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Summary
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Plant microRNAs (miRNAs) are small regulatory RNAs that are encoded by endogenous miRNA
genes and regulate gene expression through gene silencing, by inducing degradation of their
target messenger RNA or by inhibiting its translation. Some miRNAs are mobile molecules inside
the plant, and increasing experimental evidence has demonstrated that miRNAs represent
molecules that are exchanged between plants, their pathogens, and parasitic plants. It has also
been shown that miRNAs are secreted into the external growing medium and that these miRNAs
regulate gene expression and the phenotype of nearby receiving plants, thus defining a new
concept in plant communication. However, the mechanism of miRNA secretion and uptake by
plant cells still needs to be elucidated.
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(mRNA) degradation or by inhibiting its translation. mRNA target
slicing requires a high degree of sequence complementarity between
the miRNA and the target sequence (Rogers & Chen, 2013),

I. MicroRNAs: molecules regulating
posttranscriptional gene silencing

MicroRNAs (miRNAs) are small, 2022 nt long noncoding RNAs
that regulate gene expression in most eukaryotes by posttranscrip-
tional gene silencing (PTGS; Bologna & Voinnet, 2014). miRNAs
are only one of many classes of small RNAs that act as a guide for
silencing gene expression, both at a transcriptional and posttran-
scriptional level (Singh eral,2018). RNA interference (RNAJ)
modulates gene expression by either inducing messenger RNA
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whereas translation inhibition can still take place with a lower
degree of complementarity (Li ez al., 2013). However, certain plant
miRNAs exhibiting perfect or near-perfect complementarity to a
single target site can repress mRNA expression predominantly
at the translation level (Brodersen ezal, 2008). The extensive
sequence complementary between plant miRNAs and their targets
results in target mRNA degradation as the preferential RNAi
pathway occurring in plants (Bologna & Voinnet, 2014). miRNAs
play a crucial role in plant developmental processes, such as
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patterning of the embryo, meristem, leaf, and flower (D’Ario
etal.,2017), as well as the plant’s response to biotic and abiotic
stresses (Khraiwesh eral,2012). Another class of small RNAs
(sRNAs) that play an important role in RNAi in plants are
secondary small interfering RNAs (siRNAs). Secondary siRNAs are
produced from a double-stranded RNA (dsRNA) precursor, whose
synthesis is triggered by an upstream miRNA or sRNA-dependent
mRNA cleavage event followed by the production of a duplex RNA
through RNA-dependent RNA polymerase (RDR) activity, known
also as RDR6-dependent transitivity (Carbonell, 2019). Interest-
ingly, miRNA can lead to the production of secondary siRNAs
from its mRNA target, thus amplifying the silencing of the target
itself (de Felippes, 2019).

Il. MicroRNAs can act as mobile molecules

The effects of miRNAs can be cell autonomous or cell nonau-
tonomous (Voinnet, 2022). The latter occurs when the effect of the
miRNAs extends beyond the cell that has produced it. Evidence for
a cell-nonautonomous silencing signal was observed in several of
the key studies that led to the discovery of RNA silencing (Pyott &
Molnar, 2015), thus indicating miRNA mobility in the plant. Not
all RNAs have the same ability to move from their site of synthesis
and act elsewhere. RNA mobility is often directional and/or
restricted to some tissues, and some sSRNAs can move over longer
distances (Voinnet, 2022). Given that ARGONAUTEI (AGO1)
is not a mobile molecule, movement of siRNAs or miRNAs in the
plant occurs as AGO-free RNA molecules (Devers ez al., 2020).
However, AGO proteins abundance is important to define the
range of mobility of a given siRNA or miRNA, since consumption
of these RNAs by AGO proteins, present in different abundances
along their route of movement, can restrict the distance they can
reach (Devers eral,2020). Those endogenous siRNAs and
miRNAs that are mobile often travel through the phloem from
the shoots to roots (Molnar ez al,2010; Li ezal, 2021), exploiting
the flow of water transporting the photosynthates (Chen &
Rechavi, 2022). That the phloem sap contains many miRNA species
indeed suggests that miRNAs may travel through the phloem to
distant tissues (Yoo ezal,2004; Buhtz ezal,2008). Though the
long-distance movement of miRNAs occurs mostly through the
phloem, miRNAs and siRNAs can move short distances via
plasmodesmata (Vatén et al., 2011; Rosas-Diaz ez al., 2018). There
are several well-described miRNA modules that rely on the systemic
transport of miRNAs to exert their physiological effects. In plants
deprived of phosphate, the low phosphorus level detected in leaves
triggers the expression of 77R399genes, leading to the production of
this miRNA. Subsequently, miR399 is translocated to the root
system via the phloematic route. In the roots, miR399 represses its
target mRNA, namely PHO?2, a repressor of phosphate uptake. As a
consequence, plants activate phosphate uptake from the soil (Bari
etal., 2006).

