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Wheat is a strategic cereal crop of global importance and plays a leading role in the food supply of mankind. Despite the general trend
to increase in its production, climatic changes leading to significant temperature changes, unpredictable precipitation or droughts and the
appearance of new races of pathogens and pests significantly affect its yield. In order to prevent the negative impact of changes in climatic
conditions on the productivity of this crop, it is necessary to develop innovative technologies for improving the resistance of wheat to
environmental stresses. RNA interference (RNAI) represents a new potential tool for wheat breeding by introducing small non-coding
RNA sequences with the ability to silence gene expression in a sequence-specific manner. A decrease in the expression of a certain gene
determines the acquisition of a new characteristic through the elimination or accumulation of certain plant traits, which leads to biochemi-
cal or phenotypic changes that the original plants do not have. This literature review describes the progress achieved over the past decades
in the application of RNAI to create wheat plants with improved economic and valuable traits. The main stages of the gene silencing
mechanism mediated by short interfering RNA (siRNA) and microRNA (miRNA), features of their biogenesis, modes of action and
distribution are presented. Examples of the use of various biotechnological approaches to wheat improvement using gene transformation,
endogenous and exogenous double-stranded RNA molecules (dsRNA) are given. The possibility of using RNAI technology to increase
the nutritional value and quality of grain, remove toxic compounds and allergens is highlighted. Considerable attention is paid to the prac-
tical results of various applications of RNAI to increase the resistance of wheat to biotic stress factors, in particular, viruses, bacteria, fungi,
insect pests, and nematodes. Examples of the use of siRNA-mediated RNAIi and the role of miRNA in improving wheat tolerance to

abiotic stresses are summarized.
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Introduction

Wheat (Triticum aestivum L., AABBDD, 2n = 42) is one of the
world's major food crops, grown on more than 17% of arable land and
consumed by ~40% of the world's population (Shewry, 2009). The grain
of this crop contains proteins, carbohydrates, vitamins, fats, trace elements,
is well stored and relatively easily processed into food and feed products,
provides more than 20% of the total caloric content of the diet and proteins
for people in the world (Shiferaw et al., 2013). It is now the most widely
cultivated cereal crop with more than 220 million ha planted annually in a
wide range of climates and in many geographic regions. Depending on
agro-climatic conditions, more than 700 million tons of products are pro-
duced annually (http:/faostat.fao.org). Despite advances in agricultural
technologies and the associated increase in yields, a significant amount of
wheat grain is lost due to unfavorable growing conditions (Budak et al.,
2015a). In particular, climate changes, which have accelerated in recent
decades, have a direct negative impact on the yield and grain quality of
this crop. Abiotic and biotic stresses are also important limiting factors in
its production (Nowsherwan et al., 2018). In recent years, the negative
impact of stressors on wheat production has been growing at an alarming
rate, and further deterioration is predicted due to climate change, land
degradation, and reduced water supply (Kapoor et al., 2020). To over-
come negative climate changes and environmental stressors, innovative
technologies are being developed, in particular, RNA interference, which
provides an important tool with significant potential for increasing wheat
resistance to stress factors and other economically useful traits (Liu et al.,
2021). RNA interference (RNAI) is a biological mechanism of gene acti-

vity control using short double-stranded RNAs and the synthesis of spe-
cial ribonucleases (RNase), which induce selective degradation of target
RNAs or inhibition of their translation or replication (Bharathi et al.,
2023). RNAI involves the regulation of gene expression in several ways:
efficient post-transcriptional gene silencing (PTGS), translational inhibi-
tion, RNA destabilization, and/or transcriptional gene silencing (TGS) by
targeted methylation (Liu et al.,, 2021). Key molecules in RNAi are small
interfering RNAs (siRNAs and miRNAs), which can interact with com-
plementary sequences in other RNA molecules, such as matrix RNAs,
and inhibit their activity.

The phenomenon of RNAI is found in the cells of most eukaryotes
(humans, animals, plants, fungi, insects, nematodes, etc.) and is involved
in many biological processes — regulation of growth, development, repro-
duction and protective reactions of organisms (Kumar et al., 2020; Her-
nandez-Soto & Chacon-Cerdas, 2021; Bilir et al., 2022). The mechanism
of RNAi was confirmed in 1998 by American scientists Andrew Fire and
Craig Mello using the nematode Caenorhabditis elegans as a research
object (Fire et al., 1998). For this discovery in 2006, the researchers re-
ceived the Nobel Prize in Physiology and Medicine.

Induction of RNAI in plants using transgenesis, which includes se-
quence-specific gene regulation using small non-coding RNAs, has beco-
me one of the most powerful approaches in improving crops, their deve-
lopment and protection against various pathogens and pests by manipula-
ting the expression of target genes (Abdellatef et al., 2021; Akbar et al.,
2022; Bharathi et al., 2023). It is believed that transgenic plants created on
the basis of RNAI are profitable and more environmentally friendly, since
they do not produce any functionally foreign proteins and biocidal sub-
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stances, and also do not pollute the environment (Rajam, 2020; Rodrigues
& Petrick, 2020; Kaur et al., 2021). In addition, RNAi generates target ge-
ne knockdown instead of knockout, making it more advantageous com-
pared to recently developed genome editing tools (Mezzetti et al., 2020).
RNAI technologies can be used to reduce the expression of any genes
without disrupting the expression of other genes. These unique features of
RNAIi make it a popular and effective strategy for the improvement and
protection of agricultural plants (Mezzetti et al., 2020; Rajam, 2020).

The role of RNAi technology in wheat improvement has been shown
to improve grain quality by enriching it with essential amino acids, anti-
oxidants and other nutrients beneficial for human health or by reducing the
number of allergens or antinutrients (Barro et al., 2016; Gasparis et al.,
2017), increasing plant tolerance to various biotic (viruses, bacteria, fungi,
nematodes, insects) and abiotic stresses (drought, salinity, extreme tem-
peratures, etc.) (Qi et al., 2019; Wang et al., 2020; Zeeshan et al., 2021).
This review of the literature highlights the achievements of the practical
application of RNA interference technology in the improvement of eco-
nomically useful traits of common wheat.

Mechanism of RNA interference

The mechanism of RNAI consists in induction by double-stranded
RNA (dsRNA) of processes of recognition and degradation of cellular
mRNA. An important aspect of the RNAi mechanism is that it does not
change the primary chromosomal structure of the target genes, but is able
to significantly weaken their expression and lead to certain changes in the
phenotype of cells and whole organisms (Baulcombe, 2019). The RNAi
system is conservative and highly selective: each recognizes and silences
only its target RNA. In plants, RNAI triggers dsRNA, which can have
different origins, ranging from viral replication intermediates, transcription
of inverted repeats, stress-induced splicing of antisense transcripts, and
RNA-dependent RNA polymerase transcription of aberrant transcripts
(Dalakouras et al., 2020).

Mechanism of RNA interference mediated by siRNA

In transgenic plants, the RNAi technology is based on silencing
mRNA of target genes using the genetic constructions containing inverted
repetitive sequences of the fragments of these genes. mRNA transcribed
from such constructions forms a hairpin structure (Younis et al., 2014).
The initial stage of RNAI is associated with the delivery of dsRNA
(through the transgene introduction) into the cell, which is absolutely
homologous (by the sequence) to the target gene (Al et al., 2010). At the
first stage, a degradation of long dsSRNA/shRNA (hairpin loop RNA from
alien genes) occurs as a result of the induction of the enzymatic activity of
Dicer-like dsRNAses (DCL-like ribonucleases) typical for higher plants.
DClL-catalyzed hydrolytic cleavage of dsRNA ultimately leads to the
formation of short double-stranded fragments (duplexes) called short
interfering RNAs, 21-24 nucleotides (nt) in length, with a 5'-terminal
phosphate group and symmetrical ledges of two nucleotides at the 3'-ends
that are stabilized by methylation of the 3-ends by methyltransferase
HUA Enhancer 1 (HEN1) (Kaur et al., 2021). Double-stranded duplexes
bind (with the involvement of auxiliary proteins Aux) to the effector pro-
tein Argonaute (AGO) in order to form the core of RNA-induced silen-
cing complex (RISC). At the next stage of RNAI, both strands of pre-
viously formed duplexes are separated. At the same time, the sense chain
(passenger) is degraded, and the antisense (directional, which is characte-
rized by a lower thermodynamic stability of the 5-end) is included in the
AGO for the formation of activated RISC and is used as a “navigator,”
due to which the AGO protein cleaves the molecule, which will be com-
plementary to the antisense chain (Rajam, 2020). After loading, RISC
tracks its related mRNA and provides downregulation of the desired
gene(s) either by degradation of the target mRNA or by the repression of
translation (Kaur et al., 2021). The target mRNA, complementary to the
guide sequence of the siRNA with the length of 21nt, in the mature RISC
is cleaved between the tenth and 11th nucleotides (from the 5-end) by a
PIWI domain of the AGO protein, forming the products containing 5'-
monophosphate and 3'- hydroxyl ends (Halder et al., 2023). These pro-
ducts of cleavage are rapidly degraded by endogenous exonuclease due to

the lack of 5'-capping or 3'poly(A) tail. After completion of the cleavage,
the RISC leaves, and the siRNA can be used in a new cycle of mRNA
recognition and cleavage. A generalized scheme of the RNAi mechanism
mediated by siRNA is presented in Figure 1.
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Fig. 1. Mechanism of gene silencing in plants mediated
by siRNA (adapted from Kaur et al., 2021)

Single-stranded siRNA fragments complementary to the target
mRNA regions can be used as primers for the plant RNA-dependent
RNA polymerase (RdRP), which completes the second strand using the
target RNA as a matrix (the effect is limited to a distance of ~300-500
nucleotides in the 5'-direction from the cleavage initiation site). During the
degradation of de novo synthesized dsSRNA by DCL ribonuclease, new
siRNAs are formed that are called secondary. Thus, signal amplification is
carried out. In the future, secondary siRNAs can not only be involved in
the direct degradation of mRNA targets as a part of RISC but also be
transported between the cells by plasmodesmata as signaling molecules.

