International Journal of

K

Molecular Sciences

Review

Small Interfering RNAs as Critical Regulators of Plant Life
Process: New Perspectives on Regulating the Transcriptomic

Machinery

Marta Puchta-Jasiniska *

and Maja Boczkowska

check for

updates
Academic Editors: Kangdi Hu, Yi Han
and Fucheng Lin

Received: 24 November 2024
Revised: 20 January 2025
Accepted: 8 February 2025
Published: 14 February 2025

Citation: Puchta-Jasiniska, M.; Bolc,
P.; Pietrusiniska-Radzio, A.; Motor, A.;
Boczkowska, M. Small Interfering
RNAs as Critical Regulators of Plant
Life Process: New Perspectives on
Regulating the Transcriptomic
Machinery. Int. J. Mol. Sci. 2025, 26,
1624. https://doi.org/10.3390/
ijms26041624

Copyright: © 2025 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ / creativecommons.org/
licenses /by /4.0/).

, Paulina Bolc *

, Aleksandra Pietrusifiska-Radzio “/, Adrian Motor

Plant Breeding and Acclimatization Institute—National Research Institute, 05-870 Radzikéw, Poland;
a.pietrusinska@ihar.edu.pl (A.P.-R.); a.motor@ihar.edu.pl (A.M.); m.boczkowska@ihar.edu.pl (M.B.)
* Correspondence: m.puchta@ihar.edu.pl (M.P-].); p.bolc@ihar.edu.pl (P.B.)

Abstract: Small interfering RNAs (siRNAs) are a distinct class of regulatory RNAs in plants
and animals. Gene silencing by small interfering RNAs is one of the fundamental mecha-
nisms for regulating gene expression. siRNAs are critical regulators during developmental
processes. siRNAs have similar structures and functions to small RNAs but are derived
from double-stranded RNA and may be involved in directing DNA methylation of target
sequences. siRNAs are a less well-studied class than the miRNA group, and researchers
continue to identify new classes of siRNAs that appear at specific developmental stages
and in particular tissues, revealing a more complex mode of siRNA action than previously
thought. This review characterizes the siRNA classes and their biogenesis process and
focuses on presenting their known functions in the regulation of plant development and
responses to biotic and abiotic stresses. The review also highlights the exciting potential
for future research in this field, proposing methods for detecting plant siRNAs and a
bioinformatic pathway for identifying siRNAs and their functions.
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1. Introduction

Next-generation sequencing has facilitated the discovery of novel regulators of plant
development, namely non-coding RNAs. Non-coding RNA classes, which have many
vital functions in the cell, have received particular attention. In animals and plants, the
protein-coding regions comprise only a tiny fraction of the genome, and approximately
90% comprises non-coding regions [1-3]. Non-coding RNAs (ncRNAs) are molecules
derived from different areas in plant genomes and are a diverse family of RNA molecules.
Despite being transcribed by RNA polymerase, these molecules lack codons for protein
synthesis, differentiating them from regular RNAs [4]. One of the classification methods
for non-coding RNAs (ncRNAs) is based on their functional characteristics. They can be
subdivided into two primary categories: structural/housekeeping ncRNAs and regulatory
ncRNAs. Structural ncRNAs such as ribosomal RNAs (rRNAs), transfer RNAs (tRNAs),
small nuclear RNAs (snRNAs), and small nucleolar RNAs (snoRNAs) serve essential
structural functions within the cell. In contrast, regulatory ncRNAs, including small RNAs
(sRNAs), intermediate-size ncRNAs (im-ncRNAs), long noncoding RNAs (IncRNAs), and
circular RNAs (circRNAs), are crucial for gene regulation. Among these regulatory ncRNAs,
small RNAs form a subclass that is further divided into microRNAs (miRNAs) and small
interfering RNAs (siRNAs) [5]. Most non-coding RNAs have regulatory functions in
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response to changing environmental conditions or signals that trigger developmental
processes. They are usually tissue- and temporal-specific molecules.

Small interfering RNAs (siRNAs) are 21, 22, and 24 nt molecules. They are classified
into the classes of trans-acting siRNAs (tasiRNAs), phase-acting siRNAs (phasiRNAs), hete-
rochromatic siRNAs (hcsiRNAs), and natural antisense siRNAs (nat-siRNAs) (Figure 1) [6].
siRNAs are a subclass of small regulatory RNAs formed from RNA duplexes. Duplexes can
be formed during viral RNA replication by the transcription of inverted repeat sequences
or by the action of endogenous RNA-dependent RNA polymerases [7].
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Figure 1. The plant RNA universe: messenger RNA (mRNA), non-coding RNA (ncRNA), riboso-
mal RNA (rRNA), transfer RNA (tRNA), small nuclear RNA (snRNA), and small nucleolar RNA
(snoRNA), long noncoding RNA (IncRNA), intermediate-size ncRNA (im-ncRNA), micro RNA
(miRNA), small interfering RNA (siRNA), natural antisense siRNA (natsiRNA), trans-acting siRNA
(ta-siRNA), heterochromatic siRNA (hcsiRNA), phase-acting siRNA (phasiRNA).

Like miRNAs, siRNAs bind to proteins, thereby facilitating the degradation of com-
plementary mRNA molecules. This results in the cessation of translation [8,9] (Table 1).
The distinction between these non-coding RNAs is based on the structural differences
in their precursors, with siRNAs being formed from longer double-stranded RNA se-
quences [10,11]. In contrast to miRNAs, siRNA molecules are entirely complementary
to mRNAs [12,13]. Small RNAs repress gene expression at the transcriptional or post-
transcriptional level and have key functions in genome defense, growth, development,
disease, and the stress response [14,15]. siRNAs regulate gene expression through tran-
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scriptional or post-transcriptional gene silencing [16,17]. They are crucial in regulating
gene expression and are vital for plant development and responses to environmental
stresses [18,19]. In contrast to miRNAs, which are evolutionarily highly conserved, siRNAs
show a low degree of dependence on the dsRNA source [17,20]. To unambiguously deter-
mine the functions of both siRNAs and miRNAs, an analysis of the target genes regulated
by the molecules is crucial. Experimental studies are needed to confirm the results obtained
in the in silico analysis phase [9].

Table 1. The differences and similarities between siRNAs and miRNAs.

