG, Almaty region, Kazakhstan)
located at an altitude of 740 m above sea level, 43°15" N,
76°54" W (Doszhanova et al., 2019). This site is characterized
by continental climatic conditions: mild and cool winters, cool
spring, hot and dry summers, and warm and dry fall. The me-
teorological data registered for the experiments are provided
in Supplementary Material 2. The collection was planted in
four rows per plot, 25 cm plant spacing, 50 cm row spacing,
and 1 m row length without soil fertilizers.

The yield component traits screened in soybean accessions
are the number of fruiting nodes (NFN, pcs), the number of
seeds per plant (NSP, pcs), yield per plant (YP, g), thousand
seed weight (TSW, g). The PD data was collected by visually
estimating the percentage of pods at the R8 stage in a plot that
had dehisced at the full maturity stage on a scale of 1-5, where
1 <1-20 %, 2 <21-40 %, 3 <41-60 %, 4 < 61-80 % and
5<81-100 % (Supplementary Material 1). Correlation analy-
sis was conducted using RStudio software (Allaire, 2011).

DNA extraction and PCR procedure. DNA was extracted
from young leaves by a modified CTAB method (Suzuki et
al., 2012). Amplification of DNA was performed using an
allele-specific PCR method with four primers for the SNP
marker of the Pdhl gene associated with pod dehiscence
in soybean (Funatsuki et al., 2014). PCR reaction of 10 pl
of the solution containing the DNA template (50 ng/ul),
AmpliTaqGold MasterMix (Applied Biosystems by Thermo
Fisher Scientific), two pairs of primers (forward and reverse
outer primers, forward and reverse inner primers), and M13
primer, labeled with fluorescent (FAM, NED, VIC and PET,
Applied Biosystems). PCR amplification used an initial 95 °C
for 7 min; 35 cycles of 94 °C for 30 sec, 56 °C for 30 sec,
and 72 °C for 1 min, and a final 72 °C extension for 7 min.
PCR products were analyzed on an ABI Prism 3500 Genetic
Analyzer (Applied Biosystems) with GeneMapper software
as described previously (Suzuki et al., 2012).

Linkage disequilibrium, population structure, and
genome-wide association study. For GWAS, the genomic
DNA of all samples in the collection was genotyped using
the 6K SNP Illumina iSelect array (Song et al., 2013) at the
Trait Genetics Company (TraitGenetics GmbH Gatersleben,
Germany). SNP genotype analysis was carried out using Illu-
mina Genome Studio software (GS V2011.1). The quality
control of genotyped data was performed by filtering SNPs
with call rate >90 % and minor allele frequency (MAF)>5 %.
Accessions with missing data being greater than 10 % were
removed. SNP loci with more than 10 % heterozygous calls
were also removed (Bradbury et al., 2007). Pairwise linkage
disequilibrium (LD) between the markers based on their corre-
lations (R2) was calculated using TASSEL. R statistical soft-
ware was used to plot the correlation between pairwise R2
and the genetic distance, LD decay plot (www.R-project.org).

The population structure (Q) analysis was performed using
STRUCTURE software version 2.3.4 (Pritchard et al., 2000).
The optimal number of clusters (K) was chosen based on the
AK as described by (Evanno et al., 2005). The obtained values
were then transformed into a population structure (Q) matrix.
The kinship matrix (K) was generated by TASSEL software
V5.0 (Bradbury et al., 2007).
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GWAS was conducted based on the Mixed Linear Model
(Q +K)using TASSEL software V5.0 (Bradbury et al., 2007).
The statistical significance thresholds, Bonferroni correction,
and alternative method False Discovery Rate (FDR) were
used to distinguish true positives from false positives and
false negatives. The significance level of 5 % after Bonfer-
roni multiple test correction was used to identify significant
associations (Buckler et al., 2011). The Benjamini-Hochberg
procedure was calculated to control the FDR threshold at 5 %
(Benjamini, Hochberg, 1995). The SoyBase database (www.
soybase.org) was used to search genes for identified marker-
trait associations.

Results

Field experiments and traits evaluation

Observing PD in the field conditions of the Almaty region
showed that 23 accessions in 2019 and 21 accessions in 2021
dehisced their pods in the field conditions (Fig. 1), and 12 ac-
cessions repeatedly fully or almost fully dehisced their pods
with grade 4 or 5 in two years of experiments in the Almaty
region (Supplementary Material 1).

The results of two years of experiments showed that the
vast majority of the soybean collection was resistant to PD in
the Almaty region conditions, but 32 accessions were found
to be susceptible to PD in one of the two years of study. Af-
ter harvesting, the soybean collection was analyzed by yield
components, such as NSP, NFN, YP, and TSW. The soybean
collection studied in the Almaty region was more productive
in 2021 than in 2019. The average values of two years for
NFN, NSP, YP, and TSW were 15.01 nodes, 37.88 seeds,
9.62 g, and 149.12 g, respectively. The ranges of soybean
yield components in the Almaty region in two experimental
years and average data are shown in Table 1.

Pearson correlation analysis suggested that the average data
ofthe PD trait in the field conditions of the Almaty region were
negatively and significantly associated with all yield com-
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Fig. 1. The field screening of the world soybean collection by the pod
dehiscence trait in 2019 (a) and 2021 (b) years of experiments.
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Table 1. The variability ranges of yield component traits in 2019, 2021, and the average of two years

Year Ranges NFN
2019 Max 31.3

Min 49

Mean + SE 14.38+0.33
2021 Max 52

Min 3.7

Mean + SE 15.63 +0.44
Average Max 34.05

Min 5.2

Mean + SE 15.01+0.35

NSP YP TSW

87.7 39.3 3109

84 1.5 18.9

36.28 +0.95 10.38 £0.34 124.28 +3.38
126 55.6 276

6.3 0.3 118

3943 +1.25 8.85+0.41 173.18 £1.51
81.85 315 2284

10.5 1.95 97.05

37.88 +1.01 9.62 +0.32 149.12+1.63

Note.NFN - number of fruiting nodes (pcs), NSP — number of seeds per plant (pcs), YP - yield per plant (g), TSW - thousand seed weight (g), SE - standard error.

NFN NSP TSW YP
1.00
FieldPD @ -027 -029 -0.20 -0.27 0.75
0.50
NFN . 0.33 0.25
0
NSP | 0.39 -0.25
-0.50
TSW -0.75
-1.00

Fig. 2. Correlation analysis of the pod dehiscence trait in the field condi-
tions and yield components.

Field PD - pod dehiscence in the field conditions.

ponents, NFN, NSP, YP, and TSW, with coefficients of cor-
relation —0.27,-0.29, —0.2, and —0.27 respectively (p < 0.01,
RStudio). In their turn, NSP, YP, and TSW had a significant
and positive correlation with each other (p <0.01) (Fig. 2).

Genotyping of soybean collection

The soybean collection consisted of 273 samples and was
genotyped using four primers for the SNP marker of the Pdh1
gene, which is associated with PD. The SNP analysis of soy-

—> Size, bp

bean accessions identified three alleles: S — pod dehiscence
susceptible, R — pod dehiscence resistant, and H — heterozy-
gous (Fig. 3). A t-test with significance confirmed the differ-
ence among groups of three alleles at p <0.001.

The results of Pdhl genotyping using an allele-specific SNP
marker showed that 244 out of 273 accessions were with the
homozygous R (resistant) allele, 14 had the homozygous S
(susceptible) allele, and 15 samples were heterozygotes
(Supplementary Material 1). Figure 4 illustrates the distribu-
tion of alleles of different origins in the soybean collection.

Most of the accessions carrying the susceptible S alleles in
homozygous or heterozygous genotypes were from Eastern
Europe (10 and 8 accessions, respectively). In accessions
from East Asia, three cultivars were with the homozygote
S allele (‘Kheikhek14’, ‘Dong doe 641° and ‘Ken feng 20°,
China), and one was heterozygous (‘Kharbin’, China). In ac-
cessions from Northern America, two cultivars were with the
homozygous S allele (‘KG 20°, Canada and ‘Carola’, USA),
and three were heterozygous genotypes (‘Maple Arrow’ and
‘GEQO’, Canada and ‘Linkoln’, USA). In accessions from
Western Europe, one cultivar carried the S allele (‘Sepia’,
France), and one was heterozygous (‘Fiskeby5’, Sweden). All
Central Asian accessions carried the homozygous R allele of
the pdhi (Fig. 4).

The results of field screening for PD of the average data
for the two years of experiments and genotyping data by

135 165 135 165
; . 2000— . 2000
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> L L
2 1500} 1600 1600
S
£ 1200 + 1200t 1200 F
€ o00f
! 800t 800 -
9 600 -
S 400} 400}
T 300
0 A o e 0 it Pl Py, 0
Arctic Accord Toury

Fig. 3. Amplification products of specific SNP marker for the Pdh1 gene in Arctic, Accord, and Toury soybean varieties with S and R alleles and hetero-

zygote (H), respectively, detected by Genetic Analyzer 3500.
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PDH1 genotyping
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Fig. 4. The genotyping results of the soybean collection studied using an
allele-specific SNP marker of the Pdh1 gene.

S-homozygous genotypes with the susceptible allele, R — homozygous geno-
types with the resistant allele, H - heterozygotes.

DNA marker showed a moderate correlation link (p <0.01).
Comparative assessment of PD in field studies and Pdhl
genotyping indicated that in 14 accessions with the homozy-
gous S allele, only seven cultivars were susceptible to PD in
both years, and ten samples, in one of the two studies years
(Supplementary Material 1). These seven cultivars were from
Eastern Europe (6 accessions) and Northern America (1 ac-
cession). In 244 identified samples with the homozygous
R allele, four accessions were susceptible to PD in both years,
and 19 accessions, in at least one out of two studied years
(Supplementary Material 1). These four cultivars were from
Eastern Europe (3) and North America (1).

Linkage disequilibrium, population structure,

and genome-wide association study

After filtering the genotyping data by MAFs, missing data
in individuals, and heterozygous calls, a total of 4,651 SNPs
remained. The average density of the SNP map was one marker
per 246 Kb. Linkage disequilibrium (LD) decayed at 3.3 Mb
for the whole genome at R2 of 0.1 (Fig. Sa). The popula-
tion structure (Q) based on the results of STRUCTURE and
STRUCTURE Harvester analyses showed three subpopula-
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tions (Fig. 5¢). The Q matrix was developed using K = 3 as
the optimum (Fig. 5b).

The Manbhattan plot with SNP markers associated with PD
and the QQ plot are illustrated in Figure 6, the Manhattan plot
and the QQ plot of each year of the experiment are illustrated
in Supplementary Materials 3, 4. The threshold is 1.0x1073
at a significance level of 5 % after Bonferroni multiple test
correction. A significance threshold of 5 % FDR was used to
identify putative SNP associations. If two SNPs were closer
than the genome average LD decay value of 3.3 Mbp, they
were considered to belong to the same locus.

The GWAS with significance thresholds of FDR and Bon-
ferroni correction allowed the identification of three QTLs for
PD on chromosomes 10, 13, and 16 (Fig. 6, Table 2, Supple-
mentary Materials 3-5). For each identified QTL, one most
significant SNP marker with the lowest p-value was selected:
Gm10 47774781 on chromosome 10, Gm13 6207590 on
chromosome 13, and Gm16 29681065 on chromosome 16.
The information about the marker positions on the chromo-
somes, p-values, effects, and phenotypic variations for alleles
is shown in Table 2.

Gm16 29681065 was located in the vicinity of Pdhl on
chromosome 16 (Table 2). Other two minor QTLs were identi-
fied on chromosomes 10 and 13. Identified SNPs with the most
significant p-values of Gm16 29681065, Gm10 47774781,
and Gm13 6207590 were designated as gPD16-1, gPD10-1,
and gPDI13-1.

The influence of the allelic status of the most significant
SNPs of three stable QTLs for the PD phenotype is shown in
Table 3. The results in Table 3 indicate that the combination
of effective SNP alleles (TTG) in three QTLs resulted in PD
resistance with a value of 0.1. In contrast, the combination
of alternative alleles (GCA) showed susceptibility to PD
with a value of 3.9. Interestingly, two plants with the TCA
combination (a resistant allele for Gm16 29681065 and two
susceptible alleles for Gm10 47774781 and Gm13_6207590)
showed PD phenotype with the value of 4.5 (Table 3), sug-
gesting that the effective allele in Gm16 29681065 alone is
not sufficient for PD resistance.

b Delta K= mean(|L(K)|)/sd(L(K))
250+

200
150
100

50

Membership coefficient

Fig. 5. a, LD decay plot of 4,651 SNPs through the whole soybean genome; b, Delta K for differing numbers of subpopulations;
¢, bar plot of estimated population structure of 273 soybean genotypes on K = 3.
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Fig. 6. Manhattan (a) and QQ plots (b) for the pod dehiscence trait in the world soybean collection for average data of 2019 and 2021 in the Almaty

region.

Table 2. The list of identified significant SNP markers associated with PD for 2019 and 2021
and the average data for the two years of the experiment using the genome-wide association study

Parameter
Chromosome
Position, bp
Allele

p-value/FDR
Effect*
Rz**

p-value/FDR
Allele effect
R2

p-value/FDR
Allele effect
R2

Candidate loci

Gm16_29681065, gPD16-1

16
29681065
G

1.7576E-10/8,17E-07
1.05999
0.1645

1.5159E-6/2,35E-03
0.38581
0.08677

4.7063E-10/2,19E-06
0.45428
0.15097

Pdh1/Glyma16925580
(GM16:29601346...29601897)
(Funatsuki et al., 2014)

* Absolute effect; ** R2 — marker phenotypic variation.

Gm10_47774781,qPD10-1
10
47774781
C

2019
0.00203/4,50E-01
0.36111
0.03655

2021
2.1195E-5/1,97E-02
0.24986
0.06757
Average
3.8127E-5/2,22E-02
0.20783
0.06413

Glyma10g40330
(Calmodulin-binding protein,
start 47773565-stop 47775599)
(Schmutz et al., 2010)

Gm13_6207590, gPD13-1
13

6207590

A

0.00391/6,99E-01
0.29456
0.03527

5.89E-4/1,61E-01
0.17689
0.04363

1.0165E-4/3,64E-02
0.1743
0.05917

Near Glyma13905890
(Calmodulin-binding protein,
start 6199393-stop 6203098)
(Schmutz et al., 2010)

Table 3. Mean of PD scores for allelic combinations of SNP markers in three identified quantitative trait loci of PD in field conditions
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Discussion

The assessment of the collection in the field conditions of the
southeast of Kazakhstan has confirmed a high negative impact
of PD on yield performance (Fig. 2). The field evaluation of
average data revealed that 32 genotypes were susceptible to
PD in at least one of the two studied years (Fig. 1). The phe-
notypic results for PD over two years of study were stable and
largely coincided with genotypic results using an allele-speci-
fic SNP marker of Pdhl, confirming the fact that Pdh 1 played
a critical role in soybean expansion (Funatsuki et al., 2014).
Nevertheless, 19 out of 244 accessions with homozygous
R alleles showed susceptibility to PD in the field conditions of
southeast Kazakhstan, suggesting that more genes are involved
in regulating PD. Therefore, GWAS was applied to identify
additional genetic factors that can potentially be involved in
the genetic control of PD. The application of GWAS suggested
that three stable QTLs for PD were significant in this study.

The three identified QTLs (¢PD10-1, gPD13-1, and
qPD16-1) were located on chromosomes 10, 13, and 16, re-
spectively (Table 2). As QTL gPD16-1 was highly significant
both in 2019 and 2021, it can be considered a major genetic
factor showing a remarkable effect on PD. The location of
QTN ¢PD16-1 coincided with the genetic position of Pdhl
(Funatsuki et al., 2014) (Table 2). The literature survey sug-
gests that Pdhl (Gm16:29601346-Gm16:29601897) encodes
a dirigent family protein known to be involved in lignification,
which increases dehiscing forces by promoting torsion of
dried pod walls (Funatsuki et al., 2014). The loss-of-function
pdhl gene has been widely used in soybean breeding as a pod
dehiscence resistance gene (Funatsuki et al., 2014).

The other significant SNP for PD identified on chromo-
some 10, ¢gPD10-1, was located in Glymal0g40330 (Schmutz
etal., 2010), the gene that is responsible for the expression of
plant calmodulin-binding protein (soybase.org). Previously,
another QTL for PD was identified on chromosome 10, which
was located within 10 cM of Satt243 (Gm10:46088332—
46088382, soybase.org) (Kang et al., 2009), suggesting a
strong genetic linkage between QTNs in two association
findings. Interestingly, the significant QTL identified on chro-
mosome 13 was located in the vicinity of Glymal3g05890,
which is also expressing plant calmodulin-binding protein
(Schmutz et al., 2010; soybase.org).

The results of influences of all three identified genetic factors
on PD performance suggest that although the role of gPD16-1
is remarkable, the allelic statuses of Gm10 47774781 and
Gm13 6207590 are also essential (Table 3). Hence, it can
be hypothesized that calmodulin-binding protein is part of
the gene network controlling PD. Calmodulin (CAM) is a
Ca?* sensor known to regulate the activity of many eucaryote
proteins and plays an important role in plant growth and de-
velopment (Yu et al., 2021). An increasing number of studies
have illustrated that plant calcium signals play a vital role
in life processes by acting as a messenger transducer in the
complicated signal network to regulate plant growth and de-
velopment and the response and adaptation to environmental
stresses (Hong-Bo et al., 2008). Hypothetically, drought or
high temperature as environmental stress can induce responses
by activating calmodulin-binding protein, leading to a change
in the structure of soybean pods. In general, the results of the
soybean PD study in conditions of southeast Kazakhstan sug-
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gest that it is controlled by one major and two minor QTLs,
which is congruent with results of previous reports, where one
major and few minor QTLs were revealed (Tsuchiya, 1987,
Bailey et al., 1997; Ogutcen et al., 2018; Seo et al., 2020).
Nevertheless, gPD13-1, identified in this work, has not been
reported in any previous PD studies, and, therefore, it can be
considered a putatively novel genetic factor for the regulation
of PD in soybeans.

Conclusion

The evaluation of the collection consisting of 273 soybean ac-
cessions with different origins for PD has confirmed a strong
influence of the Pdhl gene on trait performance and a nega-
tive impact on yield and yield components over two studied
seasons in southeast Kazakhstan. The application of GWAS
has allowed the identification of one major (¢PD16-1) and two
minor (¢PD10-1 and ¢gPD13-1) QTLs for PD. The location of
the major QTL has coincided with the physical position of the
Pdhl. Two minor QTLs have been associated with the genes
for calmodulin-binding protein on chromosomes 10 and 13.
The assessment of available scientific reports for the genetic
control of PD suggests that the QTL for PD on chromosome 13
is a novel genetic factor for regulating the studied trait.
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Abstract. Low intake of micro- and macroelements and vitamins in food negatively affects the health of more than
two billion people around the world provoking chronic diseases. For the majority of the world’s population, these
are soft and durum wheats that provide beneficial nutrients, however their modern high-yielding varieties have a
significantly depleted grain mineral composition that have reduced mineral intake through food. Biofortification is a
new research trend, whose main goal is to improve the nutritional qualities of agricultural crops using a set of classi-
cal (hybridization and selection) methods as well and the modern ones employing gene/QTL mapping, bioinformatic
analysis, transgenesis, mutagenesis and genome editing. Using the classical breeding methods, biofortified varieties
have been bred as a part of various international programs funded by HarvestPlus, CIMMYT, ICARDA. Despite the
promise of transgenesis and genome editing, these labor-intensive methods require significant investments, so
these technologies, when applied to wheat, are still at the development stage and cannot be applied routinely. In
recent years, the interest in wheat biofortification has increased due to the advances in mapping genes and QTLs
for agronomically important traits. The new markers obtained from wheat genome sequencing and application of
bioinformatic methods (GWAS, meta-QTL analysis) has expanded our knowledge on the traits that determine the
grain mineral concentration and has identified the key gene candidates. This review describes the current research
on genetic biofortification of wheat in the world and in Russia and provides information on the use of cultivated and
wild-relative germplasms to expand the genetic diversity of modern wheat varieties.
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! MepepanbHbI CCefoBaTENbCKUIA LLEeHTP VHCTUTYT yutonorum n reHetukn Cnbrpckoro otaeneHnsa Poccuiickon akagemun Hayk, HoBocnbupck, Poccus
2 CnBMPCKINIA HayYHO-UCCNeA0BaTENIbCKUI MHCTUTYT PacTeHNEBOACTBA 1 cenekummn — prnman GefepanbHOro NccefoBaTenbCKoro LeHTpa
WHCTUTYT uutonorum u reHetmkn Cnbmpckoro otaeneHns Poccuinckon akagemmm Hayk, p.n. KpacHoo6ck, HoBocrnbrpckas obnactb, Poccus
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AHHOTauusA. HepocTaTtok NoTpebieHns MMKPO- U MaKpO3/IEMEHTOB U BUTaMUHOB B MPOAYKTAX NUTaHWs, KOTOPbI
3aTparuBaet 6onee ABYX MUNIMAPLOB YeIOBEK HAa 3eMHOM Lape, HeraTWBHO CKa3blBaeTCs Ha 340POBbe 1 NPUBOAUT
K Pa3BUTIIO XPOHMYECKMX 3a6oneBaHnil. OfHVM 13 NCTOYHMKOB MOMNE3HbIX HYTPUEHTOB ABMIAETCA MLUEeHMLA, KoTopas
obecneurBaeT NULLEBON 3Hepruein 6oNbWMHCTBO HaceneHus Mmupa. Co3gaHne COBPEMEHHbIX BbICOKOYPOXKalHbIX
COPTOB MPUBESIO K 3HAUMTENIbHOMY O6EAHEHUNI0 MMHEPAIbHOrO COCTaBa 3epHa U COKPALLEHWIO NoTpebneHns mu-
HepasioB yepes NpoayKTbl NuTaHus. briodopTrdrKkaLma — akTUBHO pa3BMBalOLLEecs HamnpaB/eHne, OCHOBHOM Lie-
Nblo KOTOPOTO ABAETCA YAyulleHne NUTaTeNlbHbIX KauecTB CellbCKOXO3AMCTBEHHBIX Ky/bTYP C MOMOLLbIO KOMIIeKca
KIaCCMUEeCKMX 1 COBPEMEHHbIX METOAOB. K UnC/y OCHOBHbIX TEXHONOMWIA, UCMOSb3yeMbIX B Nporpammax 6riodop-
TdMKaLMM NIWEHULbl, MOXXHO OTHECTV TPAAVLMOHHYIO CeNeKLMio, BKoUaloLLyo MeTofbl rmbpuamnsaumm n otéopa,
COBPEMEHHYI0 CENEKLMIO C [OMONHUTENIbHBIM MPUBNEYEHEM METOAOB KapTnpoBaHus reHoB/QTL n 6uonHdopma-
TUYECKOro aHann3a, TPaHCreHes, MyTareHes 1 reHOMHOe pefakTupoBaHuve. Ycrnexu B co3aaHny 61nooboralleHHbIX
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COPTOB ObIN AOCTUFHYTbI B pamMKaXx PasfIMyHbIX MeXXAYHapPOLHbIX Nporpamm, duHaHcpyemblx HarvestPlus, CIMMYT,
ICARDA, c nomoLpblo TPaaMLMOHHON Cenekumnm n arpoHOMUYECKNX MeTooB. HecMoTps Ha NepcneKkTUBHOCTb Me-
TOAOB TPaHCreHe3a U FEHOMHOTO PefaKTUPOBaHUA AN1A CO3AaHMA BMOO6OraLLEHHbIX KYNIbTYP, OHU TPEOYIOT 3HaUn-
TeNbHbIX UHBECTULMOHHDBIX BIIOXEHWI 1 TPY[03aTPaTHbI, MO3TOMY AaHHbIe TEXHONOTMN NMPUMEHUTENbHO K NLUeHNLe
HaxopAATCA B CTaAum pa3paboTKu 1 He MMeIOT MoKa NPaKT1Yeckoro Bbixoaa. B nocnegHue rogbl nHTepec K 61oobo-
raleHuo nieHnLbl BO3POC B CBA3M C ycrnexamu B 06nactu kapTmpoBaHua reHoB 1 QTL ana Xo3ANCTBEHHO BaXKHbIX
npr3HakoB. Pa3paboTka HOBbIX MapKepoB Ha OCHOBE Pe3yNbTaTOB CEKBEHVPOBAHNA reHOMa MLUEHNLbI 1 NpYBeYe-
Hue 6uorHPopMaTNYeCKX MeToaoB aHanm3a (GWAS, meta-QTL) pacwmpunmn nHpopmaumio No KOHTPOI Npu3Ha-
KOB, OnpefensioWmnx Coaep>KaHe MUHEPAIOB B 3€PHE, U BbIABUIN KtOYeBble reHbl-kaHaMAaTbl. B jaHHOM 0630pe
ONMCaHO COBPEMEHHOEe COCTOAHME UCCeoBaHNI B 06nacTy reHeTnyeckon 6nodopTrdmnKaLmm nweHnLbl B Mupe
1 B Poccun. MNpriBeseHbl cBefeHMA 06 MCNONb30BaHUM FePMOMIa3Mbl KyIbTYPHbBIX U AUKOPACTYLUMX POACTBEHHUKOB
[NA paclIMpeHna reHeTNYeCKoro pasHoobpasna COBPeMEeHHbIX COPTOB MLUEHNLbI.

KntoueBble c10Ba: NWeEHNLA; MAKPO3JIEMEHTbI; MaKpPO3/IeMEHTbI; CENeKLUs; arpoHoMUs; brodpopTrdmKaums.

Introduction

As a source of complete plant protein, minerals, micro- and
macronutrients and vitamins, wheat plays an important role
for the world’s population. Consuming wheat products, the
population obtains, on average, up to 20-30 % of calories
per day; in some developing countries this figure is as high
as 70 % (Shewry, 2009a; Shiferaw et al., 2013; Tadesse et
al., 2019). To meet the growing demand for wheat grain,
increasing yields has been the main focus for the breeders
since the 1960s. Expansion of planted areas and introduction
of new high-yielding varieties has gradually increased the
world’s wheat production, so, according to the FAO, the grain
harvest was estimated at 805.6 million tons in 2023 compared
to less than 600 million tons in 2000 (https://www.fao.org/
worldfoodsituation/csdb/ru). Compared to then, significant
yield increases of 1.3 to 1.8 times have been observed in major
wheat-producing countries such as China, India, Russia and
the United States (https://www.fao.org/faostat/ru/#country/).