Another miRNA transported via the phloem is miR156, whose
mobility was demonstrated as a graft-transmissible miRNA
(Bhogale eral., 2014). miR156is involved in controlling several
developmental traits, such as juvenile-to-adult transition by
regulating the expression of SQUAMOSA-PROMOTER
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BINDING PROTEIN-LIKE (SPL) transcription factors (Wu
etal., 2009).

The systemic trafficking of sSRNAs has also been demonstrated
using a heterograft system of soybeans and common beans (Li
eral.,2021). Mobile sSRNAs produced in the shoots are transported
to the roots where they accumulate and regulate gene expression.
These experiments demonstrated how sRNAs produced in the
shoots of one species could be detected in the grafted rootstock of
another species.

Although there is a lot of evidence of shoot-to-roots, less is
known regarding root-to-shoot mobile miRNAs. Using an
Arabidopsis | Nicotiana interfamilial heterograft system, through
an sRNA deep sequencing analysis, it was demonstrated that a
subset of miRNAs could travel from the roots to the shoots (Deng
etal,2021).

lll. MicroRNA mobility in plant-pathogen interactions

Apart from miRNA trafficking within the plant, recent evidence
suggests a novel mechanism of communication between plants and
their pathogens to induce gene silencing (Fig. 1). In this mecha-
nism, known as cross-kingdom RNAI, pathogens deliver sSRNAs
into host plants to silence host immune response genes and, in turn,
host plant cells send sRNAs in exosome-like extracellular vesicles
into pathogens in order to silence virulence-related genes (Cai
etal., 2018b).

Cross-kingdom RNAi was initially observed during infection by
the fungal pathogen Borrytis cinerea, the causal agent of grey mold
disease in several crop plant species. SRNAs produced by B. cinerea
can bind to Arabidopsis AGO1, thereby inducing gene silencing.
AGO1, amember of the ARGONAUTE family, participates in the
formation of the RNA-induced silencing complex, which directs
RNAI by using the miRNA sequence as a guide to recognize which
target RNA to degrade (Weiberg ez al, 2013).

Another study has shown that, in response to infection with the
fungal pathogen Verticillium dabliae, cotton plants produce
miR159 and miR166 and both miRNAs target fungal genes that
are indispensable for virulence (Zhang ez a/., 2016).

Cross-kingdom RNAi between plant and fungal pathogens is
bidirectional. The sRNAs produced by the fungal pathogen are
delivered into host cells to use the host AGO protein to suppress
host defense genes. Conversely, the host-derived sSRNAs through
extracellular vesicles, especially exosomes, are transported into
pathogens to suppress pathogen genes (Cai ez al., 2018b).

sRNAs also play a pivotal role during bacterial infection. It was
suggested in a preprint paper that, in bacteria, SRNAs can pass
through the host plasma membrane, as well as the complex
multilayered bacterial cell envelope, and trigger gene silencing in
the bacterium itself as part of an antibacterial defense response
(Singla-Rastogi ez al., 2019). This trans-kingdom regulatory pro-
cess is known as antibacterial gene silencing.

The discovery of host-induced gene silencing (HIGS) has led to
the development of innovative tools for plant disease control. In
HIGS approaches, genetically engineered plants express pathogen/
pest gene-targeting sSRNAs or dsRNAs. Taking advantage of cross-
kingdom RNA trafficking, these sSRNAs are transported into the
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Fig.1 Cross-kingdom RNA interference (RNAI) in plant-pathogen interactions. (a) Pathogens infect plants by attaching themselves to the plant’s leaf or
root systems. (b, ¢) Some pathogens enter though the stomata (b); however, an intimate relationship between the pathogen and the plant cell is then
established (c), enabling the exchange of regulatory molecules. Among the signals exchanged by the plant and the pathogen are small RNAs (sSRNAs). The
pathogen delivers SRNAs into host plant cells (purple arrows), thus suppressing the host immune responses. This occurs by silencing the host immunity-related
messenger RNA (MRNA) by using the host cell RNAi machinery. Plant cells also deliver sSRNAs (host-induced gene silencing (HIGS) small interfering RNA
(siRNA)) into pathogen cells (green arrows). RISC, RNA-induced silencing complex.

pathogen or pest in order to silence virulence genes, thus increasing
plant tolerance to disease. Various plant species have been
engineered, from model plants to commercial crops, aimed at
combating pathogens such as nematodes, viroids, viruses, insects,
and fungi (Niu ez al, 2021).

