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Packaged or unpackaged: appearance and transport of
extracellular noncoding RNAs in the plant apoplast
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Here, we discuss the current status of the controversial
debate on the localization, transport, molecular interactions,
and activities of different types of extracellular noncoding
RINAs as highlighted by a new publication (1) of the group of
Roges Innes, Indiana University, on RNAs in the apoplastic
intercellular washing fluid AWF) of Arabidopsis thaliana.

Since the astonishingly successful development of
new vaccines based on ribonucleic acid—better known as
RNA—the compound has attracted a lot of attention. In
the field of medicine, RNA vaccines are seen as promising
drugs for treating serious diseases, such as certain types of
cancer and neurodegenerative diseases, and thus receive
special public attention. Only a minority is aware of the
potentially effective use of RNA technology in agriculture
and pest control, even though the alternative has been hotly
debated among experts long before the Corona pandemic.
Even without the current political disaster, it was clear that
global crop yields would have to roughly double in the next
40 years to meet the increasing food and energy demands
of the growing population—and this global goal must be
achieved in the face of a changing climate and associated
extreme weather (2).

Therefore, it is very clear that humanity also will face
immense challenges in the area of agricultural production
in the coming years. One of the few possible answers
from research lies in the knowledge-based development of
improved active ingredients that must be highly effective,
selective and yet uncompromisingly environmentally
compatible and biodiversity-friendly. Biologicals, i.e.,
natural substances and beneficial microorganisms that meet
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this requirement for modern agents, are increasingly found
in nature today—RNA is one of them. As a highly effective
yet very selective Biological, RNA could actually play an
important role in crop protection and production (3-6). A
fundamental discovery in 2016 was that cotton plants are
naturally capable of producing small RNAs (sRNAs), in
this case micro RNAs (miRNAs), that inhibit the growth
of Verticillium dabliae, a fungal pathogen that infects plants
and causes Verticillium wilt diseases on many crops (7).
Two miRNAs, miR166 and miR159, were exported to
the fungal hyphae to target two Verticillium dabliae genes
encoding a Ca’*-dependent cysteine protease (Clp-1) and an
isotrichodermin C-15 hydroxylase (HiC-15), respectively,
both essential for fungal virulence. An earlier discovery had
already shown that fungal pathogens also produce sSRNA
that interact with target genes in the plants and thus weaken
the plants’ immune system (8). This bidirectional exchange
of sSRNA was termed cross-kingdom RNAi and requires key
enzymes of the RNA interference (RNAi) pathway.

The agronomic relevance of dsRNA was demonstrated
in 2006 when Huang et al. (9) reported reduced nematode
infectivity when root-knot nematodes (RKN) fed on
Arabidopsis thaliana expressing a 16D10 dsRINA targeting
the 16D10 gene that encodes a conserved secretory root
growth-stimulating RKNN peptide involved in parasitism.
That sRNA can indeed travel from a plant to an attacking
pathogen was demonstrated in 2010 by Patrick Schweizer‘s
group, and these authors coined the term host-induced
gene silencing (HIGS) (10). Transient accumulation of
dsRNA and antisense RNA with sequence similarity to
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fungal mRNA in plant cells reduced the development of the
biotrophic fungus Blumeria graminis on barley and wheat
leaves. For instance, silencing the fungal effector Avr10
resulted in reduced fungal development in the absence
but not in presence of the corresponding resistance gene
MLal0.