However, this success in increasing wheat yields achieved
through introduction of high-yielding varieties has been ac-
companied by deteriorated grain quality, reduced contents of
protein, gluten and minerals that determine the nutritional
value of the final product (Mitrofanova, Khakimova, 2017;
Helguera et al., 2020). Published data indicate that the micro-
and macronutrient contents in the grain of modern varieties
have been significantly lower than those in ancient varieties
and wild relatives (Salantur, Karaoglu, 2021; Zeibig et al.,
2022).

The micro- and macronutrients play an important role
in many processes of plant development such as seed ger-
mination, root system development and yield formation
(Marschner, 1995). They are also indispensable when it comes
to photosynthesis and respiration and stress resistance regula-
tion (De Santis et al., 2021; Shoormij et al., 2022; Khan et al.,
2023). The list of macronutrients now considered essential for
a healthy lifestyle and normal body function includes sodium
(Na), potassium (K), magnesium (Mg), calcium (Ca), chlorine
(Cl), phosphorus (P), and sulfur (S). Iron (Fe), zinc (Zn),
copper (Cu), manganese (Mn), iodine (I), and selenium (Se)
are commonly recognized as indispensable microelements
(Jomova et al., 2022; Ali A.A.H., 2023). Some nutritionists
additionally include bromine (Br), vanadium (V), silicon (Si),
nickel (Ni) and chromium (Cr) on that list, but the data on the
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positive effects of these elements in animals and humans are
currently contradictory (Vincent, 2017; Genchi et al., 2020).

Deficiencies in micronutrient intake with food, or the so-
called “hidden hunger”, lead to the development of chronic
diseases, reduced mental development and even increased
mortality in most developing countries (Faber et al., 2014;
Lockyer et al., 2018). Deficiency in Na, K, Ca, Mg, P results
in nervous, cardiovascular, skeletal and muscular systems
impairments. Among the essentials, these are the deficiencies
of Fe, Zn, I and Se that are of particular concern, since they
are involved in hemoglobin synthesis; regulation of the func-
tions of a number of enzymes, including insulin; metabolism;
cancer-cell suppression, etc. (Prashanth et al., 2015; Islam et
al., 2023).

Currently, the improvement of wheat nutritional properties
by increasing the concentration and bioavailability of essential
micro- and macronutrients has become a priority in the field of
wheat genetics and breeding. This direction commonly known
as biofortification is developed through various approaches,
the main ones being agronomic and genetic biofortification
using both traditional breeding methods and modern mo-
lecular genetic approaches. The paper reviews the results
obtained by the agronomic methods and classical breeding
employing gene mapping technologies, and considers the
prospects for their use in the development of biofortified wheat
varieties.

Mineral composition of wheat

and its wild relatives

Mineral composition in wheat whole grains and flour varies a
lot to be determined by the genotype, environments, soil com-
position, presence of mineral fertilizers and other agronomic
factors. A significant contribution to the phenotypic manifes-
tation and inheritance of the trait is made by the genotype,
because it allows one to use samples with increased mineral
content to breed new lines of wheat.

The mineral content in the grain of modern bread wheat
varieties may change considerably: such elements as Zn, Fe,
Cu, Mn range up to 40, 50, 4 and 38 pg/g, respectively; while
the content K, Mg and Ca does not exceed 4,200, 1,150 and
370 pg/g on average (Murphy et al., 2008; Zhao et al., 2009;
Khokhar et al., 2018; Morgounov et al., 2022; Potapova et al.,
2023). Although today’s durum wheats do not differ signifi-

Vavilovskii Zhurnal Genetiki i Selektsii / Vavilov Journal of Genetics and Breeding - 2024 - 28 - 5



WN.H. NeoHoBa, E.B. Areea
B.K. WymHbIn

cantly from soft ones in the concentration of major mineral
elements (Ficco et al., 2009; Shewry et al., 2023), some authors
indicate that Zn and Fe content in the grain of many durum
wheat varieties has been significantly higher (Cakmak et al.,
2010; Rachon et al., 2012).

Modern wheat varieties have lower concentrations of
macro- and micronutrients compared to their ancient, and wild
and cultivated relatives. A number of studies have shown that
the decrease in micronutrient content is not always related to
changes in climatic factors or soil characteristics (Garvin et
al., 2006; Ficco et al., 2009). M.S. Fan et al. (2008) conducted
an extensive study of soil composition and the changes in Zn,
Fe, Cu and Mn contents in wheat grains over 160 years. The
mineral content was shown to have remained stable from
1845 to the 1960s, but then it declined significantly due to
the introduction of yielding dwarfing varieties. This trend
was maintained regardless of changes in the concentration of
soil elements or the administration of organic and inorganic
fertilizers. In other words, the reduced-height (RA?) genes in
durum and soft wheat are accompanied by reduced micronu-
trient concentrations, the reduction level varies and depends
on the genetic background of a variety (Velu et al., 2017a).
Some authors note there are negative correlations between the
yield of modern varieties and their Zn and Fe content. This
may be the reason for the decrease in the concentration of the
minerals in grain due to the cultivation of highly productive
varieties (Monasterio, Graham, 2000; Garvin et al., 2006).

Breeding a biofortified wheat variety causes a problem of
maintaining a high mineral content in the final products, since
a significant part of micronutrients is concentrated in the grain
shell, e. g., Zn, Fe and Cu concentrations reduce 2 to 10 times
in flour if compared to that in whole grain, while in the bran
made of grain hulls it remains several times higher (Peterson
et al., 1986; Ciudad-Mulero et al., 2021). A good alternative
may be using whole-wheat flour or adding bran that contains
much more essentials into flour. Different proportions of wheat
bran added into flour increase the Fe content in baked products,
the greatest effect observed when adding 10 % of bran, which
makes the bread comparable to that made of whole-wheat
flour (Butt et al., 2004).

Screening the germplasms of wild and cultivated wheat
relatives has also revealed significant differences in mineral
concentrations. Despite the wide variability in Ca, Mg, K, Zn,
Fe, Mn and Cu contents in the diploid and tetraploid ances-
tors of T durum, T. dicoccum, T. monococcum, T. araraticum,
T. timopheevii, and Ae. tauschii, scientists have observed that
hexaploid wheat 7 aestivum, on average, is inferior to them
in the concentration of most elements (Marschner, 1995; Cak-
mak et al., 2004; Gupta P.K. et al., 2021; Zeibig et al., 2024).
Zn and Fe concentrations in the grain of various representa-
tives of the genus Aegilops (Ae. searsii, Ae. umbellulata,
Ae. caudata, Ae. geniculata, etc.) are 2—-3 times higher than
those in modern hexaploid wheat cultivars (Gupta P.K. et al.,
2021; Zeibig et al., 2022). High genetic diversity in relation
to the mineral composition was found in wild spelt 7. dicoc-
coides; a combination of high zinc, iron and protein contents in
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grain and high yield was also observed for some spelt varieties
(Peleg et al., 2008; Chatzav et al., 2010).

Significant intra-population diversity is the basis for utiliz-
ing the genetic potential of wild and cultivated relatives as a
source of high mineral content in grain for the presence of
positive correlations between some element concentrations
(Zn, Fe, Mg), protein content and yield allows for simultane-
ous improvement of several quality parameters without re-
ducing productivity (Oury et al., 2006; Chatzav et al., 2010).

To improve the mineral composition, various introgression,
addition, and substitution lines derived from hybridization of
modern soft and durum wheat varieties with wild and culti-
vated relatives have been developed (Wang S. et al., 2011;
Farkas et al., 2014; Savin et al., 2018). Examination of the
given resources has enabled for identification of the accessions
with better characteristics than the original commercial wheat
varieties. It has also made it possible to detect the critical
chromosomes containing targeted genetic factors to establish
a basis for subsequent gene mapping.

An extensive source of genetic diversity for mineral compo-
sition in wheat are the synthetic hexaploid lines derived from
the hybridization of different accessions of 7. turgidum ssp.
durum and Ae. tauschii (Alvarez, Guzman, 2018; Morgounov
et al., 2022). Using these synthetic lines, a large number of
favorable target-gene alleles have been mapped that can be
employed for genetic biofortification (Bhatta et al., 2018;
Morgounov et al., 2022). However, a detailed analysis of
the productivity of the accessions bred with these wheat
relatives has shown that most of them are characterized by a
decrease in yield and its components, depending on the genetic
background of the recipient variety and the amount of alien
genetic material (Calderini, Ortiz-Monasterio, 2003; Velu et
al., 2017b), which significantly complicates the transfer of
target genes into commercial wheat varieties.

Genetic biofortification

Conventional breeding is the most common and cost-effective
biofortification method to improve the mineral composition of
wheat grain. In this classical method, donors of high nutrient
content are crossed with a recipient variety possessing neces-
sary economically important traits to select the sought trait in
subsequent generations. If a foreign species is used as a donor,
the process may be followed by several backcrossing cycles
to transfer the targeted introgressed fragment and reduce the
amount of foreign genetic material.

As a part of biofortification programs carried out in the
major international centers involved in the study of cereal
crops (CGIAR, CIMMYT, HarvestPlus, ICARDA), the results
of screening of their collections of modern wheat varieties,
landraces and wild species have been used to determine the
mineral composition variability, develop recommendations
and create pre-breeding lines. (Monasterio, Graham, 2000;
Peleg et al., 2008; Ficco et al., 2009).

The use of traditional breeding methods for biofortifica-
tion of wheat grain became a topical issue in Europe after
the HEALTHGRAIN program was initiated (2005-2010) to
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summon 43 partners from 17 countries participated. Thanks
to this program modern varieties and breeding lines, landraces
of bread wheat and other cereal crops (rye, barley, oats) from
European countries were evaluated for phytochemical compo-
nents and mineral composition at several experimental plots.
The results have shown that a large part of the trait variations
was genetically determined, so the selected material may be
available for breeding programs (Shewry, 2009b; Van Der
Kamp et al., 2014).

Since 2003, HarvestPlus program has been investing
heavily to develop biofortified varieties of wheat, rice, corn,
millet, beans, sweet potato and other crops with higher levels
of vitamin A, Fe and Zn. Their wheat biofortification program
is underway in Africa (Egypt, Ethiopia, Madagascar, Nigeria,
South Africa, Zambia and Zimbabwe), Asia (Afghanistan,
Bangladesh, China, India, Nepal, Pakistan, the Philippines)
and Latin America (Bolivia, Brazil, Mexico) (https://www.
harvestplus.org/biofortification-hub). To date, under the pro-
gram, 37 biofortified wheat varieties for countries in Asia and
Africa have been developed, of which 12 are high-yielding
and resistant to fungal diseases (Andersson et al., 2017;
Bouis, Saltzman, 2017; Kamble et al., 2022). The study of Zn-
biofortified varieties developed in India under the HarvestPlus
brought the authors of the experiment to a conclusion that
despite the low contribution of genotype to the overall vari-
ability of Zn concentration in grain, the biofortified genotypes
exhibited environmental stability when grown in different soil
types, including those with low Zn content (Khokhar et al.,
2018). A list of biofortified soft and durum wheats developed
by major breeding institutions in India, Pakistan, Bangladesh,
Nepal and Bolivia in collaboration with CIMMY T and recom-
mended for commercial cultivation is presented in Gupta O.P.
et al. (2022). These include durum wheat varieties HI8777
and MACS 4028 with Fe content of 48.7 and 46.1 mg/kg
and Zn content of 40.3 and 43.6 mg/kg, respectively; and soft
wheat varieties WB 02, HI 1633, DBW 187, DBW 332 and
PBW 757, whose concentration of these elements exceeds
40 mg/kg.

In recent years, close attention has been paid to the develop-
ment of biofortified wheat genotypes of non-standard grain
color (blue, purple, black) that differ from conventional red-
grain and white-grain varieties by a high content of anthocya-
nins having antioxidant, antimicrobial and anticarcinogenic
activity. Investigation of the pigmented samples has shown
that some of them have additional characteristics such as
increased protein and micro- and macronutrient content
(Sharma S. et al., 2018; Xia et al., 2020; Dhua et al., 2021,
LiuY. etal., 2021). Analysis of the flour made of blue, green
and black grains has found that the pigmented varieties ex-
ceed the standard ones in protein and amino acid content by
7—-18 %, while their zinc content is almost 2-fold higher, and
that of Fe and Mn varies from 8 to 40 % (Tian et al., 2018).
There is also evidence that the blue-grain wheat has higher
iron and zinc contents if compared to those of purple, red and
white varieties (Ficco et al., 2014). Experiments to search for
samples with high Se content that has antitumor activity have
been conducted for the pigmented wheats (Xia et al., 2020).
They demonstrated that when the plants were sprayed with Se
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or when the last was applied to soil, the purple-grain varieties
accumulated more Se in grain if compared to the white-grain
ones. However, according to other authors, in the absence of
additional selenium treatments, the blue- and purple-grain
varieties were inferior to standard wheat varieties by almost
5 times (Phuong et al., 2017).

Pigmented wheats may contain increased amounts of gluten,
anthocyanin and minerals, and for that reason they are con-
sidered as a promising source of useful nutrients for bakery
and pasta products. However, the studies having investigated
the detailed qualitative characteristics of the final products
made of pigmented-wheat flour are few and include mainly
the assessment of anthocyanins, protein and gluten content,
dough characterization and a description of organoleptic
properties (Pasqualone et al., 2015; Vasilova et al., 2021;
Sharma N. et al., 2022; Fitileva, Sibikeev, 2023; Gordeeva et
al., 2023). Nevertheless, encouraging results proving that such
products retain significantly more beneficial nutrients while
processing have already been obtained (Padhy et al., 2022).
For example, A. Kumari et al. (2020) analyzing the chapati
baked from pigmented wheat varieties showed that the wheat
samples ranged in the following descending order in terms of
their phenolic content, anthocyanins and antioxidant activity:
black > blue > purple > white grain. Currently, colored-grain
varieties are considered as a promising source of bioactive
substances and high antioxidant activity.

Quantitative trait loci mapping

An important stage of biofortification is the selection of po-
tential genotypes containing target loci, whose presence leads
to an increase in mineral elements in grain. Currently, it is
DNA markers being used for nearly three decades for map-
ping quantitative trait loci (QTL) and for marker-assisted and
genomic selection (Collard, Mackill, 2008). That is of great
importance, since a detected QTL localization and position on
a chromosome allows one to understand the genetic basis of
a trait, identify the loci controlling mineral-elements content
as well as new QTLs and, based on the information obtained,
select the genotypes suitable for breeding.

Two approaches are used to localize target loci and identify
new gene alleles: genetic mapping on the populations raised
from biparental crosses, and genome-wide association study
(GWAS), whose main advantage is the use of the geno-
type panels characterized by high genetic diversity (Collard,
Mackill, 2008; Tibbs Cortes et al., 2021).

In the last 15 years, a sufficient number of papers have
been published on mapping of the QTLs whose presence
determines essentials content in wheat grain. It should be
noted that most of these studies have been conducted mainly
to identify genomic regions controlling Zn and Fe concen-
trations, as these elements are considered indispensable for
human health (Peleg et al., 2009; Tiwari et al., 2009; Wang S.
et al., 2011; Hao et al., 2014; Pu et al., 2014). GWAS has
enabled for more accurate mapping of the genomic loci, so
new previously unpublished QTLs have been identified, and
functional candidate genes have been searched for in the re-
gions of target loci (Bhatta et al., 2018; Alomari et al., 2019;
Rathan et al., 2022; Tadesse et al., 2023). Comprehensive
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research to identify the key genomic regions for Zn and Fe
biofortification in soft wheat was conducted by P. Juliana et
al. (2022), who, using a panel of 5,585 advanced-generation
pre-breeding lines, identified 141 markers on all wheat chro-
mosomes except for 3A and 7D. The results summarizing
the QTL localizations for Zn and Fe contents in wheat grain
are presented in part in review articles (Garcia-Oliveira et
al., 2018; Gupta O.P. et al., 2022). Currently, researchers are
accumulating information on the most informative loci, their
localization and validating SNP-KASP markers. So far, only
the first steps have been taken towards developing the KASP
markers based on the mapped QTLs (Wang Y. et al., 2021;
Sun M. et al., 2023) and there is no available information on
their specificity and practical use.

Only a limited number of studies cover the issue of genetic
and association mapping of the QTLs responsible for other
mineral elements (Alomari et al., 2017; Manickavelu et al.,
2017; Wang P. et al., 2017; Qiao et al., 2021; Hao et al.,
2024). Comparative genomic and meta-QTL analyses identi-
fied more than 400 stable loci for some of which pleiotropic
effects were shown in relation to different mineral elements
and yield components (Shariatipour et al., 2021; Singh et al.,
2022; Potapova et al., 2023; Cabas-Lithmann et al., 2024).
A GWAS conducted for 205 winter soft wheat genotypes from
China revealed more than 280 marker-trait associations with
Ca, Mn, Cu, and Se contents in different wheat chromosomes.
The study also demonstrated that the gene clusters in chro-
mosomes 3B and 5A (for Ca), 4B (for Cu), and 1B (for Mn)
had the highest contribution to their content (Wang W. et al.,
2021). Based on a whole-genome analysis of 252 soft wheat
cultivars for Se content, it was concluded that the use of the
SNP markers linked to target loci in chromosomes 5D and 1D
could increase Se concentration by 6.62 % during genomic
selection (Tadesse et al., 2023). A GWAS performed on a panel
of 768 cultivars found the genomic regions associated with
Cu, Fe, K, Mg, Mn, P, Se, and Zn concentrations in soft wheat
and the stably expressed candidate genes located in the QTL
localization regions (Hao et al., 2024). Eleven loci associated
with calcium accumulation were detected in chromosomes
2A,3A (2 loci), 3B (2 loci), 3D, 4A, 4B, 5B (2 loci), and 6A,
of which four QTLs were stably expressed under different
environmental conditions (Shi X. et al., 2022). Candidate-gene
study by these authors identified the TraesCS4A402G428900
gene in chromosome 4A, whose high expression may be as-
sociated with calcium accumulation in wheat grains.

To find sources and donors of the efficient loci associated
with high mineral concentrations in grain, a search for new
loci was conducted using various bread wheat relatives and
synthetic hexaploid wheats (SHWs) (see the Table). The
SHWs obtained from crosses between tetraploid species
(T durum, T. dicoccum) and diploid Ae. tauschii have become
a source of new gene alleles for various agronomically im-
portant traits. According to Z.E. Pu et al. (2014), 22 of the 29
alleles responsible for increased concentration of Zn, Fe, Mn,
Cu and Se in the grain of recombinant inbred lines originate
from the genome of a synthetic line derived from the crossing
of T turgidum ssp. turgidum and Ae. tauschii ssp. tauschii.
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A significant number of loci, including novel ones, have
been identified in the genome-D chromosomes originating
from different varieties of Ae. tauschii, which demonstrates
the high potential of this species in increasing the content of
such elements as Ca, Co, Cu, Li, Mg, Mn and Ni in grain
(Bhatta et al., 2018; Krishnappa et al., 2021; Morgounov et
al., 2022).

Anumber of studies have shown that the presence of foreign
chromosomes in the genomes of substitution, introgression and
addition wheat lines leads to increased concentrations of Zn,
Fe, and other minerals (Wang S. etal., 2011; Veluetal., 2017c;
Gupta P.K. etal., 2020; Potapova et al., 2023). In diploid wheat
species (1. monococcum, T. boeoticum), two loci responsible
for Fe content were identified in chromosomes 2A and 7A
and one responsible for Zn in chromosome 7A (Tiwari et al.,
2009; see the Table). In different populations of cultivated and
wild tetraploid species, recombinant inbred and synthetic lines
have had many QTLs originating from the A and B genomes
of T durum, T. dicoccum, and T. dicoccoides and associated
with Fe and Zn content (Peleg et al., 2009; Crespo-Herrera et
al., 2016, 2017; Cabas-Lithmann et al., 2024). It is noteworthy
that a number of mapped QTLs for Zn, Fe, Mn, and other
minerals have no negative effects on grain protein content,
1,000-grain weight, and yield in general, which allows one to
improve these varieties for several traits simultaneously (Uauy
etal., 2006; Liu J. et al., 2021; Cabas-Lithmann et al., 2024).
Also, many studies have shown a high level of heritability
of the studied traits that indicates the genotype’s significant
contribution. It will make it possible to use the samples with
foreign translocations as a source of target genetic factors
while breeding (see the Table).

Agronomic methods

The simplest and most accessible of all biofortification me-
thods is employment of the fertilizers enriched with micro- and
macroelements that either applied to the soil or as a foliar
treatment. Several studies suggest that applying different
concentrations of nitrogen fertilizer alone or in combination
with mineral supplements can have a positive effect on grain
micronutrient content (Shi R. etal., 2010; Kutman etal., 2011;
Niyigaba et al., 2019). As for the effectiveness of different
methods (seed treatment, soil fertilization, and foliar spray-
ing) in terms of their effects on the yield, protein content, and
mineral concentration, foliar spraying has so far been regarded
as the most effective one (Stepien, Wojtkowiak, 2016; Hassan
et al., 2019; Saquee et al., 2023), e. g., the efficacy analysis
of foliar spraying of wheat with Zn fertilizers conducted on
23 experimental fields in seven countries (China, India, Ka-
zakhstan, Mexico, Pakistan, Turkey, and Zambia) showed an
80-90 % increase of Zn concentration in grain and no reduc-
tion in yield (Zou et al., 2012).

Many authors consider Zn solutions for foliage fertilizing
an important tool for ensuring proper zinc concentrations
in vegetative tissues during grain filling that increases Zn
concentration in grain (Cakmak et al., 2010; Velu et al.,
2014). The efficacy of such a treatment was demonstrated in
experiments on Se biofortification of durum wheat (De Vita
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Chromosomal localization of the loci associated with grain mineral content in synthetic hexaploid lines

and wheat relatives that were detected using genetic mapping and GWAS

Mineral

Zn

Fe

Cu

Mapping population/
Methodology

RIL (T. durum/Ae. tauschii x T. aestivum)/

QTL mapping

SHW (T. durum x Ae. tauschii)/GWAS

T. boeoticum x T. monococcum/

QTL mapping

T. aestivum X T. dicoccoides/GWAS

RIL (T. durum x T. dicoccoides)/

QTL mapping

RIL (T. dicoccum/Ae. tauschii x T. aestivum)/

QTL mapping

RIL (T. spelta x T. aestivum)/QTL mapping

RIL (SHW x T. spelta)/QTL mapping

RIL (T. durum x T. dicoccum)/

QTL mapping

Wheat-Aegilops substitution
and additional lines/GWAS

RIL (T. aestivum x T. dicoccum/Ae. tauschii)/

GWAS

SHW (T. durum x Ae. tauschii)/ GWAS

RIL (T aestivum x T. dicoccum/Ae. tauschii)/

GWAS

Wheat-Aegilops substitution
and additional lines/GWAS

RIL (T. durum x T. dicoccum)/QTL mapping

RIL (SHW x T. spelta)/QTL mapping

RIL (T. durum/Ae. tauschii x T. aestivum)/

QTL mapping

RIL (T. dicoccum/Ae. tauschii x T. aestivum)/

QTL mapping

SHW (T. durum x Ae. tauschii)/ GWAS

T. boeoticum x T. monococcum/

QTL mapping

RIL (T. durum x T. dicoccoides)/

QTL mapping

T. aestivum X T. dicoccoides/GWAS
RIL (T. spelta x T. aestivum)/QTL mapping
SHW (T. durum x Ae. tauschii)/ GWAS

RIL (T. durum/Ae. tauschii x T. aestivum)/

QTL mapping

SHW (T. durum x Ae. tauschii)/GWAS

Chromosome

2D, 3D, 4D, 5B

1A, 2A, 3A, 3B, 4A, 4B,
5A, 6B

7A

1A, 2A

2A,5A,6B,7A,7B

4B, 5A, 5B, 6B, 6D

2A, 2B, 3D, 6A, 6B

1A, 1B, 3B, 3D, 4A, 5B,
6A, 7B, 7D

1B, 5A, 6A, 6B
1B, 2B, 3A, 3B, 5D, 6A,
6D, 7B

2A,2D,7D

1B, 2B, 2D, 3D

1D, 2A, 3B, 6D, 7D

1B, 2A, 2B, 3B, 3D, 5A,

5B, 5D, 6A, 6B, 6D, 7A, 7D

1B, 3A, 3B, 5B

2A, 2B, 3A, 3B, 4A, 4B,
4D, 5B

2B, 5B, 5D, 7D

2B, 2D, 4B, 5A, 5B, 6A,
6B, 6D, 7D

1A, 3A

2A,7A

2A, 2B, 3A, 3B, 4B, 5A,
6A,6B,7A,7B

3B, 4A, 4B, 5A, 7B
1A, 2A, 3B
4A,78B

2A, 3D, 4A, 4D, 5A, 6D,
7B

1B, 2A, 3A, 3B, 4B, 5A,
5B, 5D, 6A, 6B

Concentration®,
mg/kg

439

23.1

324

60.6
58.0

54.9

42.2

57.2

60.2

42.0

38.0

474

37.0

39.0

57.2

343

726

373

394

31.6

33.8

98.3
411
35.9

5.86

6.6

Heritability (h?)