Mechanism of RNA interference mediated by miRNA

miRNAs are of endogenous origin because they are transcribed from
MIR genes, which are mainly located in intergenic regions, although seve-
ral miRNAs originate from intronic or exonic sequences of protein-coding
genes and can also be localized within transposons (Song et al., 2019).
MiRNA biogenesis is a multistep process that involves transcription, pro-
cessing, modification, and RISC assembly (Yu et al., 2019). The majority
of plant miRNA genes are transcribed by RNA polymerase I (Pol II) with
the formation of long primary transcripts that have partially double-stran-
ded stem-loop structures — pri-miRNA (primary precursor miRNA) (Hal-
der et al., 2023). In plants, the structure of pri-miRNA is relatively variable
in terms of length, which starts at 60 nt and can extend up to 500 nt. Pri-
miRNAs are recognized and processed to the direct precursor of miRNAs
(pre-miRNAs) by the Dicer protein. At the first stage of maturation, the
enzyme Dicer-like 1 (DCL1) with the participation of the double-stranded
RNA-binding protein Hyponastic leaves 1 (HYL1) and Serrate (SE),
which is a zinc finger protein, sequentially processes pri-miRNA first into
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pre-miRNA (Kaur et al., 2021). Together, these enzymes form a cubic
complex visualized as a D-body in the nucleus, which can be activated by
specific kinases and deactivated by phosphatases (Kaur et al., 2021). As a
result, pre-miRNA is formed, which is able to fold into a characteristic
pin-shaped secondary structure, and its formation occurs in subnuclear D-
bodies. The DCL1 enzyme further processes the pre-miRNA and forms
an unstable miRNA/miRNA* duplex. With the help of the small RNA
methyltransferase HUA Enhancer 1 (HEN1), the duplex is methylated
from the 3"-end, after which it is released into the cytoplasm by the expor-
tin-like protein Hasty (HST1) (Kaur et al., 2021). In the cytoplasm, one
strand of the miRNA duplex (guide) is included in the RISC complex,
while the other strand (passenger), designated as miRNA¥*, is normally
degraded. The choice of the guide chain is determined by the degree of
stability of the ends of the duplex: the guide chain will be the chain whose
S'-end is in the composition of the less stable part of the duplex. Mature
single-stranded miRNA activates the catalytic part of the RISC complex —
the AGOI protein (ARGONAUTE) and interacts with its complementary
target mRNA, which leads to the inhibition of translation or cleavage of
the target mRNA (Kaur et al,, 2021). A generalized diagram of the RNAi
mechanism mediated by miRNA is presented in Figure 2.
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Fig. 2. Mechanism of gene silencing in plants,
mediated by miRNA (adapted from Kaur et al., 2021)

Small non-coding regulatory RNAs

Small non-coding regulatory RNAs include two major classes — short
interfering RNAs (siRNAs) and microRNAs (miRNAs). siRNA and
miRNA are non-coding molecules, 20-25 bp in size and are important
biologically active molecules that significantly participate in the creation
of various genotypes and phenotypes (Halder et al., 2023). The difference
between miRNAs and siRNAs is that the latter are formed by cutting a
long dsRNA molecule, while miRNAs have a hairpin structure formed
from single-stranded RNA under the influence of ribonucleases of the
RNase I1I class. This category of RNA is transcribed from DNA, but they
do not carry out the process of translation and do not produce proteins
(Brosnan & Voinnet, 2009). They specialize in performing important
functions related to plant growth and development and, most importantly,
induce responses to various abiotic and biotic stress factors transcriptional-
ly and posttranscriptionally (D'Ario et al., 2017; Song et al., 2019; Bhara-
thi etal., 2023).

Short interfering RNAs (siRNAs)

siRNAs, which were discovered in 1999 (Hamilton & Baulcombe,
1999), are noncoding molecules (20-24 nt in size) found in different or-
ganisms and involved in many regulatory processes. They are key com-
ponents for the cellular functions during plant development, hormone sig-
naling, and stress responses. Long dsRNA is their precursor; unlike
miRNA, they are completely complementary to the sequence of the target
gene. The mechanism of gene regulation is transcriptional and posttran-
scriptional, and the mode of action is histone modification, DNA methyla-
tion, and mRNA degradation (Halder et al., 2023). siRNAs in plants are
distinguished by the AGO family proteins (AGO1, AGO4, AGO6,
AGQ?7), the catalytic component of the silencing complex, largely based
on the size, and identity at the 5-nucleotide level to form RISC, which
mediates posttranscriptional gene silencing through mRNA cleavage or
repression of translation (Halder et al., 2023). They play a major role in the
regulation of the mechanism of plant protection against potential patho-
gens, such as bacteria, viruses, fungi, oomycetes, parasitic nematodes, and
parasitic plants.

siRNAs are well known for their silencing function in the case of viral
RNAs (Akbar et al., 2022). At the same time, 21-22 nt siRNAs are in-
volved in the direct degradation of viral RNA and some endogenous
mRNAs important in the system of protection against viruses. 21-nucleo-
tide siRNAs with 5'-U are loaded onto the AGO1 and scan the cytoplasm
for the complementary transcripts for the cleavage and degradation in the
process of posttranscriptional gene silencing. 22-nucleotide siRNAs are
also loaded onto the AGO1, but they apparently change the AGO1 con-
formation and recruit RARR6 to the 3'-sequence, transcribing the target
transcript into dsRNA and, thus, generating the additional (secondary)
siRNAs by a mechanism called “transient silencing” (Dalakouras et al.,
2020). Recent studies provided evidence for the ability of siRNAs to inhi-
bit the development of fungi and oomycetes by silencing pathogen-speci-
fic genes associated with the pathogenesis (Canto-Pastor et al., 2019; Sang
& Kim, 2020). Scientists concluded that siRNA is a potential mixture of
different gene sequences and is used as a “shotgun,” which affects certain
pathogen genes with a high efficiency (Fletcher et al., 2020).

Noncoding siRNAs are highly mobile and are able to move both
within and between interacting organisms (for example, from a host plant
to a pathogen and vice versa). In plants, they usually move through the
phloem from the areas of high concentration to places with a deficiency of
these molecules (Kong et al., 2022). The movement of siRNA in the plant
is divided into intercellular (proximal) and systemic (distant) transport.
This process is carried out from the place of initiation to neighboring cells
through the intercellular channels of the plasmodesma and spreads sys-
temically over considerable distances through the conducting tissue of the
phloem. Within a few days of initiation, there is systemic movement of the
silencing signal, which is usually directed from photosynthetic sources
(i.e., leaves) to roots and growing points. A family of related genes can be
silenced by only one RNAi construction due to heterogeneity of siRNA
sequences. However, the use of RNAI strategy based on siRNA can also
cause unpredictable effects, leading to the unintentional silencing of non-
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target genes with the regions homologous to target gene sequences.
In addition, since posttranscriptional gene silencing in plants is mobile and
can be induced locally and then spread throughout the plant, siRNA-
mediated RNAI technologies are not suitable for some applications that
require a tissue-specific gene silencing.

Plant miRNAs (miRNAs)

Discovered in 1993 (Lee et al., 1993), miRNAs are endogenous non-
coding molecules, 20-22 nt in size, which act as regulators of gene ex-
pression at the post-transcriptional level and affect many molecular and
biochemical processes in plants (Halder et al., 2023). In particular, they
coordinate various aspects of ontogenesis programs, including the forma-
tion, separation and development of vegetative and generative organs, the
transition to different phases of vegetation, reproduction, and also regulate
adaptation to environmental conditions and plant responses to biotic and
abiotic stresses (Yu et al., 2019). Their precursor is a long single-stranded
RNA that contains a local hairpin structure, they, unlike siRNA, may not
be completely complementary to the sequence of the target gene. The me-
chanism of gene regulation is only post-transcriptional, and the mode of
action is repression of translation and degradation of mRNA (Halder et al.,
2023). miRNAs in plants are also sorted by AGO family proteins (AGO1,
AGOI10), mostly based on size as well as identity at the 5'-nucleotide level
(Halder et al., 2023). miRNAs have been classified based on their position
within the genome and are "intronic" or "intergenic". Intronic miRNAs are
formed from introns present in the host transcript (Budak & Akpinar,
2015). Intergenic miRNAs connect two protein-coding genes, the tran-
scription of which occurs in separate independent units with the help of
RNA polymerase II (Pol II).

In plants, miRNAs can be conventionally divided into two groups:
conservative miRNAs found in different families (there are few such
miRNAs, they are characterized by a high level of expression), and spe-
cies-specific miRNAs (there are many such miRNAs, they are characte-
rized by a low level of expression) (Zhang & Wang, 2016). Conservative
miRNAs regulate the expression of key transcription factors that deter-
mine the transition of a plant to a new ontogenetic state, the formation of
meristems, the differentiation of cells and organs, their polarity, as well as
resistance to environmental stress factors. Species-specific miRNAs make
up a significant proportion of plant miRINAs and perform certain functions
in a specific species.

It is believed that miRNAs form a regulatory network, with the help
of which the spatial and temporal regulation of the gene complex is carried
out at various stages of development. Basically, miRNA targets include
genes encoding transcription factors, as well as other regulatory proteins
related to plant development (Li & Zhang, 2016). In many plants, it has
been clearly demonstrated that the expression of a wide range of miRNAs
occurs to combat various stress factors. To date, a large amount of expe-
rimental material has been accumulated regarding their possible role in the
formation of the response to viral and bacterial infections, the transmission
of signals in the event of a lack or excess of mineral nutrients, in the regu-
lation of the genes of the antioxidant system under conditions of abiotic
stress (Alptekin et al., 2017; Song et al., 2019; Bhogireddy et al., 2021).
miRNAs interact with transcription factors to regulate the signaling of
stress-related hormones such as auxin, ethylene, abscisic and gibberellic
acids under stress conditions (Halder et al., 2023).

