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Abstract

Key message We demonstrate non-immunogenic circRNA as a tool for targeted gene regulation in plants, where it
acts in an isoform- and sequence-specific manner, enabling future agronomic applications.

Abstract Circular RNAs (circRNAs) are single-stranded RNA molecules characterized by their covalently closed structure
and are emerging as key regulators of cellular processes in mammals, including gene expression, protein function and immune
responses. Recent evidence suggests that circRNAs also play significant roles in plants, influencing development, nutrition,
biotic stress resistance, and abiotic stress tolerance. However, the potential of circRNAs to modulate target protein abundance
in plants remains largely unexplored. In this study, we investigated the potential of designer circRNAs to modulate target
protein abundance in plants using Arabidopsis protoplasts as a model system. We show that PEG-mediated transfection with
a 50-nt circRNAgpp containing a 30-nt GFP-antisense sequence results in a dose- and sequence-dependent reduction of GFP
reporter target protein abundance. Notably, a single-stranded open isoform of circRNAggp had little effect on protein abun-
dance, indicating the importance of the closed circular structure. Additionally, circRNAggp also reduced GFP abundance in
Arabidopsis mutants defective in RNA interference (RNA1), suggesting that circRNA activity is independent of the RNAi
pathway. We also show that circRNA, unlike dsRNA, does not induce pattern-triggered immunity (PTI) in plants. Findings
of this proof-of-principle study together are crucial first steps in understanding the potential of circRNAs as versatile tools
for modulating gene expression and offer exciting prospects for their application in agronomy, particularly for enhancing
crop traits through metabolic pathway manipulation.

Keywords Circular RNA - Double-stranded RNA - Protoplast transfection - Disease resistance - RNA interference - Small
RNA

Introduction

Agricultural production is affected by a variety of biotic and
abiotic stress factors, which will increase with higher tem-
peratures and extreme weather conditions in the course of
climate change (Pareek et al. 2020; IPPC Secretariat 2021).
Further improvement or even maintenance of global yield
levels will depend to a large extent on new scientific solu-
tions and their rapid introduction into agronomic practice
(Van Dijk et al. 2021). While there is a broad consensus
in the scientific community and clear legal requirements
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in most countries that synthetic pesticides, including her-
bicides, should be used as little as possible (Deguine et al.
2021), the effectiveness of alternative crop protection meas-
ures in intensive production systems still needs to be devel-
oped, and their dependence on environmental factors is often
poorly understood (Perez-Alvarez et al. 2019; Kremer 2023;
Galli et al. 2024).

RNA is key for the storage, transmission, and modifica-
tion of genetic information. In higher organisms, RNA exists
predominantly in the linear form as protein-coding mRNA
and non-coding forms, such as ribosomal (r)RNAs, long
non-coding RNA (Inc)RNAs, transfer () RNAs, and different
types of small (s)RNA duplexes mostly of 21-24 base pairs.
For the latter, their high significance for regulatory processes
such as maintenance of genome stability and regulation
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of gene activity had only been found in 1998, when their
function in RNA interference (RNAi) was discovered (Fire
et al. 1998; Baulcombe 2004). As a way of communica-
tion between interacting organisms, RNA is also exchanged
between animals or plants and their pathogens or parasites,
a phenomenon known as cross-kingdom RNA interference
(ckRNAi; LaMonte et al. 2012; Weiberg et al. 2013; Buck
et al. 2014; Zhang et al. 2016; Shahid et al. 2018; for review
see Cai et al. 2018; Hamby et al. 2025).

Consistent with the role of RNA in natural communi-
cation between plant hosts and microbial pathogens and
pests, designer RNAs, such as engineered sRNA duplexes
or longer double-stranded (ds)RNAs of up to several hun-
dred nucleotides, can protect plants from biotic and abiotic
stresses (for review see Koch and Kogel 2014; Cai et al.
2018; Niehl et al. 2018; Liu et al. 2020, 2024; Koch and
Wassenegger 2021; Chen and Kim 2024). However, their
instability and rapid degradation still hamper the agronomic
use of these RNAs, especially if they are not protected by
chemical formulations (Mitter et al. 2017; Demirer et al.
2019; Jain et al. 2022; Kogel 2025; Yong et al. 2025; Moor-
lach et al. 2025). Moreover, the risk of genetic cross-resist-
ance to various SRNAs or dsRNAs all acting via RNAI in
the target microbe or pest is a realistic scenario in which the
RNAIi pathway components and dSRNA uptake mechanisms
are susceptible to counter-selection (Khajuria et al. 2018;
OECD 2020; Wytinck et al. 2020; Mishra et al. 2021, 2024;
Seci¢ and Kogel 2021; Choudhary et al. 2021; Luo et al.
2024).