Interestingly, in approaches that avoid the use of transgenic
plants, it was demonstrated that the direct application of the RNA
spray, named spray-induced gene silencing (SIGS), of pathogen-
gene-targeting RNAs confers resistance to the pathogen (Cai
etal,2018a). In SIGS technologies, chemically synthetized
dsRNAs or sRNAs are used. The success of SIGS depends on the
efficiency of RNA uptake by the pathogen, with higher degrees of
uptake of dsRNA correlating with a higher protection against the
pathogen (Qiao ez al., 2021).

In order to increase plant protection against plant pathogens,
layered double hydroxide (LDH) clay nanosheets complexed with
the exogenous RNA represent an effective delivery method that
could protect plants from virus attack for 20 d after a single spay
instead of the 5-8-day protection provided by naked dsRNA or
sRNA sprays on plants. LDH appears to act by enhancing the
stability of the otherwise labile naked dsRNA (Mitter ez al., 2017).

IV. MicroRNAs as plant-to-plant signaling molecules

Naturally occurring trans-species miRNA trafficking has been
described between parasitic plants and their host (Fig. 2). The
parasitic plant Cuscuta uses haustoria to get water and nutrients
from its host plant. In Cuscuta campetris, a high number of 22-nt-
long miRNAs are induced at the haustorium when it parasitizes
Arabidopsis and tobacco (Shahid ez al., 2018). These miRNAs can
hijack the silencing machinery of host plants in order to induce the
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production of secondary siRNAs and the subsequent degradation
of host mRNAs (Shahid ez a4l., 2018).

The fact that some miRNAs are mobile molecules within the
plant, and that they can travel between the plant and their pathogen
and between parasitic plants and host plants, suggests miRNAs may
play a role in plant-to-plant communication (Fig. 3). Recent
reports (Betti eral,2021; Marzec, 2022) described the first
evidence of miRNA communication between plants, with exper-
imental evidence that plants can take up miRNAs produced by the
neighboring plants, thereby inducing PTGS in the receiving plant.
The evidence of plant-to-plant miRNA transfer was reported in the
well-known miR399/PHO2 and miR156/SPL modules (Betti
et al.,2021). Both these miRNAs are known to be cell mobile (Pant
et al., 2008; Bhogale eral., 2014), and the physiological processes
they regulate have been well characterized.

In the Betti ez al. study, Arabidopsis seedlings were fed with a
plant extract obtained from miRNA-overexpressing (either
miR399 or miR156) plants. These extracts were thus enriched in
one specific miRNA, hence enabling the response to be tested in a
plant with a basal expression of the miRNA studied. Interestingly,
wild-type Arabidopsis seedlings displayed downregulation of
miR399/miR156 targets when treated with the exogenous
miRNAs-containing extract, thus suggesting that plants can take
up miRNAs from the medium, with PTGS downregulating their
target genes. These exogenous miRNAs can be both ‘natural’
(extracted from a plantand fed as a mixture of RNAs) or chemically
synthesized. The uptake of miRNAs occurs preferentially though
the roots, which are then transported through the xylem (Betti
eral.,2021). This was highlighted using fluorophore-labeled
miR399, thus showing that a chemically synthetized, pure miRNA
can enter the vascular tissue and move to distal tissue. Along with
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Fig. 2 Interspecies small RNA (sSRNA) Parasitic plant

mRNA

trafficking between parasitic plants and their
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Fig. 3 MicroRNAs (miRNAs) act as plant-to-plant regulatory molecules. (a) When Arabidopsis plants are grown in a tray sharing the same growth medium,
miRNAs are secreted into the medium and influence the phenotype of the nearby receiving plants. (b) miRNAs, secreted as duplexes or single-stranded mature
miRNAs, are taken up by the receiving plant roots and translocated into the plant via the xylematic route (red arrow). (c) It is still unclear which is the preferential
form by which miRNAs are secreted and taken up. The possible forms include the miRNA duplex, the single-stranded mature strand, and exosomes containing
the miRNA molecules. (d) miRNAs are produced in the donor plant, where they are processed from the primary miRNA to the mature miRNA, which is secreted
following an unknown mechanism to the external medium. The root cells of nearby plants can take up these exogenous miRNAs, which induce signal
amplification by a loop requiring ARGONAUTE1 (AGO1) and RNA-dependent RNA polymerase 6 (RDR6) producing secondary small interfering RNAs
(siRNAs) that silence the target gene(s) in the receiving plant. mRNA, messenger RNA; RISC, RNA-induced silencing complex.
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other evidence, this suggests that the uptake of exogenous miRNAs
by plant roots does not require delivery by exosomes.