The molecular mechanism of action under stress is known only for
some miRNAs, while for others only the nature of the change in their
expression level has been described. First of all, it is possible to distinguish
a group of miRNAs whose expression changes under almost all types of
stress (for example, miR160, miR167, miR393), as well as a group of
stress-specific miRNAs that respond only to certain types of stress
(miR392, miR395, etc.). Thus, an increase in the expression of miR393,
miR160 and miR167 under the effects of drought or salt stress was found
in most plant species, which is accompanied by a slowdown in plant
growth and development (Sunkar et al., 2012). As an example of miRNA,
the expression of which varies in different directions in different species,
we can point out miR169, which is involved in the response to salt stress
and drought (Bhogireddy et al., 2021). miRNAs move locally from cell to
cell over short distances, mainly through plasmodesmata, but some miR-
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NAs are distributed over long distances through the phloem (Skopelitis
etal., 2018). Through extensive research, it has been established that some
miRNAs (miR390, miR173 and miR845) have the potential to initiate
mass production of secondary siRNAs called phasiRNAs (Deng et al.,
2018).

A miRNA strategy that is effective in one plant species may not be
successful in another, and this phenomenon is explained by the different
types of regulation of evolutionarily conserved miRNAs in different spe-
cies (Halder et al., 2023). It has also been established that different existing
isoforms of the same miRNA family can play an active role in regulating
different physiological functions through the same or other genes (Alpte-
kin et al., 2017). It should be noted that the possibility of obtaining an off-
target effect is significantly lower with miRNA-based RNAi compared to
kiRNA, as they require a smaller number of nucleotides (one sequence of
21/22 nt) to identify the target sequence (Halder et al., 2023).

Improvement of economic and valuable traits
of wheat based on RNAI

RNAI has great potential for changing gene expression in wheat to
improve its quality characteristics and nutritional status, increase resistance
to abiotic and biotic stresses. This approach facilitates target gene identifi-
cation and development of RNAi vector constructs for transformation.
For stable gene silencing, RNAIi hairpin constructs are used, containing a
partial sequence of the target gene (200-300 bp) in sense and antisense
orientation with a small intron between them under the control of a suita-
ble promoter designed for dsSRNA expression in transgenic plants (Rajam,
2020). It is also common to use the miIRNA overexpression method along
with the process of introducing artificially synthesized miRNA targeting
the gene of interest. Artificial synthetic sSIRNAs have enormous applica-
tions as they can overcome the potential drawbacks and limitations asso-
ciated with siRNAs, given that they induce gene silencing with maximum
precision (Halder et al., 2023). The summarized practical results of the
application of RNA interference for wheat improvement are presented in
Table 1.

Table 1
Improvement of economic and valuable traits
of wheat by means of RNA interference

Trait for improvement Target gene A ty[]){eNoismall References
Nutritional value and grain quality
Gil-Humanes et al. (2008,
. . y-gliadin 2012);
q[rurggv(:}gﬂﬂol:rt;lgng SRNA Pisténetal. (2011)
dough o- gliadin Wieser etal. (2006)
@-5-gliadin Altenbach etal. (2014b)
0O, V-, o-gliading Gil-Humanes et al. (2010)
Reductioninthe @-5- gliadin A /'\ltenbach etal. (2014a) .
contentof i o oy o-glicins siRN, Gil-Humanes et al. (2010);
L Barro etal.(2016)
genic epitopes DME SRNA Wenetal. (2012)
Tncrease in grain R SIRNA Gasparis etal. (2011)
hardness i aviPHK Gasparis etal. (2017)
g}“m“as"dbse“’“m Shella, Sbellb SRNA Reginaetal. (2006)
Biotic stresses
Resistance to viruses
Nla sIRNA Fahimetal. (2010)
Sivamani etal. (2002); Li et
cp SiRNA al. (2005);
Cnuz etal. (2014)
Wheat streak mosaic NIb SIRNA Sivamani etal. (2000)
virus (WSMV) SUTRregion,  amiRNA-1
OREF pipo region, amiRNA -2
P3 cistron, amiRNA 3 Fahimetal. (2012)
Pl amiRNA 4
P3 cistron, HCpro amiRNA -5
g’ﬁ’ﬁ””v)”‘“‘”’c virus cp SRNA  ShoupRuppetal. 2016)
Wmnﬁ”m“’” TudAEDI amiRNA-1 Livetal. 2021)
Resistance to fungi
Fusarium Chs3b SRNA Chengetal. 2015)
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Trait for improvement Target gene A ty;ﬁ;])lf:mall References Trait for improvement Target gene A ty;ﬁ];)i‘sma]l References
graminearum SGEI, STEI2, PP1 Wang etal. (2020) NF-Y mRI69  Ravichandranetal. (2019)
FGSG 03101 miRNA Jiao & Peng (2018 . Goswami etal. (2014);
Fusarium GisI, Fik], Fell, . <G00 TCP,HSFA4aMYB3  miR319 Kumaretal. (5015))
cubnorum sV SRNA Chenetal. 2016) HSPO.CSD miRaoy | Goswamietal Q014
Puccinia triticina MAPK1, CYCI, CNB SiRNA Panwar etal. (2013,2018) ’ Kumar etal. (2015)
Erikss o-gliadin, GST, LRR tasiRNA Duttaetal. (2017)
GSREI Qietal. (2019) . )
CPK1 GRNA Qietal. (2018) Improvement of grain quality
Fuz7 Zhuetal. (2017)
TaCSN3 Baietal. 2021) In recent years, RNAi technology has been actively used to increase
Puccinia striformis RabGAP/TBC do- the nutritional value of wheat, as well as for elucidation of the mechanisms
£ sp. tritici p&;ﬁ g;ﬁ;gﬁm ‘ Fengetal. (2015) of endosperm structure formation and the role of different classes of pro-
protein kinase 41 miRNA teins in determining the technological properties of flour and dough (Gil-
TaCLPI Fengetal. (2013) Humanes et al., 2012; Altenbach et al., 2014b). It is known that in wheat
TaNAC21/22 _ Fengetal. 2014) grain, reserve proteins make up to 80% of the total protein content of the
PR2 miRNA Wangetal (2017) mature seed (Godwin et al., 2009). Gluten, which is largely responsible for
AralQGIF], GIF2  sRNA Nﬁgﬁg 2(%%1 0 the functional properties of the dough, is the main protein part of the wheat
Bhumeriagraminis MLO Varallyay etal. (2012) grain. Gliadins mainly contribute to the extensibility and viscosity of glu-
fisp. tritici SwPm3alfl SIRNA ten and dough, while polymeric glutenins are responsible for its elasticity.
Bgt Beg6 Schaeferetal. (2020) In wheat of the Bobwhite variety, seven transgenic lines with silencing of
__ i Bet Beg-7 i the y-gliadin gene were obtained (Gil-Humanes et al., 2008), in which
Rhizoctonia cereals TaCRRT_ _SRINA Yangetal. 2013) their portion was reduced by 33-80%, which contributed to the formation
Resistance to insects - . ..
7P Sunctal, 2019) of a stronger dough with unprqved reglstance to overmixing, Subse?quent-
o Imf2-like . Xuetal. 2017) ly, the same researchers used interfering RNAs capable of repressing the
Sitobion avenae F. CHSI SIRNA Zhaoetal. (2018) genes of all three groups of a-, y-, and w-gliadins and obtained the wheat
CHEEA Xuetal.(2014) lines with a significant reduction (in some cases up to 90%) of gliadin
__ Resistance to nematodes content (Gil-Humanes et al., 2010). Subsequently, the construction for
gl o catheps“; 2L Duttactal, 2020 RNA silencing was transferred to three other common wheat varieties by
mpljeas?l;ul}ll{[]p ’ . -(2020) crossing, which resulted in an increase in the amount of high and low
Heterodera avenae Nhr; Php,Ibp,Eps SIRNA Gantasalaetal. (2015) molecular weight glutenins and SDS sedimentation index (Gil-Humanes
Ha-annexin Chenetal. (2015) et al,, 2012). It was demonstrated that RNAI silencing of gamma gliadins
Hal8764 Yangetal 2019) in wheat lines leads to an increase in the content of all other gluten proteins
Meloidogyne HSP90, IC1, SsiRNA Lilley et al. (2007) but has a little effect on SDS test parameters (Piston et al., 2011). Trans-
MCP ag”! mhm pr— patA;[l(fpwlqc] v RNA Tanetal 0013) genic wheat vizith siler}cing of the o-gliadin gene was ?lso reported, which
ReSSEnce (0 abiofic STesses was characterized by increased strength of flour and increased volume of
ProDH SRNA  Dubrovmactal 2020,2022)  bakery products (Wieser et al., 2006).
NRX1 SIRNA Zhangetal. (2021) WDEIA (wheat-dependent exercise-induced anaphylaxis) is a rare
wzy2 _ SiRNA Yuetal. 2019) but potentially severe food allergy, which is characterized by anaphylactic
PRMI, RPPI3, PFT] miR08, miR15 Hgadal al(2019) ! reactions that occur 1-4 h after eating wheat with subsequent physical ac-
SPL, SBP miR156 Palr\l/[:ézl (2%?51)4)’ tivity. Namely the presence of -5 gliadin is associated with this food al-
MYB3 miR1592 Maetal.(2015) lergy. Using RNAI technology, the transgenic lines of wheat with a de-
ARF miR160a Maetal. (2015) creased level of omega-5 gliadin were obtained (Altenbach et al., 2014a).
NAC miR164b Maetal. 2015) It was established that ®-5 gliadins have a negative effect on the flour
Drought CCI—D/S-AZT[PSOX E}%iggg ﬁz:;lggg quglity; therefore, the _lransgenic lines with inhibited synthesis are distin-
TIR1 miR393 Mactal (2015) guished by better quality (Altenbach e.t al, 2914b). . '
GRF miR396 Maetal.(2015) It should be noted that the flour in the lines of transgenic wheat with
CSDI,CSD2 miR398 Maetal. (2015) suppressed synthesis of gliadins is less toxic for individuals who suffer
MADS-box miR444cl Maetal (2015) from celiac disease and who adhere to a gluten-free diet. It was demon-
fl% miﬁg;? ﬁ:iggg strated that gluten proteins in the transgenic wheat lines with silencing of
6PGDH miR2111c Huactal. (2019) a-, y-, and o-gliadins decrease the formation of celiac disease-related spe-
EG miR5054 Huaetal. 2019) cific epitopes DQ2 and DQ8 that are recognized by T leukocytes (Gil-
CBL7 miR59 Zeeshan etal. (2021) Humanes et al., 2010). Therefore, such wheat can be used to feed individ-
SPL3 miR156 Zeeshan etal. (2021) uals with celiac disease who cannot consume the products made from
ROR3-MYB miR159 Zeeshanetal. (2021) ordinary wheat, rye, and barley flour. An attempt to develop a natural
ARF8 miR160 Zeeshanetal. (2021) dietary therapy for this disorder by inhibiting the transcription of wheat
ARF miR167 Lutal. Q011) DEMETER (DME) homeologs using RNAi was described. DME en-
Salinization NF-YA miR169 Zhao etal. (2009) codes a 5-methyl ine DNA of ) ible fora d .
A Wangetal. 2014y s a S-methylcytosine DNA glycosylase responsible for a derepression
MYB,SCL6 miR171 Zeeshanetal. (2021) of the transcription of gliadins and low molecular weight glutenins by
PCF5 miR319 Zeeshanetal. (2021) active demethylation of their promoters in the wheat endosperm. Previous
ATPdipe_ndmtRNA miR399 Luetal. 2011) stqdies detected that these proteins are a major source of @mmogemc
elicase ] ; epitopes. The wheat transformants expressing hairpin RNA in their endo-
SnRK2 miRA08 Baictal. (ZOIS)V sperm were obtained and demonstrated up to 85.6% suppression of DME
HSP9O miR156 K)fmmaert :tla(l.z?zl(())l);) transcripts and up to 76.4% decrease in the number of immunogenic
GAMYBI miR159 Wangetal. (2012) prolamins, demonstrating the possibility of creating the wheat varieties
Highand low HSP70, ARF, TPR miR160 Goswami et al. (2014) compatible for celiac patients (Wen et al., 2012).
temperatures HSP17 miR164 Kumaretal. (2015) The plasmids containing RNA fragments from or-, -, and w-gliadins
HSP, ARF, Dnaj miRIET Glgsu"r"na;mete;fl(é%?g); and low-molecqlar-weight glutg]in sqbunits were developed to silence the
(HSP40) R hyetal (201’@ expression of different prolamin fractions (Barro et al., 2016). In transge-

