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MicroRNAs (miRNAs), a class of non-coding small RNAs, are crucial regulatory factors in plants and animals at the
post-transcriptional level. These tiny molecules suppress gene expression by complementary oligonucleotide

binding to sites in the target messenger.

MiRNASs cross-kingdom regulation plants

| 1. Introduction

MicroRNAs (miRNAs) are a class of endogenous, highly conserved, single-stranded non-coding small RNAs
(sRNAs) ranging in size from 18 to 23 nucleotides. They act as master modulators of target gene expression at the
post-transcriptional level by binding to the 3'-untranslated region (3'-UTR) or open reading frame (ORF) I, MiRNAs
have been demonstrated to play crucial roles in various biological processes, including cell growth and
differentiation, cell proliferation, immune response, and cell apoptosis [ZEIH4, Since the first identified miRNA, lin-4,
was discovered in Caenorhabditis elegans (Maupas, 1899) (Nematoda: Rhabditida) in 1993 &€, tens of thousands
of miRNAs have been identified in mammals, plants, and microorganisms BllZ. To date, the most commonly used
mMiRNA database, miRBase version 22.1 (https://www.mirbase.org), has registered 38,589 miRNAs from 271

organisms [&l,

Insects are the most abundant group of animals on earth, and miRNAs play an important role during the growth
and development of insects. Studies have shown that some miRNAs play important roles in insect metamorphosis
and oogenesis by regulating the hormone synthesis level or gene expression level in Kr-h1 and Notch signaling
pathways . MiRNAs play major and diverse roles in the biology of Drosophila melanogaster, ranging from
germline development, maternal to zygotic transition, tissue growth, and physiological activity of the central
nervous system 9. There are significant differences in the miRNA and transcriptional profiles of diploid females
relative to haploid drone males, and between reproductively distinct females, indicating that miRNA plays a crucial
role in caste determination in the honeybee 21, In addition, miRNAs are potential targets for insect pest control
applications 12, Studies on insect miRNAs have demonstrated their important roles in insect development, and

there is a wide range of fields to explore in reproductive manipulation, caste differentiation, and so on.

Recently, the discovery of plant-derived miRNAs showing cross-kingdom abilities to regulate gene expression in
mammals, insects, and even viruses has prompted exciting discussion 13114]i15] The digestive system of animals

can absorb plant miRNAs and release them into the circulatory system, which then delivers them to target cells to
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regulate the functions of recipient cells 28l In 2012, Zhang et al. 17 reported that plant-derived miRNAs were
present in the sera and tissues of various animals and that these exogenous miRNAs were primarily acquired
through food intake. They found miR168a from rice could bind to the human/mouse low-density lipoprotein receptor
adapter protein 1 (LDLRAP1) mRNA, inhibit LDLRAP1 expression in the liver, and consequently decrease LDL
removal from mouse plasma. In 2014, miR172 from Brassica oleracea was also detected in the blood, spleen, liver,
and kidney in mice 23], The abundance of plant miR159 in human serum is negatively correlated with the incidence
and progression of breast cancer, and oral miR159 mimics significantly inhibit the growth of mouse xenograft
breast tumors 8. Plant miR5338 was also enriched in the posterior lobes of the prostate gland of rats fed with
rape bee pollen, suggesting that plant-derived miR5338 has potential utility in the treatment of rat benign prostatic
hyperplasia through inhibiting Mfn1 in the prostate 2. These findings indicate that plant-derived miRNAs can be
absorbed into animals through the gastrointestinal tract and remain stable and selectively functional in target
organs, target tissues, or target cells, with subsequent physiological effects. Although the findings of cross-kingdom
regulation by plant-derived miRNAs are exciting, several groups of researchers have questioned these discoveries

due to a lack of reproducibility 22, Therefore, these findings must be examined dialectically.