Category siRNAs miRNAs
Oriei Encoded by transposons, virus, Distinct genomic loci encoded by
rems heterochromatin their genes
8
sRINA molecules that include an
Biogenesis, precursor Long bimolecular RNA imperfect stem-loop secondary
structure
Processing enzyme Dicer-like enzymes
Accessory proteins lefere;};ﬁfiﬁ:/?gfrﬁ%rﬁi on the SE and HYL1 proteins
Length 21, 23,24 nt 18-24 nt
Associate with RISC to mediate Mediate the silencing of the same

Mechanism of action

mRNA TGS and PTGS mechanisms genes from which they originate

Working principle Function through RISC by complementarity targeting mRNA
. Partially complementary to the
Complementarity to targets Fully complementary to mRNA mRNA targets
. Low conservation, depending on the Highly conserved across plant
Sequence conservation 2
dsRNA source species
Epigenetic effects Induce TGS via DNA methylation Typically absent

2. Small Interfering RNAs Biogenesis

Dicer-like (DCL) proteins are closely involved in siRNA biogenesis. DCL proteins
can enzymatically cut double-stranded RNA (dsRNA) into short fragments [21,22]. Based
on a structural analysis and consideration of domain structure differences, four classes
of DCL proteins (DCL1, DCL2, DCL3, and DCL4) have been distinguished in model
dicotyledonous plant species, namely Arabidopsis thaliana L. Additionally, each protein class
has a distinct and specialized function [23,24]. DCL1 plays a pivotal role in the biogenesis
of microRNAs (miRNAs), which serve as post-transcriptional regulators of gene expression
in developmental and environmental adaptation processes [25]. DCL2 is responsible for
processing double-stranded RNA (dsRNA) into 22-nucleotide small interfering RNAs
(siRNAs) [26]. It plays a crucial role in antiviral defense and has functions similar to those
of DCL4 in transgene silencing [27,28]. Additionally, DCL2 produces secondary siRNAs
and transitive RNA silencing, enhancing other DCL proteins’ silencing efficiency [26,29].
DCL3 is a protein with a specific affinity for synthesizing 24-nucleotide siRNAs. This
synthesis occurs in two steps: firstly, dsRNA is transcribed from heterochromatic loci using
RNA polymerase IV, and secondly, the resulting dsRNA is converted into siRNA using
RDR2 [26]. So, DCL3 is involved in the production of 24 nucleotide heterochromatic siRNAs
(hc-siRNAs), and is involved in epigenetic regulation via RNA-directed DNA methylation
(RdDM) [7,30,31]. This function is critical for maintaining genome stability and regulating
gene expression at the transcriptional level [21]. DCL4 produces 21-nucleotide siRNAs,
and is vital for the plant’s ability to respond to viral infections effectively. It cleaves long
double-stranded RNAs into these smaller siRNAs, which can then guide the degradation
of complementary mRNA targets, effectively silencing viral genes. Additionally, DCL4 is
involved in the production of ta-siRNAs, which are crucial for regulating gene expression
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across different tissues [32-34]. PhasiRNA requires DCL2 and DCL4 for the vegetative
phase change and disease resistance [3].

Secondary siRNAs are produced from transcripts generated by RNA polymerase
II in response to the activation of another miRNA or siRNA (Figure 2). The primary
transcripts of secondary siRNAs are derived from PHAS or TAS loci. Precursors may
be either coding transcripts or long non-coding RNAs. The origin of phasiRNAs can be
traced back to genes from different protein-coding families. In contrast, IncRNAs serve
as precursors for both ta-siRNAs and reproductive phasiRNAs. These sequences contain
several twenty-nucleotide repeats [16,17]. In grasses, PHAS loci are mainly located in
intergenic regions. In dicotyledonous plants (e.g., A. thaliana), 21 nt phasiRNAs are also
generated from protein-coding genes [16].
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Figure 2. Biogenesis of siRNAs, ta-siRNAs and phasiRNAs in plants. Biogenesis involves the
transcription of the TAS and PHAS loci, cleavage of primary transcripts involving miRNAs or AGO
proteins, and the production of mature siRNAs incorporated into the RISC complex with AGO
proteins.
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Primary siRNA transcripts have a cap at the 5’ end and a poly(A) tail at the 3’ end. The
first step in siRNA maturation is cutting the primary transcript to 22 nt with miRNA/AGO.
During biogenesis, the presence of RAR2 polymerase is required. RAR2 recognizes the tran-
scripts and uses them as a matrix to synthesize complementary RNA strands. As a result,
multiple dsRNAs are formed from the original transcript. The DCL endonuclease trims
the dsRNA into 21 nt ta-si/phasiRNA (DCL2/4) or 24 nt phasiRNA (DCL3b). Argonaute
protein (AGO)-containing RISCs are incorporated into the duplex after one of the siRNA
strands is degraded. The 21 nt ta-si/phasiRNAs are linked to AGO1. The AGO proteins
that bind the 24 nt phasiRNA have yet to be fully understood, but recent studies suggest
that they may be AGO2b and AGO18 [18]. This detailed process of siRNA biogenesis
provides a comprehensive understanding of how these regulatory molecules are formed
and function in plants.

Ta-siRNAs are a group of endogenous siRNAs that act in trans to regulate the ex-
pression of genes other than their own. The 21 nt long ta-siRNAs are generated from
non-coding transcripts derived from TAS (trans-acting siRNA) genes by specific cleavage
directed by miRNAs [35]. The cleaved ta-siRNA precursors are bound and stabilized by
the gene silencing 3 (SGS3) suppressor and further synthesized into double-stranded RNAs
by RDR6 [36,37]. Double-stranded RNAs are cleaved multiple times by DCL4 mediated
by miRNAs. The resulting siRNA is a 21-nucleotide staged siRNA (ta-siRNA). Mature
ta-siRNAs are incorporated into the AGO-RISC complex, cleaving target mRNAs or in-
hibiting translation [38,39]. Associated with the siRNA biogenesis process is the DCL
ribonuclease, which acts by cleaving siRNA precursors into short duplexes that function
as negative regulators of gene expression after binding to effector complex proteins and
cleavage. Ta-siRNAs in complex with AGO1 or AGO? proteins regulate the expression of
target genes by inducing the truncation of their transcripts [40].