nic wheat plants that carried certain combinations of them in these plas-
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mids, there was a strong decrease in the content of gluten (above 90%) as
compared with the controls. Some of the modified lines were completely
devoid of celiac disease epitopes from highly immunogenic o- and ®-
gliadins. These results raise the prospect of creating nontoxic wheat varie-
ties with a low level of harmful gluten.

An important agrotechnical feature is the grain hardness of cereals,
which affects the quality of flour and the properties of the final products.
The soft grain phenotype in wheat is determined by alleles of the Pina and
Pinb genes, and any mutations in one or both of the Pin genes result in
more or less hard grains. An increase in grain hardness was reported after
siRNA-mediated silencing of the Pina and Pinb genes in wheat (Gasparis
etal.,, 2011). Gene transcript levels were reduced by more than 80% in T1
and more than 90% in T2-T4 generations and remained stable. In addi-
tion, RNA-mediated silencing of one of the Pin genes simultaneously re-
duced the expression of the second gene. Decreased transcript levels of
both genes resulted in a significant reduction or absence of puroindoline
proteins and an increase in wheat grain hardness. Subsequently, this group
of researchers (Gasparis et al., 2017) used artificial miRNAs (amiRNAs)
of the same target genes to compare the efficiency of both gene silencing
pathways. Each of the two amiRNA cassettes contained a 21 nt miRNA
precursor derived from the conserved region of the Pina or Pinb genes.
Pinb gene silencing in wheat was highly effective in the T1 generation —
its transcription decreased to 92%, which was associated with strong
expression of Pinb-derived amiRNA. Silencing of target genes correlated
with increased grain hardness.

Foods high in resistant starch can improve human health and reduce
the risk of serious non-communicable diseases. RNAi was used to down-
regulate two different isoforms of the starch branching enzyme SBEII
(SBEIla and SBEIIb) in wheat grain endosperm to increase amylose
content. Suppression of both SBEIIa and SBEIIb gene expression increa-
sed starch amylose to >70% (Regina et al., 2006). These results indicate
that high-amylose wheat has significant potential to improve human
health through its resistant starch content.

Resistance to biotic stresses

Pests such as viruses, bacteria, fungi, nematodes and insects pose a se-
rious threat to wheat (Figueroa et al., 2018). Globally, about 20% of the
harvest of this crop is lost due to damage by pests, and the quality of pro-
ducts obtained from the grain of affected plants also deteriorates. RNAi is
used to obtain pest-resistant cultures by means of host-induced gene si-
lencing (HIGS). HIGS is a biotechnology that is mainly based on the
creation of transgenic plants, and allows silencing of specific genes of
pests or pathogens that attack them by expressing homologous dsRNAs in
the host plant. The modified plant transcribes dsRNAs, which are process-
sed into siRNAs, which in turn are transferred to plant pathogens (Sang &
Kim, 2020). A crucial step for a successful HIGS strategy is the identifica-
tion of appropriate target genes in the pathogen (Koch & Kogel, 2014).
The most interesting technologies also include virus-induced gene silen-
cing (VIGS), based on the inclusion of a segment of the host plant gene in
the viral genome to induce RNAI and silence the expression of the target
gene at the post-transcriptional level (Akbar et al., 2022).

Resistance to viruses

Plant viruses pose a significant threat to wheat and cause approxi-
mately 10-15% of crop losses (Yu et al., 2022). Methods aimed at activa-
ting the key components of the plant's RNAi mechanism and directing
them against the nucleotide sequences of invasive nucleic acids of patho-
gens can increase the level of antiviral protection. One of the most com-
mon approaches in this way is the genetic transformation of plants with
constructs containing sense or antisense nucleotide sequences that copy
the nucleotide sequences of the viral genome (Abdellatef et al., 2021;
Akbar et al,, 2022; Yu et al., 2022). In addition, chimeric hairpin con-
structs carrying sequences from different viruses have been successfully
used to induce multiple resistance against target viruses in transgenic
plants (Halder et al., 2023). Similar to chimeric hairpin constructs acting
on different viruses, chimeric constructs carrying sequences of different
genes of the same virus have been used to maximize resistance efficacy
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(Lacombe et al., 2021; Akbar et al., 2022). As a rule, to provide resistance
to certain strains of viruses, nucleotide sequences encoding viral suppres-
sor proteins or proteins responsible for cell entry, division or spread of the
virus are selected as targets (Yu et al., 2022).

Another effective way to provide resistance to viruses is the transfor-
mation of plants with constructs that contain the precursor of artificial
miRNA, the process of creating which is described in detail in the work of
Tiwari et al. (2014). Unlike siRNA-producing constructs, miRNA con-
structs produce a single 21nt small RNA with a well-defined nucleotide
sequence that provides ultraspecific degradation of the target transcript in a
conserved region. The miRNA constructs are also less prone to the effect
of nonspecific degradation, potentially making them more biologically
safe. As with transformation by a dsRNA construct, miRNA-based con-
structs can be used to confer resistance to one or more viruses.

Quite often, to acquire resistance to viruses, wheat has been transfor-
med with a target virus sequence, mainly from the gene encoding the coat
protein (CP) (Li et al., 2005; Cruz et al., 2014; Shoup Rupp et al., 2016).
The common wheat plants of the ROC22 variety were stably transformed
with the CP gene of the wheat streak mosaic virus (WSMV), and 11
transgenic lines were obtained. Out of five analyzed ones, one demon-
strated a high resistance to inoculation with two WSMYV strains (Sivamani
et al,, 2002). In similar studies, all transgenic wheat plants of 566B geno-
type of T1 generation carrying the WSMV-CP demonstrated a strong
resistance to WSMV. However, all modified plants in T2-T3 generations
demonstrated a transgenic silencing (Li et al., 2005). In further studies,
using the transgenes of the WSMV virus CP protein, it was possible to
reach an efficient resistance in plants of this crop, which was evidenced by
the absence of viral RNA in the tissue. A resistance to the virus was stably
inherited up to the TS generation (Cruz et al., 2014). To increase resistance
to a Triticum mosaic virus (TriMV), the wheat of Bobwhite variety was
transformed with a construction containing TriMV CP gene sequences
(Shoup Rupp et al., 2016). Several lines were obtained that were resistant
and had little or no viral RNA. According to the results of realtime PCR
and ELISA, resistant lines of the T6 generation demonstrated a high level
of resistance when infected with a virus.

The common wheat of the Hi-Line variety was transformed with a
construction for silencing the replicase gene (Nib) of wheat streak mosaic
virus (WSMYV). Six independent transgenic plant lines were analyzed for
resistance to mechanical inoculation of WSMYV in the T3 and T4 generati-
ons. Four lines demonstrated a different degree of resistance to WSMYV,
ranging from milder symptoms, significantly delayed symptoms, or no
symptoms. Two lines showed higher resistance with very weak viral sym-
ptoms after inoculation. In 18 of 25 plants (72%) of line No. 4.4 and in 9
of 28 plants (32%) of line No. 7.21, no virus or any disease symptoms
were detected during the growing season (Sivamani et al., 2000). The
RNAI construction was developed to target the nuclear inclusion protein
(Nia) gene of WSMYV (Fahim et al., 2010). Ten of sixteen T1 lines dem-
onstrated a complete resistance to WSMYV, which was classified as im-
munity. In the transgenic plants, the accumulation of viral RNA was de-
creased by more than 105 times as compared with sensitive control
groups. These Australian researchers further developed an artificial miR-
NA strategy against wheat stripe mosaic virus and transformed wheat with
a construct containing five artificial miRNA precursors targeting conser-
ved domains of WSMV (Fahim et al.,, 2012). These amiRNAs replaced
the native miRNA in each of the five arms of the polycistronic miR395,
producing the precursor amiRNA FanGuard (FGmiR395). All
5 amiRNAs were expressed in transgenic plants, whose resistance to virus
damage was evaluated in two generations. Three types of responses were
observed in T1 plants: complete immunity; gradual decrease in resistance;
initially susceptible with subsequent recovery of the plant. Analysis in the
T2 generation confirmed the inheritance of immunity — stable resistant
lines did not develop any symptoms of the virus according to the ELISA
test. This study demonstrates the utility of a polycistronic amiRNA strate-
gy in wheat against WSMV.