Mutualism is a crucial outcome of the interactions between multiple species that provide the energy, nutrients, and
services for ecosystems to function and persist. Over the course of their long-term evolution, plants have evolved
strategies to deter herbivores whilst attracting beneficial insects. The interactions between plants and herbivorous
insects are close and complex. Flowering plants depend on insects for pollination, while insects have been feeding
on plants for 400 million years [l Studies have found that after feeding on melon phloem sap, plant-derived
miRNAs can be detected in Aphis gossypii tissues [22. This finding indicates that plant-derived miRNAs can enter
insects and exhibit the potential to exert regulatory effects. In addition, the coevolution of plants and insects may
depend on cross-kingdom regulation by plant-derived miRNAs. However, knowledge of the involvement of miRNAs
in these reciprocal interactions is in its infancy 28, The influence of miRNAs on coevolution between plants and

insects is also unclear.

2. Comparison of miRNA Biogenesis and Mechanisms in
Plants and Insects

The biogenesis and other mechanisms of animal- and plant-derived miRNAs are similar overall. The process of
biogenesis begins in the nucleus. As shown in Figure 1, in both animals and plants, capped and polyadenylated
primary miRNA (pri-miRNA) transcripts are first transcribed by miRNA-encoding genes with the help of RNA
polymerase I, followed by removal of the hairpin stem to form the precursor-miRNA (pre-miRNA) and then further
cleavage of the hairpin loop, resulting in the miRNA duplex 23, Mature guide miRNAs are loaded on Argonaute
(Ago) proteins to form the RNA-induced silencing complex (RISC) that binds to mRNA via target sequence

complementarity to repress gene expression through inhibition of translation or degradation of mRNA [24],
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Figure 1. miRNA biogenesis pathways in animals and plants.

However, the biogenesis of animal and plant-derived miRNAs biogenesis exhibits some distinct features. In plants,
pri-miRNAs are cleaved through the action of the endonuclease DCL1 until they become mature miRNA duplexes.
Subsequently, methylation at the 3'-terminus of the duplex is carried out by HEN1. Then, HASTY exports the
methylated miRNA duplex from the nucleus to the cytoplasm 221, In contrast, in animals, pre-miRNAs are produced
through the activity of endonuclease Drosha and exported from the nucleus to the cytoplasm by the transport
protein exportin5. Then, endonuclease Dicer converts the pre-miRNAs into mature miRNA duplexes 28], To sum
up, first, the maturation of miRNA occurs in the nucleus in animals but in the cytoplasm in plants. Second, the types
of enzymes are different in animals and plants, although their functions are similar. In addition, in plants, the
dominant mechanism (solid arrow) occurs via mRNA cleavage, in which the miRNA binds its target with high

complementarity, while the alternative mechanism (dashed arrow) occurs by translational inhibition (Figure 1) [23],

| 3. Coevolution between Insects and Plants

Coevolution is the process in which two or more distinct taxa radiate and speciate in association with one another.
The huge number of species of plants and insects is thought to be the result of adaptive radiation driven by the
coevolution between plants and their beneficial animal pollinators or foragers 4. In 1964, Ehrlich and Raven
published “Butterflies and Plants: A Study in Coevolution” 28, The authors fostered a new way of thinking about the
ecology and evolution of plant—herbivore interactions. Ehrlich and Raven theorized on the importance of
coevolution to both the origin of species and the maintenance of species diversity, and suggested that coevolution
between plants and their insect herbivores could drive the adaptive diversification of both groups. This theory laid