The consequence of exogenous RNA uptake on the regulation of
gene expression should also impact on the plant’s phenotype.
Exploiting the well-known reduced primary root phenotype in the
transgenic line overexpressing miR156a (Barrera-Rojas eral.,
2020), it was demonstrated that exogenous miR156 inhibited
primary root growth in a vertical agar-plate assay. Other evidence
supports the role of miRNAs as signaling molecules operating
between different plants. First, exogenous miRNAs were observed
in an exogenous hydroponic medium. This is important, because it
suggests that (1) plants secrete miRNAs to the outside medium and
(2) miRNAs are stable in a nonsterile environment. When wild-
type and miRNA (miR399/miR156)-overexpressing plants were
co-cultivated in the same hydroponic tray, the expression level of
PHOZ2/SPLs genes decreased in wild-type plants, thus demonstrat-
ing that the higher level of miRNAs in the transgenic overexpressor
influenced the expression of the relative miRNA target gene in a
nearby wild-type plant. Interestingly, the flowering of wild-type
plants is delayed when co-cultivated with an miR156 overexpres-
sor, which is a genotype with extremely delayed flowering (Betti
etal.,2021).

In plants, RNAi triggered by most miRNAs requires the AGO1
protein, although there are reports suggesting a role of AGO8 in
Nicotiana attenuata (Pradhan etal.,2017) and AGO4 during
plant pathogen interaction (Pradhan ez al., 2020). In Arabidopsis,
an AGO1 mutant was shown to be nonresponsive to exogenous
miRNAs (Betti etal,2021), and an 7dr6 mutant was also
insensitive to exogenous miRNAs. Taken together, these results
indicate that exogenous miRNAs enter the canonical pathways of
PTGS with RDR6-dependent transitivity.

The ability of exogenous miRNAs to induce PTGS in the
receiving plant expands the concept of miRNA mobility well
beyond the in planta translocation of RNA-based signals. The
exchange of miRNAs between plants and pathogens/parasitic
plants has already highlighted the potential role of miRNAs in
communication between distinct living organisms, but in both
cases there is a very close contact between the cells of producing/
receiving plants.

V. Conclusions

The exchange of miRNAs between separate plants growing nearby
has a number of implications and raises new questions. First, it is
unclear how miRNAs are secreted from plants to the outside
medium. The most logical explanation is that exosomes represent
the mechanism by which miRNAs exit the plant cell, as clearly
shown in the plant—pathogen exchange of RNAs (Cai eral,
2018b). However, apoplastic miRNAs are not always inside
exosomes (Zand Karimi ez al., 2022). Another possibility is that
miRNAs leak out of decaying roots into the soil. Once in the
external medium, miRNAsare clearly very stable. This could be due
to their double-stranded structure; however, the ratio between the
mature miRNA strand and the passenger strand is largely in favor of
the mature strand in plant extracts (Betti ezal, 2021), raising a
question related to the nature of the structure of the miRNAs
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released by the plant to the outside medium. Given that most of the
guide strand of miRNAs in plants is loaded on the AGO protein(s),
it is possible that miRNAs loaded on AGO proteins are mobile or
that the miRNA duplex, rather than the single strand, is the mobile
version of miRNAs.

Transitivity by RDRG6 is required for PTGS by exogenous
miRNAs. This is compatible with miR156 and miR399 both
being secondary siRNA-triggering miRNAs (Manavella ezal,
2012) because of their miRNA duplex structure. miR156 and
miR399 both have a 21 nt mature strand but a 22 nt passenger
strand, which is required for inducing transitivity (Manavella ez a/.,
2012). Though the duplex was fed when a chemically synthesized
pure miR156 or miR399 was used, feeding with an RNA extract
was predominantly composed of the mature strand (Betti ez al,
2021). This suggests that either the relatively small number of
passenger miRNAs that was exogenously fed is sufficient for
triggering RDR6-dependent production of secondary siRNAs, or
that the mature miRNA is sufficient as an exogenous regulatory
molecule, possibly by association with the passenger miRNA
produced by the receiving plant.