Chinese researchers (Liu et al., 2021) created several transgenic lines
of wheat using 4 artificial miRNA expression vectors that carried viral
siRNAs (vsiRNAs) from RNA1 of wheat yellow mosaic virus (WYMV).
Laboratory and field tests showed that two transgenic lines expressing
amiRNA1 were highly resistant to WYMYV infection. Further analyses
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showed that vsiRNA1 can modulate the expression of the wheat thiore-
doxin-like gene TaAAEDI, which encodes a negative regulator of reac-
tive oxygen species (ROS) production in chloroplasts. In addition, the
expression of amiRNA1 in transgenic wheat gave it resistance to a wide
range of diseases: Chinese wheat mosaic virus, barley stripe mosaic virus,
and yellow stripe rust of wheat, indicating that amiRNA1 participates in
the immunity of this crop through ROS signaling.

Resistance to fungi

Fungal pathogens cause significant wheat crop losses worldwide and
RNAI technology is widely used to produce plants resistant to them (Qi
etal,, 2019). RNAi-based HIGS provides a novel, innovative approach to
combating fungal plant diseases since it downregulates the expression of
key pathogen genes that are required for the development of the disease in
the host (Bilir et al., 2022). In addition, HIGS can be used to confer resis-
tance to multiple crop diseases since it is possible to design the construc-
tions containing multiple (“stacked””) RNAI transgenes directed against
different pathogens (Nowara et al., 2010). Another advantage consists in
the fact that the transgenes can be designed as “racespecific” or broad-
spectrum transgenes based on the degree of sequence conservation within
the target region. Machado et al. (2018) highlighted recent advances in
RNAi-based methods to control fungal diseases of cereal plants and em-
phasized that, despite some disadvantages, HIGS became a promising
new approach to control these diseases.

Wheat scab (also called fusarium wilt) is a devastating disease that is
mainly caused by Fusarium graminearum. RNAI of the chitin synthase
(Chs3b) gene, which controls the chitin biosynthesis of Fusarium grami-
nearum, was used as a method of increasing resistance to fusarium head
blight and the development of the fungus on wheat seedlings (Cheng et al.,
2015). It was detected that three hairpin RNAI constructions correspond-
ing to different Chs3b regions repress this gene in fingi colonizing wheat
seedlings and spikelets. Coexpression of these constructions in two inde-
pendent transgenic lines of elite wheat varieties provided high levels of
stable resistance both to fusarium head blight and seedlings during T3-T5
generations. In the review work (Sang & Kim, 2020) there are at least
11 variants of effective plant protection technologies using RNA, in par-
ticular wheat, from Fusarium graminearum with suppression of CYP 51
and Chs3b gene expression.

Deoxynivalenol (DON) is the most common Fusarium mycotoxin
found in cereal grains and is also a critical virulence factor for the . gra-
minearum infection. Chinese researchers (Wang et al., 2020) applied
HIGS to produce transgenic wheat plants resistant to both F. graminea-
rum and DON contamination by simultaneous silencing of three F. gra-
minearum genes. As target genes for HIGS, the SGE1 (which encodes a
critical regulator controlling DON biosynthesis), STE12 (which encodes a
key transcription factor for the formation of the penetration structure), and
PP1 (which encodes an essential phosphatase) genes were selected; based
on them, a chimeric RNAi hairpin construction was designed, which
could simultaneously silence three target genes. Four of 16 obtained trans-
formants demonstrated slower growth rate (PP1 silencing), reduced DON
production (SGEI silencing), and a reduction of infection structures on the
wheat lemma (STE12 silencing).

Chinese researchers (Jiao & Peng, 2018) found that wheat miRNA
(miR1023) can inhibit £ graminearum invasion by targeting and silencing
the gene FGSG 03101, which encodes the alpha/beta hydrolase of the
fungus. When studying the molecular genetic mechanisms of increasing the
resistance of wheat plants to F. graminearum, vusing natural multicomponent
biostimulants, it was shown by the dot-blot hybridization method that bios-
timulants cause a significant increase in the production of protective
si/miRNA in plant cells, and the mechanism of epigenetic inheritance of the
resistance of treated plants was confirmed to this micromycete.

Stable transgenic wheat plants carrying the RNAi hairpin construc-
tion to the beta-1,3-glucan synthase gene Gls1 of Fusarium culmorum or a
triple combination of Gls1 with two other target genes (Fgll-secreted
lipase, ChsV-chitin synthase V, MAP kinase Fmk1) also demonstrated in-
creased resistance to fusarium head blight when inoculating leaves and
ears (Chen et al., 2016).
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Brown leaf rust of wheat caused by the fungus Puccinia triticina (Pt)
is one of the most serious threats to sustainable wheat production in the
world. Panwar et al. (2013b) developed a transient transformation system
for the induction of HIGS against this pathogen. After Pt infection, the
leaves of wheat plants transiently expressing hairpin RNA-generating
constructions targeting the Pt pathogenicity genes (mitogenactivated pro-
tein kinase 1 (PIMAPK1), cyclophilin (PtCYCT1) or calcineurin b (PtCNB))
demonstrated a 51-68% reduction in the symptoms of the disease and a
decrease in fungal biomass by 59-69% 10 days after infection. The wheat
plants also demonstrated a decrease in the symptoms after superinfection
with stem rust (Puccinia graminis) or yellow stripe rust (Puccinia strii-

Jformis). In subsequent studies by this group, stable expression of RNAi

hairpin constructions with a homology to the sequence of MAP kinase
(PtMAPK1) or the gene encoding cyclophilin (PtCYC1) in susceptible
wheat plants led to the efficient silencing of the corresponding genes in the
interacting fungus, which determined a stability of the transgenic plants of
T2 generation (Panwar et al., 2018). Indian scientists (Dutta et al., 2017)
described a novel locus in wheat that shows differential expression during
leaf rust infection and produces four trans-acting small interfering RNAs
(tasiRNAs) that target o-gliadin, a leucine-rich repeat, transmembrane
protein, glutathione-S-transferase and fatty acid desaturase.

Qi et al. (2018) used barley stripe mosaic virus (BSMV)-mediated
HIGS to silence the protein kinase A (PsCPK1) gene of the Puccinia
striiformis 1. sp. tritici (Pst). They demonstrated that the PsCPK1 is an
important pathogenicity factor for Pst and its knockdown led to a reduced
virulence of the fungus. Two transgenic lines expressing the RNAi con-
struction demonstrated high levels of stable resistance to Pst in the T3 and
T4 generations. This group of researchers subsequently identified a gly-
cine—serine-rich effector gene (PstGSRE1), which is induced during earty
infection. A transgenic expression of the PstGSRE1-RNAI constructions
in wheat significantly decreased the virulence of Pst. It was demonstrated
that PstGSRE1 acts on the transcription factor TaLOL2, a positive regula-
tor of wheat immunity (Qi et al., 2019a). The transgenic wheat lines ex-
pressing dsRNA targeting the transcripts of the FUZ7 Pst gene, which is
an important pathogenicity factor regulating infection and development of
Pst, were created. A PSFUZ7-RNAI construction (stably expressed in two
independent transgenic wheat lines) confers a strong resistance to Pst (Zhu
etal, 2017).

To study the function of the wheat CSN5 gene (constitutive photo-
morphogenesis 9 (COP9) signalosome) in response to Pst infection, ten
T1 generation transgenic lines silencing TaCSNS were obtained using
RNAI technology (Bai et al., 2021). The TaCSN5-RNA! lines demonstra-
ted an increased resistance to Pst. In addition, the biomass of fungi was
reduced by 8-20%. Stable transgenic plants of the T4 generation with
TaCSNS silencing demonstrated a broad-spectrum resistance to several
races of the fungus.

To understand the mechanism of miRNA-regulated cellular functions
during stripe rust infection of wheat, scientists (Gupta et al., 2012) investi-
gated eight different miRNAs, namely miR159, miR164, miR167,
miR171, miR444, miR408, miR1129 and miR1138, which are involved
in three different independent cellular defense responses to infection and
reported that 5 of them, miR167, miR171, miR444, miR1129, and
miR 1138, play key roles in wheat rust resistance. A target gene of wheat
miR408, designated TaCLP1, was identified by degradomic sequencing
(Feng et al., 2013). Accumulation of TaCLP1 and tae-miR408 transcripts
showed contrasting divergent expression patterns in wheat response to
Puccinia strijformis 1. sp. tritici. Silencing of individual cDNA clones in
Pst-infected wheat revealed that TaCLP1 positively regulates stripe rust
resistance. Also, this group of researchers (Feng et al., 2014) isolated the
full-length cDNA of the wheat miR164 target gene, which is a novel
NAC transcription factor in the NAM subfamily, and designated it as
TaNAC21/22. Accumulation of TaNAC21/22 and miR164 transcripts
showed contrasting divergent expression patterns in wheat response to
stripe rust infection. Silencing this gene revealed that TaNAC21/22 nega-
tively regulates stripe rust resistance. Subsequently, these researchers
(Feng et al., 2015) conducted an analysis of miRNAs that are synthesized
in wheat when infected with P. strijformis, and identified other target
genes, in particular those encoding the biosynthesis of a protein with a
RabGAP/TBC domain, the "zinc fingers' and cysteine-rich receptor-like
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protein kinase-41 and may play a significant role in the interaction of
wheat resistance genes with avirulence genes in Pst.