A specific group of plant siRNAs is the nat-siRNAs, derived from duplexes of RNA
molecules that are synthesized in opposite directions on a matrix of one or two partially
complementary loci [41,42]. The production of one of the transcripts is continuous, whereas
the synthesis of the other transcript is induced by changing environmental conditions
and pathogen infection [43]. The synthesized sequences form complementary ends of
transcripts that are elongated by RdR6 polymerase and then cleaved into short dsSRNAs
with the participation of DCL1 and DCL2 [19].

3. Mechanisms of siRNA Activity

mRNA silencing is an evolutionarily conserved pathway of sSRNA sequence-specific
gene interactions. Initially identified as an immune mechanism, it was later found to
regulate growth stress responses and chromatin organization [44,45]. RNA silencing
can occur via transcriptional gene silencing (TGS) or post-transcriptional gene silencing
(PTGS). The active involvement of small interfering siRNAs was identified by analyzing
the silencing pathways (Figure 3) [17]. Depending on their length, individual siRNA
fragments have different functions at the mRNA level and in the epigenetic regulation
of DNA (DNA methylation, histone modification, and gene silencing) [46]. The results
of siRNA action are mRNA degradation, translational repression, histone methylation,
or modification, depending on the effector complex’s protein composition and the target
sequence’s nature [47,48].
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Figure 3. Mechanisms of the transcriptional gene silencing (TGS) or post-transcriptional gene
silencing (PTGS) of siRNA-directed genes in plants.

The silencing of genes by PTGS results from mRNA degradation after transcription.
The degradation of the mRNA results in the down-regulation of the proteins encoded by
the cleaved transcripts. This process is initiated by a complementary siRNA of 21-24 nt.
The siRNA molecule is incorporated into the RISC complex to initiate the cleavage process,
which recognizes the target mRNA and prevents its translation [49]. The cleavage site is
usually between the AGO protein’s 10th and 11th nucleotide positions. Although siRNAs
are double-stranded, only one strand is loaded into the RISC silencing complex and can
exert a silencing effect, similar to miRNAs. The thermodynamic stability of the 5" ends of
the duplex determines which strand is incorporated into RISC [50,51]. Histone modifica-
tions and DNA methylation mediate the TGS-based silencing mechanism. Twenty-four nt
long siRNAs incorporated into AGO-RdADM protein complexes recognize complementary
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DNA sequences. The RdADM complex directs methyltransferases that methylate cytosines
and lead to changes in chromatin structure. Histone modifications leading to the formation
of a form of chromatin inaccessible to the transcriptional process also occur at the target
sites of the sequences. Deposition of the active RISC complex within skeletal RNA recruits
DRM2 methyltransferase, which initiates DNA sequence methylation [52,53]. AGO-siRNA
complexes interact with RNA Pol V and its transcripts, initiating DNA methylation and
participating in chromatin remodeling [19]. Sequences containing methylated cytosines are
bound by enzymes involved in the epigenetic modification of histones (histone deacety-
lase, histone methyltransferases, K3K4-specific demethylase JUMON]I 14, and SWI/SNF
family ATPase complexes). As a result of these epigenetic modifications, siRNAs mediate
heterochromatinization of target DNA sequences [54].

RNA silencing was first discovered by Palaqui et al. in nitrate transgenic tobacco
(Nia gene), where nitrogen inaccessibility and leaf chlorosis were the results [55]. The
mobile nature of RNA silencing was first observed in the phloem sap of cucurbits, where
it was proposed that all classes of siRNAs are capable of movement [56]. Plants use both
canonical and non-canonical mechanisms of DNA methylation for epigenetic regulation.
The non-canonical process, dependent on the RADM machinery, uses siRNAs to direct de
novo methylation, particularly of transposons and repetitive DNA. Switching between
pathways occurs in response to siRNA levels and chromatin modifications, allowing plants
to control gene expression through DNA methylation [43] dynamically.

4. Plant Development and Growth

During plant growth and development, the level of DNA methylation in various cell
types and tissues is tightly controlled to prevent abnormal growth. PTGS and TGS mech-
anisms controlled by siRNAs counteract dynamic changes in gene expression levels [26].
The best-known mechanism of action of ta-siRNAs in A. thaliana is the regulation of somatic
tissues [19]. On the other hand, in addition to the 24 nt siRNAs, the phasiRNAs play a
specific role in the processes of sexual reproduction in plants. In monocotyledonous plants,
reproductive 21 nt and 24 nt phasiRNAs play a particular role in this process [17]. Their
roles are incompletely understood, but studies of maize and rice mutants indicate a critical
role in male fertility [57]. In maize, the production of 21 nt phasiRNAs has been observed
in other epidermal cells before meiotic entry. These phasiRNAs are bound by the AGO1
reproductive line-specific MELI (meiosis arrested at leptotene 1). PhasiRNA levels decrease
during further development. In contrast, tapetum cells synthesize 24 nt phasiRNAs during
meiosis [58]. The movement of siRNAs after fertilization provides a unique opportunity
for the maternal genome to respond to endosperm signals (e.g., growth and developmental
rate) and potentially influence gene expression to maximize embryo success. It has been
shown that siRNAs affect gene expression in Brassica rapa ovaries [59].