NA**

0.65

NA

0.97

0.62

0.79

0.80
0.65

0.73

0.61

0.77

0.44

0.81

0.68

0.30
0.35

NA

0.62

0.78
NA

0.69

0.97
0.79
0.38

NA

0.63
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Table (end)
Mineral  Mapping population/ Chromosome Concentration®, Heritability (h?) References
Methodology mg/kg
Cu RIL (T. durum x T. dicoccoides)/ 1A, 2A, 3B, 4A, 4B, 5A, 6.9 0.76 Peleg et al.,, 2009
QTL mapping 6A, 6B, 7A, 7B
SHW (T. durum x Ae. tauschii)/GWAS 2B, 6D 4.25 0.40 Morgounov et al.,, 2022
Mn RIL (T durum/Ae. tauschii x T. aestivum)/ 1A, 2A, 2D, 4D, 5D 26.99 NA Puetal, 2014
QTL mapping
SHW (T. durum x Ae. tauschii)/GWAS 2D, 3A, 4B, 5D, 6B 43.1 0.67 Bhatta et al,, 2018
T. aestivum x T. dicoccoides/GWAS 1B 334 0.94 Liu J. et al., 2021
RIL (T. durum x T. dicoccoides)/ 2B, 7B 41.6 0.41 Peleg et al., 2009
QTL mapping
SHW (T. durum x Ae. tauschii)/GWAS 2A,3A,4B,78B 425 0.41 Morgounov et al.,, 2022
Ca SHW (T. durum X Ae. tauschii)/GWAS 1B, 2B, 2D, 3A, 3B, 3D, 73.7 0.41 Bhatta et al., 2018
6A, 6B, 7A
RIL (T. durum x T. dicoccoides)/ 1A, 2B, 4A, 4B, 5B, 6A, 435.5 0.79 Peleg et al., 2009
QTL mapping 6B, 7B
SHW (T. durum X Ae. tauschii)/GWAS 3B, 5A, 5D, 6D 389.5 0.50 Morgounov et al., 2022
Mg SHW (T. durum x Ae. tauschii)/GWAS 1B, 1D, 2D, 3A, 3B, 4A, 1424.5 0.62 Bhatta et al., 2018
4B, 4D, 5B, 5D, 7A
RIL (T. durum X T. dicoccoides)/ 1B, 2A, 3A, 5B, 6A, 6B, 1534.5 0.74 Peleg et al., 2009
QTL mapping 7A,7B
SHW (T. durum x Ae. tauschii)/GWAS 1B, 2A, 4B, 5A, 5B, 6D, 7B 1203.5 0.59 Morgounov et al.,, 2022
K RIL (T. durum x T. dicoccoides)/ 1A, 2A, 1A, 2B, 5B, 6A, 4568.4 0.58 Peleg et al., 2009
QTL mapping 6B, 7B
SHW (T. durum x Ae. tauschii)/GWAS 3A,7A 39245 0.44 Morgounov et al.,, 2022
Cd SHW (T. durum X Ae. tauschii)/GWAS 1A, 2A, 2D, 3A, 6D 0.07 0.28 Bhatta et al., 2018
SHW (T. durum X Ae. tauschii)/GWAS 1A, 1B, 2A,2B,3D,4A, 0.033 0.44 Morgounov et al., 2022
4D, 5D, 7A, 7B
Se RIL (T. durum/Ae. tauschii x T. aestivum)/ 3D, 4A, 5B, 7D 0.55 NA Puetal, 2014

QTL mapping

* Average values of field estimations; ** no data available (NA).

etal., 2017). According to the authors, Se concentration after
grinding as well as in pasta increased by 11 %, while there
was no decrease in other quality indicators, such as yield and
pasta organoleptic characteristics.

It is important to point out that the data on the effects dif-
ferent fertilizers have on the mineral-substance concentrations
in grain are quite contradictory. Some researchers have noted a
lack of correlations between fertilizer application and mineral
accumulation in grain due to complex interactions of several
factors such as environmental conditions, genotype, fertilizer
application rates, mechanized tillage, etc. (Jaskulska et al.,
2018; Caldelas et al., 2023).

The main disadvantages of agronomic biofortification are
the fertilizers have to be applied every season; and one has
to take into account a number of additional factors such as

FEHETUKA U CENIEKLMA PACTEHUI / PLANT GENETICS AND BREEDING

soil structure, the amounts of essentials concentrated in it,
lack or excess of precipitation, temperature conditions, bio-
logical uptake degree, and genotype influence (Kostin et al.,
2020). According to I. Cakmak et al (2010), lack of adequate
moisture level, high soil pH, high CaCO; content and low
organic-matter concentration significantly reduce the avail-
ability and uptake of Zn and Fe from the soil, which prevents
their optimum concentration in grain.

Another direction of agronomic biofortification is using
soil microorganisms (Bacillus, Azotobacter, Acinetobacter,
Pseudomonas, Rhizobium, etc.) for solubilization of mineral
substances to enhance their mobility from soil to edible plant
parts. It has been shown that seed inoculation or application
of microorganisms directly into the soil lead to an increase in
the concentration of such elements as Zn, Fe, Mn, Cu and Se
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in wheat grain and shoots (Rana et al., 2012; Golubkina et al.,
2017;Sun Z. etal.,2021; Ali M. et al., 2023). The mechanisms
of microbial biofortification and the efficiency of the method
for Fe and Zn uptake in various agricultural plants has been
described in a review by S. Verma et al. (2021).

Apart from rhizosphere microorganisms, researchers have
also experimented with arbuscular mycorrhizal fungi as an
additional agent to improve the agronomically important traits
of crops. The strains, either alone or in combination with rhi-
zosphere microorganisms, increases the concentration of ma-
cronutrients (N and P), micronutrients (Zn and Fe) in wheat
grain as well as wheat productivity parameters (1,000-grain
weight; number of grains per ear; and number of productive
tillers) (Ma et al., 2019; Yadav et al., 2020).

Despite the encouraging results obtained, a limited success
has been achieved so far in this field due to the complexity
of the interaction mechanisms between the microorganisms
and the host plant and the influence of abiotic environmental
factors such as soil mineral composition, temperature, and
phytic acid effect on Zn and Fe bioavailability. The efficiency
of microbial biofortification also significantly depends on the
genotype, suggesting additional experiments are to be caried
out to assess genotype responsiveness and select effective
microbial strains (Garg et al., 2018).

Biofortification in Russia

Russia has seen practically no studies into wheat varieties
to create the genotypes with increased content of mineral
elements. To date, only limited data have been published on
screening of domestic varieties and breeding lines for some
micro- and macronutrients content and on the development of
technologies for the use of fertilizers, growth regulators and
microorganisms to improve the mineral composition of grain
(Golubkina et al., 2017; Aristarkhov et al., 2018; Chikishev et
al., 2020), e. g., Institute of Biology of the Karelian Scientific
Center of RAS has been devising techniques for increasing
Cu content in the root and shoots of Triticum aestivum L. and
Hordeum vulgare L. (Kaznina et al., 2022).

As a part of Comprehensive Kazakh-Siberian Program
under the Central Asia Sustainable Innovation Bureau
(CASIB) umbrella, new varieties and breeding lines have been
regularly screened for yield, grain, flour and baking qualities.
As for the mineral composition, works in this area have just
begun and the first data on the analysis of large collections
of hexaploid wheat varieties and synthetic lines of different
geographical origins have been published (Shamanin et al.,
2021; Morgounov et al., 2022). The grains of the Russian
varieties investigated under the CASIB program had higher
Zn content than the varieties developed under the HarvestPlus
program (Shamanin et al., 2021; Shepelev et al., 2022). How-
ever, the Russian-Kazakhstani samples were inferior to the
genotypes from the USA and Japan in terms of Fe, Ca, Mo
and Mg content.

Apart from breeding the varieties promising for functional
nutrition, studies have been performed to produce purple-
grained wheat. The presence of anthocyanins has shown not
to affect the technological properties of bread, and adding

530

Prospects for mineral biofortification of wheat:
classical breeding and agronomy

purple-grain bran into flour has enriched bakery products with
dietary fiber and anthocyanins (Fisenko et al., 2020). Nadira,
a purple-grain variety of spring soft wheat is distinguished
by increased antioxidant activity, disease resistance and high
yield (Vasilova et al., 2021).

Studies have been initiated to identify genetic factors and
map genes/QTLs in varieties of Russian origin as well as in
synthetic, recombinant and introgression wheat lines (Mor-
gounov et al., 2022; Potapova et al., 2023). First steps have
been taken to develop genomic breeding models to improve
the mineral composition of wheat grain (Potapova et al.,
2024).

Conclusion

Biofortification is one of the modern and effective approaches
aimed at enriching wheat grain with essential vitamins and
minerals. Not only does it help to overcome the mineral ele-
ments deficiency in grain, but also to improve grain quality,
yield and resistance to many diseases. The biofortification
programs devised for the creation of new wheat genotypes
with improved properties use different approaches, the main
being traditional breeding that employs modern technologies
of genetic mapping and agronomic techniques.

As for transgenesis and genomic editing, these technolo-
gies are still under development and have no current practical
application. Genetic biofortification is considered to be more
economically efficient and has a longer validity period than ag-
ronomic one. At present, the search for promising sources and
donors for improving the mineral composition of wheat grain
is supposed to be conducted in several directions: 1) study of
variability of micro- and macronutrient concentrations among
the ancient wheat varieties having greater genetic diversity if
compared to modern ones; 2) search for new genetic loci in
the germplasm of wheat relatives and creation of target gene
donors with their participation; 3) development and use of the
new DNA markers based on cereal genome sequencing data;
4) improvement of the gene/QTLs mapping methods employ-
ing bioinformatic approaches to identify the key candidate
genes associated with mineral accumulation; 5) develop-
ment of genomic breeding programs for targeted creation of
biofortified genotypes. These methods of genetic fortification
combined with optimal agro-technological methods will al-
low us to solve the problem of mineral nutrients deficiency
in food.
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Abstract. Common wheat is one of the most important food crops in the world. Grain harvests can be increased by
reducing losses from diseases and environmental stresses. The tertiary gene pool, including Thinopyrum spp., is a
valuable resource for increasing genetic diversity and wheat resistance to fungal diseases and abiotic stresses. Distant
hybridization between wheat and Thinopyrum spp. began in the 1920s in Russia, and later continued in different coun-
tries. The main results were obtained using the species Th. ponticum and Th. intermedium. Additionally, introgression
material was created based on Th. elongatum, Th. bessarabicum, Th. junceiforme, Agropyron cristatum. The results of in-
trogression for resistance to diseases (leaf, stem, and stripe rusts; powdery mildew; Fusarium head blight; and Septoria
blotch) and abiotic stresses (drought, extreme temperatures, and salinity) to wheat was reviewed. Approaches to
improving the agronomic properties of introgression breeding material (the use of irradiation, ph-mutants and com-
pensating Robertsonian translocations) were described. The experience of long-term use in the world of a number of
genes from the tertiary gene pool in protecting wheat from leaf and stem rust was observed. Th. ponticum is a nonhost
for Puccinia triticina (Ptr) and P. graminis f. sp. tritici (Pgt) and suppresses the development of rust fungi on the plant
surface. Wheat samples with the tall wheatgrass genes Lr19, Lr38, Sr24, Sr25 and Sr26 showed defence mechanisms
similar to nonhosts resistance. Their influence led to disruption of the development of surface infection structures
and fungal death when trying to penetrate the stomata (prehaustorial resistance or stomatal immunity). Obviously, a
change in the chemical properties of fungal surface structures of races virulent to Lr19, Lr24, Sr24, Sr25, and Sr26 leads
to a decrease in their adaptability to the environment. This possibly determined the durable resistance of cultivars
to leaf and stem rusts in different regions. Alien genes with a similar effect are of interest for breeding cultivars with
durable resistance to rust diseases and engineering crops with the help of molecular technologies.

Key words: wheat breeding; tertiary gene pool; Thinopyrum; Agropyron; introgression; resistance for disease and
abiotic stresses; nonhost resistance; durable resistance.

For citation: Plotnikova L.Ya., Knaub V.V. Exploitation of the genetic potential of Thinopyrum and Agropyron genera
to protect wheat from diseases and environmental stresses. Vavilovskii Zhurnal Genetiki i Selektsii = Vavilov Journal of
Genetics and Breeding. 2024;28(5):536-553. DOI 10.18699/vjgb-24-60

Funding. The work was supported by Russian Science Foundation (project 22-24-20067),
https://rscf.ru/project/22-24-20067.

Transparency of financial activities. The authors have no financial interest in the submitted materials or methods.

VIcriosib30BaHMe reHeTUYEeCKOro IoTeHIMaaa
poaoB Thinopyrum u Agropyron IJjis 3alIThI IIIII€HULIbI
OoT 60Jie3Hel 1 abMOTNUYECKIX CTPEeCCOB

A S TIAoTHUKOBaA @, B.B. Knay6

OMCKUI rocyfapCTBEHHbIN arpapHbiii yHusepcutet um. MN.A. CtonbinuHa, Omck, Poccua
@ lya.plotnikova@omgau.org

AHHOTauusA. MArkas nieHnua — ofgHa 13 BaKHENLWMX NPOAOBObCTBEHHbIX KY/bTYp B Mupe. CO0pbl ee 3epHa MOX-
HO YBeNNUMTb, COKPATVB MOTepr OT GONE3HEN 1 CTPECCOB OKpy»atolel cpefpbl. TPeTnyHblA reHOGOHA, BKItoUas
BMAbl poaa Thinopyrum, ABNSETCA LLEHHbIM PECYPCOM AJIA YBEIMYEHUS FTEHETMYECKOTO Pa3HO0bpasnaA 1 NOBbILLEHNA
YCTOMUYMBOCTM MLLEHNLbI K TPUOHBIM 3a601eBaHNAM U abroTuyeckum ctpeccam. OThaneHHas rmbpugmnsanna Mexay
nweHuyen n Thinopyrum spp. 6bina Hauata B 1920-x IT. B Poccrn 1 no3aHee NpofonkeHa B pasHbix cTpaHax. OcHoB-
Hble pe3ynbTaTbl MOMYyYeHbl C UCMONb30BaHeM BUAOB Th. ponticum v Th. intermedium. [lononHuTenbHO 6bin co3aaH
VNHTPOrpeCccrBHbIN MaTepran Ha ocHoBe BUAoB Th. elongatum, Th. bessarabicum, Th. junceiforme, Agropyron cristatum.
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Mcnonb3oBaHne reHeTUYeckoro noTeHynana
popos Thinopyrum v Agropyron ons 3aluTbl MLUEHNLbI

B cTaTbe npuBeaeH 0630p pe3ynbTaToB NPYIMEHEHNA reHeTUYeCKOro matepuana BUaoB poaa Thinopyrum pnsa nosbi-
LEeHNA YCTOMYMBOCTM MILEHULbI K 60N1e3HAM (6ypoii, CTe6NeBOI 1 XKENTOW pPXKaBUMHE, MyUYHMCTON poce, dy3apurosy
KONOCa 1 CENTOPUO3HbIM MNATHUCTOCTAM) U abMOTUYECKM CTPeCcaMm (3acyxe, SKCTpeMasbHbIM TemnepaTypam 1 3aco-
neHuto). OnmcaHbl NOAXOAbl K YNYULIEHNIO arPOHOMUYECKMX CBOVCTB MHTPOFPECCUBHONO CENEKLMOHHOMO MaTepuana
(NprMeHeHre pagunaummn, ph-MyTaHTOB 1 KOMMEHCUPYIOLWMX POBEPTCOHOBCKIMX TpaHcnoKaumi). NpoaHanmsnposaH
OMbIT ASINTENBbHON 3alWWThI MWEHULbI OT JINCTOBOW U CTe6IEBON PXKaBUMHbI B MUPE C MOMOLLbIO pAAa reHOB TpeTny-
Horo reHodoHaa. Bug Th. ponticum saBnaetca Hexo3anHOM Ans Puccinia triticina (Ptr) w P. graminis f. sp. tritici (Pgt) n
NoAaBNsAeT pa3BUTHE PXKABUMHHbBIX TPUOOB Ha NMOBEPXHOCTY pacTeHnin. O6pasLbl MWEHNLbI C NMbIPEAHbIMI FeHaMK
Lr19, Lr38, Sr24, Sr25 v Sr26 npoABRAIOT 3alMTHbIE MEXaHM3Mbl, CXOAHbIE C MEXaHU3MaMM HEXO3AEB, YTO MPUBOAUT
K HapyLeHWI0 pa3BUTUA MOBEPXHOCTHbIX UHOEKLMOHHBIX CTPYKTYP U rubenn rpnboB npu MonbiTKe BHEAPEHUA
B yCTbuUa (nperaycTopuanbHan yCTOMYMBOCTb WM YCTbUYHBIN UMMYHUTET). OUEBUAHO, N3MEHEHNE XUMMNYECKNX
CBOWCTB MOBEPXHOCTHbIX CTPYKTYP Pac, BUPYNEHTHbIX K Lr19, Lr24, Sr24, Sr25 v Sr26, npuBOANT K CHUXEHWIO NX NpU-
Cnoco6IeHHOCTY K cpefie, YTO BANAET Ha AJINTEIbHOCTb YCTONUYMBOCTM COPTOB K PXKaBYMHHBIM 6onesHam. Yyxepopa-
Hble reHbl C aHanornyHbiM 3gdeKTom NpeAcTaBNAT UHTEPEC ANA CeNnekUUn COPTOB C ANIUTENBHON YCTONYMBOCTbLIO K
pPPKaBUMHHBIM 3a60N1EBAHUAM, @ TaKXKE KOHCTPYMPOBaHWA KyNbTypbl C MOMOLLbIO MOSIEKYNAPHBIX TEXHOMNOT WA,

KnioueBble cnoBa: cenekuya nweHnLbl; TPETUYHbI reHodoHa; Thinopyrum; Agropyron; VHTPOrpeccus; yCToMunBoCTb
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K 6051€3HAM 1 abMOTUYECKM cTpeccam; yCTOIhHVIBOCTb Hexo3AeB; AnnTesibHaA yCTOMHMBOCTb.

Introduction

Cultivated wheat species, Triticum aestivum L. and T. du-
rum Desf., are among the most important crops for world
nutrition. It is assumed that the world’s population will
exceed 9.7 billion people by 2050. To provide nutrition for
such a population, it is necessary to increase grain produc-
tion to 900 million metric tons (Baker et al., 2020; Kumar
et al., 2022). Common wheat has high plasticity, allowing it
to be cultivated in most agricultural zones of the world. In
this regard, wheat grain production has the most significant
impact on global food security compared to other cereals
(Kuzmanovi¢ et al., 2020; Kumar et al., 2022).

During centuries-old wheat breeding, most attention was
paid to increasing yield and grain quality. As a result, a signifi-
cant proportion of the genes determining adaptive capabilities
to abiotic and biotic stresses was lost. Stressful environmental
conditions and diseases lead to regular and significant losses
of grain yield that can reach up to 2040 % (Curtis, Halford,
2014). An increase in grain yield can be achieved by expand-
ing the crop acreage, increasing the potential productivity by
photosynthetic activity, and by reducing losses from abiotic
and biotic factors (Savari et al., 2019; FAO Report, 2021).
Increasing genetic diversity of wheat is actual for protection
crop from diseases and stressful abiotic factors. Thinopyrum
and related genera are promising sources for enrichment of
wheat genetic pool and breeding of cultivars with improved
properties.

Impact of major diseases

and abiotic stresses on wheat crops

During the 20th century, large scale wheat monocropping,
often homogeneous in resistance to diseases, has been cre-
ated on different continents. This situation has contributed to
pathogen coevolution with plants in agroecosystems increas-
ing over past 70 years (Zhan J.,McDonald, 2013). As a result,
the appearance of new pathogens and virulent races within
their populations has accelerated, and disease outbreaks have
become more frequent (Chen X., 2005; Singh R.P. etal., 2016).
The global burden of pathogens and pests on wheat produc-
tion in 2010-2014 was estimated at 21.5 %, of which 18 %

YCTONYNBOCTb PACTEHUI K CTPECCOBbIM ®AKTOPAM / RESISTANCE OF PLANTS TO STRESS FACTORS

Abbreviations

APR - adult plant resistance
ASR - all stage resistance

ROS - reactive oxygen species

Resistance gene symbols

Bdv - barley yellow dwarf virus
Fhb - Fusarium head blight

Lr - leaf rust

Pm - powdery mildew

Sr - stem rust

Snb - Septoria nodorum blotch
Stb - Septoria tritici blotch

Wsm - wheat streak mosaic virus
Yr - stripe rust

was determined by fungal diseases (Savari et al., 2019). The
main losses in the amount of 15.1 % were determined by eight
diseases (leaf, stem, and stripe rusts, Septoria tritici blotch
and Septoria nodorum blotch, powdery mildew, Fusarium
head blight, and tan spot) spread globally. Grain losses vary
significantly between world regions, depending on climatic
conditions, cultivar heterogeneity, and crop production techno-
logies (McDonald, Stukenbrock, 2016; Singh R.P. etal., 2016).

Wheat is affected by leaf, stem, and stripe (yellow) rusts,
caused by Puccinia triticina Eriks., P. graminis Pers. f.
sp. tritici Eriks. et Henn, and P, striiformis Westend. f. sp. tri-
tici Eriks., respectively. The common features of rust fungi
are high reproduction, variability, and airborne dispersal of
urediniospores, often over long distances, to new regions and
even continents (McDonald, Stukenbrock, 2016; Savari et al.,
2019). P. triticina is the most plastic species among wheat
rust fungi and regularly affects common wheat crops in many
world regions (Kolmer, 2013). In the last decade, leaf rust has
increased significantly in the main wheat production regions
in China and India (Gao et al., 2019; Aravindh et al., 2020).
Wheat stem rust development was suppressed worldwide
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in the second half of the twentieth century due to the use of
cultivars carrying the Sr3/ gene transferred from cereal rye,
Secale cereale L. (Singh R.P. etal., 2015). However, in Uganda
in 1998, the Ug99 race (TTKSK) appeared, which overcame
the Sr31 gene, and later other races unrelated to Ug99 (such
as Digalu, and Sicilian) appeared. Over two decades, stem rust
accelerated in Africa, the Middle East, and in Western Europe
(Singh R.P. et al., 2015; Patpour et al., 2022).

Wheat stripe rust used to spread in regions with a cool and
humid climate. However, following the appearance of P. strii-
formis £. sp. tritici clones adapted to high temperatures, there
was a rapid spread of the pathogen to new regions. Since the
2000s, stripe rust has become a new threat to grain production
in many regions, and regular outbreaks now occur in North
and South America, Africa, Northwest Europe, India, China
and Russia (Ali S. et al., 2017; Gultyaeva et al., 2022). FAO
claims that rusts are the most destructive transborder wheat
diseases, making them serious threats to food security world-
wide (Singh et al., 2016; FAO Report, 2021).

Another important global wheat disease is powdery mil-
dew, caused by Blumeria graminis f. sp. tritici (DC.) Speer.
Previously, powdery mildew, while affecting wheat crops
worldwide, prevailed in regions with damp and cool climate.
During recent decades, the disease has increased in warmer
regions, especially when using intensive technologies with
high doses of nitrogenous fertilizers (Zhang R.Q. et al., 2020;
Yang G. etal., 2023). Largest crop losses were noted in China,
Northwest Europe, and India (Savari et al., 2019).

Septoria blotch diseases are caused by a complex of
fungi, the main of them are Zymoseptoria tritici (Roberge
ex Desm.) Quaedvl. & Crous. (= Septoria tritici Desm.), and
Parastagonospora nodorum (Berk.) Quaedvl. (= Septoria
nodorum (Berk.). Significant negative effect of the Septoria
fungal complex on wheat crops has been noted since 1980.
In previous decades, Septoria tritici blotch caused high grain
losses in humid coastal regions of Europe and North America
(O’Driscoll et al., 2014; Fones, Gurr, 2015). During the last
decade, Septoria tritici blotch has spread to the arid regions of
Africa, Northern Kazakhstan, and Western Siberia (Babkenova
etal., 2020; Tadesse et al., 2020; Plotnikova et al., 2023b). On
the territory of Russia, wheat leaf and ear Septoria diseases
are mainly caused by two species — Z. tritici and P. nodorum,
and the ratio of pathogens varies significantly depending on
the region (Toropova et al., 2020).

Fusarium head blight (FHB) is caused by Fusarium gra-
minearum Schwabe [teleomorph: Gibberella zeae (Schwein.)].
FHB impacts include wheat yield loss, deterioration of grain
quality, and mycotoxin contamination, effecting human and
animal health (Alisaac, Mahlein, 2023). Frequent FHB epi-
demics have been occurring since the 1990s in the USA,
Canada, South America, China (Zhu et al., 2019; Alisaac,
Mabhlein, 2023). Tan spot (yellow spot, yellow leaf spot) is
caused by the necrotrophic fungus Pyrenophora tritici-re-
pentis (Died.) Dreches [anamorph Drechslera tritici-repentis
(Died.) Shoemaker]. The first tan spot epidemics were reported
in the 1970s in North America, Australia, and Southern Africa,
and later the disease spread globally (Carmona et al., 2006;
Phuke et al., 2020).
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Climate change is a threat to sustainable crop production.
According to the FAO report, the number of disasters (climato-
logical, hydrological, biological and geophysical) per year by
decade grew from 90 in 1970s to 360 in 2010s (FAO Report,
2021). The largest increase was noted for weather-related
disasters, such as drought, storms, and extreme temperatures.
Agriculture is especially vulnerable to increased frequency
and intensity of extreme weather-related and climate induced
disasters. Damage and loss in agriculture for 2008-2018
was estimated at 63 % (FAO Report, 2021). Among abiotic
stresses, drought, extreme temperatures, and soil salinity
have the greatest negative impact on wheat grain production
(Kosova et al., 2014; Ali N., Mujeeb-Kazi, 2021). About one
third of areas most suitable for agriculture, located in the warm
regions, are becoming more arid (Goncharov, 2021). Losses in
grain production in the world related to a lack of precipitation
and extreme temperatures worldwide can reach 28 % (Kumar
etal., 2022). Winter varieties produce higher yields compared
to spring genotypes. However, to expand winter crops to risky
farming areas, it is necessary to improve their winter hardiness
(Fisenko, Kuzmina, 2020). The wheat growing area can also
be increased by using saline land. However, this requires the
breeding of wheat cultivars with high salt tolerance (Yang Z.
etal., 2022). The use of a wide range of new genes in breeding
is the basis for sustainable defence of bread and durum wheat
from stresses (Ceoloni et al., 2014).

Enhancement of genetic diversity of wheat

with alien gene pools

Genetic protection of cultivars is considered the most cost-
effective and environmentally friendly way to control diseases
(Singh R.P. et al., 2016; Gultyaeva et al., 2022). Wild and
cultivated cereal species are the main reservoirs of valuable
genes for wheat breeding (Ceoloni et al., 2014; Kumar et al.,
2022). B. Friebe and co-workers (1996) proposed to divide
plant species into primary, secondary, and tertiary gene pools
by availability for breeding. Species in primary gene pool have
genomes that are homologous to the subgenomes of common
wheat (AABBDD), and secondary gene pool has at least one
subgenome homologous to wheat. The genetic material of the
primary and secondary gene pools can be transferred to com-
mon wheat relatively easily in the form of short translocations
by recombination of homologous chromosomes.