Since then, the expression of dsSRNAs with complementary
sequences to genes of pathogens and pests has been used
to build resistance in plants to various species of viruses,
bacteria, oomycetes, fungi, nematodes and insects (11).
However, it is not clear how the sRNAs are transferred
between plant and pathogen cells. Considering the literature
on RNA transport in mammalian tissues, it is plausible
to assume that these extracellular RNAs (exRNAs) must
either be tightly associated with RNA-binding proteins or
encapsulated in EVs to avoid degradation (12,13). However,
whether EVs and/or RNA-binding proteins are required
for RNA secretion or movement within the plant apoplast
is still controversial (14,15). How plant RNA is taken up
by microbial pathogens and pests and whether the uptake
process can be improved is an unresolved question that is
also critical for agricultural practice. The rapid uptake of
topical RNA, resulting in a mechanism called spray-induced
silencing (SIGS) (16,17), is a prerequisite for successful use
of RINA in crop protection. Nematodes possess the protein
SID-1 (Systemic RNA Interference Defective), which
enables RNA transmembrane transport and the binding
of double-stranded RNA (18). Moreover, some but by no
means all insect groups have SID-like transporters, and it
is added that dsRNA-degrading nucleases are widespread
in insect groups, so that control of insets by topical RNA
is concentrated in a few amenable groups (6,19). Fungi
most likely do not have such channels. However, treatment
of barley leaves with topical RNA resulted in its uptake
by the leaf-colonizing Fusarium graminearum fungus (16);
and leaves and fruits treated with topical RNA also showed
reduced symptoms of the grey mould B. cinerea (17),
suggesting that at least some fungi can take up RNA
from the environment. Consistent with this, the uptake
mechanism in Sclerotinia sclerotiorum occurs through
clathrin-mediated endocytosis (CME). RNAi-mediated
knockdown of several CME transcripts confirmed the
involvement of this cellular uptake process in facilitating
RNAi in S. sclerotiorum (20).

But what is the uptake mechanism for RNAs produced
naturally in plants as cross-kingdom sRNAs or as products
of a transgene (HIGS sRNAs)? A summary of the current
state of knowledge is shown in Figure 1. In a landmark
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publication, it was reported that cells of Arabidopsis thaliana
secrete exosome-like extracellular vesicles containing
sRNA cargo that can subsequently be detected in the leaf-
colonizing grey mold pathogen Botrytis cinerea (22). These
sRNA-containing vesicles accumulate at infection sites and
are taken up by fungal cells. A clear indication of sSRNA
uptake in this experiment was evidence of their RNAi
activity, as they induced silencing of fungal target genes
critical for pathogenicity. This EV-mediated RNA transport
and delivery, although it seems plausible given the wealth of
literature on mammalian EV cargo, is partially challenged
by a recent publication by Roger Innes’ group (1).
In their work they found less evidence of EV-mediated
transport claiming that the majority of apoplastic RNAs are
not bound to EVs but rather protected by RNA-binding
proteins. The starting point of their work was previous
findings that the intercellular wash fluid IWF) of healthy
(non-infected) Arabidopsis thaliana leaves contains different
types of sRNAs, including miRNAs (21-22 nucleotides,
nt), small interfering RNAs (siRNAs; 21-24 nt), and less
defined tiny RNAs (tyRNAs; 10-17 nt) with unknown
functions (23,24). Only the apoplastic tyRNAs copurified
with EVs when using a density gradient, while siRNAs
and miRNAs were largely missing from density gradient-
purified EVs, although they were present in total IWE. The
authors interpreted this then to mean that EVs may not be
the primary carrier of apoplastic siRNAs and miRNAs (23).
They further argued that in light of previous publications,
it cannot be ruled out that large RNA-protein complexes
copurify with EVs or that RNAs adhere to the surface
of EVs, questioning that all RNAs are cargo of EVs. To
eliminate extravesicular RNA-protein complexes and
RNA adhering to the surface of EVs, most previous work
used micrococcal nuclease treatment but refrained from
treating purified EVs first with proteases to remove any
RNA-binding proteins and then with nuclease to degrade
unprotected RNAs. To distinguish EV-bound cargo
RNA fractions from non-EV cargo RNA fractions, Zand
Karimi ez 4/. (1) now isolated IWF of Arabidopsis leaves
by centrifugation (P40 fraction), and subsequently treated
the pellet first with the protease trypsin and then RNase A,
resulting in a strong shift of the portion of these RINAs ws.
RNA isolated without treatment. Importantly, combined
treatment reduced the amount of sSRNA dramatically with
only a few sRNA species resisting the treatment. A deeper
differential expression analysis identified seven miRNAs
inside EVs after trypsin and RNase treatment. Interestingly,
six of the seven identified miRNAs corresponded to

ExRNA 2022;4:13 | https://dx.doi.org/10.21037/exrna-22-11



ExRNA, 2022

Host apoplastic space

' & IRz

g\

Free RNA and '