Both the 21 nt and 24 nt phasiRNAs are mobile and move toward the center of the
anther after they are synthesized. Disorders such as excess number or an absence of
meiocytes and abnormal tapetum differentiation result from the absence of phasiRNAs.
The lack of differentiated microspore mother cells was mainly found in 24 nt phasiRNA
mutants, indicating their crucial role in generative cell reprogramming. Wu et al. (2020),
analyzing SKI2 and DCL4 mutants in A. thaliana, observed the involvement of 22 nt siRNAs
in growth regulation and plant adaptation to environmental conditions. A. thaliana mutants
with inhibited 22 nt siRNA synthesis showed the inhibition of root growth and delayed
seedling development in soil [60]. The induction of 22 nt siRNA under drought stress
caused translation slowing and inhibited plant growth. There are no conclusive studies
to determine how 22 nt siRNAs mediate translational repression. It is speculated that
the AGO1-22 nt siRNA complex interacts with ribosome function [60]. Through their
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interaction with miRNAs and hormone signaling in feedback loops, ta-siRNAs may be
involved in seed maturation and germination. This is a relatively understudied aspect,
and the molecular network of small RNA interactions affecting seed germination and
dormancy remains a topic requiring further research [61]. In Larix leptolepis, the regulation
of dormancy is associated with changes in the siRNA population [62]. Dormant embryos
showed an increased accumulation of 24 nt siRNAs, whereas germinating seeds showed
an increased presence of 21 nt siRNAs. The researchers suggested that the changes were
related to the expression levels of the RDR2 and RDR6 genes [62]. In A. thaliana, the ta-
siRNA-ARF module involves leaf morphology, developmental transformations, embryo
development, responses to environmental stress, and flower and root morphology. Defects
in TAS3-ta-siRNA biogenesis result in an accelerated transition to the generative plant
stage and abnormal flower development [63]. TAS4-ta-siRNAs of A. thaliana cleave the
transcripts of the MYB-90, MYB-75, and MYB-113 genes and are thus involved in the
anthocyanin accumulation pathway in leaves [29]. PhasiRNAs initiated by miR393 and
miR3953 have been localized in auxin signaling pathways. They are involved in the
transcription of TIR and AFB2 genes in Citrus and Litchi to regulate flowering [64]. Studies
in A. thaliana and rice indicate that subepidermal cells surrounding the tetrad produce
24 nt siRNAs that, in complex with AGO4-5, control female gametophyte development and
differentiation [65]. miR390, identified in A. thaliana by the RNA induction of TAS3, initiates
ta-siR-ARF formation [66,67]. The resulting siRNAs mediate the regulation of the transcript
levels of the ARF2, ARF3, and ARF4 genes, thereby regulating normal root development
and leaf and flower formation [68,69]. The down-regulation of ARF2 expression by siRNAs
results in a delay in flowering, the senescence of rosette leaves, abscission of floral organs,
and opening of siliques [70]. Glazinska et al. (2019) suggested in their study that the miR390
pathway, ta-siR-AREF, plays an essential role in plant development [67,71]. The regulation
of ARF2, ARF3, and ARF4 levels by ta-siR-ARF plays a vital role in developing lateral
organs such as roots and leaves [68]. In A. thaliana, expression of the TAS3 gene occurred
in the upper part of the leaf. Ta-siR-ARF molecules exhibited the ability to move between
cells, thus creating a gradient of their concentration in the lower part of the developing
organ. This gradient was translated into the level of ARF3 gene transcripts. The expression
of miR390 was observed during the initiation of lateral root formation, which correlated
with local ta-siRNA synthesis. The ta-siR-ARFs formed in the lateral root inhibited the
activity of ARF2, ARF3, and ARF4, thus promoting this organ’s growth. The inhibition of
AREF activity affected the average level of miR390 through a feedback loop [72]. Studies
of the changes that occur in the embryonic shoot apical meristem (SAM) have shown that
in Oryza sativa, the SHL4/SHO2 gene (shootless 4/shoot organisation 2) encodes an AGO7
ortholog, which is also found in A. thaliana. Mutations in this gene have been shown to
affect leaf development through the ta-siRNA pathway. This pathway regulates a critical
step in SAM formation during embryogenesis in O. sativa. Mutations in the AGO5 gene in
Glycine max resulted in the production of seeds with a saddle-shaped coloration pattern,
and this effect affected the spatial distribution of siRNAs regulating the expression of the
CHS (chalcone synthase) gene, which encodes chalcone synthase involved in the flavonoid
synthesis pathway [23]. ARF2, ARF3, and ARF4 are down-regulated by ta-siRNA TAS3,
which is involved in forming shoot apical meristems. TAS3 aggregation is regulated during
embryogenesis in the SAM [73,74].

5. siRNA Network Mechanisms in the Stress Response

Small interfering RNAs play a crucial role in plant development, including regulating
gene expression during environmental stress and defending plants against pathogens.
Small interfering RNAs work by silencing specific genes, allowing plants to control growth
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and development processes and respond effectively to environmental stresses and viral
infections. In addition, siRNAs protect the plant genome from the uncontrolled mobiliza-
tion of genetic elements by playing an essential role in silencing transposons. As a result,
siRNAs enhance the adaptability of plants, promoting their survival and genetic stability.
The main mechanisms of siRNA action at the plant level are described below.

5.1. siRNA-Induced Response to Abiotic Stress

It has been hypothesized that the information accumulated during the lifetime of an
organism is passed on to progeny via siRNAs that appear in response to environmental
stimuli and form the so-called “environmental memory” or “plant immune memory,”
which is transmitted epigenetically [75]. siRNAs play an essential role in the adaptation
to environmental conditions by degrading or silencing transcripts that confer tolerance to
abiotic stresses.

