
plants

Review

The Role of MicroRNAs in Genome Response
to Plant–Lepidoptera Interaction

Katarína Ražná 1,* and L’udovít Cagáň 2
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Abstract: RNA interference is a known phenomenon of plant immune responses, involving
the regulation of gene expression. The key components triggering the silencing of targeted sequences
are double-stranded RNA molecules. The regulation of host–pathogen interactions is controlled by
miRNA molecules, which regulate the expression of host resistance genes or the genes of the pathogen.
The review focused on basic principles of RNA interference as a gene-silencing-based defense
mechanism and the role of miRNA molecules in insect genomes. RNA interference as a tool for plant
protection management is discussed. The review summarizes current miRNA-based biotechnology
approaches for plant protection management.
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1. Introduction: The Role of RNA Interference in Plant Immune Systems

Three types of RNA play a role in the process of transcription and translation of genetic information:
messenger RNA, transfer RNA, and ribosomal RNA. Messenger RNAs are carriers of genetic information
after transcription from a DNA molecule and are translated into proteins, whereas tRNAs and rRNAs are
involved in the process of mRNA translation [1]. Small RNAs are not translated into proteins;
they exhibit a wide spectrum of biological functions. Instead, these short nucleotide sequences regulate
various biological processes in plants, animals, and humans [2]. There are two major categories of small
RNAs: microRNAs (miRNAs) and small interfering RNAs (siRNAs) [3]. MiRNAs are 21–24 nt long
and are generated from hairpin-like structures of RNA, and siRNAs are generated from dsRNAs [4].
Although they are chemically similar, they have different genomic origins and precursor structure.
Besides these, small non-coding RNAs (ncRNAs) can be divided based on their size and function into
repeat-associated small interfering RNAs (rasiRNAs), small nuclear RNAs (snRNAs), small nucleolar
RNAs (snoRNAs), and piwi-interacting RNAs (piRNAs) [5]. Because the function of small ncRNAs is
associated with the Argonaute family, proteins are in this respect divided into the Dicer-dependent
group, including miRNAs and siRNAs, and the Dicer-independent group, which includes piRNAs [6].
Small RNAs are essential during organism development as well as for stress responses. They also control
transposable elements and chromatin states. Small RNAs can be produced in response to pathogen
attack. Under these circumstances, they act in defense mechanisms by directing the destruction of
the invader [7].

RNA interference or post-transcriptional gene silencing (PTGS) is the mechanism by
which protein-coding genes are regulated. In plants, PTGS acts as an antiviral system [8]. RNAi also
plays a role as a natural defense mechanism against transposable elements that affect genome
stability [9]. The process of RNA interference occurs as a response to double-stranded RNA that
mediates resistance to both endogenous parasitic and exogenous pathogenic nucleic acids. It is based
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on post-transcriptional gene silencing induced by double-stranded RNA (dsRNA) [10,11] or hairpin
structured RNA (hpRNA) [12]. There are several RNA-silencing pathways based on the precursor
source (dsRNA or hpRNA) and the functional target of the small RNA [12,13]: microRNA pathway,
RNA-directed DNA methylation pathway, trans-acting small interfering RNA (tasiRNA) pathway,
and exogenic RNA silencing pathway. The gene expression of the pathogenic organism is controlled
and restricted by the gene-silencing factor. In eukaryotic organisms, gene silencing fulfils the role
of an adaptive defense system, and is transmitted systemically through organisms in response to
pathogen attack [11,14,15].

The molecular mechanisms of RNA interference are bound to the presence of double-stranded
RNAs molecules, which may originate exogenously from pathogen attack in a host organism,
or endogenously in the form of microRNA molecules [12,16]. The first step involves Dicer-like (DCL1)
proteins and RNase-III-like enzyme activity that processes dsRNA molecules into 21–23 nt short-interfering
RNA (siRNA) duplexes. These duplexes are unwound and one of the two strands becomes
part of the RNA-induced silencing complex (RICS), which cleaves the homologous single-stranded
mRNAs [10,16].

MiRNA-mediated gene silencing in plants fulfills the function of positive or negative immune
response regulator and/or activator of a positive or negative regulator of immune defense [17].
The miRNA pathway of RNA interference includes endogenous microRNA molecules of non-coding
character which are derived from MIR genes transcribed by RNA polymerase II into primary
miRNA transcripts (pri-miRNA), which form stem–loop or hairpin structures that are processed
into precursor molecules (pre-miRNA) [18]. In the subsequent steps of the silencing mechanism, it is
possible to observe similarity with the above-mentioned process based on the presence of exogenous
dsRNA. Pre-miRNA is digested by DCL1 to generate 21 nt long duplexes comprised of mature miRNA
(guide strand) and miRNA* (miRNA passenger strand) [12]. MiRNA duplexes are transported from
the nucleus into the cytoplasm where the mature miRNA (typically 21 nt in size) is incorporated into
an Argonaute (AGO) family protein (primarily AGO1) RNA-induced silencing complex (RICS) [12].
Argonaute proteins, as effectors of sRNA-mediated regulation, contain several functional domains
(PAZ, MID, and PIWI), each with different roles in small RNA processing [19]. Given their sequence
relatedness, the Argonaute subfamily proteins associate with miRNAs and also with siRNAs, whereas
the piwi subfamily proteins bind piRNAs. Consequently, the miRNA strand guides the cleavage-targeted
mRNA sequences or inhibition of translation of complementary mRNA targets [20].

2. MicroRNA Biogenesis and Function in Plants versus in Insects

MicroRNA molecules (miRNAs) have several attributes which define their functions in plants.
These noncoding molecules originate from transcription of MIR genes, which may be conserved
across several plant species or be species-specific [21–23]. Their regulatory function is indisputable.
Because of their ability to move between plant cells, they can regulate various cellular and developmental
processes and organogenesis [20,24]. A significant potential lies in their regulatory function (as already
mentioned), which is even underlined by the genomic organization of MIR genes and can be categorized
as intergenic, intronic, and exonic [25]. Intergenic miRNAs can be monocistronic, having their own
promoters, or polycistronic, with several miRNAs transcribed as a cluster with a shared promoter.
Intronic miRNAs are found in the introns of protein-coding and noncoding genes. They are transcribed
from the same promoter as their host genes and are present as a single miRNA or as a cluster of several
miRNAs. Exonic miRNAs are not so widespread in comparison to either of the types above, and often
overlap an exon–intron sequences of a noncoding gene. They are also transcribed by their host gene
promoter and their maturation often excludes host gene function. The origin of MIR genes can be
explained by two models, one of which presents the genes’ origin as a result of inverted duplications of
target genes, and the other which suggests that these genes are a result of numerous random inverted
repeats in the genome [19]. Many plant miRNAs play critical roles in nutrient homeostasis and in
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plant immune system response to abiotic stress and pathogen invasion via interactions with target
mRNAs [26,27].