How the receiving plants can internalize exogenous miRNAs is
unknown. Exosomes do not seem to be required, given that PTGS
was induced by naked, pure miRNAs (Betti ez al., 2021). However,
itis also possible that exosomes are involved in the 77 vivo exchange
of miRNAs between plants. However, the regulatory activity by
naked miRNAs indicates that plants have the ability to take up
exogenous RNAs. This is compatible with the multiple evidence of
PTGS triggered by SIGS, when exogenous, naked dsRNAs are
applied exogenously onto the plant (Wang & Jin, 2017). Nema-
todes possess SID-1, a dsRNA-selective dsRNA-gated channel,
allowing environmental RNAi (Shih & Hunter, 2011). The
existence of a channel allowing miRNA uptake in plants is
unknown, and its discovery would be a massive breakthrough in
plant RNA biology.

Areall miRNAs able to trigger PTGS when exogenously applied?
Given the evidence of RDR6 being required for PTGS by
exogenous miRNAs, it is likely that only miRNAs inducing
secondary siRNA production (Manavella eral,2012) represent
molecules able to allow plant-to-plant communication.

Translocation by the xylem seems to be the preferential route for
root-fed exogenous miRNAs (Betti ez a/., 2021). This is in contrast
to several sources of evidence of preferential phloem movement of
miRNAs in plants (Kehr & Buhtz, 2008). However, the presence
and translocation of RNAs restricted to the xylem was observed
for hairpin RNA and sRNAs after trunk injection and peti-
ole absorption (Dalakouras ezal, 2018). The route followed
by miRNAs in the plant may, therefore, depend on the site of entry
of the RNA, with the phloem involved in the in-plant RNA
movement and the xylematic route preferentially used when the
source of RNA is exogenous.

All these questions await answers from experimental evidence.
The field of exogenous RNA biology in plants has already provided
outstanding breakthroughs in cross-species communication and
plant disease control (Cai ez 4/., 2019). It is now possible to explore
the importance of exogenous miRNAs present in the soil for
signaling in plant communities.

© 2022 The Authors
New Phytologist © 2022 New Phytologist Foundation.

85LB01 7 SUOLULLOD dAIIE1D) 3{cedl|dde aLpy Aq peusenob a2 Sajole YO 9SN JO SaInJ 10} ARe1q1T 8UIIUO AB[IM UO (SUONIPUOD-PUE-SWB)LI0O" A8 | 1M ARe.d1|BulUO//STY) SUORIPUOD pue SWS 1 8L} 39S " [7202/90/20] U0 AReiqi8ulluO A8|IM ‘1A euuy elues aioliedns ejonos Aq 09€8T Udu/TTTT 0T/10p/wioo 48| im Ake.q 1 put|uo yduy/:sdny wouy pepeojumod ‘9 ‘220z ‘LET869YT



New
Phytologist

Acknowledgements

Open access funding provided by Consiglio Nazionale delle
Ricerche within the CRUI-CARE agreement.

Author contributions

EL and PP wrote the review article. EL and PP contributed equally
to this work.

ORCID

Elena Loreti () https://orcid.org/0000-0002-5255-4983

https://orcid.org/0000-0001-9444-0610

Pierdomenico Perata

References

Bari R, Pant BD, Stitt M, Scheible WR. 2006. PHO2, microRNA399, and
PHRI1 define a phosphate-signaling pathway in plants. Plant Physiology141: 988—
999.

Barrera-Rojas CH, Rocha GHB, Polverari L, Pinheiro Brito DA, Batista DS,
Notini MM, da Cruz ACF, Morea EGO, Sabatini S, Otoni WC ez a/. 2020.
miR156-targeted SPL10 controls Arabidopsis root meristem activity and root-
derived de novo shoot regeneration via cytokinin responses. Journal of
Experimental Botany 71: 934-950.

Betti F, Ladera-Carmona M]J, Weits DA, Ferri G, lacopino S, Novi G, Svezia B,
Kunkowska AB, Santaniello A, Piaggesi A ez al. 2021. Exogenous miRNAs
induce post-transcriptional gene silencing in plants. Nazure Plants7:1379-1388.

Bhogale S, Mahajan AS, Natarajan B, Rajabhoj M, Thulasiram HV, Banerjee AK.
2014. MicroRNA156: a potential graft-transmissible microrna that modulates
plant architecture and tuberization in Solanum tuberosum ssp. andigena. Plant
Physiology 164: 1011-1027.