It has been observed that siRNAs identified in Hordeum vulgare control the response
to drought stress during grain filling by targeting HvCKX2.1 (cytokinin oxidase 2.1). Cy-
tokinin oxidase was shown to be involved in cytokinin degradation and control of the
germination time. During drought stress at the immature stage of the grain, there were
increased production of 24 nt siRNAs and, increased levels of DNA methylation in the
HvCKX2.1 promoter region, thereby, affecting the rate of germination and shoot emergence
through the accumulation of cytokinin ribosides [76]. In Bruguiera gymnorrhiza, TAS3-ta-
siRNNAs were found to be involved in the adaptation to stress conditions. In H. vulgare
and Triticum aestivum, 24 nt phasiRNAs accumulate before the onset of meiosis, where
AGOE6 proteins probably bind them. These phasiRNAs maintain male fertility during envi-
ronmental stress [77]. In their study, Borsani et al. (2005) observed a role for nat-siRNAs
in the osmoprotection of Arabidopsis during salt and oxidative stress, which was related
to the synthesis of nat-siRNAs from SRO5 and P5CDH gene transcripts [78]. Under salt
stress, a 24 nt nat-siRNA corresponding to the SRO5 mRNA is produced. The synthesized
24 nt nat-siRNA degrades the P5CDH transcript, leading to the accumulation of proline
and consequently increasing the tolerance of plants to salt stress [78]. Reduced PSCDH
activity led to the accumulation of toxic P5C, which was counteracted by the SRO5 protein
with detoxifying activity in the mitochondria [78]. The researchers demonstrated the in-
volvement of the nat-siRNA SRO5-P5CDH as part of a regulatory loop that plays a role in
the response to salt stress and the production of ROS [78]. The level of small non-coding
RNAs was observed in T. aestivum seedlings during cold, heat, drought, and salinity stress.
Changing expression levels of four siRNAs were observed: siRNA 005047_0654_1904.
One was up-regulated by cold stress and down-regulated by heat, salinity, and drought;
siRNA080621_1340_0098. One was up-regulated by cold and down-regulated by heat;
siRNA002061_0636_3054. One was down-regulated by heat, excessive salinity, and drought
stress, and siRNA007927_0100_2975.1 is down-regulated by salinity and cold drought
stress [79]. TAS1, TAS2, and TAS3 ta-siRNA transcripts showed increased expression in
A. thaliana subjected to hypoxia [80]. TAS transcript levels were reflected by increases
in miR-173 and miR-390 expression. The highly expressed miRNAs interacted with the
pentatricopeptide repeat (PPR) proteins family. These proteins inhibit cytochromes and
respiratory pathways in mitochondria [80]. However, in sweet potato, miR828 accumulates
in wounded leaves, producing phasiRNA from its targets IbMYB and IbTLD, which func-
tion in cis to enhance their silencing. Finally, suppression of IbMYB and IbTLD increases
lignin and hydrogen peroxide (H,O,) levels, protecting the plant from damage [81]. A
siRNA has been identified in Craterostigma plantagineum that is induced during dehydration
and may contribute to drought tolerance [82]. ABA induction and dehydration activate
siRNA synthesis. The siRNA corresponds to the CDT-1 locus (constitutively tolerating
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desiccation-1) [40]. The involvement of nat-siRNAATGB?2 interacting with ETI (effector-
induced immunity) via the R gene in response to environmental stress was observed by
Katiyar et al. (2006). The induction of nat-siRNAATGB2 inhibits the expression of PPRL
family genes, which are negative regulators of ETI [83]. siRNAs accumulate in response to
infection with the Heterodera schachtji nematode; researchers observed a marked increase in
the expression of siRNA9, siRNA41, and siRNA46 [84].

5.2. siRNA-Induced Response to Biotic Stress

Plants are constantly exposed to various infections (viruses, bacteria, and fungi) at
every life cycle stage. In an immune response, plants have developed complex and precise
defense mechanisms against pathogens [85,86]. siRNAs are primarily known for their role
in silencing viral RNAs. However, the recent discovery of cross-species RNA interference
(RNAI) has revealed an essential role for siRNAs in suppressing cellular pathogens. Recent
evidence supports a novel mode of action for endogenous plant siRNAs, specifically in
suppressing fungal infections by silencing pathogen genes. These studies suggest that
siRNAs, typically composed of a mixture of different sequences, are used as a “shotgun”
approach to target pathogen genes randomly but effectively. However, many aspects of
cross-species RNAI still need to be clarified. The plant produces siRNAs that enter the
fungal cells and silence the genes responsible for its virulence or ability to cause disease.
This mechanism enables plants to defend themselves more effectively against fungal
pathogens, reducing their abilities to cause infection and disease [87,88].

The first identified endogenous plant siRNA associated with biotic stress was nat-
siRNA/ ATGB2, which regulates resistance gene-dependent effector-triggered immunity.
This suggests that siRNAs may modulate the expression of pathogen-resistance genes [89].
The discovery of nat-siRNA /ATGB2 has been crucial in studying plant resistance to biotic
stress. This siRNA is essential in regulating ETI-induced resistance, a plant defense mech-
anism activated by pathogen-effector proteins. The discovery suggests that siRNAs can
not only silence the genetic material of foreign pathogens but also regulate the expression
of genes in plants responsible for resistance to pathogens of different spectra, including
bacteria, viruses, and fungi. Regulation by nat-siRNA /ATGB2 opens up new possibilities
for modifying the resistance of all useful plants to increase their protection/tolerance to
pathogens [89,90].

5.2.1. siRNAs in Pathogen Infection

Studies have shown that the miRNA-phasiRNA pathway in plants can act as a regula-
tory center controlling growth and disease resistance. This includes controlling defense-
related genes and mediating communication between the plant and the attacking pathogen.
An example is research into disease resistance in legumes, where PHAS loci have been
detected on mRNAs encoding several nucleotide-binding proteins with leucine-rich re-
peats (NBS-LRR) [91]. Studies have shown that sSRNAs negatively regulate R NBS-LRR
genes responsible for plant protection against pathogens [26]. The parasitic Cuscuta, which
absorbs water and nutrients from mother plants, showed high levels of 22 nt miRNAs that
target transcript degradation in Arabidopsis and Nicotiana tabacum, thereby affecting the
production of secondary phasiRNAs. The phasiRNAs produced provide a mechanism
for transgene regulation that allows the plant to adopt a parasitic lifestyle [92]. AGO7 in
Arabidopsis has been shown to play an important role in plant-pathogen interactions. AGO?7
mutants were found to be more susceptible to the fungal pathogen Verticillium [93]. AGO7
was observed to be involved in the symbiosis of rhizobia with legumes in Lotus japonicas.
AGQ7 is required for the biogenesis of TAS3 ta-siRNAs. These are involved in developing
nitrogen-fixing papillae in plant roots [93]. The bacterial pathogen Pseudomonas syringae pv.
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tomato carrying the AvrRpt2 effector strongly induces the plant nat-siRNAATGB2, which
regulates plant immunity [83]. It has been observed that phasiRNAs control the expression
of NLR genes. After pathogen infection, 22 nt miRNAs and phasiRNAs are downregulated.
This leads to NLR regulation and subsequent activation of the immune response. The AGO1
protein is mainly associated with a 21-22 nt miRNA and a 5'-terminal uridine siRNA. AGO1
loss-of-function mutants showed an impaired PTI response against bacterial pathogens
in A. thaliana [94]. RDR6 was shown to be essential for the activation of secondary siRNA
production and the amplification of shi2-rol silencing signals. The OsRDR6 mutant of rice
showed enhanced necrosis after inoculation with Xanthomonas oryzae pv. oryzae, confirming
the positive role of RDR6-dependent siRNAs in bacterial defense [95]. NB-LRRs are intra-
cellular immune receptors. They recognize pathogen effectors and trigger plant immune
responses. Without pathogens, NB-LRR transcripts are repressed by miRNA-triggered and
RDR6-dependent secondary siRNAs [17]. In Solanum lycopersicum, the miR482 /2118 family
represses NB-LRR. Interference with miR482 /2118 increased resistance to P. syringae [96].
Disruption of the miR472-RDR6 silencing pathway in Arabidopsis, which is required for
NB-LRR gene repression, increased plant defense against P. syringae [97]. The crpl abal
mutant of Arabidopsis, SNC1, an R protein, showed excessive accumulation in the nucleus.
This led to a global reduction in NB-LRR-derived miRNAs and secondary siRNAs. This,
in turn, increased resistance to P. syringae [98]. Transgenic barley and wheat expressing
artificial siRNAs targeting the fungal effector gene AvralO showed increased resistance
to Blumeria graminis, an obligate biotrophic fungal pathogen that causes powdery mildew
disease [99]. Plant SRNAs are transferred to invasive fungi, oomycetes, and parasitic plants,
subsequently silencing parasite virulence genes and conferring immunity [2,100,101].