Small RNA molecules generally result from fragmentation of longer RNA sequences.
MiRNA precursors are double-stranded RNA molecules (dsRNAs) that are cleaved and modified by
enzymes and proteins. The miRNA biosynthesis process cannot be considered universal for all classes of
miRNAs [28]. The individual steps of biosynthesis can be accomplished in different ways and influenced
by different mechanisms for individual miRNAs. These specific differences in miRNA synthesis suggest
variability in the level of post-transcriptional regulation of miRNA expression [29]. MiRNA molecules
are accumulated in a spatiotemporal manner, which points to strict regulation of the biogenesis
process [19].

Despite the high stability of sRNAs in plants and animals, biogenesis of miRNAs in plants requires
a specific structure, the Dicer body, which is essential for the formation of mature miRNA molecules [30].

MiRNAs are made up of primary transcription products (pri-miRNA), which can be up to
700 nt in length in plants, and may contain more than one miRNA. One or more hairpin structures
(pre-miRNAs) arise from the primary transcript. This process is catalyzed by Drosha and Dicer
endonuclease in the animal genome, or by a Dicer-like enzyme in the plant genome. The hairpin
structures are exported from the nucleus to the cytoplasm, where these precursor molecules are
cleaved to a miRNA duplex, RNA-induced silencing complex (RICS), which negatively regulates gene
expression by inhibiting gene translation or degrading coding mRNAs by a perfect or near perfect
complement to target mRNAs [21,23,27,31]. Based on the level of sequence complementarity between
miRNAs and their targets, there are three variations of miRNA-mediated gene regulation: degradation
of mRNA, repression of translation, and miRNA-mediated mRNA disintegration [32]. The near-perfect
base pairing between miRNAs and their targets in plant genomes and some animal genomes leads
to cleavage of target mRNAs; however, perfect pairing can lead to translation repression but not
mRNA degradation in plant genomes.

Cleavage of the stem–loop precursor to short, approximately 21 nt long miRNA–miRNA* duplexes
is a hallmark of plant miRNAs [27]. These duplexes are intermediates of miRNA biogenesis and are
incorporated into the silencing complex. The size and structural variability of stem–loop structures is
higher in plants than in animals [33,34].

Recent advances suggest that miRNA-guided translation inhibition is a major component of
miRNA activity [30]. MicroRNA molecules recognize their target RNA sequences based on specific
base pairing. The result of this pairing is influenced by the degree of complementarity between the two
sequences. If the base pairing is perfect or nearly perfect, cleavage of the target mRNA occurs [35].

In insects, mature miRNAs can arise from monocistronic, bicistronic, or polycistronic
miRNA transcripts [35], because several miRNA genes exist in form of gene clusters. Most of
the miRNAs are generated from intergenic regions of the insect genome; however, some miRNA genes
are located in intronic regions and are therefore transcribed together with genes of host organism [36].
RNA polymerase II mediates the transcription of miRNA loci into pri-miRNA transcripts. The primary
transcripts may contain one or more stem–loop structures, which are processed into precursor
miRNA (pre-miRNA) molecules by protein complexes or RNase-II-type enzymes Drosha and Pasha.
Subsequently, pre-miRNA molecules are transported from the nucleus into the cytoplasm by exportin,
where the stem–loop structure of pre-miRNA is cleaved by another RNase III enzyme, Dicer-1 (DCL 1),
into short (22 nt) miRNA duplexes. Due to cleavage of the miRNA–miRNA* duplex, one strand
is incorporated into the RNA-induced silencing complex (RICS), of which the main component is
the Argonaute family of sRNA-guided RNA-binding proteins [35]. For the majority of insect miRNAs,
the miRNA–AGO complex mediates regulation of target sequences; however, some miRNA require
additional processing after AGO loading. Five different types of AGO protein have been recognized
in Drosophila genome [36]. Most target mRNA plants contain only one complementary site for
miRNA sequences, and most corresponding miRNAs perfectly complement these sites and cleave
target mRNAs [23,35].
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3. The Function of MicroRNA in Insect Genomes

Plant–insect interaction is very complex. On one hand, plants need to defend themselves
against pathogens, but on other, they need to attract beneficial insects [32]. Several studies point to
the involvement of miRNAs in these reciprocal interactions [32,37,38]. Together, more than 3000 insect
miRNAs have been identified in insect species [31]. MiRNAs influence insect growth and development,
and their ability to detoxify plant allelochemicals or insecticides. MiRNAs also have important roles in
the regulation of mutual plant and insect physiological processes, such as, for example, insect oogenesis
and embryogenesis, or host–pathogen interactions [39,40]. Plant small RNAs acquired orally through
food intake are able to migrate through the plasma and directly influence gene expression in animals [7].

In Lepidopteran insects, a pest of maize, 58 putative miRNAs have been identified in
Spodoptera litura [41]; 163 conserved and 13 novel miRNAs from Manduca sexta [42]; 127 conserved
miRNAs in Spodoptera exigua [43]; 97 conserved miRNAs in Helicoverpa armigera; 91 conserved miRNAs in
Spodoptera litura; and 127 conserved miRNAs in Spodoptera exigua [44]. According to evolutionary
analysis, most of the identified miRNAs are insect-specific, and some are Lepidoptera-specific [45].
The potential role of miRNA in the evolution of Bt resistance is not yet clear [46]. In the midgut of
Cry1Ab-susceptible and -resistant Ostrinia nubilalis, 277 miRNAs (248 conserved and 29 novel) have
been discovered. This suggests that miRNAs play some role in these traits. Additionally, herbivores
show transcriptional responses to specific plant structures [46]. In the case of Bt maize, further research
about RNAi-based insecticides has been done focusing on coleopteran Diabrotica virgifera virgifera [47].

It has also been argued that polyphagous and monophagous insects probably have different
approaches to plant defense. Generalists need to use a wide spectrum of strategies to detoxify plant
defense systems; on the other hand, specialists need to be adapted to a specific host [35]. Generalists
such as H. armigera or M. sexta larvae (both Noctuidae, Lepidoptera) consume the tissues of many
different plants, and for the many different defensive host plant genes they need many different
enzymes for detoxification or digestion [48]. This may be the reason for the high number of conserved
miRNAs found in polyphagous lepidopterans attacking maize.