Bologna NG, Voinnet O. 2014. The diversity, biogenesis, and activities of
endogenous silencing small RNAs in Arabidopsis. Annual Review of Plant Biology
65: 473-503.

Brodersen P, Sakvarelidze-Achard L, Bruun-Rasmussen M, Dunoyer P,
Yamamoto YY, Sieburth L, Voinnet O. 2008. Widespread translational
inhibition by plant miRNAs and siRNAs. Science 320: 1185-1190.

Buhtz A, Springer F, Chappell L, Baulcombe DC, Kehr J. 2008. Identification and
characterization of small RNAs from the phloem of Brassica napus. The Plant
Journal 53: 739-749.

Cai Q, He B, Kogel KH, Jin H. 2018a. Cross-kingdom RNA trafficking and
environmental RNAi — nature’s blueprint for modern crop protection strategies.
Current Opinion in Microbiology 46: 58—64.

Cai Q, He B, Weiberg A, Buck AH, Jin H. 2019. Small RNAs and extracellular
vesicles: new mechanisms of cross-species communication and innovative tools for
disease control. PLoS Pathogens 15: ¢1008090.

Cai Q, Qiao L, Wang M, He B, Lin FM, Palmquist J, Da HS, Jin H. 2018b. Plants
send small RNAs in extracellular vesicles to fungal pathogen to silence virulence
genes. Science 360: 1126-1129.

Carbonell A.2019. Secondary small interfering RNA-based silencing tools in plants:
an update. Frontiers in Plant Science 10: 687.

Chen X, Rechavi O. 2022. Plant and animal small RNA communications between
cells and organisms. Nature Reviews Molecular Cell Biology 23: 185-203.

Dalakouras A, Jarausch W, Buchholz G, Bassler A, Braun M, Manthey T, Krczal G,
Wassenegger M. 2018. Delivery of hairpin RNAs and small RNAs into woody
and herbaceous plants by trunk injection and petiole absorption. Frontiers in Plant
Science9: 1253.

D’Ario M, Griffiths-Jones S, Kim M. 2017. Small RNAs: big impact on plant
development. Trends in Plant Science 22: 1056—1068.

DengZ,WuH, LiD, Li L, Wang Z, Yuan W, Xing Y, Li C, Liang D. 2021. Root-
to-shoot long-distance mobile miRNAs identified from Nicotiana rootstocks.
International Journal of Molecular Sciences 22: 12821.

© 2022 The Authors
New Phytologist © 2022 New Phytologist Foundation.

Tansley insight Revie

Devers EA, Brosnan CA, Sarazin A, Albertini D, Amsler AC, Brioudes F, Jullien
PE, Lim P, Schott G, Voinnet O. 2020. Movement and differential consumption
of short interfering RNA duplexes underlie mobile RNA interference. Nazure
Plants 6: 789-799.

de Felippes FF. 2019. Gene regulation mediated by microRNA-triggered secondary
small RNAs in plants. Plants 8: 112.

Kehr ], Buhtz A. 2008. Long distance transport and movement of RNA through the
phloem. Journal of Experimental Botany 59: 85-92.

Khraiwesh B, Zhu JK, Zhu J. 2012. Role of miRNAs and siRNAs in biotic and
abiotic stress responses of plants. Biochimica et Biophysica Acta— Gene Regulatory
Mechanisms 1819: 137-148.

Li S, Liu L, Zhuang X, Yu Y, Liu X, Cui X, Ji L, Pan Z, Cao X, Mo B ez 4l. 2013.
MicroRNAs inhibit the translation of target mRNAs on the endoplasmic
reticulum in Arabidopsis. Cell 153: 562-574.

Li S, Wang X, Xu W, Liu T, Cai C, Chen L, Clark CB, MaJ. 2021. Unidirectional
movement of small RNAs from shoots to roots in interspecific heterografts.
Nature Plants7: 50-59.

Manavella PA, Koenig D, Weigel D. 2012. Plant secondary siRNA production
determined by microRNA-duplex structure. Proceedings of the National Academy
of Sciences, USA 109: 2461-2466.

Marzec M. 2022. MicroRNA: a new signal in plant-to-plant communication.
Trends in Plant Science 27: 418—419.

Mitter N, Worrall EA, Robinson KE, Li P, Jain RG, Taochy C, Fletcher SJ, Carroll
BJ, Lu GQ, Xu ZP. 2017. Clay nanosheets for topical delivery of RNAI for
sustained protection against plant viruses. Nature Plants 3: 16207.