5.2.2. siRNAs in Viral Infection

In 1999, viral siRNAs (vsiRNAs) were discovered in tobacco plants infected with
the potato virus X [102]. Over the past two decades, RNAi has emerged as a promising
and innovative tool in crop protection. It represents an exact and sustainable approach
to controlling pests, pathogens, and other plant threats [103,104]. Antifungal activity
was observed in studies on Cucurbita pepo L. and Cucumis melo L., where siRNA was
used against the pathogen B. cinerea in the form of packed synthetic liposomes [105].
The vsiRNAs are derived from dsRNA precursors produced as intermediate replicative
RNA virions or by bidirectional transcription of circular DNA virions [106]. Plant DCLs
can directly recognize viral dsRNAs to produce primary siRNAs of 21-24 nt in length.
To enhance the silencing signal, secondary siRNAs are processed by DCLs from long
dsRNAs synthesized by RDR [102,107]. Secondary siRNAs can be loaded into AGOs to
induce the degradation of single-stranded viral RNAs. Studies have shown that 21 nt
siRNAs, mainly produced by DCL4, are the primary class of siRNAs that specifically
silence viral RNAs via PTGS [26,108,109]. The critical importance of vsiRNAs for plant
cells in degrading the viral genome and enhancing plant antiviral immunity has been
observed. Some vsiRNAs can silence host gene expression or regulate host resistance to viral
infection. The tomato yellow leaf curl virus (TYLCV) produces vsiRNAs by bidirectional
RNA transcription from a short intergenic region. These vsiRNAs are used by TYLCV to
silence SILNR1. This gene is involved in antiviral defense in S. lycopersicum [110]. Another
example is vsiRNAs derived from Wheat Yellow Mosaic Virus (WYMYV). These vsiRNAs can
activate broad-spectrum plant immunity by down-regulating host genes [111]. Transgenic
T. aestivum expressing vsiRNA1 showed increased resistance to viral infection. Further
studies showed that vsiRNA1 silenced the Triticum aestivum thioredoxin-like (TnAAED1)
gene, specifically to increase reactive oxygen species (ROS) production in a dose-dependent
manner [111]. Another group of siRNAs involved in antiviral defense are virus-activated
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siRNAs (vasiRNAs), first identified in Arabidopsis. The vasiRNAs are mostly 21 nt long,
genetically distinct from endogenous host siRNAs, and require DCL4 and RDR1 for their
production. The vasiRNAs are generated from regions of host gene exons, although their
role in modulating antiviral immunity remains unknown [112]. A recent study found that
two Brassica species i.e., Brassica rapa and Brassica napus, also produce vasiRNAs [28]. The
identified vasiRNAs interacted with target genes involved in photosynthesis and the stress
response. Taken together, these studies suggest that they are involved in antiviral protection.
Plant sSRNAs, unbound and bound to RNA-binding proteins and encapsulated in vesicles,
can move short distances through plasmodesmata, long distances through the phloem
system, and even between species [113]. In tobacco, nat-miR6019 cleaves the tobacco
mosaic virus resistance N gene [114]. The expression of some NLR and PRR family genes
was suppressed by 22 nt miRNAs and secondary phasiRNAs in the absence of pathogens.
This was performed to avoid autoimmune reactions and for energy consumption for plant
growth [114].

6. Methods of siRNA Identification and Analysis

One method for siRNA detection is a pattern analysis based on Northern blot analysis,
but the disadvantages of the presented technique are that it is time-consuming and has
low sensitivity [115,116] (Figure 4). One of the most important steps is to obtain high-
quality RNA from samples containing a fraction of sSRNAs. The method involves the
isolation of total RNA followed by electrophoretic separation in a polyacrylamide gel under
denaturing conditions. Denaturation is achieved by adding urea, preventing secondary
structure formation. The RNA is then transferred to a nitrocellulose or nylon membrane
by electrotransfer or a capillary method. The siRNA sequences are hybridized to comple-
mentary probes on the membrane. The probes are either fluorescently or radioactively
labeled, and the reaction conditions are controlled to match the thermodynamic properties
of the probes. For detection, unbound probes are removed, and the image is developed on
autoradiographic film or by fluorescence detection [115].

Another method used in siRNA research is RT-qPCR [117]. This method is used for
the quantitative detection of siRNAs. It is one of the most sensitive methods and allows
the analysis of siRNA expression levels even at deficient concentrations. The study is
performed in several steps: isolation of RNA and reverse transcription to convert siRNAs
into cDNAs. A critical step is the selection of sequence-specific primers due to the small
size of siRNAs. The next step is the gPCR reaction. The amount of siRNA expressed is
determined by detecting the fluorescence signal. This method has been used to study
ta-siRNA and siRNAs in rice [117].

An alternative technique for detecting siRNAs in cells, tissues, and subcellular areas is
in situ hybridization (ISH) [94]. The standard ISH method consists of tissue preparation by
fixation, e.g., formaldehyde and embedding in paraffin. Choosing a process that protects the
siRNAs from degradation is extremely important when performing siRNA fixation. Short
probes designed as complementary sequences to the siRNAs are used for visualization. The
probes are fluorescent or enzymatically labeled. The use of enzyme-labeled probes requires
a subsequent staining and detection step. The prepared probes are then hybridized to the
target siRNAs. It is essential to denature the probes to avoid double-stranded structures.
Signals are detected by fluorescence or light microscopy to determine the exact location
of the siRNAs. The method is beneficial for assessing the contributions of siRNAs to the
responses to environmental stress and pathogen infection. It allows one to determine the
location in the tissue where the siRNAs under investigation are activated [94].
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Figure 4. General experimental methods for analyzing siRNAs.