Plant defense is probably not restricted only to RNAs originating from the nucleus. It has been
found that the weights of H. armigera developmental stages are influenced by chloroplast-derived
dsRNAs [49]. Thus, insect–plant interactions based on miRNAs take on another dimension.

It has been found that plants react in different ways if they are mechanically injured compared to
if they are injured by insects [50,51], and they react to the oral secretions of insects [52]. Thus, feeding
of the O. nubilalis larvae induces higher levels of defensive compounds (benzoxazinoids, kauralexin
family, diterpenoid phytoalexins) in maize stem tissues [53]. One survey of maize miRNA genes
showed that mature miRNA genes were highly conserved during their evolution [54], with a total of 89
miRNA targets involved in different development or metabolism processes [55]. It has been suggested
that small RNAs regulate gene expression and immune response [56], and could be utilized in plant
protection [57]. Secretions of M. sexta alter the small RNA transcriptome [58], and the secretions
of S. exigua cause rapid changes in gene expression 4–6 h after infestation of maize by larvae [59].
This means that both insects and plants react to each other during their interactions.

In some cases, it seems that insect attack may have partial positive effects on the nutritional content
of maize stems. It was found that damage to maize stems caused by O. nubilalis influenced the defense
of the plant, but the plant also excreted auxin indole-3-acetic acid (IAA) in its grass, which could be
associated with increased levels of nutritional substances near pest tunnels in the stems [60].

4. RNA Interference as a Tool for Plant Protection Management

The increasing demand for safe strategies for crop improvement and plant protection management
makes RNAi technology an attractive field of research. Because of insect resistance, the future of
transgenic Bt crops is at risk. RNAi technologies therefore have the potential to provide an eco-friendly
biotechnological approach [9].
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Currently, there is increasing information about the resistance of Bt plants to insect pests, and it
seems that RNAi will be the way to resolve the situation. It was identified that 20% of field-collected
H. armigera males had Bt cotton resistance alleles [61]. Artificial microRNA targeting the ecdysone
receptor (EcR) gene was used as possible alternative [62]. A strong resistance to Cry1Ab can also
develop in Ostrinia furnacalis, a pest of maize in Asia, and differential expression of miRNAs especially
to targeting potential Bt receptor genes has been found in its larvae [63]. Similarly, larval mortality of
the pest can be increased by combined treatment with Bt toxin and dsRNAs [64].

Diabrotica virgifera virgifera belongs to the coleopteran species that feed on the maize plant. It has
been found that ingestion of double-stranded dsRNAs may result in retarded larval development
and mortality [65].

Recent observations have suggested that insects’ diets can influence their control of RNAi [66,67].
Studies have demonstrated that ingestion of dsRNAs supplied in an artificial diet triggers
RNA interference in several coleopteran species [9,65].

Feeding of insect larvae with RNAi has been found to influence morphological aberrations
accompanied with the arrest of molting in H. armigera [68], suppression of transcript degradation or
translational repression in H. armigera [69], potential roles of miRNAs in H. armigera protease gene
regulation [70], or abortive molting in S. exigua [43]. It has been suggested that gene suppression
of H. armigera via RNA interference (RNAi) could be used for the management of this pest [71].
Diet experiments have been supported by experiments based on the adaptations of insect pests to their
host plants. Two strains of Spodoptera frugiperda (a corn strain and a rice strain) differentially expressed
miRNAs in the plant diet based on two host plants [72]. Two races of O. nubilalis are found in Europe
(sibling species O. nubilalis and O. scapularis, with common ancestry). One race feeds mostly on maize,
and the second feeds mainly on mugwort (Artemisia vulgaris) and hops (Humulus lupulus). O. nubilalis
is specialized to maize, but O. scapularis remains polyphagous [73]. Expression of dsRNA targeted to
suitable genes may provide alternatives for insect pest control [74] and pave the way for future pest
control strategies. All these results highlight the influence of host plants on insects and suggest that
miRNAs have some role in this process. There are more challenges to widespread use of RNAi [75],
but probably one of the most important is their role in the potential development of resistance in
insect populations.

5. The Potential of MiRNA-Based Biotechnology Approaches in Crop Response Improvement
to Biotic Stress Factors

Research has shown that miRNA molecules play an important role in the genome responses of
plants to stress factors. Many stress-regulated genes have been found to be regulated by miRNAs [76–79].
Conserved classes of miRNA molecules have been identified that exhibit the same responses to biotic
stress conditions in different plant species. Studies show that by regulating the expression of a particular
type of miRNA molecule, plant tolerance or increase in tolerance to a defined stress factor may be
increased or decreased [80–82]. For examples, the upregulation of miR393, miR319, miR156, and others
was observed after infection of Arabidopsis leaves with P. syringae Pv. tomato [83]. The increased activity
of miR393 induced by pathogen-mediated suppression of auxin receptors leads to enhanced resistance
to bacterial infection [84].

Several miRNAs have been identified that regulate viral resistance and, consequently, expression
of virus-specific artificial miRNAs could provide novel approaches to crop resistance improvement [80].

MicroRNA research has multiple applications in the field of plant biotechnology (a) in the form
of molecular markers based on miRNA sequences or (b) in the form of molecular breeding based
on miRNA molecules. In both cases, the goal is to improve plant characteristics and properties [85].
Currently, miRNA molecules are being addressed as biotechnological tools to improve plant biomass,
crop, and tolerance to biotic and abiotic environmental factors [86]. This knowledge will be important
in improving plant tolerance to environmental stress conditions and understanding plant responses to
given molecular conditions.
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Improvement of plant tolerance to biotic stress factors is necessary in order to ensure quality
and safe food resources. Progress in this area is also determined by the extent to which we have
identified the molecular mechanisms of resistance. As miRNAs are the key players in plant responses
to pathogen attack, knowledge of their functional role and regulation of their expression will be able to
improve crop tolerance to biotic stress factors (Figure 1).
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Figure 1. Methodological platform of miRNA-based strategies in crop improvement to biotic stress
factors. Note: NBS-LRR - nucleotide-binding site (NBS)–leucine-rich repeat (LRR).

In addition to high-throughput sequencing procedures, technologies for identifying the function
of miRNA molecules and their target sequences include modifying miRNA expression by applying
miRNA inhibitors and generating mutant plants carrying a non-functional MIR gene. Another strategy
to study the function of individual miRNA molecules is to apply “artificial” miRNAs (amiRNAs,
artificial miRNAs) [87]. These molecules are designed to specifically target mRNA expression. The use
of artificial miRNAs designed to suppress target genes represents a valuable approach for crop
improvement [88]. It has been shown that regulating the expression of a single miRNA can enhance
or decrease plant tolerance to abiotic stress factors (e.g., drought, salinity) [79]. An integral part of
microRNA research, so-called “miRNomics” involves computer approaches to function prediction
using bioinformatics tools (in silico procedures).