Wang et al. (2017) found that microRNA-like RNA (milRNA) syn-
thesized by the fungus P. striiformis was able to suppress the defense reac-
tions of wheat plants. This RNA participates in "intergeneric" RNA inter-
ference, influencing the expression of the PR2 (B-1,3-glucanase) gene.
Suppression of the synthesis of the milRNA precursor caused an increase
in the resistance of wheat to the virulent strain of P. strijformis, and a de-
crease in its expression increased the sensitivity of plants to the avirulent
strain of the pathogen.

The obvious effect of HIGS is shown in wheat infected with the fun-
gus Blumeria graminis f. sp. tritici (Nowara et al., 2010). Transgenic
plants expressing dsRNA to silence 1,3-b-glucanosyltransferase genes
(GTF1 and GTF2) showed reduced symptoms of powdery mildew or
haustoria formation/development and, therefore, greater resistance to the
biotrophic pathogen. The possibility of inducing broad-spectrum resistan-
ce against this pathogen by RNAI of the barley Mlo ortholog in wheat
using virus-induced gene silencing (VIGS) was explored. A clear correla-
tion between resistance and the accumulation of Mlo-specific siRNAs
was revealed, which raised the possibility of obtaining resistance to pow-
dery mildew in wheat by RNAi (Riechen, 2007; Varallyay et al., 2012).
Recently developed gene editing technology is used to achieve similar
effects. For example, wheat plants highly resistant to powdery mildew
infection were created with the simultaneous knockout of three TaMlo
TALEN (effector nuclease-like transcription activator) homeologs. Trans-
genic wheat plants carrying mutations in the TaMLO-A1 allele were also
obtained using CRISPR-Cas9 technology (Wang et al., 2014).

Stable transgenic lines of RNAi wheat were created for a simultaneous
suppression of three genes of B. graminis f. sp. tritici, including SviPm3al/fl
(a virulence factor involved in the suppression of the powdery mildew resis-
tance gene Pm3), Bgt Bcg-6, and Bgt Beg-7. It was demonstrated that all
target effectors are inhibited by HIGS, which leads to a reduced fungal viru-
lence on mature wheat plants (Schaefer et al., 2020). Using Solexa high-
throughput sequencing, 24 wheat miRNAs susceptible to powdery mildew
were identified (Xin et al., 2010). Some of the conserved miRNAs showed
differential expression in response to fungal infection: the expression of
miR156, miR159, miR164, miR171 and miR396 decreased, while the
expression of miR393, miR444 and miR827 increased.

A study by Yang et al. (2013) used the VIGS approach to establish
the function of the TaCRK1 gene, which encodes a cysteine-rich receptor-
like protein kinase, in the defense response of wheat to Rhizoctonia cerea-
lis infection. The expression level of TaCRK1 was reduced in resistant
plants infected with the fungus.

Resistance to insects

RNAI was also used to control the pest insects that cause significant
crop loss (Zhang et al., 2017; Yu et al., 2022). Some insects (particularly,
Coleoptera (beetles)) were demonstrated to be highly sensitive to dSRNA
(Baum & Roberts, 2014), so that only small amounts of ingested dSRNA
can induce RNAI, knocking down both transcripts and important target
genes of insect lethality. A special aspect of RNAI is that, in these highly
sensitive insects, dSRNA is not only able to enter the intestinal cells but also
spread to other tissues for inducing the systemic RNAi (Joga et al., 2016).

RNAI technology was applied to control Sitobion avenae by Xu et al.
(2014), who used the carboxylesterase (CbE E4) gene of the pest as a
target gene. The transgenic wheat lines expressing dsSRNA CbE E4 of
S. avenae were obtained and fed to aphid larvae. The expression of the
CbE E4 gene in insects was reduced by 30-60%, and the number of ap-
hids grown on the transgenic plants was lower than that on nontransgenic
plants. In subsequent studies by these authors (Xu et al.,, 2017), Imf2-like
fragment of the grain aphid lipase maturation factor gene was cloned and
used to transform wheat. The expression of the Imf2-like gene was signifi-
cantly reduced by 27.6% on the fifth day and by 57.6% on the tenth day
after feeding the transgenic plants. The total number of aphids produced
on modified plants was less than that produced on the control plants, and
the difference became significant after two weeks. The results of studies
by Zhao et al. (2018) indicate the fact that plant-mediated RNAI of the
grain aphid chitin synthase 1 (CHS1) gene also confers insect resistance in

common wheat. After feeding with transgenic T3 lines, the level of ex-
pression of CHS1 in the grain aphids decreased by 45-50%, and the
number of aphids significantly decreased in the transgenic lines T4 and TS
in field conditions. The transgenic wheat plants expressing a 198-bp
dsRNA fragment complementary to the grain aphid zinc finger protein
(SaZFP) gene can efficiently increase its mortality and decrease daily
fertility (Sun et al., 2019).

Silencing of key genes, including the ecdysone receptor (EcR) and
the ultraspiracule protein (USP) in Sitobion avenae, reduced its survival
and fecundity, providing a sustainable and transgenerational approach to
enhance resistance in wheat (Yan et al., 2016). Oral administration of
dsRNA SaEcR and dsSaUSP significantly reduced aphid survival
through suppression of these two genes. The silencing effect was persis-
tent and transmitted across generations, as evidenced by reduced survival
and fecundity of both survivors and their offSpring, even after crossing
over to aphid-susceptible wheat plants. In addition, several potential RNAi
targets have been validated by feeding or injecting the grain aphid with
genes encoding catalase, acetylcholinesterasel, cytochrome c oxidase sub-
unit precursor VlIc, zinc finger protein, secreted salivary peptide DSR32,
salivary protein DSR33, serine protease 1 DSR48 and olfactory corecep-
tor (Yuetal, 2016).

Resistance to nematodes

One of the most promising approaches to the biocontrol of parasitic
nematodes in cereal crops is RNAI (Lilley et al., 2007). A strategy is used
in which nematodes, feeding on plants, consume dsRNA, which, entering
their intestines, triggers the process of RNAI against their own genes, thus
reducing fertility and causing parasite mortality. This can be achieved by
developing transgenic plants capable of producing the required dsRNA
that targets various nematode host genes as well as parasitization or effec-
tor genes (Dutta et al., 2015).

The wheat plants were transformed with seven target genes of the ce-
real cyst nematode Heterodera avenae for the analysis of HIGS.
A transgenic expression of galectin, cathepsin L, vapl, serpin, flp12,
RanBPM, and chitinase genes led to a decrease in H. avenae reproduction
by 33-72% in the T1 generation. A similar level of resistance observed in
T2 plants indicates a persistent effect of HIGS in subsequent generations.
It is interesting that cysts isolated from RNAI plants were smaller in size
with a semitransparent cuticle as compared with normal-sized, dark brown
control cysts, suggesting a delay in the development of H. avenae due to
HIGS (Dutta et al., 2020). The scientists also used RNAI to silence four
Heterodera avenae genes, namely, nuclear hormone receptor, a protein
binding the fruitin, intron-binding protein, and epsin (Gantasala et al.,
2015). They reported that silencing these genes led to a decrease in the
number of females and eggs 71%, 26%, and 60% due to silencing of the
epsin, intron-binding protein, and pericarp-binding protein genes, respecti-
vely (Gantasala et al., 2015). A transgenic wheat line containing the HIGS
construction for silencing the annexin gene of Heterodera avenae demon-
strated a decrease in the nematode survival in plants (Chen et al., 2015).
VIGS targeting of the Ha18764 effector of H. avenae protein family genes
significantly attenuated the parasitism and reproductive status of this para-
site in wheat (Yang et al., 2019).

RNAI suppression of pat-10, which controls troponin, and unc-87,
which regulates calponin, of Pratilenchus thornei, which infects wheat
roots, reduces its reproduction by 77-81% over a 5-week period (Tan
etal., 2013). RNAI of the heat shock protein 90 (HSP90), isocitrate lyase
(ICL) and cathepsin L cysteine proteinase (Mi-cpl-1) genes of the nemato-
de Meloidogyne incognita significantly reduced their numbers or caused
an increase in the male population, indicating unfavorable conditions for
their reproduction in wheat (Lilley et al., 2007).

In addition, RNAI in wheat can be stimulated by multicomponent bi-
ostimulants, including Avercom, Avercom nova-2, Fitovit, and Violar,
derived from metabolites of various soil streptomycetes, which enhance
siRNA and miRNA regulation in wheat plants. These small RNAs are
complementary to mRNAs of cereal cyst nematodes and thus inhibit their
reproduction, ensuring plant resistance (Blyuss et al., 2019).

Resistance to abiotic stresses
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Climate changes increase the regularity and severity of the effects of
various abiotic stresses, which is an important reason for the significant
reduction in wheat yields. Endogenous miRNAs and siRNAs are actively
involved in abiotic stress responses, including osmoprotective function,
abscisic acid response, antioxidant and auxin signaling by down-regula-
ting target genes involved in abiotic stress response (Bharathi et al., 2023).
miRNAs are critical factors that respond to stress and help the plant to
withstand adverse environmental conditions such as drought, salinity,
temperature extremes, metal toxicity, etc. Well-known miRNA target mo-
dules such as miR156-SPL, miR159-MYB, miR160-ARF, miR164-
NAC (NAM, ATAF, CUC), miR167-ARF, miR169-NF-Y, miR319-
TCP, miR394-LCR, miR396- GRF, and miR398-CSD play an important
regulatory role in various stress environments to mitigate harmful effects
(Bhogireddy et al., 2021).

Differential expression of miRNAs under different abiotic stresses
was shown in wheat (Gupta et al., 2014). The expression profile of conser-
ved miRNAs, namely miR159, miR164, miR168, miR172, miR393,
miR397, miR529, and miR1029, in adaptation to osmotic, salt and cold
stresses was investigated in C-306 wheat genotype. The expression of
miR168 and miR397 was found to be down-regulated and miR172 was
up-regulated under all stress conditions. However, miR164 and miR1029
were activated under cold and osmotic stress in contrast to salt stress,
whereas miR529 only responds to cold and is not altered by osmotic and
salt stress. miR393 showed up-regulation under osmotic and salt stress
and down-regulation under cold stress (Gupta et al., 2014).