Tertiary gene pool species have genomes that differ from
common wheat subgenomes (homoeologous). Introgression
of genetic material from tertiary gene pool species to wheat is
difficult due to the differences in homoeologous chromosome
structure, thus requiring special methods (Friebe et al., 1996;
LiH., Wang 2009). The tertiary gene pool includes the genera
Aegilops L. (species with U, C, M, T, X genomes), Secale L.,
Hordeum L., Thinopyrum A. Love, Agropyron Gaertn., Ley-
mus Hochst., Haynaldia L. (= Dasypyrum), and Pseudoro-
egneria (Nevski) A. Love (Friebe et al., 1996; Kroupin et al.,
2019; Kumar et al., 2022). During the 20th century, the most
attention in the world was paid to Thinopyrum spp. Perennial
Thinopyrum spp. are the components of natural ecosystems
and pastures in different Eurasian regions (Tsvelev, 1984;
Li H., Wang, 2009). In this regard, they are well adapted to
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contrasting climatic conditions and have a wide spectrum of
resistance genes to abiotic and biotic stresses (Lammer et al.,
2005; Li X. et al., 2017).

Scientific research of the genetic potential of Thinopyrum
and related genera and the implementation of the results in
practice have been ongoing for more than a century (Table 1).
The first successful work on distant hybridization between
wheat and Thinopyrum spp. (before Agropyron) was carried
out by N.V. Tsitsin in Russia during 1920-1930 (Tsitsin,
1979). A set of species was tested, of which two species were
most promising for further work, viz. intermediate wheatgrass
Thinopyrum intermedium Barkworth & D.R. Dewey and the
tall wheatgrass Th. ponticum (Podp.) Z.-W. Liu & R.-C. Wang.
It should be noted that the classification of these species has
changed many times and is still in the process of formation.
In this regard, different names of these species are found
in publications of different periods, e.g. Th. intermedium
(= Agropyron intermedium (Host) Beauv, Ag. glaucum),
and Th. ponticum (= Th. ponticum (Podp.) Barkworth et
D.R. Dewey, Ag. elongatum (Host) Beauv, Lophopyrum pon-
ticum (Popd.) A. Love, Elytrigia pontica (Popd.) Holub.). At
the beginning, both wheatgrass species were selected based
on perennial habit and tolerance to abiotic stresses (frost
resistance, winter hardiness, and drought tolerance). Later,
Thinopyrum spp. were recognized as valuable reservoirs of
genes for resistance to diseases, and most studies were devoted
to this problem (Friebe et al., 1996; Li H., Wang, 2009). At the
first stage, the intergeneric amphiploids were obtained, which
were crossed with 7 aestivum, and later partial amphiploides
(named Wheat-Wheatgrass Hybrids, WWHs) with different
sets of wheatgrass chromosomes were produced. Some stable
WWHs were selected and used as commercial forage regrow-
ing and perennial cultivars (Tsitsin, 1979).

Later, on their basis, winter-hardy wheat cultivars were
bred for the European part of Russia (Upelniek et al., 2012).
Currently, Tsitsin’s heritage is maintained in the form of octa-
ploid partial amphiploid WWHs collection (2n = 56, includ-
ing 42 chromosomes of common wheat, and 14 chromosomes
from different Thinopyrum’s subgenomes) (Main Botanical
Garden of the Russian Academy of Sciences, Moscow, Russia)
(Upelniek et al., 2012; Kroupin et al., 2019).

Work on the introgression of the Thinopyrum spp. genetic
material into the wheat gene pool was continued in Russia in
1980-2010s. Breeding material on the base of the Avrocum
amphiploid was created at the P.P. Lukyanenko National Grain
Center (Krasnodar, Russia). Avrocum was obtained by the
hybridization of the tetraploid form tetra-Avrora (common
wheat cv. Avrora without the D genome) with Th. intermedium
(Davoyan et al., 2016). At the same time, amphiploids based on
Th. intermedium and later wheat lines with 6D chromosomes
substituted by one of the homoeologous chromosomes 6Agi
(6Agi or 6Agi2) were obtained. Later, introgression spring
common wheat cultivars with alien 6Agi chromosomes were
bred at the N.M. Tulaikov Samara Research Institute of Ag-
riculture and at the Federal Centre of Agriculture Research
of the South-East Region (Samara and Saratov, accordingly;
Russia) for the Volga region (Salina et al., 2015; Sibikeev et
al., 2017). New introgression lines of spring common wheat
resistant to rusts and Septoria blotch diseases were bred on
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the basis of Th. ponticum at Omsk State Agrarian University
(Omsk, Russia) (Plotnikova et al., 2014, 2021, 2023b).

Introgression of the genetic material of Thinopyrum spp.
was carried out independently in different countries of the
world (Table 1). In 1930-1940, distant hybridization of T_ aes-
tivum with Th. intermedium and Th. ponticum was realized by
W.J. Sando in the USA, and a collection of partial amphiploids
was obtained (Sando collection, USDA, National Small Grains
Germplasm Research Facility, Aberdeen, Idaho, USA) (Hang
et al., 2005). Similar work was carried out in Germany and
Canada (Peto, 1936; Smith D.C., 1943). Great attention was
paid to the introgression of Thinopyrum spp. genetic material
in China after the 1950s. S.C. Sun created partial amphi-
ploids with Th. intermedium (“Zhong” series), and later, com-
mon wheat cultivars were created on their basis (Sun et al.,
1981). Z.S. Li produced a set of partial amphiploids on the
base of Th. ponticum with resistance to leaf and stripe rusts
(e.g. Xiaoyan series, including Xiaoyan 68, Xiaoyan 693,
Xiaoyan 7430, Xiaoyan 7631, and Xiaoyan 784) (Li Z.S. et
al., 2008). Over time, other series of partial amphiploids
were created in different countries: Agrotana (Chen Q. et al.,
1995), PMV (Fedak et al., 2000), SS (Oliver et al., 2006),
BE-1 (Sepsi et al., 2008), SN (He F. et al., 2017). The partial
amphiploids were used for the breeding of numerous supple-
mented, substituted, and introgression lines with translocations
of various size.

The international classification of Thinopyrum spp. is in
progress and is being refined using methods of molecular
cytogenetics. According to current concepts, the Thinopyrum
genus includes species with a wide range of genomes and
ploidies (from diploids to decaploids). The diploid accessions
(2n = 2x = 14) were identified in Th. elongatum D.R. De-
wey and Th. bessarabicum (Savul & Rayss) A. Love. The
tetraploids (2n = 4x = 28) were determined in Th. juncei-
forme A. Love, and the hexaploids were among Th. interme-
dium and Th. junceum (2n = 6x = 42). The decaploids were
found among Th. ponticum accessions (Chen S. et al., 2013;
Mo etal., 2017). Based on cytogenetic and molecular genetic
studies, the genomic composition of the hexaploid 7. inter-
medium is JJJSJ3StSt (Chen Q. et al., 1998) or EEES'E®'StSt
(Wang R.R.-C., 2011), and the decaploid 7h. ponticum formula
is JJJJJsJsJsJsJsJs (Chen Q. etal., 1998) or EEEPEPEXEXStStStSt
(Zhang X. et al., 1996). The classification of genomes pro-
posed by R.R.-C. Wang (2011) is most often used, but in some
articles genome designation J was used. The J or J$ subgeno-
mes are highly homologous with the genomes E¢ of Th. elon-
gatum and EP of Th. bessarabicum, accordingly. The St sub-
genome is closely related to the genome of Pseudoroegneria
strigosa (Chen Q. et al., 1998; Wang L. et al., 2017). Agro-
pyron spp. have a different number of P genomes (2n—6n)
(Wang R.R.-C., 2011).

Developing methods for effective introgression

of alien genetic material and improving

the properties of breeding material

When transferring the genetic material from tertiary gene
pool species to wheat, difficulties arise at different stages of
the work. Common problems include difficulties in interge-
neric crossing, F; hybrid sterility, and lack of homeologous
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Table 1. The main stages of introgression of the genetic material from Thinopyrum and related genera to the wheat gene pool

Period Country Scientific result Practical result References
1920-70s Russia Study of Thinopyrum spp. Cultivars of forage Tsitsin, 1979;
Identification of promising species Amphiploids  regrowing and Upelniek et al., 2012;
on the base of Th. ponticum and Th. intermedium,  perennial WWHs. Kroupin et al., 2019
and partial amphiploids WWHSs Hardy winter common
Collection of WWHs (2n = 56) wheat cultivars
1930-40s USA Amphiploids on the base of Th. ponticum - Hang et al,, 2005
and Th. intermedium
Partial amphiploids “Sando collection”
Germany Amphiploids on the base of Th. ponticum - Peto, 1936
and Th. intermedium
Collection of partial amphiploids
Canada Amphiploids on the base of Th. ponticum - Smith D.C., 1943
and Th. intermedium
Collection of partial amphiploids
1950-70s China Partial amphiploids based on Th. intermedium, Common wheat Sun, 1981;
“Zhong" series cultivars Li Z.S. et al., 2008
Partial amphiploids based on Th. ponticum,
“Xiaoyan” series
1950-80s USA Developing methods for effective introgression Common wheat Sears, 1956, 1976;
using y-irradiation, ph-mutants, Robertsonian cultivars Knott, 1968;
translocations Smith E.L. et al., 1968;
Introgression lines Friebe et al., 1994, 1996, 2000
Transfer of Lr19/5r25, Sr24/Lr24, Sr26
1980-2010s USA Partial amphiploids based on Th. ponticum Breeding material Chen Q. etal., 1995;
China and Th. intermedium Fedak et al., 2000;
Germany, Collections of partial amphiploids “Agrotana’, Oliver et al., 2006;
France PMV, SS, BE-1, SN Sepsi et al.,, 2008;
HeF.etal, 2017
1990-2010s USA Transfer of Lr38, Sr43, Sr44, Pm40, Pm43, Common wheat MclIntosh et al., 1995, 2018
China Bdv2, Bdv3 cultivars
1980-2010s Russia Partial amphiploids based on Th. intermedium, Common wheat Davoyan et al., 2016;
lines with substituted 6D-6Agi chromosomes cultivars Salina et al., 2015;
Partial amphiploids based on Th. ponticum Breeding material Sibikeev et al., 2017
Introgression lines Plotnikova et al., 2023b, ¢
1990-2010s USA Study of genome constitution of Thinopyrum spp. Breeding material Mclntosh et al., 1995, 2018;
China and relative genera Common wheat Zhang X. et al,, 1996;
Lines with supplemented and substituted cultivars Chen Q. et al., 1998;
chromosomes, different translocations ChenS.etal, 2013;
Mo et al., 2017;
Guo X. et al, 2023
1990-2010s USA Introgression genetic material from relative Breeding material Qi etal., 2010;
China species Th. bessarabicum, Th. elongatum, Chen S.etal., 2013;
Th. junceiforme, Th. distichum, A. cristatum Zhang Z.etal, 2017;
Jiang et al., 2018;
LiW.etal., 2019
1980-2010s USA Domestication of Th. intermedium Fodder intermedium Pugliese et al.,, 2019
Russia wheatgrass cultivars Bajgain et al.,, 2020
Pototskaya et al., 2022
2010-2020s USA Genome sequencing Breeding material Arora et al,, 2019;
China Cloning of 5r26, Sr61, Fbh7 genes Wang H. et al., 2020;
Germany Frailie, Innes, 2021;

Note. WWHs - wheat-wheatgrass hybrids.
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chromosomes conjugation. As a result of poor conjugation
between homoeologous chromosomes, large alien fragments
(e. g. whole chromosomes, chromosome arms, or large termi-
nal translocations) are usually transferred into introgression
lines (Liu J. et al., 2013; Leonova, 2018). Consequently, the
material obtained by distant hybridization is significantly
inferior in properties to commercial varieties (Friebe et al.,
1996; Li H., Wang et al., 2009). The major reasons for the
deterioration of wheat properties is a close linkage between
target and undesirable genes (linkage drag), or insufficient
genetic complementation between the alien fragment and the
wheat genome, and the fact that alien translocation does not
compensate the absence of wheat genetic material (Wulff,
Moscou, 2014; Hao et al., 2020). In many cases, wheat traits
decrease is due to the fact that a large alien fragment does not
compensate the loss of important genetic material (Friebe et
al., 2005).

In the 1950-1970s, methods were developed that increased
the introgression efficiency from relative species to wheat. For
the first time, the procedure was implemented when trans-
ferring the genetic material from Ae. umbellulata (UU) to
common wheat (Sears, 1956). At the first step, an interspecific
hybrid was obtained, and its chromosomes were doubled using
colchicine. The resulting amphidiploid was backcrossed with
wheat, and a substituted line was obtained, which was used
as a genetic bridge to transfer leaf rust resistance to common
wheat. To facilitate the transfer of genetic material between
the U and wheat chromosomes, the pollen of the substituted
line was irradiated to induce multiple chromosome breaks
followed by recombination of the fragments. As a result of
the work, the cv. Transfer was bred, carrying the Lr9 gene for
resistance to leaf rust (Sears, 1956).

Later, after the research on wheat meiosis genetic control,
it was found that wheat chromosome 5B carries the Ph gene
that suppresses the homoeologous chromosomes conjugation.
To induce conjugation, it is possible to cross introgression
lines with aneuploids in 5B chromosome or to use mutants
with the ph genes. The mutant phlb gene (or similar ph2a
and ph2b) facilitates loci exchange between homoeologous
chromosomes (Sears, 1976). Similar effects may be supplied
by the chromosome 5P of 4. cristatum (PPPP) and some ac-
cessions of Ae. speltoides (SS) (Friebe et al., 2000; Han et
al., 2023).

The hexaploid Th. intermedium crosses relatively easily
with common wheat (the average seed setting is about 24 %),
and amphiploids can be obtained by direct crossing (Mo et
al., 2017). To transfer the genetic material from the decaploid
Th. ponticum, amphiploids with the tetraploid wheat 7. turgi-
dum (AABB) need to be created (Tsitsin, 1979). Partial am-
phiploids with chromosome combinations from various 7hi-
nopyrum spp. subgenomes were obtained after backcrossing
to common wheat (Friebe et al., 2000; Li H., Wang, 2009).
In rare cases, the transfer of homeologous fragment occurs
by spontancous translocation (Knott, 1968). But the induc-
tion of translocations using irradiation or induced home-
ologous recombination with p4/bh mutants is more effective
for transferring small loci to wheat genome (Sears, 1978).
Using these methods, the transfers of at least 134 loci from
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the Th. ponticum to common wheat were maid (Baker et al.,
2020). Recently, a large set of lines with wheatgrass introgres-
sions of various size were bred (Mo et al., 2017; Kroupin et
al., 2019).

The transfer of multiple alien fragments and location of
introgressions at various chromosomes and their arms is pos-
sible (Table 2). For example, Lr38 gene in Th. intermedium
derivatives was transferred to four wheat chromosomes (2A,
5A,3D and 6D) (Friebe et al., 1996). The loci with Sr24/Lr24
genes from the 7h. ponticum were identified in two wheat chro-
mosomes (1B and 3D). The loci with Lr/9/Sr25 genes were
identified in different arms of the 7D chromosome (McIntosh
et al., 1995; Friebe et al., 1996). Introgression lines with the
best properties were selected for breeding the cultivars.

The improvement of the properties of some introgression
lines was achieved by reducing alien fragment size using
y-irradiation of seeds, plants, and pollen, or induced homeo-
logous recombination with p//b mutants (Sears, 1978). The
limited application of Lr19/Sr25 from Th. ponticum in breed-
ing was associated with its linkage with the Y gene determined
yellow flour color. Lr19/5r25 and Y genes were separated using
Ph1 deletion lines (Zhang W. et al., 2005). The valuable Fhb7
gene conferring resistance to both Fusarium head blight and
Fusarium crown rot was tightly linked with the PSY-E2 gene
that determines yellow flour color. Using the pi/bh mutant,
lines with shortened translocations devoid of the PSY-E2 gene
were obtained (Li M.Z. et al., 2022). Thanks to p//-induced
homoeological recombination, interspecific gene transfer
from 7. aestivum to T. durum was achieved. Three loci with
alien Lr19/Sr25/Y and Pm1i3 genes (from Th. ponticum and
Ae. longissima, respectively), and Gli-D1/Glu-D3 (effect-
ing gluten properties) were transferred from common wheat
chromosomes 7D, 1D and 3B to durum wheat arms 7AL, 3BS
and 1AS (Kuzmanovi¢ et al., 2020).

In some cases, noncompensating wheat-alien translocations
occur in introgressive material. This is due to the participation
in meiosis of homoeologous chromosome arms, which differ
in gene sets and their order. Noncompensating translocations
provoke genomic duplications or deficiencies, which lead to
line genetic instability and prevent the use of a valuable gene
in breeding (Friebe et al., 1996). Compensating Robertsonian
translocations (RobTs) are used for functional substitution
of lost fragments to correct wheat genotypes (Friebe et al.,
2005). Such a method was used to improve the properties
of the line with the Sr44 gene from Th. intermedium. As a
result, the compensating RobT in the form of recombination
T7DLx7J#1S was identified, consisting of wheat arm 7DL
translocated to the Th. intermediate arm 7J#1S (Liu W. et al.,
2013). Similar works were carried out, developing lines with
the Sr51, Sr52, and Sr53 genes (from Ae. searsii Feldman &
Kislev ex Hammer, and Ade. geniculata Roth, respectively)
(Liu W. et al., 2011a, b).

In the rarest cases, substitution of wheat chromosomes by
alien ones does not decrease agronomic properties. This was
the case for spring common wheat cultivars with chromo-
some 6D substituted by 6Ai or 6Ai2 from the Th. interme-
dium J(=E) subgenome. A set of cultivars with the 6Ai or 6Ai2
chromosomes (homologous) were bred in the Russian Volga
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Table 2. Results of introgression of genetic material from Thinopyrum spp. to wheat gene pool

Donor species Gene, trait

Th. ponticum Lr19/5r25

Sr24/Lr24

Sr26

Srunknown

Yr69

Yrip1, Yrip2

Yr unknown, APR
Yrunknown

Pm51

Pm unknown
Pm unknown
Pm unknown
Pm unknown
Pm unknown, APR

Fhb7

Stb unknown
Snb unknown

Th. intermedium Lr38

Lr6Agi

Sr43
Sr44
Yr50

YrYu25
Yrunknown
YiT14
YrL693
YrCH-1BS
Pm40

Translocation,
substituted chromosome

7DL-7Ae#1L
7D-7Ag no.1
3DL-3Ae#1L
3D-3Ag#1
T1BL-1BS-3Ae#1L
T6AS.6AL-6Aett 1L

6A-6Ae#1L
T5DS-5DL
2AS

2BS, 7BS
5A-St
1B-1J°

2BL

T5DL-5AgS
T1BL-1RS
1B-1J°
1D-1J°
4D-4AgS
7DL-7Ae#1L

?

?

T1DS-1DL-7Ai#2L
T2AS-2AL-7Ai#2L
T3DL-3DS-7Ai#2L
T5AL-5AS-7Ai#2L
T6DS-6DL-7Ai#2L
6D-6Agi

6D-6Agi2
7D,7DS-7el,S.7el,L
T7DS-7Ai#1L-7Ai#1S
4BL

?

Jor S
7Jor7J)5

?
T1BL.1BS-3Ai
7BS

Cultivar, line

Agatha

Sears'’s transfer
Agent

Sears'’s transfer
Amigo
Sr26/9*LMPG

Thatcher
WTT34
CH7086
A-3

ES-7
SN19647
CH7086

11-20-1
SN0293-7
SN19647
CH10A5
Blue 58
SDAU1881

2/2015,337/2017
6/2015,322/2017
T25

W49 (=T33)

T4

T24

RL6097

Multi 6R
Tulaikovskaya 5
KS10-2, KS23, KS24, KS24-2
Lines 86.187, TA5657
CH233

Yu25

Z4

Zhongke 15, Zhongke 78
L693

CH-1BS

GRY19
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Table 2 (end)
Donor species Gene, trait Translocation, Cultivar, line References
substituted chromosome
Pm43 2DL CH5025 He R.L. et al,, 2009
Th. intermedium Pm/Yrunknown T6BS.6AIL CH13-21 Zhan H.etal., 2015
Bdv2 T7DS-7DL-7Ai#1L TC14,TC5,TC6,TC8, TCY, TC7 Hohmann et al., 1996;
7DS-7Ai#1S-7Ai#1L Mclntosh et al., 2018
T1BS-7Ai#1S-7Ai#1L
Bdv3 7DS-7DL-7EL P961341 Ohm et al., 2005
Wsm1 T4DL-4Ai#2S Cl 17884 Wells et al., 1982
T4AL-4Ai#2S KS93WGRC27 Gill et al., 1995
A29-1-13-2 Cl 17766 MclIntosh et al., 2018
Th. bessarabicum Salt tolerance T2JS-2BS-2BL TJO4 Qietal, 2010
Th. elongatum Fhb-7EL ? DS7E ChenS.etal, 2013
Pm ? ?
Th. junceiforme Salt tolerance ? Introgression lines LiW.etal, 2019;

Fhb unknown
Wsm unknown

region (Multi 6R, Belyanka, Voevoda, Lebedushka, Tulaikov-
skaya 5, Tulaikovskaya 100, Tulaikovskaya Zolotistaya, and
others). These cultivars showed broad spectrum resistance to
leaf and stem rusts, high yield and grain quality, and drought
tolerance (Salina et al., 2015; Sibikeev et al., 2017). In China,
the big achievement was the breeding of the cv. Xiaoyan 6
with double translocations from Th. ponticum on the chromo-
somes 2A and 7D. The cv. Xiaoyan 6 was multi-resistant to
fungal diseases, had high yield, grain quality, and environmen-
tal plasticity. The cv. Xiaoyan 6 was widely cultivated in the
1980-1990s, and used as a parent for more than 60 common
wheat cultivars (Zhang X. et al., 2011).

Contribution of Th. ponticum and Th. intermedium
as sources of useful genes
When introgression of the genetic material of Thinopyrum
spp., the main attention was paid to emerging disease chal-
lenges, and the studies have become more intensive in recent
decades. During 1960-2020, a set of designated resistance
genes to leaf, stem, and stripe rusts was transferred from
Th. ponticum to T. aestivum. Some of these genes are closely
linked and are present in complex translocations, viz. Lr19/
Sr25, Sr24/Lr24, and others are single, viz. Lr29, Sr26, Sr43,
Sr61 (=SrB), Yr69 (Table 2) (Mclntosh et al., 1995, 2018).
After stem and stripe rusts progressed in 2000s, the cereal
species and amphiploid collections were screened for disease
resistance. Screening of the five Thinopyrum spp. (242 ac-
cessions) showed, that Th. ponticum and Th. intermedium
are highly resistant to Ug99 race (Zheng Q. et al., 2014a, b).
Partial amphiploids created in China in the 1950s (Xiaoyan 68,
Xiaoyan 7430, and Xiaoyan 784) are highly resistant to Ug99
group races (Zheng Q. et al., 2014b). A new introgression
line, WTT34, was created, carrying at least one new Sr gene
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in the TSDS-5DL translocation (Yang G. et al., 2021). Based
on the Xiaoyan 784 amphiploid, the ES-7 line was created
with 5A-St substituted chromosomes carrying adult plant
resistance (APR) to stripe rust (Mo et al., 2017). Y769 gene
was transferred from the Xiaoyan 7430 amphiploid to wheat
chromosome arm 2AS (Hou et al., 2016). In the A-3 line,
two putatively new stripe rust resistance genes, Y77p/ and
YrTp2, were identified in the chromosome arms 2BS and
7BS, respectively (Yin et al., 2006). Additional undesignated
genes were determined in other lines (Zheng Q. et al., 2014a;
Wang Y.Z. et al., 2020).

The potential of the genus Thinopyrum is poorly used to
protect wheat from powdery mildew. Currently, only Pm51
(among 65 designated genes) has been transferred from
Th. ponticum (McIntosh et al., 2018). Pm51 confers broad-
spectrum all-stage resistance (ASR) to the disease (Zhan H.X.
etal., 2014). New unknown Pm genes were identified in lines
SN19647 and CH10AS, in which 1B and 1D chromosomes
were replaced by 1J® chromosomes (Wang Y.Z. et al., 2020;
Li M.Z. et al., 2021). Lines 11-20-1 (with the TSDL-5AgS
translocation) and SN0293-2 showed ASR resistance to a
set of races (Li X. et al., 2017; Li M.Z. et al., 2022). In the
blue-grained wheat line Blue 58 with a chromosome 4Ag(4D)
substitution, a gene(s) for APR was present in the short arm
of 4Ag that has determined resistance to powdery mildew for
over forty years (Yang G. et al., 2023).

In addition to diseases caused by biotrophic fungi (rusts
and powdery mildew), an increase of diseases caused by
hemibiotrophic, necrotrophic and viral pathogens has been
noted. Septoria blotch diseases cause significant losses in grain
yield. Crops are mainly protected by the use of fungicides,
and genetic protection is poorly implemented (Fones, Gurr,
2015). Currently, there are no resistance genes to Sepforia
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blotches transferred from Thinopyrum spp. among the identi-
fied ones. Resistance to Septoria nodorum blotch, Fusarium
head blight and tan spot was revealed in the interspecific
hybrid Th. ponticum x Th. intermedium (Oliver et al., 2006).
Among introgression lines with genetic material of 7h. pon-
ticum bred in Western Siberia, a set of lines highly resistant
to Septoria tritici blotch and Septoria nodorum blotch, with
unknown genes (Stb and Snb, accordingly), were determined
(Plotnikova et al., 2023b). Additionally, from Th. ponticum,
some resistance genes were transferred, viz. to Fusarium
head blight (Fhb7), common root rot, barley yellow dwarf
virus (Bdv), wheat streak mosaic virus (Wsm) (Ceoloni et al.,
2017; Kumar et al., 2022).