RNA-binding

protein complexes RBP complexes
Transmembrane

RNA-protein complex

\

— &

EV-associated
RNA and
RNA-binding
 protein complexes

©

L\_\".‘:’. ‘\‘
SRNA \@ 3 Iy Ti=
@
' cﬁ&?‘/LHCRNA @ ‘ e /»‘/ —~—

sg,w

—
e = ﬁ
‘,‘ ! -

Page 3 of 6

Target cell

RNA release via
endosomal pathway

@ SRNA
Uptake by | l
endocytosis miRNA p ]
v
@ sponging A Risc

(R
«\@soe

o

'9
|
-—
=
—
YT

PTGS Wi
3 Degraded target
mRNA
@ mRNA
.umunuuumAw

RNA cargo uptake by
membrane fusion

4
Q

= (e) 1
1

| Scaffolding, RADM,
miRNAs decoy...
?

Translation

| RNA cargo release
via endosomal
pathway

EV uptake by ‘
endocytosis ‘

Figure 1 Presumed location, transportation, molecular interactions, and activities of different RNA types in the apoplastic intercellular

washing fluid IWF) of a plant and their uptake into a fungal target cell in cross kingdom communication. Different types of RNAs,
including circular RNA (circRNA), long noncoding RNA (IncRNA), mRNA, and small 21- to 24-nt RNA (sRNA) virtually appear
(I) as a free molecule or bound to RNA-binding proteins (RBPs) that form RNA-protein complexes; (I) as cargo of extracellular vesicles

(EVs) in association with RBPs, or (III) attached to EVs surface through nonspecific interactions or as yet unknown putative RNA-binding

molecules, including transmembrane RNA-binding proteins. Uptake of differentially localized RINAs occurs via (A) membrane invagination

and clathrin-mediated endocytosis (CME), although a specific receptor for RNA that induces localization of clathrin and its adaptor to

the membrane is still unknown in fungi. Acidification of vesicles by vacuolar H+ ATPase in the late endosome induces the release of RNA

into the cytoplasm (12), (B) Fusion of EVs with the plasma membrane of the target cell and direct release of RNA into the cytoplasm (13),

(C) uptake of EVs, which then follow the endosomal pathway where the cargo is released into the cytoplasm (21). After release into the

cytoplasm of the target cell, the different RNA types unfold different mechanisms of action: O While the complete picture of circRNA

function in plants is not known, possible functions include micro RNA (miRNA) sponging, protein expression, and possibly all types of

antisense activities. @ sRNAs enter the pathways for post-transcriptional gene silencing (PT'GS) or transcriptional gene silencing (T'GS).

® mRNA is translated, and potentially interfering with fungal pathogenesis, and @ IncRNA is involved in protein scaffolds, RADM, and

possibly miRNA decoys. Note that most of these activities are not well studied in fungi (This figure was created based on the Biorender®

licence MG23UYBPCM).

passenger strands of active miRNAs, raising the question if
those miRNAs have a role in silencing. The same analysis
was applied by focusing on apoplastic trans-acting (tasi)
RNAs, including Tasle_16_461 and Tas2_0_56, that are
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believed to be involved in cross-kingdom RNAi (22).
Consistent with their reasoning, Zand Karimi et /. (1) were
also unable to detect these tasiRNA after treatment of the
apoplastic sample with trypsin and nuclease, so none of
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them appeared to be protected and enriched in the EVs.
Although the above findings seem comprehensible, it must
be pointed out that in the Zamt Karimi reference uninfected
Arabidopsis plants were used as biological material; at least
it cannot be completely excluded that RNA-loaded vesicles
are secreted especially in response to biological stress.
Moreover, despite the abundance of current literature,
plant research on EVs and exRNA carriers is still very
challenged and limited, especially by (I) the heterogeneity
of EVs and their RNA cargo (differences between cell types
and organs); (II) the sample-to-sample heterogeneity of
EVs and other RNA carriers; (III) the differences in the
methods used to isolate EVs and other RINA carriers; IV
the differences in sensitivity, specificity, reproducibility,
and bias of different RNA profiling methods; and last but
not least, the bias in the knowledge of plant EVs due to the
predominantly mammalian-focused literature on EVs and
their RNA carriers (12).