Molnar A, Melnyk CW, Bassett A, Hardcastle TJ, Dunn R, Baulcombe DC. 2010.
Small silencing RNAs in plants are mobile and direct epigenetic modification in
recipient cells. Science 328: 872-875.

Niu D, Hamby R, Sanchez JN, Cai Q, Yan Q, Jin H. 2021. RNAs—a new frontier
in crop protection. Current Opinion in Biotechnology 70: 204-212.

Pant BD, Buhtz A, Kehr ], Scheible WR. 2008. MicroRNA399 is a long-distance
signal for the regulation of plant phosphate homeostasis. 7he Plant Journal 53:
731-738.

Pradhan M, Pandey P, Baldwin IT, Pandey SP. 2020. Argonaute4 modulates
resistance to Fusarium brachygibbosum infection by regulating jasmonic acid
signaling. Plant Physiology 184: 1128—1152.

Pradhan M, Pandey P, Gase K, Sharaff M, Singh RK, Sethi A, Baldwin IT, Pandey
SP. 2017. Argonaute 8 (AGO8) mediates the elicitation of direct defenses against
herbivory. Plant Physiology 175: 927-946.

Pyott DE, Molnar A. 2015. Going mobile: non-cell-autonomous small RNAs shape
the genetic landscape of plants. Plant Biotechnology Journal13: 306-318.

Qiao L, Lan C, Capriotti L, Ah-Fong A, Nino Sanchez ], Hamby R, Heller J, Zhao
H, Glass NL, Judelson HS ez 4l 2021. Spray-induced gene silencing for disease
control is dependent on the efficiency of pathogen RNA uptake. Plant
Biotechnology Journal 19: 1756-1768.

Rogers K, Chen X. 2013. Biogenesis, turnover, and mode of action of plant
microRNAs. Plant Cell25: 2383-2399.

Rosas-Diaz T, Zhang D, Fan P, Wang L, Ding X, Jiang Y, Jimenez-Gongora T,
Medina-Puche L, Zhao X, Feng Z ez al. 2018. A virus-targeted plant receptor-like
kinase promotes cell-to-cell spread of RNAI. Proceedings of the National Academy
of Sciences, USA 115: 1388-1393.

Shahid S, Kim G, Johnson NR, Wafula E, Wang F, Coruh C, Bernal-Galeano V,
Phifer T, Depampbhilis CW, Westwood JH ez al 2018. MicroRNAs from the
parasitic plant Cuscuta campestris target host messenger RNAs. Nazure 553: 82-85.

Shih JD, Hunter CP. 2011. SID-1 is a dsRNA-selective dsRNA-gated channel.
RNA17:1057-1065.

Singh A, Gautam V, Singh S, Sarkar Das S, Verma S, Mishra V, Mukherjee S,
Sarkar AK. 2018. Plant small RNAs: advancement in the understanding of
biogenesis and role in plant development. Planta 248: 545-558.

Singla-Rastogi M, Charvin M, Thiébeauld O, Perez-Quintero AL, Ravet A,
Emidio-Fortunato A, MenduV, Navarro L. 2019. Plant small RNA species direct
genesilencing in pathogenic bacteria as well as disease protection. bioRxzv. doi: 10.
1101/863902.

Vatén A, Dettmer J, Wu S, Stierhof YD, Miyashima S, Yadav SR, Roberts CJ,
Campilho A, Bulone V, Lichtenberger R ez al. 2011. Callose biosynthesis
regulates symplastic trafficking during root development. Developmental Cell21:
1144-1155.

New Phytologist (2022) 235: 2176-2182
www.newphytologist.com

218%

85LB01 7 SUOLULLIOD dAII.D) 3{cedl|dde aupy Aq peusenob a.1e Sajoie YO 9sN JO SaInJ 10} ARIq1T 8UIIUO AB[IM UO (SUONIPUOD-PUE-SWB)/LIOO™AS | 1M AReq]1|BulUO//STIY) SUORIPUOD pue SIS | 8L 88S " [1202/90/20] U Aiqi8ulluo A8|IM ‘1A euuy elues ai01iedns elonos Aq 09€8T Udu/TTTT 0T/I0p/woo A8 im Ake.q i pul|uoydu//sdny wouy pepeojumod ‘9 'z


https://orcid.org/0000-0002-5255-4983
https://orcid.org/0000-0002-5255-4983
https://orcid.org/0000-0002-5255-4983
https://orcid.org/0000-0001-9444-0610
https://orcid.org/0000-0001-9444-0610
https://orcid.org/0000-0001-9444-0610
https://doi.org/10.1101/863902
https://doi.org/10.1101/863902

2182 Review

Tansley insight

Voinnet O. 2022. Revisiting small RNA movement in plants. Nature Reviews
Molecular Cell Biology 23: 163—164.