6. Conclusions

The aim of the review was to highlight the key role of miRNA molecules during plant–lepidoptera
interactions within plant immune system acceleration as a response to stress factors. RNA interference,
which includes small RNA molecules, acts in the defense mechanisms by which the organism resists
biotic stress factors. In the insect genome, miRNAs affect the growth and development of insects.
MiRNAs are part of the insect regulatory mechanisms associated with plant detoxification. The host’s
endogenous small RNA, as well as the RNA-silencing mechanism of the host organism, constitutes
the basic level of control of the plant’s immune response. Recent studies show significant potential of
RNAi biotechnologies. DsRNA fed as a diet component can be effective in downregulating targeted
genes. Further knowledge of the mechanism and function of miRNA molecules in the regulation
of plant defense mechanisms as well as in the genome of insects opens up new possibilities for
environment friendly plant protection management.



Plants 2019, 8, 529 7 of 11

Author Contributions: Writing—original draft preparation, K.R.; writing—review and editing, K.R. and L’.C.;
project administration— K.R.; funding acquisition —L’.C. Both authors approved the final manuscript.

Funding: This research received no external funding.

Acknowledgments: This study is funded by EU co-finance project ITMS 26220220180 Building “AgroBioTech”
Research Centre and the project of the Scientific Grant Agency of the Ministry of Education, Science, Research
and Sport of the Slovak Republic and the Slovak Academy of Sciences (VEGA), Grant No. 1/0849/18.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Großhans, H.; Filipowicz, W. The expanding world of small RNAs. Nature 2008, 451, 414–416. [CrossRef]
2. Singh, S.K.; Bhadra, M.P.; Girschick, H.J.; Dhadra, U. MicroRNAs—Micro in size but macro in function.

FEBS J. 2008, 275, 4929–4944. [CrossRef] [PubMed]
3. Xie, Z. Piecing the puzzle together: Genetic requirements for miRNA biogenesis in Arabidopsis thaliana.

In Plant microRNAs; Meyers, B.C., Green, P.J., Eds.; Methods and Protocols; Humana Press: New York, NY,
USA, 2010; p. 267.

4. Islam, W.; Qasim, M.; Noman, A.; Adnan, M.; Tayyab, M.; Farooq, T.H.; Wei, H.; Wang, L. Plant microRNAs:
Front line players against invading pathogens. Microb. Pathog. 2018, 118, 9–17. [CrossRef] [PubMed]

5. Dogini, D.B.; Pascoal, V.; D’Avila, B.; Avansini, S.H.; Vieira, A.S.; Pereira, T.C.; Lopes-Cendes, I. The new
world of RNAs. Genet. Mol. Biol. 2014, 37, 285–293. [CrossRef] [PubMed]

6. Li, L.; Liu, Y. Diverse small non-coding RNAs in RNA interference pathways. Methods Mol. Biol. 2011,
764, 169–182. [PubMed]

7. Vaucheret, H.; Chupeau, Y. Ingested plant miRNAs regulate gene expression in animals. Cell Res. 2012,
22, 3–5. [CrossRef] [PubMed]

8. Molnár, A.; Csorba, T.; Lakatos, L.; Várallyay, E.; Lacomme, C.H.; Burgyán, J. Plant Virus-Derived Small
Interfering RNAs Originate Predominantly from Highly Structured Single-Stranded Viral RNAs. J. Virol.
2005, 79, 7812–7818. [CrossRef] [PubMed]

9. Jagtap, U.B.; Gurav, R.G.; Bapat, V.A. Role of RNA interference in plant improvement. Naturwissenschaften
2011, 98, 473–492. [CrossRef]

10. Kusaba, M. RNA interference in crop plants. Curr. Opin. Biotechnol. 2004, 15, 139–143. [CrossRef]
11. Voinnet, O. RNA silencing as a plant immune system against viruses. Trends Genet. 2002, 17, 449–459.

[CrossRef]
12. Guo, Q.; Liu, Q.; Smith, N.A.; Liang, G.; Wang, M.B. RNA silencing in plants. Mechanisms, technologies

and applications in horticultural crops. Curr. Genom. 2016, 17, 476–489. [CrossRef] [PubMed]
13. Eamens, A.; Wang, M.B.; Smith, N.A.; Waterhouse, P.M. RNA silencing in plants: Yesterday, today

and tomorrow. Plant Physiol. 2008, 147, 456–468. [CrossRef] [PubMed]
14. Baulcombe, D. RNA silencing in plants. Nature 2004, 431, 356–363. [CrossRef] [PubMed]
15. Lacomme, C.H.; Hrubíková, K.; Hein, I. Enhancement of virus-induced gene silencing through viral-based

production of inverted-repeats. Plant J. 2003, 34, 543–553. [CrossRef]
16. Matzke, M.; Matzke, A.J.M.; Kooter, J.M. RNA: Guiding Gene Silencing. Science 2001, 293, 1080–1083.

[CrossRef]
17. Wang, W.; Galili, G. Tuning the Orchestra: miRNAs in plant immunity. Trends Plant Sci. 2019, 24, 189–191.

[CrossRef]
18. Chen, X. Small RNAs and their roles in plant development. Annu. Rev. Cell Dev. Biol. 2009, 25, 21–44.

[CrossRef]
19. Gursanscky, N.R.; Searle, I.R.; Carroll, B. Mobile microRNAs Hit the Target. Traffic 2011, 12, 1475–1482.

[CrossRef]
20. Ambros, V.; Bartel, B.; Bartel, D.P.; Burge, C.B.; Carrington, J.C.; Chen, X.; Dreyfuss, G.; Eddy, S.R.;

Griffiths-Jones, S.; Marshall, M.; et al. A uniform system for microRNA annotation. RNA 2003, 9, 277–279.
[CrossRef]