An immunological method can be used to detect plant siRNAs. This method is based
on the antigen—antibody ELISA (enzyme-linked immunosorbent assay) reaction [118]. The
assay detects proteins and antigens and allows an indirect analysis of proteins typical of
siRNA biosynthetic pathways such as DCL and AGO. Protein-specific antibodies bind to
specific protein antigens, and then labeled secondary antibodies are added to generate a
signal that is measured fluorescently or spectrophotometrically. This method was used by
Shivaprasad et al. (2008) to investigate the role of AGO proteins in pathogen resistance.

Currently, the most widely used method for siRNA detection is SRNA-Seq [119]. The
first step is isolating a fraction of small RNAs from plant material to which adaptors are
ligated. The adapter-ligated RNA is reverse transcribed, followed by the amplification
and final purification of NGS libraries. Sequencing is performed on the [llumina platform
in the final step, generating reads of approximately 36 bp. The analysis allows for high
sensitivity, generating millions of short reads in the fastQ file format [119]. A critical step
in siRNA detection based on sSRNA-Seq is to perform bioinformatic analyses. They allow
the evaluation of the expression level and the prediction of the function of the identified
siRNAs.

The identification of siRNAs by a bioinformatic analysis in plants is a subject that
requires further development and standardization. The extant literature merely mentions
the methods used in siRNA analyses, with no comprehensive methodology for handling
this data type. Consequently, there is a necessity for the formulation of more precise and
formalized guidelines for the execution of this analysis. The most significant challenge
is to characterize those reads that may represent potential siRNAs and then predict their
functions in the organism. Researchers have attempted to present different approaches to
address this problem. Below are some selected approaches to siRNA identification.

A decade ago, Thiebaut et al. [120] decided to predict siRNA candidates in maize using
the sSRNA reads remaining after miRNA identification by the UEA sSRNA Workbench. This
protocol provides a comprehensive tool for siRNA analysis. The confirmation of sSRNAs
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belonging to siRNAs was performed in two ways. The first was based on identifying
siRNAs bound to repeats, while the second was linked to CDSs (coding DNA sequences).

In 2018, Mediana et al. proposed using the ShortStack tool to locate siRNA-containing
loci. These were then used to search the coordinates to identify common clusters between
the libraries. Only regions present in at least two of the three libraries were used for further
expression analysis, allowing the location of differentially expressed clusters to be identified
directly in the gene or at its predicted location [121].

Ge et al. and Ahmed et al. [122,123] performed siRNA identification based on two
main criteria. For the sSRNA reads obtained after the filtration, mapping, and removal
of other structural RNA types, siRNA characterization was based on the number of a
given read in the sample, which had to be greater than five, and the presence of two
complementary overhanging bases. Ge et al. identified 861 differentially expressed siRNAs
and 576 DE-siRNA target genes affecting callus development. In comparison, Ahmed et al.
characterized 795 differentially expressed siRNA target genes for the Chinese cabbage heat
stress response [122,123].

In 2022, Lei et al. presented an approach that uses the presence of NAT (natural
antisense transcript) regions to identify siRNAs. Based on the assembled transcriptome,
they set out to localize nat-siRNA fragments in soybeans. For this purpose, the NATpipe
tool was used, which provides a ready-to-use protocol for the prediction of nat-siRNA loci
and the search for phased sRNAs [124]. In addition to nat-siRNA predictions, SRNA reads
were also screened for the presence of phasiRNAs using PhaseTank [125]. This allows the
characterization of phasiRNAs and ta-siRNAs and provides comprehensive annotation for
the identified genes [126]. Using this approach, the authors were able to detect a total of 26
novel siRNAs, including 17 phasiRNAs and 9 nat-siRNAs [125].

The 2023 article by Fu et al. performed siRNA identification without using additional
criteria to confirm that a particular read belonged to the siRNA family. The focus was
mainly on eliminating structural RNA from the filtered SRNA. The remaining reads were
mapped to the wheat reference genome. This approach identified a total of 4019 siRNAs
with a high level of confidence [127].

The present review of the available literature confirms the diversity of approaches to
siRNA identification in plants. The methods proposed by the authors differ in the steps,
criteria, and bioinformatic tools used. However, a general protocol can be established based
on these studies, which may be helpful in planning analyses related to siRNA identification
(Figure 5).

The first step in the analysis is to check the quality of the reads obtained from se-
quencing. Illumina platforms are still subject to a specific error level; minimizing this
before analyzing the data is critical for receiving reliable results. Therefore, quality control,
removal of reads, and disposal of adapters should be performed first. All other structural
RNAs (e.g., TRNA) are removed from data prepared this way. Available databases such
as Rfam, RNACentral, and NCBI, from which known plant RNA family sequences can be
extracted, will help with this. Once reads that do not belong to the sequences available in
the databases have been identified, they can be mapped to a reference genome. The next
step is to optionally analyze the differential expression of the identified siRNAs and predict
target genes that may be affected by specific siRNAs. Several tools are available for siRNA
target prediction. These include the psRobot tool, psRNATarget, and TargetFinder. The
final step is to perform GO and KEGG enrichment analyses to determine which functions
are affected by each identified siRNA.
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Figure 5. General protocol for siRNA identification.