Tall wheatgrass has also been used as a source of valuable
traits for wheat, such as resistance to pre-harvest sprouting
(Kocheshkova et al., 2017), blue aleurone layer (Liu L.Q.
et al., 2018), frost resistance, winter hardiness (Upelniek et
al., 2012), and drought tolerance (Kuzmanovic et al., 2016;
Plotnikova et al., 2023c¢).

Thinopyrum intermedium is the source of the rust and
powdery mildew resistance genes Lr38, Sr43, Sr44, Yr50,
Pm40 and Pm43 (Mclntosh et al., 1995, 2018; Friebe et al.,
1996; He R.L. et al., 2009; Luo et al., 2009a, b; Liu J. et al.,
2013; Niu et al., 2014). New genes Lr6Agi and Sr6Agi were
identified in the substitution chromosomes 6Agi and 6Agi2
(Salina et al., 2015; Sibikeev et al., 2017). Lines with stripe
rust resistance gene YrYu25 were obtained based on amphi-
ploid TAI7047 (Luo et al., 2009a). Four genes for resistance
to stripe rust were identified in the 7h. intermedium St subge-
nome (chromosomes 1St, 2St, 3St, and 7St) (Wang S. et al.,
2022), and one gene was determined in subgenome J or J® (in
the short arm of the supplemented chromosome of line Z4)
(Lang et al., 2018). Lines Zhongke 78 and Zhongke 15 with
the YrT14 gene in translocations from the alien 7J or 7J®
chromosome were bred in China (Guo X. et al., 2023). The
YrL693 gene was reported in introgression line L693 (Huang
etal., 2014). Potentially new genes for resistance to stripe rust
(YrCH-1BS) and powdery mildew were determined in lines
with TIBL.1BS-3Ai1 and T6BS.6AIL translocations (Zhan H.
etal., 2015; Zheng X. et al., 2020). Th. intermedium was also
a good source of resistance genes to barley yellow dwarf virus
(Bdv2, Bdv3), and wheat streak mosaic virus (Wsm1) (Wells
et al., 1982; Gill et al., 1995; Hohmann et al., 1996; Ohm et
al., 2005; Li H., Wang 2009; Mclntosh et al., 2018).

Thinopyrum intermedium can be used not only as a reservoir
of genes for improving the food common wheat, but also as a
pasture and forage crop. In the 1980s, the work began on do-
mestication of intermedium wheatgrass (Bajgain et al., 2020;
Pototskaya et al., 2022). For forage crops, some features are
valuable, e.g., perennial habit, rapid regrowth after cutting
or grazing, resistance to frost and diseases, and improved
feed quality (Hassani et al., 2000; Lammer et al., 2005). As a
result of long-term work, perennial intermediate wheatgrass
cultivars (Kernza, MN-Clearwater, Sova) were bred for fodder
grain and dual-use (for grain and hay) (Hassani et al., 2000;
Bajgain et al., 2020; Pototskaya et al., 2022). These cultivars
are of interest as gene reservoir for the breeding of wheat
cultivars for various purposes.
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Introgression of genetic material

of diploid and tetraploid Thinopyrum spp.

and relative species to wheat gene pool

Despite great achievements in distant hybridization, intro-
gression from polyploid heterogenomic species is a complex
problem. In this regard, diploid and tetraploid species with
genomes similar to the 7h. intermedium and Th. ponticum
subgenomes were used as additional reservoirs of valuable
genes, viz. Th. bessarabicum, Th. elongatum, and Th. jun-
ceiforme.

Th. bessarabicum (JJ or EPEP) showed a high level of salt
tolerance (Gorham et al., 1986). To facilitate the gene trans-
fer from 7h. bessarabicum, hexaploid and octaploid amphi-
ploids 2n =4x =42, AABBJJ = AABBEPEP, or 25 = 8x = 56,
AABBDDIJJ) were created (Qi et al., 2010). On their basis,
lines with 5A and 5D chromosomes substituted by 5J were
produced. Later, a line with translocation T2JS-2BS-2BL
from the Th. bessarabicum was obtained (Table 2) (Guo J.
etal., 2016).

The genomic composition of Th. elongatum is currently
being clarified using methods of molecular cytogenetics, and
di-, tetra-, hexa-, and decaploid forms with the E genome
were identified in it (Colmer et al., 2006; Chen S. et al., 2013;
Chen C. etal.,2023; Shi et al., 2023). However, when studying
decaploids using differentiating GISH subgenomes with Pseu-
doroegneria (St) labeled DNA, two St-like and three E-like
subgenomes were revealed (Wang L. etal., 2017; Baker et al.,
2020). In this regard, the decaploid forms probably belong to
Th. ponticum. Th. elongatum has tolerance to salinity, drought,
water logging, and extreme temperatures (Li Z.S. et al., 2008;
Ceoloni et al., 2014; Li X. et al., 2017; Yang Z. et al., 2022).
Diploid and tetraploid accessions were used in hybridization,
and lines with supplemented, substituted chromosomes and
translocations of different size were obtained. Lines with the
short arm of Th. elongatum chromosome 4Ag carry Pm locus
for broad-spectrum resistance to powdery mildew (Yang G.
etal., 2023).

Tetraploid sea wheatgrass Th. junceiforme (2n = 4x = 28,
J1J1J,J,) is adapted to the coastal areas and is characterized by
high tolerance to waterlogging, salinity, manganese toxicity,
low nitrogen, and heat stress (Singh D. et al., 2019). At first
stage, an amphiploid on the base of the Th. junceiforme was
obtained, and then the supplemented and introgression lines
with translocations were selected. These lines, in addition to
abiotic stress tolerance, showed high resistance to Fusarium
head blight and wheat streak mosaic virus (Singh D. et al.,
2019).

In addition to Thinopyrum spp., the work has been carried
out with genus Agropyron. Tetraploid species A. cristatum
(2n = 4x = 28, PPPP) is resistant to powdery mildew, stripe
and leaf rusts. Introgression lines with translocations from 2P,
5P, 6P, and 7P chromosomes of A. cristatum with valuable
genes were produced (Zhang Z. et al., 2017; Jiang et al., 2018).
Alien fragments from chromosome 2P and 6P determine a
compact plant type with high spike length, spikelet number,
and 1,000 grain weight (Zhang Z. et al., 2017; Xu S. et al.,
2023). The fragment of a SP chromosome induced multiple
structural rearrangements, including translocations between
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chromosomes of different subgenomes. This property can
potentially be used as a new tool for inducing wheat—alien
chromosome recombination (Li W. et al., 2019).

Currently, information is accumulating that species with
relative subgenomes may have similar resistance genes. An
accession of diploid 7h. elongatum has a Fusarium head blight
resistance gene (Fhb-7EL) similar to the designated Fhb7 gene
from Th. ponticum (accession el2), and in both accessions the
Fhb genes were linked with the known Lr/9 gene (Ceoloni et
al., 2017; Ma et al., 2018; Kuzmanovi¢ et al., 2020). These
facts emphasize the need for careful study and comparison
of introgressive material obtained on the basis of Thinopy-
rum spp. for determining new genes for resistance to stresses.

Experience of long-term use of tertiary gene pool
for defence wheat from diseases

Currently, more than 100 resistance genes to each of the wheat
rusts and powdery mildew have been identified, including
designated, unknown new genes, and quantitative trait loci
(QTLs) (MclIntosh et al., 2018). Most of the resistance genes
were overcome rather quickly as a result of evolutionary pro-
cesses in pathogen populations (Kolmer, 2013; Patpour et al.,
2022). The use of the tertiary gene pool began in the 1960s, as
suitable donor lines were developed. Despite the large amount
of introgressive material, a small number of alien genes were
intensively used in world breeding programs. This situation
was due to the fact that some genes had low protective effect,
and others significantly decreased the agronomic properties of
cultivars (Friebe et al., 2000). Thus, some of the designated
genes transferred from Thinopyrum spp. (viz. Lr29, Lr3S8,
Sr43) were not successfully used in breeding due to negative
effects on agronomic traits (Zhang W. et al., 2005).

The experience of intensive use of alien genes over several
decades has given us knowledge about their effectiveness and
impact on pathogen populations. R. Johnson (1983), based
on the analysis of crop production experience, proposed the
concept of “durable resistance”, as resistance that remained
effective for a long period when a cultivar is deployed over an
extensive area and in environments favourable for the disease
(Johnson, 1983). One of the most significant achievements in
the use of the tertiary gene pool was cultivar breeding with the
IBL/IRS translocation from rye cv. Petkus, carrying genes
for resistance to rusts and powdery mildew (Lr26/Sr31/Yr9/
Pm8). The wide spread of the Sr3/-protected cultivars led to
suppression of the P. graminis f. sp. tritici populations world-
wide for several decades, until the appearance of race Ug99 in
Uganda in 1998 (Singh R.P. et al., 2015). As a consequence
of the spread of races of Ug99 group, Sr3/ gene became
ineffective in Africa and the Middle East (Singh R.P. et al.,
2015; Patpour et al., 2022), but remains effective in the USA,
Canada, India, China, and Russia (Brar et al., 2019; Skolot-
neva et al., 2023; Wu et al., 2023). The history of exploiting
cultivars with Sr3/ gene shows that it provided durable wheat
resistance to stem rust.

The experience of cultivating varieties created at CIMMY T
in various regions of the world has shown that 12 genes turned
out to be the most valuable for protection against progres-
sive stem rust. Of these, three genes were obtained from
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common wheat (Sr2, Sr23 and Srimp), and two genes were
transferred from the primary gene pool (Sr33 and Sr45). The
remaining Sr genes were transferred from the tertiary and
secondary gene pools, mainly as part of complex loci, viz.
from Th. ponticum (Sr24/Lr24, Lr19/Sr25), S. cereale (Sr31/
Lr26/Yr9/Pm8, SriRSA™Mieo/Pm17 and Sr50), T. timopheevii
(Sr36/Pmo), Ae. ventricosa (Sr38/Lr37/Yrl7) (Singh R.P. et
al., 2015). Taking into account the high risk of spreading of
Ug99 group races, much attention was paid to the effectiveness
of known Sr genes against it. The genes Sr25, Sr26, Sr43, Sr61
from Th. ponticum, as well as Sr44 from Th. intermedium,
are effective against the races of Ug99 group (Zhang J. et
al., 2021; Pathotype Tracker, 2023). Before the appearance
of Ug99 race, virulence to Sr24 was rare in P. graminis f. sp.
tritici populations worldwide, but by 2006, virulence appeared
in five Ug99 races in Africa (Jin et al., 2008; Bhavani et al.,
2019). In Australia, the Sr24 gene has been effective for about
20 years, and Sr26 has remained effective for several decades,
which can be considered as long-term resistance to stem rust
(Zhang J. et al., 2021).

In the 1983-2012 period, about 12.5 thousand varieties and
lines of common wheat were created in the world. The genetic
material of Thinopyrum spp., mainly Th. ponticum (93 %), was
actively used to protect wheat (Martynov et al., 2016). The
distribution of known wheatgrass genes in cultivars varied
significantly by region. This may be determined by cultivar
adaptation to regional climate, technological requirements for
product quality, and pathogen populations. More than half of
the North American cultivars had introgressions from 7%. pon-
ticum, less often they were present in cultivars in Australia
(12.6 %), Asia (14.8 %) and South America (8.5 %) (Martynov
etal.,2016). In the USA, most winter varieties were protected
by Lr24/Sr24 (Kolmer, 2007), and Lr19/Sr25 was present in
12 % of cultivars. In Australia, Lr24/Sr24 were mainly used
to protect wheat from rusts (82 %), and Sr26 and Lr19/Sr25
were used less often. In South Africa and Egypt, about 5 %
carried the Lr24/Sr24 genes, and in Russia and China, mainly
the Lr19/Sr25 translocation was used (Martynov et al., 2016;
Xu X. et al., 2018; Gultyaeva et al., 2021). Over time, the
resistance of cultivars with wheatgrass introgressions was
overcome by rust fungi in some regions. The Lr/9 gene was
overcome in Mexico and India (Huerta-Espino, Singh, 1994;
Bhardwaj et al., 2005). P. triticina races virulent to Lr24 ap-
peared in North and South America, and South Africa, where
translocation Sr24/Lr24 was used for a long time (Park et
al., 2002; Kolmer et al., 2007; Li H., Wang, 2009). On the
examples of P, triticina populations in the USA, it was shown
that the frequencies of virulent to L»/9 and Lr24 alleles were
higher in the regions where cultivars with complementary
genes were mainly cultivated (Kolmer et al., 2007; Kolmer,
2013). In other world regions, where the Sr24/Lr24 translo-
cation has not been used intensively in breeding, cultivars
protected with Sr24 and Lr24 remain resistant to stem and leaf
rusts (Xu X. et al., 2018, Gultyaeva et al., 2021).

Common wheat crops in Russia are an interesting model
for evaluating the effectiveness of resistance genes to leaf
and stem rusts. The major cropping areas are located in the
European (North Caucasian, Central Black Earth, Central, and
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the Volga regions), and in the Asian (South Ural and Western
Siberia) parts of the country. Different European and Asian
populations of P. triticina and P. graminis f. sp. tritici exist
on these crops (Gultyaeva et al., 2021; Skolotneva et al.,
2023). The Volga region and the Southern Urals are zones of
contact between them, due to the spore transfer with air flows
(Gultyaeva et al., 2021).

In 1970-2020, regional cultivars with different Lr and
Sr genes from the tertiary gene pool were bred. Some culti-
vars (from 15 to 30 % in different years) in the Volga region
included translocations Lr19/Sr25 and Lr6Agi/Sr6Agi (Sibi-
keev etal., 2017; Gultyaeva et al., 2021). Lr9 and LrSp genes
(from Ae. umbellulata, and Ae. speltoides, respectively) were
present in South Ural cultivars, and Lr9 was introduced into
West Siberian cultivars. Lr26/Sr31 genes, as well as combi-
nations of less effective Lr and Sr genes, were present in all
regions, and Sr24/Lr24 were rare (less than 1 % of cultivars)
(Gultyaeva et al., 2021; Baranova et al., 2023). A long-term
study of P, triticina populations showed that virulence to Lr/9
prevailed in the population of the Volga region until 2010, but
as the spectrum of resistance genes expanded, the frequency
of alleles decreased. Virulent to Lr/9 or Lr9 alleles did not
accumulate in P. triticina populations if cultivars with dif-
ferent genes were cultivated in the regions. So, in the Central
and Northwest regions, close to the Volga region, virulence to
Lr19 and Lr9 was rare in 2001-2010, and disappeared after
2010 (Gultyaeva et al., 2023). In the South Ural and West
Siberian regions, Lr9 gene was overcome in 2008 (Meshkova
et al., 2012), but Lr19 gene remains effective (Gultyaeva et
al., 2021). In all populations, virulence to Lr24 was extremely
rare and virulence to Lr6A4gi and LrSp was completely absent.
There were also no pathotypes virulent to the combinations of
Lri19+Lr26 and Lr9+Lr26 (Gultyaeva et al., 2021).

For a long period, stem rust did not significantly affect
wheat crops in most regions of Russia. The first strong disease
outbreaks were noted in the Volga region in 2013 and 2014,
and in Western Siberia and neighbouring Northern Kazakh-
stan in 2015 (Shamanin et al., 2016; Sibikeev et al., 2016).
At the same time, cultivars with Sr3/ gene were damaged in
both regions (Sibikeev et al., 2016; Plotnikova et al., 2022),
but virulent races did not belong to Ug99 group (Patpour et
al., 2022). In the following years, virulent pathotypes disap-
peared from populations, and Sr3/ gene remains effective in
Russia (Baranova et al., 2023; Skolotneva et al., 2023). By the
end of the epidemic of stem rust in Western Siberia in 2015,
cultivars and lines with Sr24, Sr25 and Sr26 genes showed
moderate susceptibility, but later their resistance was restored
(Plotnikova et al., 2023a). In the Volga region, the lines with
Sr25 were susceptible to stem rust in 2022, whereas those with
Sr24 and Sr26 genes remained highly resistant (Baranova et
al., 2023).

After the appearance of virulent pathotypes to single re-
sistance genes, cultivars began to be protected by gene com-
binations. Combinations of wheatgrass genes (Sr24/Lr24 or
Lr19/Sr25) with rye Lr26/Sr31 or T. timopheevii s Sr36/Pm6
were highly effective against the rusts in different regions of
the world (Park et al., 2002, Martynov et al., 2016; Gultyaeva
et al., 2021). In the Volga region, the combinations Lr/9/
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Sr25+ Lr6Agi/Sr6Agi or Lr19/Sr25 + Sr22 (from T. monococ-
cum) were effective (Sibikeev et al., 2017, 2021). Also, high
resistance to leaf and stem rusts was demonstrated by cultivars
with combinations of translocations Sr24/Lr24 or Lr19/Sr25
with any APR genes present in complex loci, viz. Lr34/Sr57/
Yri8/Pm38, Sr2/Lr27/Yr30, Lr46/Sr58/Yr29, Lr67/Sr55/Yr46
(Aravindh et al., 2020).

Fitness costs of virulence to genes

from tertiary and secondary gene pools

and effects of nonhost resistance

in introgression wheat

Coevolution of pathogens with host plants is constantly tak-
ing place in agroecosystems, aimed at overcoming resistance.
Using the example of P. triticina, it was shown that new pa-
thotypes regularly appear in populations, but more than half of
them occur once, and then disappear (Gultyaeva et al., 2023).
To gain a foothold in populations, new forms need to acquire
a set of traits that determine their fitness. Parasitic fitness is
defined as the relative ability of a parasitic genotype or popu-
lation to persist over time and contribute to the future gene
pool. Fitness depends on genotype viability and reproductive
capability (Park et al., 2002). Virulence contributes to the ex-
pansion of the range of affected plants, but may have different
fitness costs for pathogens. Under favourable conditions, a
new pathotype can accumulate additional modifier genes that
increase its fitness. However, under stressful conditions, new
genes can lead to a decrease in viability and reproduction,
which manifests as a fitness penalty for the parasite (Antono-
vics, Alexander, 1989; Zhan J., McDonald, 2013).

Plants play the role of habitat for parasitic fungi, which
is why cultivar genotypes and crop diversity have a great
influence on fungal populations. Fitness cost correlates with
durable cultivar resistance to fungal diseases. The suppression
of P. graminis f. sp. tritici populations in most world regions
after the spread of cultivars protected by the Sr3/ gene during
1960-1990, as well as the disappearance of virulent clones
to Sr31 from Russian populations in the 2020s, indicates that
virulence to this gene dramatically reduces pathogen fitness.
At the same time, the appearance of Ug99 race demonstrated
the possibility of improving fitness when adapting to wheat
cultivars with Sr3/ gene in African conditions. The increased
frequency of virulent races to Lr19, Lr24, Sr24, and Sr25 in the
regions with a significant proportion of cultivars protected by
complementary wheatgrass genes and lower concentration in
other regions (Kolmer, 2013; Gultyaeva et al., 2021; Baranova
et al., 2023) show that the pathotypes gained a competitive
advantage on such cultivars, but had fitness penalties of dif-
ferent degrees on other genotypes. Consequently, virulence
to Lr28 and LrSp has not been detected in Russian P. triticina
populations for decades (Gultyaeva et al., 2021). There was
an outbreak of virulence to Lr47 (frequency up to 70 %) in
Western Siberia in 2015, but in the following years virulent
clones rapidly disappeared from the population (Plotnikova
et al., 2018). It is possible that virulence to Lr47 has a high
fitness penalty for the pathogen.

Pathogenic fungi are not able to exist on species for which
they have not been specialized, so-called nonhosts. Nonhost
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resistance (NHR) is rarely overcome, so its genetic control
and protective mechanisms are of great interest (Niks, 2014).
For breeding varieties with durable resistance to diseases, it is
considered promising to transfer the defense mechanisms of
nonhost species into crops. According to the widely accepted
hypothesis formulated in 2010s, nonhost and host resistance
is controlled by different genetic systems (PTI and ETI, re-
spectively) (Peng et al., 2018).

When studying the interaction of P. graminis f. sp. tritici
with nonhost S. cereale and Th. ponticum, it was found that
pathogen development was disrupted at an early stage. This
was manifested in the disorientation of fungal infection
structures on plant surface, and in suppression of appressoria
formation, necessary for penetration into the stomata (Plot-
nikova et al., 2022, 2023a). When infecting wheat lines and
cultivars with introgressed rye and wheatgrass genes (Sr31,
Sr24,Sr25, and Sr26), similar signs of the violation of surface
fungal structures was revealed. In addition, the generation of
reactive oxygen species (ROS) by stomatal guard cells upon
contact with the appressoria was revealed in the lines with
these genes. ROS generation led to the death of rust fungus
before penetration into plant tissues (Plotnikova et al., 2022,
2023a).

Analogous defence mechanisms were established during
the interaction of P, triticina with nonhost species, and wheat
lines with wheatgrass Lr/9 and Lr38 genes (Plotnikova, 2008,
2009). Similar ROS generation by stomatal guard cells, called
“stomatal immunity”, was found when Arabidopsis thaliana
was infected with non-pathogenic bacteria Escherichia coli
and Pseudomonas syringae pv. tomato (Zeng, He, 2010;
Melotto, 2017). This indicates that single genes of the second-
ary and tertiary gene pools may supply defence mechanisms
similar to the nonhost ones, which stop infection at the early
stages and prevent penetration into the tissues. When virulence
occurs, the chemical composition and immunological pro-
perties of the fungal cell wall can be changed. Probably, such
changes reduce the viability of mutant clones, which leads to
a fitness penalty and their disappearance from populations.
The appearance of virulence to two genes in the genotype (to
Sr24 + Sr3l, or Lr19 + Lr26, etc.) leads to the loss/change
of a set of important components, which might be lethal for
pathotypes. This may explain high cultivar resistance with
combinations of wheatgrass and rye translocations to stem
and leaf rusts in different world regions.

Thanks to progress in the field of molecular genetics, it has
become possible to transfer a set of resistance genes in the
form of cassettes (up to five genes) to varieties. The genes
controlling PTI-type (non-host) resistance are of particular
interest for construction of cultivars with durable resistance
to biotrophic pathogens (Liu X. et al., 2021). In this regard,
the genes of Thinopyrum and related genera, providing protec-
tion similar to nonhosts, are promising for creating effective
gene cassettes.

Conclusion

Increasing the production of wheat grain is a strategic task to
provide food for the growing world population. For sustain-
able grain production, it is necessary to increase the genetic
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diversity of cultivars. Species of the secondary and tertiary
gene pools with homoeological genomes are of great value for
crop protection. Thinopyrum and related genera are reservoirs
of resistance genes to wheat diseases and abiotic stresses. The
most valuable species for breeding are polyploids Th. pon-
ticum and Th. intermedium. Recently, it has been shown that
relative species Th. elongatum, Th. bessarabicum, Th. juncei-
forme, and A. cristatum are also potential donors of valuable
traits for wheat improvement. Currently, a large number of
introgression lines resistant to a range of wheat diseases (in-
cluding leaf, stem, and stripe rusts, and powdery mildew, etc.)
and tolerant to abiotic factors (such as drought, salinity, and
extreme temperature, etc.) have been produced. However, only
a small number of introgressions were used in wheat breed-
ing, due to negative effects on agronomic traits. To improve
line properties, the work was carried out to reduce the sizes
of loci or to use compensating Robertsonian translocations
(RobTs).