Drought

The main abiotic stress factor limiting the growth and yield of wheat
is drought. All metabolic and physiological changes associated with
drought are based on the regulation of gene expression at the level of
transcription or translation (Ferdous et al., 2015). Hence, RNAi-based
regulation plays an important role in drought response.

RNAI of the proline dehydrogenase (ProDH) gene, connected with
proline catabolism, led to an increase in the level of its accumulation (2.6—
4.1 times) in transgenic T1-T3 plants of winter and spring wheat under
both optimal and stressful conditions and an increase their tolerance to soil
drought (Dubrovna et al., 2020, 2022). The wheat NRX1 gene, which
controls nucleoreduxin, has been shown to positively regulate its resistan-
ce to drought (Zhang et al., 2021), as transgenic lines silencing NRX1 cre-
ated by RNAI technology had significantly reduced resistance to water
deficit. Survival, chlorophyll, proline, soluble sugar, and antioxidant enzy-
me activity of RNAI lines were lower than wild-type plants. Transgenic
wheat RNAI lines with reduced expression of the WZY2 dehydrin gene
were also studied (Yu et al., 2019). Transgenic wheat showed lower rela-
tive water content, oxidation-related enzyme activity, and higher malon-
dialdehyde content than non-transformed plants under osmotic stress.
These results demonstrated the key function of the WZY?2 gene in the
response of plants to osmotic stress.

Among miRNAs identified in wheat, relatively few respond to
drought (Ferdous et al., 2015). Targets of miRNAs involved in drought
response are genes whose products are involved in various cellular proces-
ses associated with water deficit, including auxin and abscisic acid signa-
ling pathways, cell growth, photosynthesis, and respiration (Budak et al.,
2015b). In response to stress, the expression of various miRNAs either
increases or decreases. The same miRNAs can be both expressed and
repressed in the same plant under drought conditions. In response to
drought stress, tissue type is a determinant of miRNA expression pattem.
The roots and leaves of plants are most susceptible to drought, as they
directly contribute to the maintenance of high water potential and regulate
osmotic pressure. Different tissue types can exhibit tissue-specific variati-
ons in miRNA expression. In addition, the same miRNA families can
show different expression pattemns in different tissues (Alptekin et al.,
2017). For example, miR159 was shown to be up-regulated in wheat lea-
ves, whereas it was down-regulated in roots (Gupta et al., 2014; Ma et al.,
2015). Akdogan et al. (2016) compared drought-sensitive miRNAs in the
root and leaf of the common wheat variety Sivas 111/33 using miRNA
microarray screening. The analysis showed that 285 miRNAs (207 up-re-

gulated and 78 down-regulated) and 244 miRNAs (115 up-regulated and
129 down-regulated) were differentially expressed in leaf and root tissues,
respectively. Among the differentially expressed miRNAs, 23 were active
only in leaves, and 26 miRNAs were only expressed in plant roots.

To understand the complex regulatory mechanisms governing wheat
drought resistance, microRNA analysis of the highly drought-tolerant va-
riety XF 20 was performed (Hua et al., 2019). Sequencing results confir-
med the expression of 199 previously known miRNAs, and 32 new
miRNAs were also identified. Analysis of target genes under drought con-
ditions showed that differentially expressed miRNAs reduce antioxidant
inhibition by increasing expression of antioxidant genes, while opposite
processes occur for signal transduction genes. Novel miR0O8 and miR15
were down-regulated in wheat cultivar XF 20 in response to drought
stress. Their targets may be mRNA genes for disease resistance proteins
such as PRM1 and RPP13. Notably, miR 15 also targets the mRNA of the
gene encoding sucrose synthase. In wheat, sucrose synthase gene expres-
sion was recently shown to be significantly higher in drought-tolerant cul-
tivars than in drought-sensitive cultivars (Nemati et al., 2018). Therefore,
sucrose level is critical for wheat response to drought, and these results
indicate that the response mechanism may involve the regulation of sucro-
se synthase through miR15. This miRNA also targets a phytochrome and
a protein that regulates flowering time (PFT1, also called Mediator 25),
which is involved in the drought response (Kazan, 2017). The target gene
of miR2111c was found to be 6-phosphogluconate dehydrogenase (6-
PGDH), one of the key enzymes of the oxidative pentose phosphate path-
way. miR5054, whose expression was also down-regulated in response to
drought, targets mRNA encoding epoxide hydrolase (EG), which is in-
volved in lipid metabolism (Hua et al., 2019).

In a study by Ma et al. (2015), 14 conserved miRNAs were identified
with down-regulation and 6 with up-regulation in two wheat genotypes
under the effects of dehydration. It was established that the target gene of
miR156 with up-regulation is the mRNA of the transcription factor SBP
(squamosa promoter-binding-like protein), which is important for the
growth and development of leaves. The up-regulated target of miR444cl
is the MIKC-type MADS-box transcription factor gene, which is involved
in the regulation of plant development and stress response. miR398,
whose target gene is superoxide dismutase, was found to be overexpres-
sed in the drought-sensitive variety after dehydration. The expression of
wheat miR628 was reduced only in the drought-sensitive variety, and its
target gene is alpha/beta fold hydrolase (AFH), which is involved in the
degradation of cell damage products. miR160a, miR164b, miR166h,
miR169d, and miR444d.3 were down-regulated in the drought-tolerant
variety but were up-regulated in the drought-sensitive variety. The
miR160a target gene is the ARF gene family, which are key factors in
auxin regulation (Guilfoyle & Hagen, 2007). The target of miR164b is the
NAC family of transcription factors, which have functions associated with
various abiotic stresses (Nakashima et al., 2012). The target of miR166h is
the HD-ZIP4 gene of the HD-ZIP class III transcription factor. miR169d
was repressed in the drought-tolerant cultivar after dehydration and tar-
geted the CCAAT-box transcription factor, which is one of the most ab-
undant elements in eukaryotic promoters. miR444d.3 was found to be
down-regulated in the drought-tolerant variety, and its target is the initiati-
on factor 3 (IF3) gene, which plays a central role in eukaryotic polypeptide
chain elongation and may play a significant role in wheat drought resis-
tance. The authors found that 46 conserved miRNAs and 321 novel
miRNAs were differentially expressed in two wheat genotypes under
dehydration stress conditions. Interestingly, 13 miRNAs showed opposite
expression patterns in the two wheat genotypes - they were reduced in
drought-resistant varieties, but increased in drought-sensitive varieties.

Indian scientists (Pandey et al., 2014) applied a combinatorial ap-
proach of high-throughput sequencing followed by computational miR-
NA prediction and identified 47 known, 49 novel, and 1030 potential
novel miRNAs in wheat. They found that the expression level of miR156,
miR160, miR166a, miR396d, miR1135, miR5139, tae 10, tac 15 and
tae 44 doubled under water deficit. This analysis revealed that at least
three wheat SPL genes, homologous to rice SPL 2, 11, and 16, are poten-
tial targets of miR156.
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Salinization

Salinity is one of the major abiotic stresses that limit the growth and
productivity of wheat plants (Zeeshan et al., 2021). Plants have developed
various mechanisms to cope with salt stress, one of which is RNAi, which
can affect gene regulation under salinity conditions (Islam et al., 2022).
Most often, the formation of an adaptive response to salinity and drought
is carried out by the same molecular mechanism or with the participation
of the same transcription factors (Budak et al., 2015a).

Many miRNA families have shown induced expression in wheat in
response to salt stress (Gupta et al., 2014; Wang et al., 2014; Islam et al.,
2022). The expression of miR156, miR 186, and miR393 is usually up-re-
gulated during salt stress (Abdellatef et al., 2021). In wheat, miR171,
which targets the MYB (myeloblastoma-like DNA binding domains) fa-
mily of transcription factors, was found to be activated by salinity (Wang
etal., 2014). Since both drought and salinity affect the osmotic balance of
plant cells, miR171 may play a role in the regulation of osmotic balance
under such stress conditions. Gupta et al. (2014) first reported that miR855
is activated in wheat during salinity. Wheat miR169 is down-regulated
during salt stress by increasing the expression of the transcription factor
NF-YA (nuclear factor Y subunit A) (Zhao et al., 2009).

‘Wheat miR408 is critical for plant adaptation to salt stress (Bai et al.,
2018). It targets six genes that encode proteins related to biochemical me-
tabolism, microtubule organization, and signal transduction. Transgenic
lines overexpressing miR408 showed increased osmolyte content under
salt stress conditions relative to wild-type plants, indicating that miR408-
mediated salinity tolerance is associated with ABA signaling pathways.

It was shown that the expression of wheat miRNA depends on the
dose of the stress factor (Pandey et al., 2014). Under salinity, a significant
decrease (>3-fold change) in expression was observed for tac 15, tac 19
and tae 45. Interestingly, miR164 levels, which remained unchanged in
response to 150 mM NaCl, showed a more than fourfold decrease with
250 mM NaCl. Under similar conditions, a contrasting response of
miR5139 was observed, the expression level of which increased 1.8-fold
at 150 mM NaCl and decreased 1.45-fold at a higher concentration
(250 mM NaCl). miRNAs (tae 6, tac 15, tae 19, tac 27, and tae 45)
showed decreased expression, with tae 45 showing the maximum (more
than twofold) decrease, and tac 10 and tae 22 expression levels signifi-
cantly increased in response to 150 mM salt stress. The expression of
tae 7 and tae 44 (which remained unchanged at 150 mM NaCl) decrea-
sed at 250 mM NaClL

To investigate root miRNA profiles of two wheat varieties Bezosta
(sensitive) and Seri-82 (tolerant) under salinity, miRNA microarray analy-
sis was used (Eren et al., 2015). A total of 44 differentially regulated
miRNAs were identified, and 16 novel salinity-responsive miRNAs were
identified for the first time in wheat. The expression of 3 miRNAs (hvu-
miR5049a, ppt-miR1074 and osa-miR444b.2) was increased more than
260-fold in Bezosta variety under salt stress. Analysis of target genes re-
vealed that miRNAs responsive to salt stress mainly regulate transcription
factors such as bHLH135-like, AP2/ERBP, MADS-box and transporters.