Of note, further analysis of apoplastic RNA detected
both sRNAs and long noncoding RNAs (IncRNAs),
including circular RNAs (circRNAs), and these RINAs were
highly enriched in the posttranscriptional modification N6-
methyladenine (m6A) (1). Consistent with this, the putative
mo6A-binding protein GLYCINE-RICH RNA-BINDING
PROTEIN 7 (GRP7) as well as the sRNA-binding
protein AGO2 was found in the IWFE. These two proteins
coimmunoprecipitated with IncRNAs, including circRNAs.
Mutation of GRP7 or AGO2 caused changes in both the
sRINA and IncRNA content of IWE, suggesting that these
proteins contribute to the secretion and/or stabilization of
apoplastic RNA. Previous work already identified already
several RNA-binding proteins in the apoplast of Arabidopsis
leaves, including AGO1, ANNEXINTI and 2, and RNA
HELICASE11 and 37 (15). However, the exact localization
of these proteins, like that of RNA, is unclear, as definitive
proof of their localization in EVs would require at least
protease protection assays showing that these proteins
remain undigested in the presence of trypsin and thus are
located within EVs.

The circRNA, now also discovered in IWF from
Arabidopsis leaves, is increasingly becoming the focus
of research in plant pathology. In mammals, circRNAs
were initially associated with their function as miRNA
sponges that influence mRNA turnover (25). More recent
findings show their function in regulating transcription
and translation, sequestering and translocating proteins,
facilitating interactions between proteins, and translating
to proteins (26). Of note, the RNA base modification
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m6A, now found in IWE, is known to efficiently initiate
translation of circRNAs (27). Cytoplasmic circRNAs can
arise from exons (exonic circRNA) (28) and are thus the
candidates for secretion into the apoplast. circRNA has
also been detected in plants such as rice (Oryza sativa) and
Arabidopsis thaliana (29) and they seem to accumulate in
response to biotic stress (30) and abiotic stress, such as
phosphate-sufficient and -starvation conditions. Due to the
structural stability of the circular form and its potentially
multifunctional roles they may play in plant pathogens and
pests, circRINAs are promising candidates for agronomical
application.

Problems to be solved: future application in crop
protection

The use of RNA in agriculture has become a realistic
scenario in recent years. Not surprisingly for scientists in
this field, GMO approaches such as HIGS have proven to be
particularly effective. What does the Zand Karimi paper (1)
tell us about the future application of RNA in crop
production? While the uptake of RNAi-inducing dsRNA
by microbial pathogens and pests from the environment
is uncontroversial, questions remain, such as how exactly
RNA is transferred from the plant host to a colonizing
microbe and what type of (apoplastic) RNAs play a key role
in influencing the growth of a pathogenic microbe on its
host.

What are the pitfalls that have to be avoided in order to
introduce the RNA approach to the market? First of all,
the products would need to be taken up more efficiently
into the plants and pathogens/pests, even under adverse
weather conditions, and the RNA must be protected — as it
is under natural conditions by RNA-binding proteins and/
or vesicles —over a certain period of time in order to enter
the plants without being inactivated. What seems optimal
for the environmental effect of RNA, namely its very
rapid degradation in arable soil, especially by ubiquitous
microorganisms and their RNA-degrading enzymes, the
nucleases, is initially a disadvantage for the efficacy of
applied RNA in crop protection. Therefore, the greatest
challenge in RNA research is to package the RNA to
improve its uptake by pathogens and pests. So, as with RNA
vaccines, the biggest problem in crop protection is getting
the very “sensitive” molecule to its site of action. Analogous
to RNA vaccines, packaging the RNA in lipid droplets, for
example, could also provide a solution. Moreover, the size
and structure of the RNA molecule is critical for uptake by
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a pathogen and its RNAi activity (31). In some insects, it
has been found that only RNA molecules with more than
60 nt are effective (6). In fungi, the optimal length of RNA
molecules to be administered is not well understood. An
emerging possibility is the use of circRNA, as this type of
RNA is ubiquitous and seems to be more stable and possibly
more efficient than dsRNA.
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