The experience of long-term cultivation of varieties with the
genes from S. cereale and Th. ponticum has shown that they
significantly influence P. triticina and P. graminis f. sp. tritici
populations. Obviously, virulent alleles to tall wheatgrass and
rye genes reduce the fitness of rust fungi, which leads to partial
or complete pathotypes elimination from fungal populations.
Cultivars with combinations of wheatgrass and rye transloca-
tions showed high resistance to leaf and stem rusts in different
regions of the world. Th. ponticum and S. cereale are nonhosts
to P. graminis f. sp. tritici and P. triticina, and their resistance
leads to disruption of the development of fungal structures at
the plant surface or when trying to penetrate into the stomata.
The introgressed Sr24, Sr25, Sr26, Lr19, Lr38, and Sr31 genes
control manifestations of protective mechanisms similar to
nonhost resistance. Such action makes these genes (and the
genes with analogous action) promising for engineering crops
with the help of molecular technologies.
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Abstract. Among the many diseases that affect potato plants, viral infections are the most common and cause sig-
nificant damage to farms, affecting both the yield and quality of potatoes. In this regard, an important condition for
preserving the potato seed fund in Russia is systematic monitoring and early highly specific detection of potato viral
infections. The purpose of the work is to study samples of potato varieties collected in the Novosibirsk region for the
presence of viral infections using RT-PCR. 130 potato plants from three districts of the Novosibirsk region (NR) were
studied. As a result of monitoring, the following viruses were identified: PVY (potato virus Y), PVS (potato virus S),
PVM (potato virus M) and PVX (potato virus X). The quarantine pathogen potato spindle tuber viroid (PSTVd) was not
detected in any of the samples analyzed. The maximum frequency of occurrence in the region was noted for three
viruses: PVY, PVM and PVS. A significant proportion of the samples were mixed viral infections: the occurrence of the
combination of infection PVY + PVM in plants was 25.0 %, and PVY + PVS, 22.6 %. To develop methods for determin-
ing the strain affiliation of the studied samples, the nucleotide sequences of the capsid protein genes of 10 Y-virus
isolates were sequenced. Phylogenetic analysis of the studied sequences of NR isolates was carried out with a set of
sequences of reference strains 261-4, Eu-N, N:O, NE-11, NTNa, NTNb, N-Wi, O, O5, SYR_I, SYR_Il and SYR_III retrieved
from GenBank. As a result of phylogenetic analysis, it was established that NR viral samples fell into two groups of
strains: group 1, which also includes isolates of the reference strains 261-4/SYR_III, and group 2, NTNa. The obtained
results of the strain affiliation of NR samples lay the basis for the development of DNA and immunodiagnostic systems
for identifying PVY circulating in NR, as well as for elucidating the source and routes of entry of specific virus strains.
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PacripocTpaHeHHOCTb U BUIOBOJI COCTaB BUPYCOB KapToderist
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AHHoTaumA. Cpegn MHOXeCTBa 6onesHel, nopaxarLwyx pacTeHnA KapTodensa, UMEHHO BUPYCHble MHEKUMN AB-
NATCA Hanbonee pacnpPOCTPaHEHHBIMIN N HAHOCAT 3HAYMTENbHBIN Ylep6 X03ANCTBaM, BINAA KaK Ha YPOXaMHOCTb,
Tak U Ha KauyecTBO KapTodens. B cBA3M C 3TUM BakHOe YCNoBMe COXpaHeHUA cemeHHOro ¢oHaa kaptodena B Poc-
CUN — CUCTEMATUYECKNI MOHUTOPVIHT U paHHee BbiCOKOCMELPUYHOe 06HapyKeHVe BUPYCHbIX MHPEKLMIA KapTode-
ns. Llenbto paboTbl 6b1510 UccnefoBaHne 06pa3LoB COPTOB KapTodens, CobpaHHbIX Ha Tepputoprmn Hosocmbrpckom
o6nactu (HCO), Ha Hannure BMpycHbIX MHbeKuuin metogom OT-TNLP. M3yueHo 130 pacTteHuin kapTodens 13 yeTblipex
parioHoB HoBocmbrpckon obnactu. B pesynbrate MoHMTOpPMHIa obHapy»eHbl cnepytowme Bupycbl: PVY (potato
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virus Y), PVS (potato virus S), PVM (potato virus M) n PVX (potato virus X). Hu B ogHOM 13 aHanu3upyembix 06pa3sLioB
He HaliieH KapaHTUHHBIN OOBbEKT — BUPOUL BEPETEHOBUAHOCTU KNyOHel KapTodens (potato spindle tuber viroid -
PSTVd). MakcumanbHasa YacToTa BCTPEUYAeMOCTU B palioHax obnacTy 6bina oTMeyeHa ana Tpex Bupycos — PVY, PVYM
1 PVS. CmeLuaHHble BMPYCHble MHEKLMIN COCTaBMAN 3aMETHYIO JOJI0 06pa3LoB: BCTPEYaeMOCTb KOMOMHALUMMN UH-
dekummn PVY + PVM B pacteHusix coctaBnsina 25.0 %, PVY + PVS — 22.6 %. [ina oTpaboTKN METOAOB BbIACHEHWA WUTaM-
MOBOW NPUHAANEXHOCTY N3yYaeMblx 00pa3LIOB NPOBeEHO CEKBEHVPOBaHNE HYKNeOTUAHbIX NociefoBaTeNbHOCTEN
KancmaHbix 6enkos 10 nsonAtos Y-Bupyca. C NpoceKBeHMPOBaHHbIMY MOC/EA0BATENIbHOCTAMY OblN OCYLeCTBEH
dunoreHeTNYECKNIN aHaIM3 COBMECTHO C HAOOPOM NOCNIE[OBATENIbHOCTEN pedepeHCHbIX WTamMmmoB 261-4, Eu-N, N:O,
NE-11, NTNa, NTNb, N-Wi, O, O5, SYR_I, SYR_II, SYR_III, B3atbix B GenBank. B pe3ynstate ¢punoreHeTnyeckoro aHa-
nu3a ycTaHoBeHo, uto obpasubl 3 HCO pacnpepenvnuch B AiBe rpynmbl WUTaMMOB: rpynna 1, BKAoyatoLwan Takxke
n3onATbl pedepeHcHbix wrammos 261-4/SYR_II, n rpynna 2 — NTNa. NMonyuyeHHble pe3ynbTaThbl LUTAMMOBOW NpUHaA-
nexHocTn obpasuos 13 HCO 3aknafbiBaloT OCHOBY AnA pa3pabotku JHK- n MMMYHHOAMArHOCTUYECKMX cucTem Ans
BbiABneHna PVY, unpkynunpytowmx B HCO, a Takxe AN BbIACHEHWA NCTOYHMKA U MYTel MPOHNKHOBEHNA KOHKPETHbIX
LITaMMOB BMpYCa.

KnioueBbie cnoBa: Solanum tuberosum; BupycHble nHdekumu; OT-TLUP; Y-Bupyc kapTodens; ¢punoreHeTnyecKuin
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Introduction

The Novosibirsk region is a favorable region for potato grow-
ing (Batov, Gureeva, 2023). The area of its cultivation in the
industrial potato growing sector (data on agricultural organi-
zations and peasant farms, excluding households) of the No-
vosibirsk region in 2023 amounted to 3.8 thousand hectares,
which is 6.2 % (0.2 thousand hectares) more than in 2022.
At the same time, the total potato harvest in the industrial
potato growing sector of the Novosibirsk region amounted to
74.9 thousand tons, which is 12.9 % (8.5 thousand tons) more
than in 2022. The top 10 districts in the Novosibirsk region
by the size of the harvested potato area in 2023 included:
Novosibirsk (36.8 % of the total area), Ordynsky (25.6 %),
Moshkovsky (18.6 %), Karasuksky (5.2 %), Toguchinsky
(4.4 %), Cherepanovsky (3.3 %), Suzunsky (1.8 %), Iskitim-
sky (1.7 %), Kochenevsky (1.3 %), Bagansky (0.4 %). The
remaining districts accounted for a total of 1.0 % (https://
ab-centre.ru/news/rynok-kartofelya-novosibirskoy-oblasti
---klyuchevye-tendencii).

According to the Federal State Statistics Service, the ave-
rage potato yield in Russia is about 16 t/ha (https://rosstat.
gov.ru/enterprise_economy), in the Novosibirsk region it is
22.5 t/ha (Batov, Gureeva, 2023), while the maximum pro-
ductivity of individual varieties of this crop can reach 400 t/ha
(State Register of Selection Achievements...., https://gossortrf.
ru/). Decrease in yield mostly depends on the influence of
various external factors, including the prevalence of a large
number of viral pathogens.

Currently, 40 phytopathogenic potato viruses have been
identified in different countries and regions (Hameed et al.,
2014; Onditi et al., 2021). The most important of them, which
have become ubiquitous wherever potatoes are grown, are
potato leaf roll virus (PLRV), potato virus Y (PVY), potato
virus X (PVX), potato virus S (PVS), potato virus M (PVM).
Each of these pathogens is capable of causing yield losses of
10 to 60 %, and, in case of mixed virus infection, losses can
be even higher (Byarugaba et al., 2020).

PVY is the fifth most important plant virus in the world
(Scholthof et al., 2011) and causes the greatest economic
losses in potato production, but also affects other common
crops such as tomato, pepper, and tobacco (Kerlan, Moury,
2008; Lacomme et al., 2017). The PVY genome is highly
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variable and is susceptible to recombination. PVY exists as a
complex of strains that can be defined based on hypersensi-
tivity reactions (HR) to three known potato N genes (Jones,
1990; Chikh-Ali et al., 2014) or based on genome sequences
and recombination patterns (Karasev, Gray, 2013; Green et al.,
2017). Currently, fourteen PVY strains have been identified
(Karasev, Gray, 2013; Green et al., 2017), including five non-
recombinants (PVYO, PVYEu-N, PVYNA-N, PVYC, and
PVYO-05) and nine recombinants (PVY-N:O, PVY-N-Wi,
PVY-NTNa, PVY-NTNb, PVY-NE11, PVY-E, PVY-SYR-I,
-I1, and -I1T) (Chikh-Ali et al., 2016a, b; Green et al., 2017).
Fourteen additional recombinants and genome variants have
also been reported (Green et al., 2018).

Since diseases caused by potato viruses are incurable in
field conditions, early detection of these pathogens and de-
termination of their species composition is an actual task for
agriculture and is included in the subprogram “Development
of potato breeding and seed production in the Russian Federa-
tion” of the Federal Scientific and Technical Program for the
Development of Agriculture for 2017-2025.

Currently, there are three main methods for diagnosing the
virus in potato tubers: real-time RT-PCR, enzyme-linked im-
munosorbent assay (ELISA), and immunochromatographic
assay.

Previously, studies of virus load on potato agrocenoses were
conducted in some regions of the Russian Federation. In 2016,
in the Astrakhan region, a high incidence of the Y virus was
recorded on all plantings of early reproductive potatoes, with
the exception of the Krona variety, especially on the Impala
(65-95 %), Red Scarlett (85 %) and Courage (60 %) varieties.
In 2017, on the Impala variety, while a high incidence of PVY
was maintained (60 % of plants), significant damage (50 %
of plants) by PVS and PVM was observed (Fominykh et al.,
2017). The frequency of PVS and PVM in the Republic of
Bashkortostan was 87 % and 78 %, respectively, PVX —12 %,
PVY —28 %. Up to 61.6 % of tubers were infected with two
viruses (PVS+PVY, PVS+PVX and PVM+PVY) and 2.8 %
of samples were infected with a combination of three viruses.
Only 6.9 % of'the studied samples were virus-free (Khairullin
etal., 2021).

Given the high incidence of viral infections in potato plants
in various regions of Russia, early and accurate diagnostics of
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viral infections as well as study of the genetic polymorphism
of individual strains of the most common virus species are
extremely important. After the introduction of PCR diagnos-
tic methods, abundant data on the genetic diversity of PVY
strains began to appear, and it became possible to conduct
more detailed studies aimed at identifying the sources and
routes of spread of potato viruses. For example, based on the
results of monitoring the occurrence of viruses in samples of
4 potato varieties (Red Scarlett, Silvana, Labella, Nevsky)
using the RT-PCR method, it was found that 100 % of plants
were infected with the X virus and 26.3 % were infected with
the Y virus (Grigoryan, Tkachenko, 2019), and the infection
of potatoes with the Y virus in the Perm’ region in 2019 was
100 % (Pechenkina, Boronnikova, 2020).

The studies by A.M. Malko et al. (2017) showed a high
incidence of PVY in the Samara, Tver’, and Leningrad regions
(33.3, 29.2, and 25.7 %, respectively), that of PVS in the
Samara and Irkutsk regions (66.7 and 30.5 %, respectively),
and that of PVM in the Tver’, Samara, and Nizhny Novgorod
regions (25.0, 22.2, and 19.4 %, respectively) (Malko et al.,
2017). Diagnostics of potato viral diseases using real-time
PCR, conducted in 2019 in the Saratov region, detected
PVY in two potato varieties, in the absence of visual plant
lesions.

Since 2015, the Federal Research Center for Potatoes
named after A.G. Lorkh has been studying the serological
and phytopathological characteristics of PVY isolates from
various regions of the Russian Federation, including the Novo-
sibirsk Region. Out of the seven identified isolates with PVY
monoinfection in the material from the Novosibirsk Region,
five isolates exhibited serological and phytopathological
properties of PVY9/C (common strain and acropetal necrosis
strain) (Uskov et al., 2022).

The aim of this work was to study the species composition
of potato viruses of different varieties and categories and the
incidence of plants in farms of the Novosibirsk region using
molecular genetic methods to determine their prevalence
in seed tubers, as well as to study the strain composition of
individual PVY isolates.

Distribution and species composition
of potato viruses in the Novosibirsk region

Materials and methods

The work was completed in 2023. The studies were conducted
on 130 S. tuberosum potato plants from Iskitimsky (varieties
Gala (RS1), Red Scarlett (E), Rosara (RS1)), Ordynsky (va-
ricties Gala (RS1), Lady Claire (RS1), Rosara (RS1)), Ko-
chenevsky (varieties Zlatka (SE), Rosara (RS1)) and Novo-
sibirsk (varieties Gala (RS1), Red Scarlett (RS1)) districts of
the Novosibirsk region (Table 1).

The samples were supplied by farms from the specified re-
gions under an agreement with the Federal State Budgetary
Institution “Rosselkhozcentr” in the Novosibirsk Region,
which were selected in accordance with GOST 33996-2016.
Ten samples were analyzed, the samples from the Iskitimsky
district contained 20 tubers each, while the samples from the
Ordynsky, Kochenevsky and Novosibirsk districts contained
10 tubers each. Potato tubers of each variety were cultivated in
plastic pots (0.7 1) in boxes at a temperature of +24 °C+1 °C
and a photoperiod of 16/8 hours: light/dark. Leaf samples for
determining the viral load were collected four weeks after
planting from the upper, middle and lower tiers of plants.
Among the studied samples, four varieties (Rosara, Lady
Claire, Gala, Red Scarlett) are varieties of foreign selection,
and one variety (Zlatka) is of domestic selection. Isolation of
viral RNA from the collected potato leaves was performed
using the “PhytoSorb” kit manufactured by SYNTOL (Rus-
sia) in accordance with the manufacturer’s recommendations.
RNA analysis was performed on a Rotor-Gene Q amplifier
(Qiagen, Germany). The presence of viruses in potato leaf
samples was determined using a reagent kit (by SYNTOL)
PV-005 (PVX, PVY, PVM, PLRV, PVA, PVS and PSTVd).

Sample preparation for DNA sequencing. Individual
Y-positive isolates (10 samples) were selected for cDNA syn-
thesis and subsequent sequencing of the capsid protein gene
region. Reverse transcription was performed using the RT
M-MuLV-RH reagent kit (Biolabmix, Russia) according to
the manufacturer’s protocol: 2—5 ng of total RNA was taken
per reaction and primers (473-F: 5'-CAAATGACACAATCG
ATGCA-3"; 474-R 5'-CATGTTCTTGACTCCAAGTAGA
GTATG-3") were designed for synthesis of the first and then

Table 1. Analyzed potato material by districts of the Novosibirsk region

Number of analyzed tubers, pcs

Reproduction
RS1
E
RS1
RS1
RS1
SE
RS1
RS1
RS1
RS1

District Variety, ripening period

Iskitimsky Gala, mid-early ripening 20
Red Scarlett, early ripening 20
Rosara, early ripening 20

Novosibirsk Gala, mid-early ripening 10
Red Scarlett, early ripening 10

Kochenevsky Zlatka, mid-season ripening 10
Rosara, early ripening 10

Ordynsky Gala, mid-early ripening 10
Lady Claire, early ripening 10
Rosara, early ripening 10
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the second strand of cDNA at the PVY genomic RNA site
encoding the capsid protein of the virus. The primers were
selected based on comparison of the nucleotide sequences of
the envelope protein gene of known Y virus isolates repre-
sented in GenBank.

The synthesized DNA was further used for PCR amplifica-
tion of the coding region of the PVY capsid protein gene of the
tested virus isolates. PCR was performed in a reaction mixture
containing the above-mentioned primers 473-F and 474-R.
The mixture was heated for 5 min at 70 °C and transferred
to an ice bath for 2 min; then the mixture of the remaining
reagents (RNA-dependent DNA polymerase, RT buffer,
deoxynucleotide triphosphates) was incubated for 10 min at
room temperature; then it was transferred to a thermostat at
42 °C for 2 h; at the end, the reaction was stopped by heating
for 15 min at 70 °C. Quantitative PCR with real-time detection
was performed using “BioMaster HS-qPCR SYBR Blue(2x)”
by Biolabmix. PCR was performed in a CFX96 Touch am-
plifier (2014, Bio-Rad Laboratories, USA) according to the
following amplification program: DNA denaturation at 95 °C
for 1 min, followed by 40 PCR cycles (DNA denaturation
at 95 °C for 20 s, primer annealing at 55 °C for 15 s, DNA
chain elongation at 72 °C for 30 s). Amplification products
were separated by gel electrophoresis in 0.8 % agarose gel
containing 0.00005 % EtBr.

Sequencing of amplicons of the capsid protein gene of
PVY isolates. The amplicons ~800 bp in size encoding the
capsid protein of potato virus Y (PVY) were purified from PCR
components of the reaction mixture by sorption on SpeedBead
magnetic particles (GE Healthcare, USA) in the presence of
7 % PEG-8000. After washing three times with 80 % ethanol,
amplicons were eluted with MiliQ water. For the Sanger se-
quencing reaction, 0.5 pmol of amplicon, 20 pmol of one of
the primers (473 _F coat-Y-vir or 474 R _coat-Y-vir), 2 pl of
BigDye v.3.1 reagent, 8 ul of 5X sequencing buffer (Nimagen,
USA), 8 ul of 5M betaine and MiliQ water were used up to a
total reaction volume of 40 pl. The temperature profile of the
Sanger reaction consisted of: denaturation at 96 °C for 3 min,
followed by 70 cycles (melting at 96 °C for 25 s; annealing
at 40 °C for 10 s; elongation at 60 °C for 3 min) with a final
warm-up at 98 °C for 5 min and storage until purification at
4 °C. The Sanger reactions were then purified from unreacted
BigDye by gel filtration in tablet format microcolumns through
Sephadex G-50 semisolid column (GE Healthcare, USA) by
centrifugation at 1,700 g for 4 min. The products of the Sanger
reaction were analyzed on an ABI 3500XL automated gene
analyzer (Applied Biosystems, USA) at the Genomics CDC
(ICBFM SB RAS). Nucleotide sequences of the studied am-
plicons were used for analysis by alignment and comparison
with the GenBank database (NCBI, USA).

Comparison of nucleotide sequences of the covering
capsid protein of the Y virus. For phylogenetic analysis,
the nucleotide sequences of the capsid gene of PVY isolates
from the Novosibirsk region were compared using the MAFFT
service (https://www.ebi.ac.uk/Tools/msa/mafft/) with the
corresponding reference sequences provided in GenBank
(https://www.ncbi.nlm.nih.gov/genbank/). Analyses were per-
formed with MEGAX software (Kumar et al., 2018) using
maximum likelihood (ML) algorithm. Nucleotide sequence-
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based phylogram construction was performed considering
all codon positions using evolutionary models of substitu-
tions specified by the MEGAX>Models module: TN92(G+I)
(Tamura—Nei). Phylogram construction based on amino
acid sequences was performed using the JTT(G+I) module
(Jones—Taylor—Thorton). The following named sequences
were used as reference sequences for the cluster of strains:
“261-4”: KY848023, AM113988, JF927755; “Eu-N":
KY847988, KY847986, JQ969036; “N:0”: KY847974,
KY848018, AY884985, 270238, AJ584851; “NE-11":
JQ971975, HQ912867; “NTNa”: AJ890344, M95491 i,
AJ890345, AY884982; “NTNDb”: AJ890343; “N-Wi”:
KY847961, AJ890350, JQ924286, JIN034046, AJ890349,
KY847996; “O”: HQ912865, FI643479, EF026074,
AJ585196,1X424837; “05”: F1643477,U09509, HM367076,
HQ912909, KY848035; “SYR_I”: GQ200836; “SYR_I1":
AJ889867; “SYR_III”: AB461454. The bootstrap method
(500 iterations) was used to determine the stability of the
dendrograms.

Statistics. Virus occurrence was assessed using the 2 test
with Yates’ correction.

Results

The highest frequency of occurrence in the districts of Novo-
sibirsk region was noted for three viruses — PVY, PVM and
PVS (Table 2). PVY was found in all the studied districts and
affected all potato varieties, unlike the M and S viruses. The
distribution of viruses across the districts of the Novosibirsk
region was uneven (Table 3).

The highest level of PVY infection was detected in the
Novosibirsk district, where its prevalence on the Gala variety
reached 100 %. Potato leafroll virus was detected on the same
variety (20 %). PVS was found in all districts of the region,
but the highest prevalence (30—100 %) was detected in the
Ordynsky and Kochenevsky districts. Potato virus X was
found in the Iskitimsky and Ordynsky districts (40-50 %). It
should also be noted that due to the widespread cultivation of
foreign varieties in our region, virus M was highly prevalent
(40-100 %). Mid-early varieties (Gala, Zlatka) were more
often affected by PVM than early-ripening ones. The highest
viral load (PVX, PVY, PVM, PVA, PVS) was detected on the
Rosara variety of the Ordynsky district. Potato spindle tuber
viroid (quarantine object) was absent from all tested samples.

Mixed viral infections made up a significant proportion
of the samples: the incidence of the PVY+PVM infection
combination in plants was 25.0 %, PVY+PVS — 22.6 %,
PVY+PVX-3.8% (Table 4). At the same time, the prevalence
of “monoinfection” of any virus (PVS, PVM, PVX, PVY) was
19.4 %, and the number of plants in which there were no vi-
ruses was less than 1 %. Three viruses in the PVS+PVM+PVY
combination were detected in 15.37 % of the samples, and
four viruses were detected in 1.8 % (PVS+PVM+PVX+PVY).

To determine the strain identification of the studied samples
from the Novosibirsk region, amplified fragments of the
PVY genome corresponding to the mature peptide of the
capsid protein were sequenced and analyzed by phylogenetic
methods using reference sequences from GenBank, described
in detail in the article (Green et al., 2017, 2018). The regis-
tration numbers of the reference sequences are given in the
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Table 2. Prevalence of potato viruses by districts of the region, %

Distribution and species composition
of potato viruses in the Novosibirsk region

Variety PVX PVY PVYM PLRV PVA PVS PSTVd
Iskitimsky district
Gala 50 30 75 - - 55 -
Red Scarlett - 90 80 - - - -
Rosara - 70 - - - 90 -
Kochenevsky district
Zlatka - 60 100 - - 100 -
Rosara - 50 - - - - -
Novosibirsk district
Red Scarlett - 60 - - - 30 -
Gala - 100 100 20 - 80 -
Ordynsky district
Rosara 40 60 40 - 20 100 -
Gala - 20 - - - 20 -
Lady Claire - 60 - - - - -
Table 3. Cases of potato virus infection in different districts of the Novosibirsk Region
District Variety Number Infected plants, pcs e p
of plants, pes PVX PVY PSTVd PVM PLRV  PVS PVA

Iskitimsky Red Scarlett 20 0 18 0 16 0 0 0

Gala 20 10 6 0 15 0 11 0

Rosara 20 0 14 0 0 0 18 0

Total by varieties 10 38 0 31 0 29 0 112,067 7.52-10722
Novosibirsk Red Scarlett 10 0 6 0 0 0 3 0

Gala 10 0 10 0 10 2 8 0

Total by varieties 0 16 0 10 2 1 0 53.2 1.07-107°
Kochenevsky Rosara 10 0 5 0 0 0 0 0

Zlatka 10 0 6 0 10 0 10 0

Total by varieties 0 1 0 10 0 10 0 37.94 1.16-107°
Ordynsky Rosara 10 4 6 0 4 0 10 2

Gala 10 0 2 0 0 0 2 0

Lady Claire 10 0 6 0 0 0 0 0

Total by varieties 4 14 0 4 0 12 2 38.2 1.03-10°°

Note.The hypothesis about the prevalence of certain potato viruses in the districts of the region was tested using the %2 criterion with Yates’ correction. P values

are defined as p = 0.000.

“Materials and methods” section. The dendrograms obtained
in the MEGAX program based on nucleotide and amino acid
sequences made it possible to visualize the distribution of the
reference strains used.

The most compact group was formed by the strains of the
OS5 cluster, representing samples from North America with

the eponymous serotype O5. This cluster was used as a proxy
“outgroup” in constructing dendrograms to determine the
approximate direction of evolution of PVY genetic diversity.
The remaining clusters of strains were grouped less clearly.
This can be explained by the fact that when constructing
monolocus dendrograms, as in our case, there is no way to
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Table 4. Frequency of occurrence of potato viruses

Combination of viruses Frequency of occurrence, %

No infection 0.88
Monoinfection:
PVS 6.85
PVM 1.25
PVY 11.25
PVX 0
Two viruses:
PVS+PVM 6.25
PVS+PVY 22.60
PVM+PVY 25.00
PVS+PVX 3.75
PVX+PVY 3.75
Three viruses:
PVS+PVM+PVY 15.37
PVS+PVY+PVA 1.25
Four viruses:
PVS+PVM+PVX+PVY 1.80

reflect the consequences of recombination events. Such events
are known to occur all the time as viruses adapt to overcome
the defenses of infected host plants and spread to new plants.

As is shown in the Figure, the samples from the Novosibirsk
region were distributed into two groups of strains: group 1,
including samples NSOO01-05 and NSO08-09, is combined
with the strains of the clusters “261-4” and “SYR_III”, and
group 2, including samples NSO06-07 and NSO10, is com-
bined with the strains of the cluster “NTNa”.

Comparison of the topologies of the nucleotide and amino
acid dendrograms also allows to make the expected conclu-
sion that a significant part of the nucleotide diversity of viral
sequences does not manifest itself at the level of encoded
peptides. It is evident that the Novosibirsk region samples of
the first group are identical to each other at the amino acid
level and will probably have the same immunochemical pro-
perties in the case of using the epitopes of the mature capsid
protein as a serological test. The same can be said about the
Novosibirsk region samples of the second group. It can be
expected that, in the presence of common epitopes, some of
them will still differ so much between representatives of the
two groups under study that it will be possible to develop
differential serological tests.

Discussion

Potato viral infections lead to a significant reduction in its
yield, and therefore monitoring of the seed material contami-
nation is a necessary measure for stable and sustainable pro-
duction of this crop.
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In this work, the RT-PCR method was used to monitor viral
infections of seed potatoes in the Novosibirsk region, which
revealed a high viral load. Among the analyzed samples,
no differences in the distribution of viruses associated with
varietal resistance and/or reproduction were found. Based on
the analysis of the prevalence of viral infections, it was found
that plants are most often infected with PVY, PVS and PVM
viruses, which were found almost everywhere in the studied
areas of the region with a frequency of 30-100 %. Unlike
most other potato viruses, PVY is expanding its geographic
distribution and causes economic damage to potato crops not
only in Russia, but throughout the world (Byarugaba et al.,
2020; Kreuze et al., 2020). Mixed viral infection including
PVY is the most common (Kerlan, Moury, 2008), since most
potato varieties are not resistant to it (Ahmadvand et al., 2012).

Potato plants grown in the Novosibirsk region were typi-
cally affected by two viruses (61.35 % of samples), of which
PVM+PVY viruses were most common (25.0 %). The pre-
sence of three or four viruses simultaneously was detected in
16.62 % and 1.8 % of samples, respectively. Plants affected
by viruses were stunted, leaf blades were underdeveloped.
Rapid and premature growth of axillary buds was observed.
Wrinkling and folding of leaves, their deep venation, chloro-
sis, and marginal necrosis were noted. This result confirms
the results of other scientists (Khairullin et al., 2021), which
showed that potatoes can be simultaneously infected with more
than four viruses, including the most economically important
viruses. The widespread distribution of viruses on potatoes
is facilitated by the high infestation of fields with perennial
weeds that act as reservoirs of viral infection (Szab¢ et al.,
2020), and by the huge species diversity and the high number
of carriers (Danci et al., 2009; Fox et al., 2017).