21. Cuperus, J.T.; Fahlgren, N.; Carrington, J.C. Evolution and functional diversification of MIRNA genes.
Plant Cell 2011, 23, 431–442. [CrossRef]

http://dx.doi.org/10.1038/451414a
http://dx.doi.org/10.1111/j.1742-4658.2008.06624.x
http://www.ncbi.nlm.nih.gov/pubmed/18754771
http://dx.doi.org/10.1016/j.micpath.2018.03.008
http://www.ncbi.nlm.nih.gov/pubmed/29524548
http://dx.doi.org/10.1590/S1415-47572014000200014
http://www.ncbi.nlm.nih.gov/pubmed/24764762
http://www.ncbi.nlm.nih.gov/pubmed/21748640
http://dx.doi.org/10.1038/cr.2011.164
http://www.ncbi.nlm.nih.gov/pubmed/22025251
http://dx.doi.org/10.1128/JVI.79.12.7812-7818.2005
http://www.ncbi.nlm.nih.gov/pubmed/15919934
http://dx.doi.org/10.1007/s00114-011-0798-8
http://dx.doi.org/10.1016/j.copbio.2004.02.004
http://dx.doi.org/10.1016/S0168-9525(01)02367-8
http://dx.doi.org/10.2174/1389202917666160520103117
http://www.ncbi.nlm.nih.gov/pubmed/28217004
http://dx.doi.org/10.1104/pp.108.117275
http://www.ncbi.nlm.nih.gov/pubmed/18524877
http://dx.doi.org/10.1038/nature02874
http://www.ncbi.nlm.nih.gov/pubmed/15372043
http://dx.doi.org/10.1046/j.1365-313X.2003.01733.x
http://dx.doi.org/10.1126/science.1063051
http://dx.doi.org/10.1016/j.tplants.2019.01.009
http://dx.doi.org/10.1146/annurev.cellbio.042308.113417
http://dx.doi.org/10.1111/j.1600-0854.2011.01253.x
http://dx.doi.org/10.1261/rna.2183803
http://dx.doi.org/10.1105/tpc.110.082784


Plants 2019, 8, 529 8 of 11

22. Zhang, B.; Pan, X.; Cannon, C.H.; Cobb, G.P.; Anderson, T.A. Conservation and divergence of plant
microRNA genes. Plant J. 2006, 46, 243–259. [CrossRef] [PubMed]

23. Bartel, D.P. MicroRNAs: Genomics, biogenesis, mechanism, and function. Cell 2004, 116, 281–297. [CrossRef]
24. Hussain, M.U. Micro-RNAs (miRNAs): Genomic organisation, biogenesis and mode of action. Cell Tissue

Res. 2012, 349, 405–413. [CrossRef] [PubMed]
25. Jones-Rhoades, M.W.; Bartel, D.P.; Bartel, B. MicroRNAs and their tegulatory roles in plants. Annu. Rev.

Plant Biol. 2006, 57, 19–53. [CrossRef]
26. Mayers, B.C.; Axtell, M.J.; Bartel, B.; Bartel, D.P.; Baulcombe, D.; Bowman, J.L.; Cao, X.; Carrington, J.C.;

Chen, X.; Green, P.J.; et al. Criteria for Annotation of Plant MicroRNAs. Plant Cell 2008, 20, 3186–3190.
[CrossRef]

27. Winter, J.; Jung, S.; Keller, S.; Gregory, R.I.; Diederichs, S. Many roads to maturity: microRNA biogenesis
pathways and their regulation. Nat. Cell Biol. 2009, 11, 228–234. [CrossRef]

28. Xie, Z.; Khanna, K.; Ruan, S. Expression of microRNAs and its regulation in plants. Semin. Cell Dev. Biol.
2010, 21, 790–797. [CrossRef]

29. Reis, R.S.; Eamens, A.L.; Waterhouse, P.M. Missing Pieces in the Puzzle of Plant MicroRNAs. Trends Plant Sci.
2015, 20, 721–728. [CrossRef]

30. Erson-Bensan, A.E. Introduction to microRNAs in Biological systems. MicroRNAs Biology and Computational
Analysis; Yousef, M., Allmer, J., Eds.; Springer Science+Business Media: New York, NY, USA, 2014; pp. 1–14.

31. Li, C.H.; Wong, A.Y.P.; Wang, S.; Jia, Q.; Chuang, W.P.; Bendena, W.G.; Tobe, S.S.; Yang, S.H.; Chung, G.;
Chan, T.F.; et al. miRNA-mediated interactions in and between plants and insects. Int. J. Mol. Sci. 2018,
19, 3239. [CrossRef]

32. Axtell, M.J.; Westholm, J.O.; Lai, E.C. Vive la difference: Biogenesis and evolution of microRNAs in plants
and animals. Genome Biol. 2011, 12, 221. [CrossRef]

33. Griffiths-Jones, S. The microRNA registry. Nucleic Acids Res. 2004, 32, 109–111. [CrossRef] [PubMed]
34. Iwakawa, H.; Tomari, Y. The Functions of MicroRNAs: mRNA Decay and Translational Repression.

Trends Cell Biol. 2015, 25, 651–665. [CrossRef] [PubMed]
35. Lucas, K.; Raikhel, A.S. Insect MicroRNAs: Biogenesis, Expression Profiling and Biological Functions.

Insect Biochem. Mol. Biol. 2013, 43, 24–38. [CrossRef] [PubMed]
36. Ylla, G.; Fromm, B.; Piulachs, M.D.; Belles, X. The microRNA toolkit of insects. Sci. Rep. 2016, 6, 37776.

[CrossRef]
37. Marco, A.; Hui, J.H.L.; Ronshaugen, M.; Griffiths-Jones, S. Functional shifts in insect microRNA evolution.

Genome Biol. Evol. 2010, 2, 686–696. [CrossRef]
38. Asgari, S. MicroRNA functions in insects. Insect Biochem. Mol. Biol. 2013, 43, 388–397.
39. Keira, J.L.; Zhao, B.; Liu, S.; Raikhel, A.S. Regulation of physiological processes by microRNAs in insects.

Curr. Opin. Insect Sci. 2015, 11, 1–7.
40. Rao, Z.; He, W.; Liu, L.; Zheng, S.; Huang, L.; Feng, Q. Identification, expression and target gene analyses of

MicroRNAs in Spodoptera litura. PLoS ONE 2012, 7, e37730. [CrossRef]
41. Zhang, X.; Zheng, Y.; Jagadeeswaran, G.; Ren, R.; Sunkar, R.; Jiang, H. Identification and developmental

profiling of conserved and novel microRNAs in Manduca sexta. Insect Biochem. Mol. Biol. 2012, 42, 381–395.
[CrossRef]

42. Zhang, L.Y.; Huang, Q.X.; Yin, G.H.; Lee, S.; Jia, R.Z.; Liu, Z.X.; Yu, N.T.; Pennerman, K.K.; Chen, X.; Guo, A.P.
Identification of microRNAs by small RNA deep sequencing for synthetic microRNA mimics to control
Spodoptera exigua. Gene 2015, 557, 215–221. [CrossRef]

43. Ge, X.; Zhang, Y.; Jiang, J.; Zhong, Y.; Yang, X.; Li, Z.; Huang, Y.; Tan, A. Identification of microRNAs in
Helicoverpa armigera and Spodoptera litura based on deep sequencing and homology analysis. Int. J. Biol. Sci.
2013, 9, 1. [CrossRef] [PubMed]