7. Future Directions in Plant siRNA Research

As was outlined above, siRNAs represent critical components of post-transcriptional
gene regulation in plants, playing pivotal roles in development, the stress response, and
defense mechanisms. Recent advances in RNA interference research have expanded our
knowledge of their biogenesis, molecular functions, and agricultural applications. However,
several challenges and knowledge gaps remain.

siRNAs have a major impact on plant stress memory, a phenomenon whereby plants
‘remember’ previous stress events and respond more robustly to subsequent stress. Through
mechanisms such as RNA-directed DNA methylation (RdADM) and chromatin remodeling,
these molecules regulate stress-responsive genes [128,129]. A fundamental element to
consider is the investigation of the longevity and reversibility of RNA-mediated epige-
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netic modifications across generations. Indeed, this is imperative for comprehending the
potential of stress memory in long-term adaptation. Consequently, multi-generational
studies of model plants and crops exposed to various stresses should be initiated. This
type of analysis is essential to ascertain the duration of such changes in stress memory.
Nonetheless, research involving non-model species that exhibit longer life cycles may be
impeded by the prevailing paradigm of short-term research funding (typically 3-5 years),
as it is crucial to identify factors that facilitate the reversal of epigenetic modifications. This
will enhance our comprehension of the mechanisms that regulate the transmission of stress
memory from one generation to the next, paving the way for the development strategies to
augment the stability of beneficial epigenetic modifications in plant breeding programs. It
is also important to consider the potential for further exploration into the temporal dynamic
interactions between methylation and histone modifications mediated by siRNAs. This
could facilitate a comprehensive understanding of stress memory maintenance. However, it
is necessary to develop computational models to predict the interactions between different
epigenetic marks in stress memory formation to achieve this. Consequently, this could
result in the availability of arrays of epigenetic editing tools to manipulate stress memory
in crops. Considering the points above, it is evident that further detailed profiling of stress-
specific siRNAs is of significant importance. Such detailed profiling is crucial to facilitate
an understanding of how plants adapt their responses to different types and intensities of
stress. One potential outcome of this type of research could be the development of atlases
of stress-specific siRNAs for major crop species. Furthermore, such information could be
translated into developing diagnostic tools to assess the plant stress status based on siRNA
profiles. To provide a more complete picture of the regulatory networks of plant responses
to stress and the formation and maintenance of stress memory, further knowledge of the
interactions between siRNAs and other non-coding RNAs is required. This can be achieved
by conducting integrated analyses of siRNAs, and miRNAs, IncRNA expression patterns,
and transcription factors. This approach offers the potential to identify novel RNA-based
mechanisms that fine-tune plants’ stress responses and develop RNA-based strategies to
enhance plant resistance to stress. Undoubtedly, the ultimate goal of such research is to
develop strategies to use siRNA-mediated stress memory to enhance crop resilience and
productivity. Both collections clustered in gene banks, which allow testing for natural
variation in the siRNA-mediated stress memory capacity, and modern genetic engineering
and gene editing techniques to enhance siRNA production or stability in stress-responsive
pathways can play a significant role in it. This work could be of great utilitarian importance
to the human species in an era of intense climate change. It is conceivable that, due to the
knowledge accumulated during basic research, new crop varieties with enhanced stress
memory and increased resistance to multiple stresses will be developed, or new agronomic
practices that exploit siRNA-mediated stress memory for sustainable agriculture will be
developed. By pursuing these lines of research, scientists can greatly expand our knowl-
edge of siRNA-mediated stress memory in plants. This knowledge will be essential for
developing innovative approaches to improve plant stress tolerance and yield, meet the
challenges of changing environmental conditions, and ensure global food security. The
utilization of siRNAs in the domain of crop improvement represents a rapidly expanding
area of the research endeavor. This technological advancement has elicited resistance to
viral, bacterial, and fungal pathogens and augmented tolerance to abiotic stresses such
as drought and salinity [130,131]. Developing environmentally friendly delivery systems
for siRNAs, such as those for spraying or soil treatments, is crucial for enhancing the
accessibility and practicality of this technology for large-scale agricultural applications. In
this regard, it is vital to explore new nanoparticle formulations to enhance plant stability
and cellular uptake. In addition, the potential of using beneficial microorganisms as vectors
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for siRNA delivery should be explored. Developing environmentally friendly, cost-effective
delivery methods for field applications and integrated pest management strategies using
siRNA technology would be a significant achievement.

8. Conclusions

Small interfering RNAs (siRNAs) were discovered in the nematode Caenorhabditis
elegans, whose genome was sequenced in 1998 [132]. The discovery of siRNAs in nematodes
was a breakthrough in molecular biology and next-generation sequencing. siRNAs are
short RNA molecules that play a vital role in the plant’s defense responses to pathogens
and environmental stress. Plants use siRNAs to inhibit or degrade the expression of target
transcripts in defense mechanisms based on the process of RNA interference (RNAi). They
have different functions in different biological processes, such as regulating the expression
of genes involved in growth, development, and the plant’s response to a stress factor
(abiotic or biotic), depending on their function in the plant genome.

In recent years, studies have significantly increasingly focused on the roles of siRNAs
and their influence on plant developmental processes. This growing body of research opens
new perspectives for developing biotechnology and modern, sustainable plant breeding.
This development has allowed for a better understanding of the roles of miRNAs and
siRNAs in regulating plant development at the mRNA level, mainly through gene silencing
and the regulation of mRNA degradation.

Studies in recent years have shown that the action of sSRNAs is often tightly linked to
hormonal regulation in plants, primarily by affecting the tissue and temporal localization
of elements of hormonal pathways. Enormous advances in the understanding of siRNA
action have been brought about by the knowledge that siRNAs can move between cells
and create a concentration gradient similar to that of hormones. In addition, sSRNAs are
often “linkers” between the actions of different phytohormones [133].

A fundamental discovery for modern resistance breeding is RNA interference. The
ability to precisely silence specific genes from viral, fungal, and other dangerous pathogens
could be the foundation for sustainable agriculture in the future. In this era of climate
change, using siRNAs as a biotechnological tool in modern breeding seems particularly
relevant. The regulation of genes responsible for abiotic stress tolerance using the siRNA
mechanism is crucial for the survival and acclimatization of plants under extreme weather
conditions such as prolonged drought, high temperature, and rapid rainfall. In conclusion,
siRNA research is crucial for agriculture’s future and food security maintenance.

Research on siRNAs in plants has made significant progress. However, there are still
many unanswered questions. An important direction is the functional characterization of
new classes of siRNAs and the role of siRNAs in interspecies interactions, such as communi-
cation between plants and microbes. An area requiring further research is the involvement
of siRNAs in regulating gene expression through DNA methylation and epigenetic mod-
ifications of DNA. The knowledge of siRNAs can contribute to improving crop plants
through precise gene regulation. siRNAs can enhance pathogen resistance and tolerance to
abiotic stresses. Analyzing the conservation of siRNA pathways in different species and
studying their co-evolution with target sequences will provide valuable information on
plant adaptations to changing environmental conditions. Solving these problems will bring
new opportunities for precision agriculture, ecology, medicine, and pharmaceuticals.
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