Since potato viral diseases are incurable, preventive mea-
sures aimed at using varieties resistant to viral infections
and uninfected seed material are of great importance. These
preventive measures require systematic early detection of vi-
ral infections, the absence of which has led to mass infection
of potatoes with phytopathogens in Russia, including seed
material. Therefore, the creation of highly sensitive, early
and field-usable diagnostics of potato viral infections is an
urgent task.

PVY is considered one of the most significant viruses affect-
ing both potatoes and other economically important species of
nightshades (pepper, tomato, tobacco). Since, according to the
results of our studies, the highest percentage of samples were
infected with this type of virus, it was of interest to determine
the nucleotide sequences of the capsid protein gene of the
studied PVY isolates from the Novosibirsk region in order
to determine the level of conservatism of these proteins for
the subsequent creation of an immunochromatographic test
system that is highly specific for the Siberian region. Phylo-
genetic analysis of the obtained samples revealed two groups
of PVY strains among them: a group including the strains
“261-4/SYR_III” and group 2 — “NTNa”. PVY is becoming
increasingly widespread throughout the world, mainly due
to the increase in the incidence of recombinant forms of the
virus, such as PVYNWi and PVYNTN. These strains are
highly virulent and have mild symptoms, which complicates
their detection in seed potatoes.
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Our data are consistent with the data of other authors who
studied the strains of Y virus isolates in the territory of the
Russian Federation. A.I. Uskov et al. (2016), when studying
the strain composition of the Y virus of potato, common in the
territory of the Russian Federation in 2015-2016, identified
the ordinary strain PVYO in one variety sample, the tuber
ring necrosis strain PVYNTN in 19, the recombinant strain
PVYN:O in 36, and two strains PVYNTN and PVYN:O si-
multaneously in 53 variety samples. Based on a comparative
analysis of the marker sequence of the 5'-untranslated region
NTR locus, A.A. Stakheev et al. (2023) determined that potato
virus Y isolates distributed in various territories of the Russian
Federation belonged mainly to the necrotic and recombinant
groups of strains, with the exception of a single isolate oc-
cupying an intermediate position between these two groups.

Determination of the PVY strain identification not only
is of great importance in terms of improving strategies to
combat this virus, but also has great diagnostic value. From
a comparison of the topologies of the nucleotide and amino
acid dendrograms, it follows that both groups of samples
from the Novosibirsk region that we identified do not show
intragroup differences at the amino acid level, which may
indicate serological similarity of samples in a group and the
prospects for developing differential serological diagnostics
for samples from different groups.

Conclusion

Thus, when developing DNA and immunodiagnostic systems
for detecting PVY circulating in the Novosibirsk region, it is
possible to use primarily the genetic variations of the virus
of these strain clusters.

The obtained results of the strain identification of samples
from the Novosibirsk region make the foundation for identify-
ing the source and routes of penetration of specific strains of
the virus, as well as for assessing the phytopathogenic risks
for potato varieties used in the Novosibirsk region.
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Abstract. Earthworms are known for their intricate systematics and a diverse range of reproduction modes, including
outcrossing, self-fertilization, parthenogenesis, and some other modes, which can occasionally coexist in a single spe-
cies. Moreover, they exhibit considerable intraspecific karyotype diversity, with ploidy levels varying from di- to deca-
ploid, as well as high genetic variation. In some cases, a single species may exhibit significant morphological variation,
contain several races of different ploidy, and harbor multiple genetic lineages that display significant divergence in
both nuclear and mitochondrial DNA. However, the relationship between ploidy races and genetic lineages in earth-
worms remains largely unexplored. To address this question, we conducted a comprehensive review of available data
on earthworm genetic diversity and karyotypes. Our analysis revealed that in many cases, a single genetic lineage
appears to encompass populations with different ploidy levels, indicating recent polyploidization. On the other hand,
some other cases like Octolasion tyrtaeum and Dendrobaena schmidti/D. tellermanica demonstrate pronounced ge-
netic boundaries between ploidy races, implying that they diverged long ago. Certain cases like the Eisenia norden-
skioldi complex represent a complex picture with ancient divergence between lineages and both ancient and recent
polyploidization. The comparison of phylogenetic and cytological data suggests that some ploidy races have arisen
independently multiple times, which supports the early findings by T.S. Vsevolodova-Perel and T.V. Malinina. The key
to such a complex picture is probably the plasticity of reproductive modes in earthworms, which encompass diverse
modes of sexual and asexual reproduction; also, it has been demonstrated that even high-ploidy forms can retain
amphimixis.
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HoxxnmeBble uepBu (Oligochaeta, Lumbricidae):
COOTBETCTBUIE MeXOY BHYTPUBIUIOBbIM
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AHHOTauuA. ,D,O)K,ELEBble YepBU N3BECTHDI CBOE CJIOXKHOW CUCTEMATMKOW 1 pa3HOO6pa3HbIM Ha60pOM TNMNOB pas-
MHOXeHWA, BKNo4YanA aM¢MMMKCMC, camoonnoaoTBoOpeHNE, NapTeHOreHe3 1 HeEKOTopble Apyrue cnocobbl, KOTOpble
MHOIr4a MOryT CcoCyllecTBOBaTb B npefenax ogHoro smaa. bonee TOro, oHn LOEMOHCTPUPYIOT 3HAYUTESIbHOE BHYTPU-
BMnaoBoe pa3Hoo6pa3V|e KapnoTmnoB C YPOBHAMU MIOUAHOCTW OT AU- A0 AeKan/IONAHbIX U Bbllle, a TaKXe BbICOKYIO
reHeTn4yeCKyro N3MeH4YnBOCTb. B HEKOTOPbIX CyYyaax OoAunH BUL MOXET coyeTaTb 6OJ'IbIJJyK) MOpd)OJ'IOFI/NeCKyIO n3-
MEeHUYNBOCTb, HECKOJIbKO pac C pa3H0|7| NNONAHOCTbIO N HECKOJIbKO d)I/IﬂOFEHETI/NECKVIX JIMHUIN CO 3HAYUTENbHBLIMU
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pasnuuMAMM Kak no AREpPHON, Tak 1 no mmutoxoHgpuanbHon IHK. MNpu 5Tom cooTBETCTBME MeXAY pacaMiy PasfivyHOM
NAOUAHOCTN Y FeHETUYECKUMMN NHUAMN SOXKAEBbIX YepBEN OCTAeTCA B 3HAUUTESIbHOW CTENEHN HeUCCNe[oBaHHbIM.
B cBA3M C 3TM Mbl MPOBENV BCECTOPOHHUIA 0630P NMEIOLLMXCA AAHHbIX O FEHETMYECKOM Pa3sHO06pa3nn 1 KapuoTu-
nax foXzAeBbix YepBeil. Hal aHany3 nokasasn, Yto BO MHOTUX C/lyyasX OfjHa reHeTUYecKas JIMHUA BKIloYaeT B cebs
nonynAuUM C pasHbIMK YPOBHAMU MAOULHOCTY, YTO YKa3blBaeT Ha HeAaBHIot nonvniongmnsauuto. C 4pyroli CTOPOHbI,
B HEKOTOPbIX Clydasx, Kak, Hanpumep, Octolasion tyrtaeum v Dendrobaena schmidti/D. tellermanica, nmetoT mecto
Bblpa’KeHHble reHeTNYeCKMe rpaHuLIbl MeXay pacamu, YTO O3HavaeT [aBHIOK AMBEPreHUno Mmexay Hummn. Hekoto-
pble TaKCOHbI, TaKne Kak Komnekc Eisenia nordenskioldi, npenctaBnaoT co60 MHOXeCTBO AaBHO ANBEPTUPOBABLLNX
dUnoreHeTNYECKUX IMHNI CO CIOXKHBIMU POACTBEHHBIMM OTHOLLEHVAMU MEXAY HUMU U KaK APEBHEN, TaK 1 HeflaBHeN
nonunnoungmen. ConoctaBneHne GpunoreHeTNYeCKX N LUTONOrMYEeCKMX AaHHbIX NO3BOJIAET NPeANONOXUTb, UTO He-
KOTOpble NOAMIONLHbIE pachl HE3aBUCMMO BO3HMKaNM HECKOJIbKO Pas, YTo NoATBepKAaeT BbiBofbl paboTbl T.C. Bee-
Bonogoson-fNepens 1 T.B. ManuHUHOM. [TpUYMHON TaKoW CIIOXKHOWN KapTWHbI, BEPOATHO, CIY>KUT NACTUYHOCTb CMOCO-
60B penponyKLUmMK, KOTopble BKIIOUAIOT B cebs pasHo06pasHble BUAbI MOMIOBOrO U 6eCrnonoro pasMHOXKeHUs; Mpuyem

fAaxxe d)OprI C BbICOKOW MAOUAHOCTbIO MOTYT Pa3sMHOXaTbCA aMd)I/IMI/IKTI/ILIeCKI/I.
KnioueBble crioBa: reHeTMYecKue AnHnY; KapuoTunbl; Cl)I/II'IOFeHI/Iﬂ; aneepreHunAa snaos.

Introduction

Polyploidy in animals is relatively rare (Muller, 1925; Orr,
1990). However, certain groups are exceptions to this rule
and exhibit a significant incidence of polyploidy (Gregory,
Mable, 2005). Earthworms are among these exceptions
(Muldal, 1952; Viktorov, 1997): the initial studies demon-
strated that polyploidy is observed not only among groups of
closely related species, but even within a single species, and
often in sympatry (Omodeo, 1952, 1955). Subsequently, this
phenomenon was documented in representatives of diverse
genera (Vsevolodova-Perel, Bulatova, 2008; Mezhzherin et
al., 2018). In addition to that, earthworms demonstrate diverse
ways of reproduction (Pavlic¢ek et al., 2023). Although in ani-
mals polyploidy is generally associated with parthenogenesis,
polyploid earthworms often retain the ability for amphimixis
(Viktorov, 1989). While some species comprise a set of races
with different ploidy levels, the prevailing view is that this
alone is not a sufficient reason to classify them as distinct
species (Vsevolodova-Perel, Bulatova, 2008).

Molecular studies revealed a vast genetic diversity within
earthworm species (King et al., 2008; Porco et al., 2013). In
most cases, several well-defined clades within a given spe-
cies were identified, with 15-20 % of nucleotide substitutions
between mitochondrial genes (these estimates sometimes vary,
because different studies employ various distance measures,
like Kimura-2-parameter, etc.). These clades are commonly
referred to either as cryptic species or as the so-called genetic
lineages (Marchan et al., 2018). The attempts to clarify the
issue of genetic divergence on the nuclear level using vari-
ous molecular methods generally confirmed the existence of
significant nucleotide distances between these lineages (Mar-
tinsson, Erséus, 2017; Taheri et al., 2018), although in some
instances, the data did not demonstrate signs of reproductive
isolation of distinct lineages differing on the mitochondrial
level (Giska et al., 2015; Martinsson et al., 2017; Martinsson,
Erséus, 2018).

Thus, we can see that certain earthworm species have
multiple races with different ploidy levels, as well as seve-
ral genetic lineages with distinct mitochondrial and nuclear
genomes. However, the relationship between chromosomal
and DNA sequence variation remains unclear. Does each
chromosomal race correspond to a particular genetic lineage,
or do the boundaries between these entities lie elsewhere?
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In this review, we analyzed the patterns of chromosomal
and molecular variation in several earthworm species from
various genera within the family Lumbricidae. The results
provide insight into the relationships between these entities
and outline directions for future research.

Materials and methods

The data on the chromosome numbers of the populations of
various earthworm species were taken from published mate-
rials (Muldal, 1952; Omodeo, 1952, 1955; Vedovini, 1973;
Graphodatsky et al., 1982; Bulatova et al., 1984, 1987; Perel,
Graphodatsky, 1984; Casellato, 1987; Viktorov, 1989, 1997;
Kashmenskaya, Polyakov, 2008; Vsevolodova-Perel, Bula-
tova, 2008; Vlasenko et al., 2011; Mezhzherin et al., 2018).
The information on the number of genetic lineages and on
the assignment of particular populations to genetic lineages
was extracted from scientific papers (Heethoff et al., 2004;
King et al., 2008; Porco et al., 2013; Fernandez et al., 2016;
Shekhovtsov et al., 2014, 2020a—d; Ermolov et al., 2023), as
well as the GenBank database.

For Dendrobaena octaedra (Savigny, 1826), we also ob-
tained a sequence dataset for 99 specimens from 24 popula-
tions from Russia and adjacent countries (Fig. 1). Briefly,
earthworms were fixed in ethanol; DNA was extracted from
whole individuals or from parts of the body (ca. 100 mg)
using BioSilica columns (Dia-m, Russia) according to the
manufacturers’ instructions. Fragments of the cox/ gene were
amplified using universal primers and sequenced as described
in (Shekhovtsov et al., 2013). Sequences were deposited in
GenBank under accession numbers OR366494-OR366522,
KJ772497, KJ772504, KX400644, MH755642, MH755644,
MH755645, MH755647, MH755649, MH755654, MH755666,
MH755670, MH755672. A dataset of 157 full-length 658 bp
cox1 barcodes was taken from GenBank. Unique haplotypes
were extracted from these datasets. Sequences of D. octa-
edra L2 were additionally searched in the BOLD database
(https://v4.boldsystems.org/). Maximum likelihood trees were
constructed using RAXML v. v. 8.2.12 (Stamatakis, 2014)
with the GTRCAT substitution model and 1000 bootstrap
replicates. Bayesian analysis was performed in MrBayes v. 3.4
(Ronquist et al., 2012). Two simultaneous independent runs
were performed with 10 million generations each; 25 % of
the generations were discarded as burn-in.
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Fig. 1. Sampling locations of the sequenced D. octaedra individuals from Eurasia. Russia, Belarus, and Kazakhstan, our data; other

countries, GenBank.
Grey dots - lineage 1; red dots - lineage 2.

Results

Dendrobaena octaedra

Among the 99 D. octaedra sequences obtained by us, we
found 40 unique haplotypes. We also extracted 157 sequences
from GenBank with 41 unique haplotypes. We combined
these unique haplotypes from the two samples to construct
phylogenetic trees (Fig. 2). Our analysis revealed that average
genetic diversity within D. octaedra is very low compared to
other earthworms. The majority of haplotypes belonged to a
single group with lower diversity: average p-distance within
the group was 2.3 %.

However, two haplotypes from GenBank, MF121744 and
MF121754, differed significantly from the rest of the sample
with an average p-distance of 19 %. These specimens were
designated by the authors as Dendrobaena octaedra complex
sp. L2. They were collected in the Eawy forest in Normandy
(France), near the English Channel. Another three closely
related sequences were found in the BOLD database, one
from the vicinities of Florelandet (Norway), and the collection
points of the other two specimens were undisclosed. These
regions were affected by the most recent glaciation, so the
local populations of D. octaedra were obviously introduced
from another region relatively recently (ca. 10 kya). There are
too few data on these specimens; since there are no associated
papers with morphological descriptions, there is a chance that
they might belong to another yet unknown species.

Four chromosomal races are known within D. octaedra,
4n =172, 5n =90, 6n = 108, and 8n = 144 (Casellato, 1987,
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Viktorov, 1993; Mezhzherin et al., 2018). Since the predomi-
nant majority of D. octaedra populations belong to a single
genetic lineage, we can suggest that these three chromosomal
races coexist within this lineage.

Aporrectodea rosea (Savigny, 1826)

Races with 2n = 36, 3n = 54, 4n = 72, 5Sn = 90, 6n = 108,
8n = 144, and 10n = ~180 were described for A. rosea (Mul-
dal, 1952; Casellato, Rodighiero, 1972; Casellato, 1987,
Vsevolodova-Perel, Bulatova, 2008; Vlasenko et al., 2011).
The initial barcoding studied uncovered the existence of
several genetic lineages within this species: R.A. King et
al. (2008) detected three lineages, whereas D. Porco et al.
(2013) discovered four. R. Fernandez et al. (2016) performed
a detailed phylogeographic analysis of 4. rosea in Western
Europe, demonstrating that it can be divided into two major
clades: the Eurosiberian and the Mediterranean. The former
has a cosmopolitan distribution and includes the four lineages
identified by R.A. King et al. (2008) and D. Porco et al. (2013),
while the latter is confined to the Mediterranean region. Sub-
sequently, additional genetic lineages were found in Russia
and adjacent countries, all belonging to the Eurosiberian clade
(Shekhovtsov et al., 2020a).

Therefore, many genetic lineages and ploidy races coexist
within 4. rosea. Detailed data on the relationships between
them are currently not available. However, there is a single
example that can shed light on this issue: S.V. Mezhzherin
et al. (2018) reported a case of four chromosomal races (2n,
3n, 6n, and 8n) in the A.V. Fomin Botanical Garden (Kyiv).
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Fig. 2. The phylogenetic tree built for the D. octaedra haplotypes using the maximum likelihood method.

Numbers near branches indicate bootstrap support/Bayesian posterior probabilities.

According to phylogeographic studies (King et al., 2008;
Shekhovtsov et al., 2020a), three lineages are rarely found in
sympatry, and four have never been reported. Therefore, it is
plausible that in this case, several chromosomal races coex-
ist within a single lineage. Sure, this cannot be called hard
evidence, but we don’t have better data so far.

It is worth noting that body size does not correlate with
chromosome number in 4. rosea (Vlasenko et al., 2011). It
is presumed that the races with 2n = 36, as well as at least
some populations with 4n =72 and 6n = 108 are amphimictic
(Vsevolodova-Perel, Bulatova, 2008).

Bimastos rubidus (Eisen, 1874)

B. rubidus (formerly known as Dendrodrilus rubidus) is a rare
species containing only a single genetic lineage (Ermolov et
al., 2023) despite the fact that it has considerable intraspecific
diversity and was until recently considered to contain four
subspecies (Holmstrup, Simonsen, 1996; Vsevolodova-Perel,
1997; Sims, Gerard, 1999; Csuzdi et al., 2017). Chromosomal
studies reported the presence of six ploidy races within the
species: 2n =34, 3n = 51, 4n = 68, 5n =85, 6n = 102, and
8n = 136 (Muldal, 1952; Omodeo, 1952; Vedovini, 1973;
Casellato, 1987; Mezhzherin et al., 2018). Thus, similar to

566 Vavilovskii Zhurnal Genetiki i Selektsii / Vavilov Journal of Genetics and Breeding - 2024 - 28 - 5



C.B. LLexoBuoB, E.A. lepKUHCKNi
E.B.TonoBaHoBa

D. octaedra, multiple ploidy races are encompassed within a
single genetic lineage.

Octolasion tyrtaeum (lacteum) (Orley, 1881)

O. tyrtaeum is generally believed to comprise two discrete size
groups, referred to as “small” (body length 4-8 cm) and “big”
(1014 cm) (Meinhardt, 1974; Heethoff et al., 2004). Molecu-
lar studies demonstrated that mitochondrial and nuclear gene
sequences of these two groups are significantly different and
belong to two distinct genetic lineages (Heethoff et al., 2004;
Shekhovtsov et al., 2014). These two lineages were reported
to differ in ploidy: the “small” one is diploid, while the “big”
one is triploid (Mezhzherin et al., 2018). Thus, in this case we
can observe that a ploidy race corresponds to a single lineage.
O. tyrtaeum is also a rare example of the dependence of body
size on ploidy in earthworms (Mezhzherin et al., 2018).

It should be noted that this division of O. tyrtaeum into
two groups is not straightforward. A third genetic lineage
with body size similar to the “small” lineage but with diffe-
rent body proportions was found (Shekhovtsov et al., 2014,
2020b). Its ploidy is unknown. Moreover, body size may also
differ between populations of different lineages (Shekhovtsov
et al., 2020b).

Dendrobaena schmidti (Michaelsen, 1907)

D. schmidti is widespread in the Caucasus and adjacent
regions. It exhibits a wide range of pigmentation intensity,
from unpigmented to deep purple coloration, and body size,
ranging from 35 to 160 mm. Due to this variation, many sub-
species were isolated from D. schmidti, some of them later
recognized as distinct species (Perel, 1966; Kvavadze, 1985;
Vsevolodova-Perel, 2003). However, not all these subspecies
were widely accepted by researchers due to the lack of clear
boundaries between them (Vsevolodova-Perel, 2003).

Chromosomal studies demonstrated that all the subspecies
of D. schmidti distinguished in the book of E.S. Kvavadze
(1985) exhibit the same chromosome number of 2n = 36
(Bakhtadze et al., 2003, 2005). On the other hand, D. tel-
lermanica, originally described as D. s. tellermanica in 1966
(Perel, 1966) and subsequently elevated to the species rank
(Vsevolodova-Perel, 2003), is tetraploid (4n = 72) (Bakhtadze
et al., 2003, 2005). D. tellermanica was distinguished from
D. schmidti based on the lack of pigmentation, the start of the
clitellum on the 25th segment (vs. 26th in D. schmidti), and
wider distribution beyond the Caucasus region. Initially, it
was believed to be strictly parthenogenetic, but later studies
revealed the presence of populations with mature spermatozoa
and spermatophores (Vsevolodova-Perel, 2003).

Recent molecular studies (Shekhovtsov et al., 2020c, 2023)
showed that while D. schmidti and D. tellermanica are related,
they exhibit significant differences in terms of nucleotide
substitutions. This implies relatively ancient polyploidization,
similar to O. tyrtaeum.

Eisenia nordenskioldi (Eisen, 1879) complex

E. nordenskioldi has a vast distribution in Northern Asia
and adjacent areas and is known for its high morphological
diversity (Malevich, 1956; Vsevolodova-Perel, 1997). Thus
it is not surprising that it was found to have extensive genetic
diversity (Blakemore, 2013; Shekhovtsov et al., 2013, 2016,
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2018; Hong, Csuzdi, 2016). Molecular studies revealed that
E. nordenskioldi consists of multiple genetic lineages divided
into two large clades (Shekhovtsov et al., 2020d). These
lineages strongly differ in mitochondrial and nuclear genome
sequences (Shekhovtsov et al., 2020c), as well as genome size
(Shekhovtsov et al., 2021). Therefore, E. nordenskioldi should
be regarded as a species complex. Preliminary, this complex
was divided into two large clades, referred to as E. norden-
skioldi s. str. (genetic lineages 6, 7, and 9) and Eisenia sp. 1
aff. E. nordenskioldi (all other lineages) (Shekhovtsov et al.,
2020d).

E. nordenskioldi is probably the best studied model of
karyotype diversity among earthworms (Graphodatsky et
al., 1982; Bulatova et al., 1984, 1987; Perel, Graphodatsky,
1984; Viktorov, 1989, 1997; Kashmenskaya, Polyakov, 2008;
Vsevolodova-Perel, Bulatova, 2008). Races with 2n = 36,
4n =72, 6n = 96102, and 8n = 142-152 were identified
(Viktorov, 1997). However, it is not yet clear how the divi-
sion into genetic lineages correlates with the different ploidy
races. Although no direct studies are available, published data
allow one to attribute certain populations of E. nordenskioldi
to specific lineages and races. For example, the population
from Magadan with 8 = 152 chromosomes (Viktorov, 1989)
belongs to lineage 9: individuals collected from the same loca-
tions were sent to A.G. Viktorov and the authors of this paper
by D.I. Berman. Furthermore, extensive studies failed to find
other lineages of the pigmented form of E. nordenskioldi in
this region (Shekhovtsov et al., 2020d).

M.N. Kashmenskaya and A.V. Polyakov (2008) conducted
a study on the chromosome set of two individuals identified
as E. n. nordenskioldi and E. atlavyniteae, a closely related
species isolated from E. nordenskioldi (Perel, Graphodatsky,
1984), from the Central Siberian Botanical Garden in Novo-
sibirsk. Both individuals were found to be diploid (2 = 36).
A later study of earthworms from the same location found
lineages 1, 2, and 3 of the pigmented form of E. nordenskioldi
(Shekhovtsov et al., 2013). Although we cannot attribute
the specimens from the study of M.N. Kashmenskaya and
A.V. Polyakov (2008) to a precise lineage, we know that this
location does not harbor any lineage of E. nordenskioldi s. str.
Therefore, these diploid populations belong to Eisenia sp. 1
aff. E. nordenskioldi.

Tetra- and octoploid races of E. nordenskioldi were re-
ported from the Taymyr Autonomous Okrug, located in the
north of West Siberia (Bulatova et al., 1984; Viktorov, 1989;
Vsevolodova-Perel, Leirikh, 2014). Molecular studies identi-
fied genetic lineages 1 and 9 of the pigmented form of E. nor-
denskioldi from the same region (Shekhovtsov et al., 2020d).
T.V. Malinina and T.S. Perel (1984) used allozyme data to
demonstrate that the octoploid population from Taymyr is
related to those from the south of West Siberia compared to
other regions, suggesting that it likely belongs to lineage 1.

The population of E. nordenskioldi from the Dzhanybek
experimental station of the Institute of Forest Science RAS,
located in the steppe zone of European Russia in Volgograd
Oblast, has been reported to have 4n = 72 (Malinina, Perel,
1984; Viktorov, 1989). This population was artificially in-
troduced from the floodplain of the Eruslan River in Saratov
Oblast, Russia (Vsevolodova-Perel, Bulatova, 2008). Accord-
ing to our data, only lineage 7 of E. nordenskioldi is found in
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E. nordenskioldi s. str.
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Eisenia sp. 1 lineage 3
Eisenia sp. 1 lineage 3

Eisenia sp. 1
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Fig. 3. The position of chromosomal races of E. nordenskioldi on the phylogenetic tree of the species according to published data. The tree was taken
from (Shekhovtsov et al., 2020d) built using transcriptomic data of various genetic lineages of E. nordenskioldi and outgroup species using the maxi-

mum likelihood algorithm.

Grey boxes around lineage names indicate that these lineages belong to the pallida (unpigmented) form. Bold numbers indicate chromosome numbers; question
signs indicate that karyotype assignment is tentative. Numbers near branches indicate bootstrap support/Bayesian posterior probabilities. * Refers to 100/1.0.

this region. The population from the Prioksko-Terrasny Nature
Reserve in Moscow Oblast is also within the distribution range
of lineage 7. Moreover, T.V. Malinina and T.S. Perel (1984)
suggested that it is related to the Dzhanybek population based
on allozyme data, so we could also attribute it to lineage 7. The
same can be hypothesized for the Kursk population, which
has 6n = 102 chromosomes (Viktorov, 1989).