44. Yu, T.; Li, X.; Coates, B.; Zhang, Q.; Siegfried, B.; Zhou, X. microRNA profiling between Bacillus thuringiensis
Cry1Ab-susceptible and -resistant European corn borer, Ostrinia nubilalis (Hübner). Insect Mol. Biol. 2018,
27, 279–294. [CrossRef] [PubMed]

45. Celorio-Mancera, M.; Heckel, D.G.; Vogel, H. Transcriptional analysis of physiological pathways in a generalist
herbivore: Responses to different host plants and plant structures by the cotton bollworm, Helicoverpa armigera.
Entomol. Exp. Applicata 2012, 144, 123–133. [CrossRef]

http://dx.doi.org/10.1111/j.1365-313X.2006.02697.x
http://www.ncbi.nlm.nih.gov/pubmed/16623887
http://dx.doi.org/10.1016/S0092-8674(04)00045-5
http://dx.doi.org/10.1007/s00441-012-1438-0
http://www.ncbi.nlm.nih.gov/pubmed/22622804
http://dx.doi.org/10.1146/annurev.arplant.57.032905.105218
http://dx.doi.org/10.1105/tpc.108.064311
http://dx.doi.org/10.1038/ncb0309-228
http://dx.doi.org/10.1016/j.semcdb.2010.03.012
http://dx.doi.org/10.1016/j.tplants.2015.08.003
http://dx.doi.org/10.3390/ijms19103239
http://dx.doi.org/10.1186/gb-2011-12-4-221
http://dx.doi.org/10.1093/nar/gkh023
http://www.ncbi.nlm.nih.gov/pubmed/14681370
http://dx.doi.org/10.1016/j.tcb.2015.07.011
http://www.ncbi.nlm.nih.gov/pubmed/26437588
http://dx.doi.org/10.1016/j.ibmb.2012.10.009
http://www.ncbi.nlm.nih.gov/pubmed/23165178
http://dx.doi.org/10.1038/srep37736
http://dx.doi.org/10.1093/gbe/evq053
http://dx.doi.org/10.1371/journal.pone.0037730
http://dx.doi.org/10.1016/j.ibmb.2012.01.006
http://dx.doi.org/10.1016/j.gene.2014.12.038
http://dx.doi.org/10.7150/ijbs.5249
http://www.ncbi.nlm.nih.gov/pubmed/23289012
http://dx.doi.org/10.1111/imb.12376
http://www.ncbi.nlm.nih.gov/pubmed/29451334
http://dx.doi.org/10.1111/j.1570-7458.2012.01249.x


Plants 2019, 8, 529 9 of 11

46. Vogel, H.; Musser, R.O.; Celorio-Mancera, M. Transcriptome responses in herbivorous insects towards host
plant and toxin feeding. Annu. Plant Rev. J. Online 2018, 197–233. [CrossRef]

47. Bozorov, T.A.; Pandey, S.P.; Dinh, S.T.; Kim, S.G.; Heinrich, M.; Gase, K.; Baldwin, I.T. DICER-like proteins
and their role in plant-herbivore interactions in Nicotiana attenuata. J. Integr. Plant Biol. 2012, 54, 189–206.
[CrossRef]

48. Jin, S.; Singh, N.D.; Li, L.; Zhang, X.; Daniell, H. Engineered chloroplast dsRNA silences cytochrome p450
monooxygenase, V-ATPase and chitin synthase genes in the insect gut and disrupts Helicoverpa armigera larval
development and pupation. Plant Biotechnol. J. 2015, 13, 435–446. [CrossRef]

49. Pechan, T.; Ye, L.; Chang, Y.; Mitra, A.; Lin, L.; Davis, F.M.; Williams, W.P.; Luthe, D.S. A unique 33-kD
cysteine proteinase accumulates in response to larval feeding in maize genotypes resistant to fall armyworm
and other lepidoptera. Plant Cell 2000, 12, 1031–1040. [CrossRef]

50. Tamayo, M.C.; Rufat, M.; Bravo, J.M.; San Segundo, B. Accumulation of a maize proteinase inhibitor in
response to wounding and insect feeding, and characterization of its activity toward digestive proteinases of
Spodoptera littoralis larvae. Planta 2002, 11, 62–71. [CrossRef]

51. Hilker, M.; Meiners, T. How do plants "notice" attack by herbivorous arthropods? Biol. Rev. 2010, 85, 267–280.
[CrossRef]

52. Dafoe, N.J.; Huffaker, A.; Vaughan, M.M.; Duehl, A.J.; Teal, P.E. Rapidly induced chemical defenses in maize
stems and their effects on short-term growth of Ostrinia nubilalis. J. Chem. Ecol. 2011, 37, 984–991. [CrossRef]

53. Zhang, L.; Chia, J.M.; Kumari, S.; Stein, J.C.; Liu, Z.; Narechamia, A.; Maher, C.A.; Guill, K.; McMullen, M.C.;
Ware, D. A genome-wide characterization of microRNA genes in maize. PLoS Genet. 2009, 5, e1000716.
[CrossRef] [PubMed]

54. Zhang, Z.; Song, R.; Peng, H.; Luo, M.; Shen, Y.; Liu, L.; Zhao, M.; Pan, G. Bioinformatic prediction of
microRNAs and their target genes in maize. Acta Agron. Sin. 2010, 36, 1324–1335. [CrossRef]

55. Padmanabhan, C.; Zhang, X.; Jin, H. Host small RNAs are big contributors to plant innate immunity.
Curr. Opin. Plant Biol. 2009, 12, 465–472. [CrossRef] [PubMed]

56. Huang, J.; Yang, M.; Zhang, X. The function of small RNAs in plant biotic stress response. J. Integr. Plant Biol.
2016, 58, 312–327. [CrossRef] [PubMed]

57. Pandey, S.P.; Shahi, P.; Gase, K.; Baldwin, I.T. Herbivory-induced changes in the small-RNA transcriptome
and phytohormone signaling in Nicotiana attenuata. Proc. Natal. Acad. Sci. USA 2008, 105, 4559–4564.
[CrossRef] [PubMed]

58. Tzin, V.; Hojo, Y.; Strickler, S.R.; Bartsch, L.J.; Archer, C.M.; Ahern, K.R.; Zhou, S.; Christensen, S.A.; Galis, I.;
Mueller, L.A.; et al. Rapid defense responses in maize leaves induced by Spodoptera exigua caterpillar feeding.
J. Exp. Bot. 2017, 20, 4709–4723. [CrossRef] [PubMed]