Zeeshan et al. (2021) performed a genome-wide study using Illumina
high-throughput sequencing and comprehensive in silico analysis to gain
insight into the underlying mechanisms by which miRNAs confer salinity
tolerance in the roots of two contrasting wheat cultivars, namely Suntop
(salt resistant) and Sunmate (salt sensitive). A total of 191 miRNAs were
identified in both cultivars, consisting of 110 known miRNAs and 81 no-
vel miRNAs; 181 miRNAs were common to the two cultivars. The
known miRNAs belonged to 35 families, which consisted of 23 con-
served and 12 unique families. Salinity induced the induction of 43 and 75
miRNAs in Suntop and Sunmate cultivars, respectively. Among them, 14
known and 29 novel miRNAs were expressed in Suntop and 37 known
and 38 novel miRNAs in Sunmate. In addition, seven miRNAs, including
tae-miR 156, tae-miR160, tae-miR171a-b, tae-miR319, tae-miR159a-b,
tae-miR9657, and miR59, whose target genes are SPL, SCL6, PCF5,
R2R3, and MYB CBL-CIPK, respectively, contributed to increasing the
salinity resistance of the Suntop variety.

It was found that under the influence of salinity, the tolerant variety
Suntop decreased the expression of miR156, which negatively regulated
the target gene SPL3. miR160, which targets auxin-responsive factor 8-
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like protein (ARF8), was down-regulated in Suntop and up-regulated in
Sunmate, which is associated with the down-regulation of ARFS.
miR171a and miR171b, which target the transcription factor SCL6, were
repressed in Suntop but activated in Sunmate. This study shows that
miR319 target gene — PCF5 can enhance salinity tolerance in Suntop.
Overexpression of miR319 in transgenic lines upregulates potassium
transporter genes, increasing K concentration TaHKT and TaAKT gene
expression. The regulation of miR159a-b and miR9657 was suppressed in
Suntop, thereby increasing the expression of their target genes, which en-
code MYB-related transcription factors. This suggests that MYB-related
transcription factors play a role in salt stress tolerance. Expression of a
novel miR59 targeting two genes, TraesCS6B01G465600.1 and Traes
CS6B01G465600.2, encoding CBL-interacting serine/threonine protein
kinase 7, was unchanged in Suntop but increased in Sunmate. The TaCB
L3-TaCIPK29 complex regulates the antioxidant system, and transporter
genes protect wheat from salt stress (Deng et al., 2013). Therefore, miR59
and its potential targets (CBL-interacting serine/threonine protein kinase 7)
also play a positive role in Suntop salt tolerance.

Temperature stress

The growth of plants and their productivity is affected by an impor-
tant ecological parameter — the temperature. Temperature stress can be
conditionally divided into hot and cold. miRNAs are directly involved in
adaptation to heat and cold stress, acting as post-transcriptional regulators
of gene expression (Alptekin et al., 2017; Zuo et al., 2021; Sun et al,
2022). Temperature stress-related miRNAs are believed to be involved in
the regulation of general stress-responsive genes, such as miR398, which
silences the superoxide dismutase genes CSD1, CSD2, and the copper
chaperone CSD, and is also involved in reducing the accumulation of
reactive oxygen species (ROS) (Song et al., 2019). Several miRNAS res-
ponsive to heat and cold stress have been identified and experimentally
characterized under different stress conditions in different wheat tissues
(Tang et al., 2012; Wang et al., 2012; Gupta et al., 2014). Altered expres-
sion of miR159, miR164, miR167, miR172, miR319 and miR398 was
found in response to both heat and cold stress (Gupta et al., 2014; Wang
etal,, 2014). Interestingly, several miRNAs showed opposite expression
patterns under heat and cold. For example, miR164, which targets heat
shock protein 17 (HSP17), is activated during cold stress but down-regula-
ted in response to heat stress in wheat (Gupta et al., 2014; Kumar etal.,
2015). Another wheat miRNA, miR319, which targets the transcription
factor MYB, also shows activated expression under cold stress but is
down-regulated under heat stress. The suppressed expression of miR160
and miR164 likely induces the expression of heat shock proteins and
maintains viability at high temperatures. Conversely, increased expression
of the same miRNAs during cold stress indicates a change in the regulato-
1y role of heat shock proteins under the influence of cold. Several miR-
NAs detected during both heat and cold exposure in different tissues show
similar expression patterns. For example, miR167, which targets auxin
response factor (ARF), and miR169, which targets nuclear transcription
factor Y (NF-Y), are up-regulated in wheat under both heat and cold stress
(Gupta et al., 2014; Kumar et al., 2015).

Many miRNAs are involved in heat stress response in wheat plants,
including miR 156, miR 159, miR172, miR396 (Wang et al., 2012; Gupta
et al,, 2014). Indian researchers described a tissue-specific expression pat-
tem of many miRNAs under heat stress in wheat, where miR3466,
miR5652, and miR5064 showed differential expression in root, stem, and
leaf tissues (Kumar et al., 2015). The activity of miR5652 was found to be
highly cultivar-dependent, as its expression had significant differences
between heat-sensitive and tolerant wheat cultivars. Wheat miRNAs
showed differential expression in response to heat stress (Xin et al., 2010).
Among 32 miRNA families, nine conserved miRNAs were sensitive to
heat. miR172 was significantly down-regulated, and miR156, miR159,
miR160, miR166, miR168, miR169, miR393, and miR827 were acti-
vated under heat stress. Indian scientists (Goswami et al., 2014) identified
several heat-responsive miRNAs in wheat using the Illumina Hiseq 2000
method. Validation of the identified miRNAs in endosperm tissues of
heat-tolerant (HD2985) and heat-sensitive (NJAW) wheat varieties using
real-time PCR revealed activation 4 miRNAs (miR156, miR167,
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miR395b and miR398) and down-regulation of 6 miRNAs (miR159a,
miR159b, miR160, miR171a, miR319 and miR1117) in response to heat
stress. Analysis of the identified miRNAs showed that their target genes
are HSF3, HSFA4a, HSP17, HSP70 and superoxide dismutase (CSD).
The expression of the identified target genes under heat stress (42 °C,
2 hours) increased by 2.34 and 1.33 times (HSF3); 2.45 and 1.44 times
(HSFA4a); 3.9 and 1.9 times (HSP17); 5.6 and 2.4 times (HSP70); 1.9
and 12 times (CSD); 2.7 and 1.6 times (catalase) in wheat varieties
HD2985 and NIAW compared to the control. Later, Kumar et al. (2015)
found 53 and 46 mature miRNAs in control and heat-stressed (42 °C, 2 h)
HD2985 wheat samples, among which 37 new miRNAs were identified.
Six novel miRNAs were confirmed to be heat sensitive.

In another study (Ravichandran et al., 2019), wheat miRNAs regu-
lated by heat stress were identified and their target genes related to thermo-
tolerance were confirmed. Leaf tissues collected from control and heat-
stressed Chinese Spring variety wheat plants were analyzed through 1 and
4 days after the stress period. They identified 202 mature miRNAs, of
which 36 were differentially changed over time in response to heat stress.
PARE sequencing confirmed the targets of miR156, miR159, miR166
and miR393 families, miR398 as a squamosa-like promoter binding pro-
tein (SPL), MYB transcription factor, leucine zipper homeobox protein,
and superoxide dismutase-responsive protein, respectively. Monocot-
specific miR528 was significantly activated after heat stress to regulate
antioxidant activity.

Down-regulation of miR159a, whose target gene encodes the trans-
cription factor MYB3, plays an important role in the response to cold
stress in wheat (Ma et al., 2015). miR394, miR397, miR319, miR396,
miR408, miR402 were found to be associated with cold stress response
via CBF-dependent pathway and ROS accumulation. The miR394-LCR
module is involved in plant cold stress response (Song et al., 2016). Chi-
nese researchers (Tang et al., 2012) performed deep sequencing of small
RNAs obtained from ear tissues of male-sterile wheat line TGMS under
cold stress and under control conditions and identified a total of 78 unique
miRNA sequences from 30 families and transactive small interfering
RNA (tasiRNA), derived from two TAS3 genes. They identified six
miRNAs and one tasiRNA (tasiRNA-ARF) as cold stress responsive
mRNAs in tissues ear of the TGMS line. These data indicated that
miR167 and tasiRNA-ARF play a significant role in the regulation of the
auxin signaling pathway and possibly in cold stress responses.

Conclusion

Today, RNAi has become an attractive tool, which is used not only to
decipher the function of important wheat genes, but also to obtain plants
with improved and new traits by manipulating both desirable and undesi-
rable genes. This technology is used to increase the nutritional value of
wheat grain, and is also used to obtain plants with increased resistance to
various abiotic (especially drought) and biotic stresses, such as attacks by
pathogens and pests (viruses, bacteria, fungi, insects and nematodes). Data
on the functioning of RNAi mechanisms allow the development of very
effective strategies for combating a complex of harmful organisms in ag-
rocenoses, which contributes to increasing the yield of this crop, while
avoiding the use of environmentally hazardous pesticides. The possibili-
ties provided by RNAI technology enrich the genetic pool of plants and
expand the range of traits that can be transferred by introgression of stable
transgenic RNAI plants into commercial crops, obtaining improved varie-
ties with many characteristics that cannot be obtained in one variety by
traditional breeding. The advent of advanced tools, such as microarrays
and deep sequencing, is expanding the application of RNAi for targeted
gene silencing to improve various wheat traits. This can also be achieved
by combining the beneficial properties of RNAi with other advanced and
innovative technologies such as gene pyramiding and gene editing. De-
spite some limitations, strategies for wheat improvement based on small
non-coding RNAs have enormous potential for increasing its productivity,
improving nutritional properties and resistance to environmental stressors.

The article was written within the framework of the project "Development of modem
methods of marker-associated selection and short interfering RNA technologies for
the creation of high-product varieties - innovations of winter wheat with improved
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grain quality, resistant to environmental stresses" of the target topic of the Cabinet of
Ministers of Ukraine "Support of priority for the state scientific research and scientific
technical (experimental) developments", budget program code 6541230.
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