the foundation for over five decades of research on anti-herbivore defense and coevolution.
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In the course of developing and refining coevolutionary theory, plant secondary metabolites are considered
defense compounds because they deter herbivory, reduce food digestibility, or directly interact with molecular
targets in non-adapted insects 22, In order to survive, insects must evolve to resist the plant's secondary
metabolites. The never-ending arms race drives coevolution between pathogens and hosts. In other words, insect
herbivores can drive real-time ecological and evolutionary change in plant populations. In 2016, Marquis et al. %
coupled the evolution of novel plant chemistry with reproductive isolation, thereby enabling plant speciation.
According to this theory, the evolution of plant defenses could be associated with plant speciation. Meanwhile,
phytophagous insects have been adapting to exploit their hosts [Bl. Insects have developed sophisticated
morphological, behavioral, and physiological adaptations that enable them to exploit plants as a resource 29, The
model system of Heliconiines and Passiflora (Passiflora quadrangularis L., 1758) (Magnoliatae: Malpighiales)
plants was one of the first examples used to exemplify coevolution theory. In this model system, Passiflora plants
evolved yellow structures mimicking heliconiine eggs and their extensive diversity of defense compounds known as
cyanogenic glucosides. However, after a complex process of coevolution, Heliconiines can synthesize cyanogenic
glucosides themselves, and the Heliconius (Insecta: Lepidoptera) adults have highly accurate visual and
chemosensory systems. Further, the expansion of brain structures that can process such information allows
Heliconius adults to memorize shapes and display elaborate pre-oviposition behavior 2. Under some
circumstances, plant defenses may impact pollinator health, foraging behavior, and reproductive success.
Therefore, in order to survive and reproduce, flowering plants must balance the conflicting selective pressures of
herbivore avoidance and pollinator attraction 23l In brief, plants and animals have always been in a dynamic

process of coevolution.

| 4. The Coevolution of miRNAs and miRNA Targets

Because plants are hosts for many species of insects, the coevolution between plants and insects is a
complementary process, involving molecular pathways comprising important interactions between plants and
insects. The non-coding RNAs, miRNAs, serve as a paradigm for studying functional divergence between paralogs
and the possible coevolutionary processes between the duplicated miRNAs and the genomic contexts B4, Studies
of cross-kingdom regulation suggest that miRNAs play a significant role in the process of coevolution. The changes
in the expression patterns of an existing miRNA may affect new sets of targets, forming novel regulatory circuits
and changing pre-existing ones 2. In other words, to maintain their regulatory functions, miRNAs have been
forced to coevolve with their target genes when the targets experience functional divergence B8, which may be the

molecular mechanism through which coevolution occurs.

The coevolution events for specific mMiRNAs and their targets in Drosophila and for miRNA-941 in primate evolution
have been predicted and validated, although predictions of coevolution were limited to a few miRNAs and their
target sites 27, Barbash et al. 32 identified the coevolution of miRNAs and their targets by performing detailed
genomic dissection using a combination of computational approaches. In addition, the evolutionary patterns of
miRNAs and their targets during soybean domestication have been revealed through a comprehensive

investigation of their genetic diversity 28l Barik et al. B2 found that conserved miR167 sequences and their target
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auxin response factors (ARFs) have undergone coevolution, leading to functional diversification among diverse
plant species. A family of X-linked miRNAs named spermatogenesis-related miRNAs also underwent strong
coevolution with their target genes 49, In a fungus—plant model (Botrytis cinerea and Arabidopsis thaliana) of RNA-
based communication, the majority of sequences that were predicted to target host genes were shown to come

from retrotransposons and intergenic regions in the fungal genome 211,

However, to date, no study has demonstrated that miRNAs play an important role in the coevolution of animals and
plants. The cross-kingdom regulatory effects of plant-derived miRNAs on insects are, however, undisputed.
Claycomb 2l postulated that extracellular small RNAs act as part of a pathogen’s arsenal by binding to target
MRNA, thus enabling coevolution. Most studies emphasize the interaction between plant secondary metabolites
and insect stress resistance. For example, in protein-related studies, the coevolution between viruses and hosts
has been proven. The sequence of interactions that occur between MICA, a key natural killer (NK) cell activating
receptor that recognizes a family of stress-induced ligands, and human cytomegalovirus, illustrates the dynamic
and ongoing coevolution of virus and host, which enables the former to be so exquisitely tailored to the latter 3],
As knowledge in the field develops in depth, the cross-kingdom functions of miRNAs in coevolution will be further
revealed.
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