59. Dafoe, N.J.; Thomas, J.D.; Shirk, P.D.; Legaspi, M.E.; Vaughan, M.M. European corn borer (Ostrinia nubilalis)
induced responses enhance susceptibility in maize. PLoS ONE 2013, 8, e73394. [CrossRef]

60. Liu, F.; Xu, Z.; Chang, J.; Chen, J.; Meng, F.; Zhu, Y.C.; Shen, J. Resistance allele frequency to bt cotton in field
populations of Helicoverpa armigera (Lepidoptera: Noctuidae) in China. J. Econ. Entomol. 2008, 101, 933–943.
[CrossRef]

61. Yogindran, S.; Rajam, M.V. Artificial miRNA-mediated silencing of ecdysone receptor (EcR) affects larval
development and oogenesis in Helicoverpa armigera. Insect Biochem. Mol. Biol. 2016, 77, 21–30. [CrossRef]

62. Xu, L.N.; Ling, Y.H.; Wang, Y.Q.; Wang, Z.Y.; Hu, B.J.; Zhou, Z.Y.; Hu, F.; He, K.L. Identification of differentially
expressed microRNAs between Bacillus thuringiensis Cry1Ab-resistant and -susceptible strains of Ostrinia
furnacalis. Sci. Rep. 2015, 5, 15461. [CrossRef]

63. Guan, R.; Li, H.; Miao, X. RNAi pest control and enhanced BT insecticidal efficiency achieved by dsRNA of
chymotrypsin-like genes in Ostrinia furnacalis. J. Pest Sci. 2017, 90, 745–757. [CrossRef]

64. Baum, J.; Bogaert, T.; Clinton, W.; Heck, G.; Feldmann, P.; Ilagan, O.; Johnson, S.; Plaetinck, G.; Munyikwa, T.;
Pleau, M.; et al. Control of coleopteran insect pests through RNA interference. Nat. Biotech. 2007,
25, 1322–1326. [CrossRef] [PubMed]

65. Baum, J.A.; Roberts, J.K. Chapter Five—Progress Towards RAi-Mediated Insect Pest Management. In Advances
in Insect Physiology, Insect Midgut and Insecticidal Proteins; Gill, S., Dhadialla, T., Eds.; Academic Press:
Cambridge, MA, USA, 2014; pp. 249–295.

66. Burand, J.P.; Hunter, W.B. RNAi: Future in insect management. J. Invertebr. Pathol. 2013, 112, 68–74.
[CrossRef] [PubMed]

http://dx.doi.org/10.1002/9781119312994.apr0510
http://dx.doi.org/10.1111/j.1744-7909.2012.01104.x
http://dx.doi.org/10.1111/pbi.12355
http://dx.doi.org/10.1105/tpc.12.7.1031
http://dx.doi.org/10.1007/s004250000258
http://dx.doi.org/10.1111/j.1469-185X.2009.00100.x
http://dx.doi.org/10.1007/s10886-011-0002-9
http://dx.doi.org/10.1371/journal.pgen.1000716
http://www.ncbi.nlm.nih.gov/pubmed/19936050
http://dx.doi.org/10.3724/SP.J.1006.2010.01324
http://dx.doi.org/10.1016/j.pbi.2009.06.005
http://www.ncbi.nlm.nih.gov/pubmed/19608454
http://dx.doi.org/10.1111/jipb.12463
http://www.ncbi.nlm.nih.gov/pubmed/26748943
http://dx.doi.org/10.1073/pnas.0711363105
http://www.ncbi.nlm.nih.gov/pubmed/18339806
http://dx.doi.org/10.1093/jxb/erx274
http://www.ncbi.nlm.nih.gov/pubmed/28981781
http://dx.doi.org/10.1371/journal.pone.0073394
http://dx.doi.org/10.1603/0022-0493(2008)101[933:RAFTBC]2.0.CO;2
http://dx.doi.org/10.1016/j.ibmb.2016.07.009
http://dx.doi.org/10.1038/srep15461
http://dx.doi.org/10.1007/s10340-016-0797-9
http://dx.doi.org/10.1038/nbt1359
http://www.ncbi.nlm.nih.gov/pubmed/17982443
http://dx.doi.org/10.1016/j.jip.2012.07.012
http://www.ncbi.nlm.nih.gov/pubmed/22841639


Plants 2019, 8, 529 10 of 11

67. Agrawal, N.; Sachdev, B.; Rodrigues, J.K.; Sree, S.; Raj, K.; Bhatnagar, R.K. Development associated profiling
of chitinase and microRNA of Helicoverpa armigera identified chitinase repressive microRNA. Sci. Rep. 2013,
3, 2292. [CrossRef]

68. Agrawal, A.; Rajamani, V.; Reddy, V.S.; Mukherjee, S.K.; Bhatnagar, R.K. Transgenic plants over-expressing
insect-specific miRNA acquire insecticidal activity against Helicoverpa armigera: An alternative to Bt-toxin
technology. Transgenic Res. 2015, 24, 791–801. [CrossRef]

69. Lomate, P.R.; Mahajan, N.S.; Kale, S.M.; Gupta, V.S.; Giri, A.P. Identification and expression profiling
of Helicoverpa armigera microRNAs and their possible role in the regulation of digestive protease genes.
Insect Biochem. Mol. Biol. 2014, 54, 129–137. [CrossRef]

70. Lim, Z.X.; Robinson, K.E.; Jain, R.G.; Chandra, G.S.; Asokan, R.; Asgari, S.; Mitter, N. Diet-delivered RNAi in
Helicoverpa armigera—Progresses and challenges. J. Insect Physiol. 2016, 85, 86–93. [CrossRef]

71. Moné, Y.; Nhim, S.; Gimenez, S.; Legeai, F.; Seninet, I.; Parrinello, H.; Nègre, N.; d’Alençon, E.
Characterization and expression profiling of microRNAs in response to plant feeding in two host-plant
strains of the lepidopteran pest Spodoptera frugiperda. BMC Genom. 2018, 19, 804. [CrossRef]

72. Orsucci, M.; Audiot, P.; Dorkeld, F.; Pommier, A.; Vabre, M.; Gschloessl, B.; Rialle, S.; Severac, D.; Bourguet, D.;
Streiff, R. Larval transcriptomic response to host plants in two related phytophagous lepidopteran species:
Implications for host specialization and species divergence. BMC Genom. 2018, 18, 265. [CrossRef]

73. Djami-Tchatchou, A.T.; Sanan-Mishra, N.; Ntushelo, K.; Dubery, A. Functional roles of microRNAs in
agronomically important plants - potential as targets for crop improvement and protection. Front. Plant Sci.
2017, 8, 378. [CrossRef]