Wang M, Jin H. 2017. Spray-induced gene silencing: a powerful innovative strategy
for crop protection. Trends in Microbiology 25: 4-6.

Weiberg A, Wang M, Lin FM, Zhao H, Zhang Z, Kaloshian I, Da HH, Jin H.
2013. Fungal small RNAs suppress plant immunity by hijacking host RNA
interference pathways. Science 342: 118—123.

Wu G, Park MY, Conway SR, Wang JW, Weigel D, Poethig RS. 2009. The
sequential action of miR156 and miR172 regulates developmental timing in

Arabidopsis. Cel/138: 750-759.

New Phytologist (2022) 235: 2176-2182
www.newphytologist.com

New
Phytologist

Yoo BC, Kragler F, Varkonyi-Gasic E, Haywood V, Archer-Evans S, Lee YM,
Lough TJ, Lucas WJ. 2004. A systematic small RNA signaling system in plants.
Plant Cell 16: 1979-2000.

Zand Karimi H, Baldrich P, Rutter BD, Borniego L, Zajt KK, Meyers BC, Innes
RW. 2022. Arabidopsis apoplastic fluid contains sSRNA- and circular RNA—
protein complexes that are located outside extracellular vesicles. Plant Cell 34:
1863-1881.

Zhang T, Zhao YL, Zhao JH, Wang S, Jin Y, Chen ZQ, Fang YY, Hua CL, Ding
SW, Guo HS. 2016. Cotton plants export microRNAs to inhibit virulence gene
expression in a fungal pathogen. Nature Plants 2: 1-6.

© 2022 The Authors
New Phytologist © 2022 New Phytologist Foundation.

85LB01 7 SUOLULLOD dAIIE1D) 3{cedl|dde aLpy Aq peusenob a2 Sajole YO 9SN JO SaInJ 10} ARe1q1T 8UIIUO AB[IM UO (SUONIPUOD-PUE-SWB)LI0O" A8 | 1M ARe.d1|BulUO//STY) SUORIPUOD pue SWS 1 8L} 39S " [7202/90/20] U0 AReiqi8ulluO A8|IM ‘1A euuy elues aioliedns ejonos Aq 09€8T Udu/TTTT 0T/10p/wioo 48| im Ake.q 1 put|uo yduy/:sdny wouy pepeojumod ‘9 ‘220z ‘LET869YT



	 Sum�mary
	I. MicroRNAs: molecules reg�u�lat�ing post�tran�scrip�tional gene silenc�ing
	II. MicroRNAs can act as mobile molecules
	III. MicroRNA mobil�ity in plant-pathogen inter�ac�tions
	IV. MicroRNAs as plant-to-plant sig�nal�ing molecules
	nph18360-fig-0001
	nph18360-fig-0002
	nph18360-fig-0003

	V. Con�clu�sions
	 Acknowl�edge�ments
	 Author con�tri�bu�tions
	 Ref�er�ences
	nph18360-bib-0001
	nph18360-bib-0002
	nph18360-bib-0003
	nph18360-bib-0004
	nph18360-bib-0005
	nph18360-bib-0006
	nph18360-bib-0007
	nph18360-bib-0008
	nph18360-bib-0009
	nph18360-bib-0010
	nph18360-bib-0011
	nph18360-bib-0012
	nph18360-bib-0013
	nph18360-bib-0014
	nph18360-bib-0015
	nph18360-bib-0016
	nph18360-bib-0017
	nph18360-bib-0018
	nph18360-bib-0019
	nph18360-bib-0020
	nph18360-bib-0021
	nph18360-bib-0022
	nph18360-bib-0023
	nph18360-bib-0024
	nph18360-bib-0025
	nph18360-bib-0026
	nph18360-bib-0027
	nph18360-bib-0028
	nph18360-bib-0029
	nph18360-bib-0030
	nph18360-bib-0031
	nph18360-bib-0032
	nph18360-bib-0033
	nph18360-bib-0034
	nph18360-bib-0035
	nph18360-bib-0036
	nph18360-bib-0037
	nph18360-bib-0038
	nph18360-bib-0039
	nph18360-bib-0040
	nph18360-bib-0041
	nph18360-bib-0042
	nph18360-bib-0043
	nph18360-bib-0044
	nph18360-bib-0045