A.G. Viktorov (1989) reported that E. nana from East Ka-
zakhstan Oblast has 34 chromosomes. It has since been dis-
covered that this species is actually a synonym of lineage 5
of the pigmented form of E. nordenskioldi (Shekhovtsov et
al., 2020d; Golovanova et al., 2021). As the individuals used
for both genetic and chromosomal analyses were collected
from the same region, it is reasonable to hypothesize that they
belong to the same lineage.

The unpigmented pallida form of E. nordenskioldi is con-
sidered to be diploid (Vsevolodova-Perel, Leirikh, 2014).
These data were obtained for the population from the Novo-
sibirsk Akademgorodok (Malinina, Perel, 1984; Viktorov,
1989). However, the pallida form is distributed throughout
Siberia and the Far East and also contains many genetic li-
neages with different distributions (Shekhovtsov et al., 2016).
The pallida form from Akademgorodok belongs to lineage 6
(Shekhovtsov et al., 2020d). It has a small genome size
(ca. 270 Mb) (Shekhovtsov et al., 2021), while lineage 1 of
the pallida form has a big genome (ca. 2500 Mb), suggesting
that it may be polyploid.

We summarized the obtained data in Fig. 3, which includes
chromosome numbers and the phylogenetic tree constructed
using 212 nuclear genes (Shekhovtsov et al., 2020d). However,
it is important to note that the chromosome numbers displayed
are representative of certain populations and may not apply
to the entire lineage.

Eisenia tracta, the sister species of the E. nordenskioldi
complex, has 2n = 36 chromosomes, as does its relative
E. balatonica (Fig. 3). Therefore, it is reasonable to suggest

that the ancestors of the two clades of E. nordenskioldi were
also diploid with 36 chromosomes, and that polyploidy arose
independently in both clades. This hypothesis on the indepen-
dent origin of polyploid races in E. nordenskioldi was proposed
by T.V. Malinina and T.S. Perel (1984) based on allozyme
data. The authors concluded that octoploid populations arose
independently at least twice. Our data supports this position,
as octoploid races appear to have arisen independently in the
two large clades of E. nordenskioldi (Fig. 3).

It is worth noting that published papers (Viktorov, 1997;
Vsevolodova-Perel, Bulatova, 2008) and our unpublished
data indicate that all studied populations of E. nordenskioldi
have well-developed testes and normal spermatogenesis. Ac-
cording to A.G. Viktorov (1997), the evidence for partheno-
genesis was only observed for the acystis form from Central
Asia, which was subsequently isolated into a separate species
(Vsevolodova-Perel, 1997). Additionally, octoploid indivi-
duals of lineage 9 from Magadan were observed copulating
(D.I. Berman, personal communication). Thus, the available
evidence suggests that polyploidy does not result in the loss of
sexual reproduction in the E. nordenskioldi complex in most
cases.

Discussion

Based on the data presented above, it is apparent that the
relationships between ploidy races and genetic lineages are
rarely straightforward. This was only observed in the cases of
O. tyrtaeum and the D. schmidti — D. tellermanica pair. For
many species, multiple ploidy races were found to belong to
the same genetic lineage. In all these cases, races of different
ploidy do not have any apparent differences on the level of
mitochondrial or nuclear DNA, suggesting that polyploidiza-
tion events in these cases may be recent. However, in other
cases, such as the E. nordenskioldi complex, the age of the
polyploidization events is unknown, but is likely to be sig-
nificant, 1-3 Mya as estimated in (Shekhovtsov et al., 2013).
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Although the precision of molecular clock dating using only
mitochondrial data and no fossils is limited (Kodandaramaiah,
2011), deep divergence between these taxa is obvious.

Earthworms exhibit a high degree of plasticity in their
modes of reproduction: most species are reported to have
either amphimixis or parthenogenesis, as well as less common
modes such as autogamy or restitutional automixis (Pavlicek et
al., 2023). Although it is generally considered that polyploidy
in animals should be associated with parthenogenesis, there is
no obvious association between these modes in earthworms:
many polyploid races retain the ability to reproduce sexually.
Furthermore, populations with sexual reproduction or partial
degeneration of the sexual system were found in species that
are considered parthenogenectic (Fernandez et al., 2010).
In other parthenogenetic species, there are genetic clues to
possible sexual reproduction (Simonsen, Holmstrup, 2008).
This flexibility in reproduction modes may contribute to the
widespread occurrence of polyploidy in earthworms.

Some researchers suggested that polyploid races may have
arisen as a result of allopolyploidization (Mezhzherin et al.,
2018). However, it is important to note that none of the avail-
able molecular studies have yet provided evidence to support
this hypothesis.

Conclusion

Based on the available data, we can conclude that the most
frequent case in earthworms is “one genetic lineage — several
ploidy races”, implying that this polyploidy is recent. How-
ever, in some instances, polyploid populations can survive for
prolonged periods of time, giving rise to new genetic lineages.
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Abstract. To date, a number of studies have been published on the phylogenetics of woolly mammoths (Mammuthus
primigenius), ranging from analyses of parts of the mitochondrial genome to studies of complete nuclear genomes.
However, until recently nothing was known about the genetic diversity of woolly mammoths in southern Siberia, in
the Minusinsk Depression in particular. Within the framework of this effort, libraries for high-throughput sequencing
of seven bone samples of woolly mammoths were obtained, two-round enrichment using biotinylated probes of mo-
dern mtDNA of Elephas maximus immobilised on magnetic microspheres and sequencing with subsequent bioinfor-
matic analysis were carried out. Phylogenetic reconstructions showed the presence of all studied mammoths in clade
I, which expanded its range. The assignment of mammoth mitotypes in the Minusinsk Depression to different clusters
within clade | may indicate a sufficiently high diversity of their gene pool. Phylogeographic reconstructions revealed
a genetic proximity of mitochondrial lineages of Late Pleistocene mammoths of the Minusinsk Depression and other
regions of eastern Siberia and estimated their divergence time in the range of 100-150 thousand years ago, which
indicates active migrations of woolly mammoths over vast territories of eastern Siberia in the late Middle Pleistocene-
early Late Pleistocene.
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AHHoTauus. K HacTosilemy BpemeHU ony6inkoBaH pag UccnefoBaHuin o GUNoreHeTrKe LWepCTUCTbIX MAaMOHTOB
(Mammuthus primigenius), HauMHaA C aHanM3a YacTell MUTOXOHAPWANbHOIO reHOMa 1 3aKaHuMBas 13y4YeHNeM MOSHbIX
AfepHbIX reHomoB. OfHAKO [0 CUX MOP HAYEro He M3BECTHO O FEHETUYECKOM Pa3HO06PasnM LEePCTUCTbIX MaMOHTOB
Ha lOre Cnbripu, B YacTHOCTV B MUHYCMHCKOW KOTIOBUHE. B pamKax AaHHOM paboTbl 6binv nonyyeHbl 61U6AMoTekn ans
BbICOKOMPOU3BOAUTENIBHOTO CEKBEHMPOBAHUA CEMU KOCTHbIX 06PAa3LOB LLEePCTUCTbIX MAaMOHTOB, NPOBEAeHbl ABYX-
payHzHoe oborallyeHye ¢ NCnonb3oBaHNeM OGUOTUHUNMPOBAHHbIX 30HAOB coBpemeHHol MTOHK Elephas maximus, um-
MOGWM30BaHHbBIX Ha MarHUTHbIE MUKPOCHEPDI, ¥ CEKBEHMPOBaHWE C Noceayowmnm 6MonHGOpPMaLIMOHHbIM aHanu-
30M. QunoreHeTMUECKME PEKOHCTPYKLMM NOKa3anu MpUHaANeXHOCTb BCEX NCCNEeA0BaHHbIX HAMU BapraHToB MTAHK
MaMOHTOB K Knage |, uto pacluvpuno ee apeasn. PacnonoxeHue MUTOTUMNOB MaMOHTOB MIVHYCUHCKO KOTNIOBUHbI B pas-
HbIX CyOGKnagax BHyTpY Knafbl | MOXeT yKa3biBaTb Ha [JOCTAaTOYHO BbICOKOe pa3Hoobpasme ux reHodoHaa. Gunoreo-
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Phylogeography of the woolly mammoth
(Mammuthus primigenius) in the Minusinsk Depression

rpaduryeckme peKoOHCTPYKLMN BbIABUIM FreHETUYECKYI0 61M30CTb MUTOXOHAPUANIbHBIX JIMHWIA MO3AHENIeNCTOLEeHO-
BbIX MaMOHTOB MUHYCUHCKOW KOTNIOBMHbBI 1 SPYTX PerMoHOB BocTouHon Cubmpn n nx UBEPreHLmio BO BPEMEHHOM
npomexxyTke oT 100 fo 150 TbIC. N1eT Ha3af, YTO CBMAETENIbCTBYET 06 aKTVBHbBIX MUMPaLUAX WEPCTUCTbIX MAMOHTOB Ha
06LWMPHDBIX TeppuTOpUAxX BocTouHon Cnbupum B KOHLE CpeHero—Havasne no3gHero nnencToueHa.

KntoueBble cnosa: gpeBHAn [JHK; wepcTucTblii MamoHT; dpunoreorpaduia; MUTOXOHAPUANbHBIV reHom; KOxHan Cnbmpb.

Introduction

The phylogeography of the woolly mammoth, one of the
most important representatives of the mammoth fauna, is
currently being studied on an extensive scientific basis. The
Genbank database contains 32 mitogenomes of Mammuthus
primigenius Blumenbach, 1799. According to palacontologi-
cal data, the common lineage of Asian elephants and woolly
mammoths (Mammuthus primigenius) diverged from the
lineage of African elephants (Loxodonta africana) 6 million
years ago, and the divergence of the lineages of mammoths
and Asian elephants (Elephas maximus) is dated by genetic
data to 440 thousand—2 million years ago (Krause et al., 2006;
Rogaev et al., 2006).

In 2007, the results of one of the first studies of the phy-
logeographic relationships of mitochondrial lineages from a
large and diverse sample of woolly mammoths were published,
based on mixed sequence analysis of 741 bp of the mitoge-
nome (three genes plus part of the control region) (Barnes
et al., 2007). The sample included 41 woolly mammoths
from Europe, Asia (western Beringia, Kamchatka Peninsula,
north-central Siberia) and North America (eastern Beringia).
The samples ranged in age from 12 to 51 thousand years. The
study identified two major mitogroups of woolly mammoths
that existed in western and eastern Siberia, the Far East and
Alaska, as well as a mitochondrial lineage of mammoths from
the European region. The first mitogroup was distributed in
Siberia and North America, while the second was restricted
to the north of eastern Siberia, between the Lena and Kolyma
river valleys. Sequence analysis of the 743 bp hypervariable
region of the mitogenome of 160 mammoths from the Hol-
arctic region of Eurasia and North America revealed 80 hap-
lotypes forming five haplogroups (A—E), which form three
major clades (A, B and C+D+E), the clustering of which is
supported by high posterior probabilities. Clade A contains
only Asian mitotypes, clade C contains only North American
mitotypes, and the remaining haplogroups are mixed (De-
bruyne et al., 2008). However, the studies discussed above
only focused on partial mitogenome sequences, which, unlike
complete sequences, do not provide such a clear resolution
of phylogeny.

Studies of 18 complete woolly mammoth mitogenomes
confirmed the presence of two mitogroups in Siberia during
the Late Pleistocene (Krause et al., 2006; Poinar et al., 2006;
Rogaev et al., 2006; Gilbert et al., 2007). One of the clades
was stably represented in the gene pool of the populations for
a long time, while representatives of the second clade became
extinct. The disappearance of the second clade may be related
to its limited distribution (Payne, Finnegan, 2007).

There is disagreement about the timing of intraspecific di-
vergence of mammoths. Some researchers suggest 1-2 million
years ago (Gilbert et al., 2007), while others suggest around
1 million years ago based on phylogenetic reconstructions
(Van der Valk et al., 2021). The representativeness of data
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on the diversity of mitochondrial DNA variants belonging
to clades I and II is low, especially for Siberian populations;
therefore, further study of local series of mtDNA samples from
different regions is necessary for a complete understanding
of the genetic diversity of woolly mammoths in this region.

Nuclear genome analyses have confirmed the closeness of
woolly mammoths to Asian elephants (Greenwood et al., 1999;
Capelli et al., 2006; Miller et al., 2008)) and estimated the
time of divergence of mammoths and African elephants (Ele-
phas maximus) at 5—-6 million years ago (Poinar et al., 2006).
Separate studies of nuclear genome sequences also suggest
two mammoth lineages that diverged 1.5-2 million years ago
(Miller et al., 2008). Whole-genome analyses, however, sug-
gest that the split occurred between 50 and 155 thousand years
ago (Palkopoulou et al., 2015). Studies of the nuclear genomes
of Early and Middle Pleistocene mammoths also suggest the
existence of two lineages in eastern Siberia, only one of which
represents the ancestor of the woolly mammoth.

It should be emphasized that the samples studied so far from
Siberia and the Far East are from the northern and eastern
regions. Molecular genetic studies of samples from geographi-
cally isolated areas are revealing new genetic diversity, such
as the presence of a second mitogroup of woolly mammoths
in the northern part of eastern Siberia (Gilbert et al., 2007).
Additional analyses of mammoth DNA samples from different
regions of Siberia are allowing us to expand our understand-
ing of the phylogenetic diversity of mammoth mtDNA and
the specifics of its phylogeography. For example, a woolly
mammoth genetic lineage was discovered in Taymyr that
was previously thought to be characteristic only of Europe
(Maschenko et al., 2017). Mammoths of southern Siberia
remain understudied at the molecular genetic level, although
these data are important for assessing the peculiarities of local
mammoth genetic diversity and the specifics of the evolution
of regional mammoth populations. To fill this gap, we studied
the ancient DNA of woolly mammoths from the Minusinsk
Depression.

Working with ancient DNA is challenging due to its low
content, degradation and chemical changes, and possible con-
tamination of samples by microorganisms (Péabo et al., 2004;
Brotherton et al., 2007; Carpenter et al., 2013). One of the key
approaches to overcome these difficulties is the enrichment of
genomic libraries with targeted DNA fragments.

Hybridisation capture has a number of advantages over PCR
(Meyer, Kircher, 2010; Horn, 2012). Hybridisation capture
involves the preparation of a genomic library and target DNA
fragments, their hybridisation and subsequent separation using
magnetic particles. Hybridisation capture methods such as
primer extension capture or multiplex capture of target frag-
ments have been shown to be fast and efficient (Briggs et al.,
2009; Maricic et al., 2010).

In our study, we use the enrichment method proposed by
T. Maricic, M. Whitten and S. Pddbo (Maricic et al., 2010)
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with two rounds of hybridisation, which has been shown many
times (Reich et al., 2010; Dabney et al., 2013; Thalmann et
al., 2013; Vorobieva et al., 2020; Kusliy et al., 2021) to be
a highly efficient approach for the analysis of the complete
mitochondrial genome in ancient samples.

Materials and methods

The material for the study was collected by D.G. Malikov
during expeditionary work in 2011-2021, as well as partially
obtained from the collections of the Zoological Museum of
the N.F. Katanov Khakass State University (ZM KSU) and
the L.R. Kyzlasov Khakass National Museum of Local Lore
(KNMLL). Territorially, the bone remains cover all parts of
the Minusinsk Depression (Fig. 1) and come from six locali-
ties of different geological age (see the Table).
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14C dates were obtained for all samples (except MAM3)
and were previously published in a summary (Malikov et al.,
2023). Dating was performed at the Laboratory of Cenozoic
Geology, Palacoclimatology and Mineralogical Indicators of
Climate, V.S. Sobolev Institute of Geology and Mineralogy
(IGM) SB RAS by the benzene scintillation method. For
specimen MAM3 from the Pervomayskoye locality, the age
was determined on the basis of '“C dates obtained from other
M. primigenius remains from this locality with similar pre-
servation of bone material. For radiocarbon dating and DNA
extraction, different parts of the same bone remains were used,
which were not pre-treated with chemical reagents.

The isolation of ancient DNA from bone powder was per-
formed according to the protocol described in the article by
H. Yangetal. (Yang et al., 1998). Observance of all criteria of

Fig. 1. Map of locations of remains of woolly mammoths (Mammuthus primigenius) from the Minusinsk Depression.

Locations (red circles) are marked with numbers that correspond to the numbers in the Table (Malikov et al., 2023).

Information on bone material

Number Location Geographical Age
coordinates
N.S. E.D. 14C
1 Sargov ulus 54.110567 91.463749 14,220=160
2 Izykh 53.569545 91.491608 17,955+280
3 Pervomayskoye 54.614021 90.947409 *
4 Novoselovo 55.041728 91.024450 16,710£110
alluvial
5 20,490+170
6 Oya 53.395078 92.073517 27,505%240
7 Chernousovlog 54.673669 90.757873 16,760+135

* Data obtained from other samples from the collection.

Type of bone Sample

material name

Lab cipher CalBP  CalBBP

median  95.4 %
COAH-9890 17,306 17,866-16,920 Scapula MAM1
COAH-9783 21,777  22,395-21,005 Tusk MAM2
* 25,020-21,800 Cranium MAM3
COAH-9549 20,200 20,465-19,910 Pelvis MAM4
COAH-9550 24,659 25,125-24,201 Scapula MAM5
COAH-9548 31,465 31,881-31,121 Humerus MAM6
COAH-9673 20,256  20,551-19,893 Costa MAM7
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Fig. 2. BEAST phylogenetic reconstructions based on mtDNA sequences of five woolly mammoths from the Minusinsk Depression and 25 previously
published mtDNA sequences of woolly mammoths from the Genbank database.

The phylogenetic tree was constructed using the BEAST software platform with internal calibration of branch divergence time based on radiocarbon dating of
samples. The colours of the squares reflect the geographical origin of the samples: Central region - part of Siberia washed by the Kolyma and Lena rivers; Eastern
region — part of Siberia east of the Kolyma River; Western region - part of Siberia east of 70° E and west of the Lena River; Wrangel Island - a group of islands in
northeastern Siberia. The Bayesian posterior probability of the tree topology is greater than 0.75 in all cases except where this is indicated as numbers next to the
tree nodes. The light grey lines through the tree nodes denote the standard deviation of the median estimates of divergence times. The radiocarbon dating of

u o

each specimen is given next to the name of each specimen after the”_" sign.

purity and authenticity of the DNA samples obtained (Gilbert
et al., 2007). As part of this work, we obtained mitogenomic
libraries for high-throughput sequencing from seven woolly
mammoths from the Minusinsk Depression (southern Si-
beria), 17-30 thousand years old, using the TruSeq Nano
Library Prep Kit (Illumina) according to the manufacturer’s
protocol. For these libraries, we performed a two-round
enrichment by hybridisation with biotinylated fragments of
modern mitochondrial DNA from Elephas maximus L., 1758,
immobilised on Dynabeads® Streptavidin magnetic particles
(Life Technologies, USA), which allowed us to significant-
ly increase the proportion of endogenous ancient mitochon-
drial DNA.

Results

The characteristics of seven sequences of mitogenomes of Late
Pleistocene woolly mammoths from the Minusinsk Depression
studied by us are presented in the summary table (https://docs.

google.com/spreadsheets/d/1XaSB-cb14rxNyOaasSxDLUIl
YiKeBSy- KwelRt2KQ/edit?usp=sharing). The average
depth of coverage of the characterised mitogenomes varies
from 0.5 to 15.5x%, and the width of coverage ranges from 38
t0 99.5 % of the reference mitogenome length. The average
percentage of uniquely mapped pooled reads to total pooled
reads is 7.9 %. Based on the values of base deamination fre-
quency and average size of DNA fragments obtained, we can
conclude that the mammoth bone samples from the Minusinsk
Depression have a high degree of DNA preservation, most
likely due to relatively good environmental conditions for
DNA preservation.

Only specimens with sufficient breadth (more than 70 %),
depth of mitogenome coverage (more than 2) and radiocar-
bon dates were used to construct a phylogenetic tree with a
certain time of divergence of genetic lineages (Fig. 2). These
criteria were met by five of the seven specimens examined.
The same selection criteria were used to include sequences
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from previously published woolly mammoth mitogenomes in
the analysis. The analysis was performed using the BEAST
software platform, based on the topology of a constructed
tree with an uncertain time of divergence of genetic lineages.

The divergence of the genetic lineages of woolly mammoths
from the Minusinsk Depression from the most genetically
similar mammoths from other regions of eastern Siberia oc-
curred in the time interval between 150 and 100 thousand
years ago. Woolly mammoths from the Minusinsk Depression
form sister clades with woolly mammoths from other repre-
sented regions of Siberia (Wrangel Island, central, western
and eastern regions), which distinguishes them from some
other studied local groups of mammoths, such as the mam-
moths from Wrangel Island, which were in a stage of reduced
genetic diversity.

Discussion

This study allows us to estimate the mitochondrial genetic
diversity of woolly mammoths in the Minusinsk Depres-
sion. The phylogenetic reconstruction obtained shows that
the divergence of two clades of woolly mammoths occurred
1-2 million years ago, which correlates with the results of
studies of complete mammoth mitochondrial and nuclear
genomes described in the introduction (Gilbert et al., 2008;
Miller et al., 2008). The divergence of the genetic lineages
of mammoths from the Minusinsk Depression and the most
genetically similar genetic lineages of mammoths from other
regions of eastern Siberia occurred in the time interval from
150 to 100 thousand years ago. The structure of the phyloge-
netic tree we constructed indicates that the mtDNA sequences
of woolly mammoths from the Minusinsk Depression do not
form a separate clade on the tree, but are dispersed in differ-
ent clusters of clade I. At the same time, mtDNA sequences
of mammoths from the Minusinsk Depression form sister
clades with mtDNA sequences of woolly mammoths from
other represented regions of Siberia (Wrangel Island, central,
western and eastern regions), which may indicate intensive
mammoth migrations across large areas of eastern Siberia in
the late Middle to early Late Pleistocene.

The placement of mitotypes of Late Pleistocene mammoths
from the Minusinsk Depression in different clades within
clade I, in contrast to Holocene mammoths from Wrangel
Island, indicates a low probability that they were on the verge
of extinction during this period. At this stage, we propose two
possible explanations for their position on the phylogenetic
tree: 1) the samples studied belong to a single (permanent in
the region) population of mammoths characterised by high
phylogenetic diversity of mtDNA; 2) the samples studied
were obtained from representatives of different mammoth
populations that migrated independently through the Minu-
sinsk Depression during the Late Pleistocene. At this stage we
have arguments “for” and “against” each of the versions. For
example, the fact that some of the specimens from localities
of different geological age form either single or closely related
clades (Fig. 2), regardless of their geological age and location,
may support the idea that the mammoths of the Minusinsk
Depression studied by us belong to a single population. In
addition, the revealed isotopic signal of carbon and nitrogen
stable isotopes (3'3C and §'°N) in mammoths from the Minu-
sinsk Depression differs significantly from those in northern
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populations of the species (Malikov et al., 2023). This suggests
that the animals lived in this region for a relatively long time,
which is reflected in their isotopic indices.

At the same time, the wide dispersal of the mammoths
studied on the general phylogenetic tree may indicate that they
belonged to different populations. In support of this version,
it should be noted that there are currently no mammoth finds
in the region under consideration that can be confidently at-
tributed to warm Late Pleistocene. It is possible that during
the warm intervals of the Late Pleistocene, conditions in
southern Siberia were unfavourable for the permanent habitat
of M. primigenius. In this case, representatives of the species
could only repeatedly migrate into the depression during cold
periods. Furthermore, modern Aftrican elephants are known
to live in small groups of 6—8 individuals with seasonal home
ranges of 130-1,600 km? (Nasimovich, 1975). However,
under unfavourable conditions, individual elephant move-
ments can reach 32,000 km? per year (Wall et al., 2013). The
total area of the Minusinsk intermountain trough (including
the Nazarovskaya Depression) is approximately 100,000 km?
(Vorontsov, 2012). The maximum length of the Minusinsk
Depression in the northwestern direction is about 450 km,
with a maximum width (along the southern Minusinsk trough)
of ~400 km. Consequently, the total area of the region is only
sufficient to support a small population of large animals such
as mammoths. This suggests that the area of the Minusinsk
Depression is insufficient to support permanent populations
of M. primigenius. This is because the resource base of the
depression is limited and the annual seasonal migrations of
the species are comparable to or exceed the size of the de-
pression itself.

Another argument for the migratory nature of the Minu-
sinsk Depression mammoth population is the fact that two
samples from the Novoselovo alluvial site (MAM4 and
MAMS) showed maximum genetic distance (Fig. 2). On the
contrary, samples from the Pervomayskoye (MAM3) and
Izykh (MAM?2) localities formed a single group. Although the
sites are more than 100 km apart, they date to approximately
the same time interval (about 21.8 thousand years ago). It is
possible that these individuals belong to a single population
that migrated into the region from time to time, possibly over
a long period of time.

If the second concept is true, the data obtained can be re-
garded as confirmation of the local extinction of mammoths in
the Minusinsk Depression at the Pleistocene-Holocene bound-
ary, which was probably caused by the development of taiga
and forest-steppe landscapes in western and eastern Siberia.
As a result, the replenishment of populations of herbivorous
mammals of the Minusinsk Depression and their seasonal
migrations stopped (Malikov, 2015).

Conclusion
In summary, climate change from the Late Glacial to the Ho-
locene resulted in a reduction of open areas in Eurasia, which
in turn reduced the habitat area of mammoths and other steppe
animals. This process involved complex changes in climate
and vegetation in space and time, the survival of species in
refugia, local extinctions and temporary expansion of habitats.
One of the most effective approaches to a detailed recon-
struction of these processes is the study of local series of
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mammoth mitochondrial DNA samples belonging to different
chronological periods. Our study is a step in this direction.

It is necessary to continue palaecontological and molecular
genetic studies of woolly mammoths in isolated regions of
Siberia in order to fully determine their genetic diversity and
the causes of their extinction in this locality. It is preferable to
study complete genomes, which will make phylogeographic
analyses more accurate and reliable.
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