74. Kumar, R. Role of microRNAs in biotic and abiotic stress responses in crop plants. Appl. Biochem. Biotechnol.
2014, 174, 93–115. [CrossRef] [PubMed]

75. Liu, W.W.; Meng, J.; Cui, J.; Luan, Y.S. Caracterization and function of microRNAs in plants. Front. Plant Sci.
2017, 8. [CrossRef] [PubMed]

76. Pagliarani, C.H.; Gambino, G. Small RNA mobility: Spread of RNA silencing effectors and its effect on
development processes and stress adaptation in plants. Int. J. Mol. Sci. 2019, 20, 4306. [CrossRef] [PubMed]

77. Zhang, B.; Wang, Q. MicroRNA, a new target for engineering new crop cultivars. Bioengineered 2016, 7, 7–10.
[CrossRef] [PubMed]

78. Navarro, L.; Dunoyer, P.; Jay, F.; Amold, B.; Dharmarsiri, N.; Estelle, M.; Vionnet, O.; Jones, J.D. A plant
miRNA contributes to antibacterial resistance by represing auxin signaling. Science 2006, 312, 436–439.
[CrossRef]

79. Zhu, K.Y.; Palli, S.R. Mechanisms, applications, and challenges of insect RNA interference. Annu. Rev. Entomol. 2019,
65, 14.1–14.9. [CrossRef]

80. Zhang, B.; Wang, Q. MicroRNA-Based Biotechnology for Plant Improvement. J. Cell. Physiol. 2014, 230, 1–15.
[CrossRef]

81. Kruszka, K.; Pieczynski, M.; Windels, D.; Bielewicz, D.; Jarmolowski, A.; Szweykowska-Kulinska, Z.;
Vazquez, F. Role of microRNAs and other sRNAs of plants in their changing environments. J. Plant Physiol.
2012, 169, 1664–1672. [CrossRef]

82. Melnikova, N.V.; Dmitriev, A.A.; Belenikin, M.S.; Speranskava, A.S.; Krinitsina, A.A.; Rachinskaia, O.A.;
Lakunina, V.A.; Krasnov, G.S.; Snezhkina, A.V.; Sadriidinova, A.F.; et al. Excess fertilizer responsive
miRNAs revealed in Linum usitatissimum L. Biochemie 2015, 109, 36–41. [CrossRef]

83. Melnikova, N.V.; Dmitriev, A.A.; Belenikin, M.S.; Koroban, N.V.; Speranskaya, A.S.; Krinitsina, A.A.;
Krasnov, G.S.; Lakunina, V.A.; Snezhkina, A.V.; Sadritdinova, A.F.; et al. Identification, expression
analysis, and target prediction of flax genotroph microRNAs under normal and nutrient stress conditions.
Plant Biotechnol. 2016, 7, 399. [CrossRef]

84. Pacak-Barciszewska, M.; Milanowska, K.; Knop, K.; Bielewicz, D.; Nuc, P.; Plewka, P.; Pacak, A.M.; Vazquez, F.;
Karlowski, W.; Jarmolowski, A.; et al. Arabidopsis microRNA expression regulation in a wide range of
abiotic stress responses. Front. Plant Sci. 2015, 6, 410. [CrossRef] [PubMed]

85. Frizzi, A.; Huang, S. Tapping RNA silencing pathways for plant biotechnology. Plant Biotechnol. J. 2010,
8, 655–677. [CrossRef] [PubMed]

86. Liu, Q.; Chen, Y.Q. A new mechanism in plant engineering: The potential roles of microRNAs in molecular
breeding for crop improvement. Biotechnol. Adv. 2010, 28, 301–307. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/srep02292
http://dx.doi.org/10.1007/s11248-015-9880-x
http://dx.doi.org/10.1016/j.ibmb.2014.09.008
http://dx.doi.org/10.1016/j.jinsphys.2015.11.005
http://dx.doi.org/10.1186/s12864-018-5119-6
http://dx.doi.org/10.1186/s12864-018-4589-x
http://dx.doi.org/10.3389/fpls.2017.00378
http://dx.doi.org/10.1007/s12010-014-0914-2
http://www.ncbi.nlm.nih.gov/pubmed/24869742
http://dx.doi.org/10.3389/fpls.2017.02200
http://www.ncbi.nlm.nih.gov/pubmed/29312425
http://dx.doi.org/10.3390/ijms20174306
http://www.ncbi.nlm.nih.gov/pubmed/31484348
http://dx.doi.org/10.1080/21655979.2016.1141838
http://www.ncbi.nlm.nih.gov/pubmed/26901236
http://dx.doi.org/10.1126/science.1126088
http://dx.doi.org/10.1146/annurev-ento-011019-025224
http://dx.doi.org/10.1002/jcp.24685
http://dx.doi.org/10.1016/j.jplph.2012.03.009
http://dx.doi.org/10.1016/j.biochi.2014.11.017
http://dx.doi.org/10.3389/fpls.2016.00399
http://dx.doi.org/10.3389/fpls.2015.00410
http://www.ncbi.nlm.nih.gov/pubmed/26089831
http://dx.doi.org/10.1111/j.1467-7652.2010.00505.x
http://www.ncbi.nlm.nih.gov/pubmed/20331529
http://dx.doi.org/10.1016/j.biotechadv.2010.01.002
http://www.ncbi.nlm.nih.gov/pubmed/20067828


Plants 2019, 8, 529 11 of 11

87. Price, D.R.; Gatehouse, J.A. RNAi-mediated crop protection against insects. Trends Biotech. 2008, 26, 393–400.
[CrossRef] [PubMed]

88. Vogel, E.; Santos, D.; Mingels, L.; Verdonckt, T.-W.; Broeck, J.V. RNA Interference in Insects: Protecting
Beneficials and Controlling Pests. Front. Physiol. 2019, 9, 1912. [CrossRef] [PubMed]

© 2019 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 (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.tibtech.2008.04.004
http://www.ncbi.nlm.nih.gov/pubmed/18501983
http://dx.doi.org/10.3389/fphys.2018.01912
http://www.ncbi.nlm.nih.gov/pubmed/30687124
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction: The Role of RNA Interference in Plant Immune Systems 
	MicroRNA Biogenesis and Function in Plants versus in Insects 
	The Function of MicroRNA in Insect Genomes 
	RNA Interference as a Tool for Plant Protection Management 
	The Potential of MiRNA-Based Biotechnology Approaches in Crop Response Improvement to Biotic Stress Factors 
	Conclusions 
	References