RNAs are also exchanged between plant hosts and their
weed parasites (Westwood and Kim 2017). There is grow-
ing interest in exploring this potential use of RNA for weed
control (Mai et al. 2021; Zabala-Pardo et al. 2022; Panozzo
et al. 2025). However, RNA uptake and stability in plants
have challenged the development of RNA herbicides (Dala-
kouras et al. 2016; Bennett et al. 2020; Liu et al. 2021; Yong
et al. 2025), indicating the need for RNA with novel modes
of action and molecular properties for their application in
weed control.

In the present work, we have taken a first step to test
the suitability of circular (circ)RNA for future agronomic
applications. Unlike linear (Ilin)RNA molecules, circRNAs
form a covalently closed loop, which confers resistance to
exonucleases, making them more resistant to degradation
(Nielsen et al. 2022; Liu et al. 2022). This circularization
can be achieved through a process known as back-splic-
ing, in which a downstream splice donor site joins with an
upstream splice acceptor site, resulting in the formation of
a closed loop. circRNAs can arise from exons (exonic cir-
cRNA), introns (intronic circRNA), and intergenic regions
(Zhang et al. 2013; Jeck and Sharpless 2014). Knowledge
about circRNAs has been generated mainly in animal sys-
tems, where they are involved in the regulation of gene
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expression at multiple levels, including their activity as
microRNA (miRNA) sponges (binding to miRNAs and
repressing their function), as protein scaffolds, or in seques-
tration and translocation of proteins, facilitation of interac-
tions between proteins, or translation of proteins (Hansen
et al. 2013; Memczak et al. 2013; Guo et al. 2014; Yang
et al. 2022). As a result, circRNAs modulate various physi-
ologic processes such as cell differentiation, development,
and cellular immune responses, and play a role in numerous
diseases, including cancer and neurologic disorders, with
their therapeutic potential widely recognized (He et al. 2021;
Pisignano et al. 2023; Liu et al. 2022; Guo et al. 2025).
circRNAs also have been detected in plants, where they
accumulate in response to biotic and abiotic stress (Zhang
and Dai 2022; He et al. 2025). A comparison of 6,519 cir-
cRNAs from rice (Oryza sativa) with those from 46 other
species revealed a high degree of conservation within the
Oryza genus (46%), and as much as 8.5% were also found in
dicotyledonous plants, indicating some conservation of cir-
cRNAs in plants (Chu et al. 2022). An endogenous antisense
circRNA was reported to regulate the expression of the small
subunit of RuBisCO in Arabidopsis thaliana (Zhang et al.
2021). Interestingly, Arabidopsis circRNAs have also been
detected in leaf intercellular washing fluids (IWF), show-
ing that they can be secreted to the plant apoplast where
they potentially get in contact with plant attacking microbes
(Zand Karimi et al. 2022).

Here we explore the potential of exogenously applied
designer circRNAs to target an endogenous Green Fluores-
cence Protein (GFP) reporter protein in Arabidopsis. GFP-
expressing cells treated with the GFP-specific circRNA ggp,
in contrast to its corresponding linear single-strand form
linRNAgpp or a circRNA that does not contain GFP-specific
target sequences (circRNAtg;), showed reduced GFP pro-
tein abundance in a sequence- and circRNA-isoform-specific
manner. Moreover, using RNAi mutants compromised in
DICER-LIKE (DCL) and ARGONAUTE (AGO) activi-
ties, we demonstrate that the circRNA-mediated activity on
reporter protein abundance is independent of the canonical
RNAI pathways.

Results
Design of GFP-antisense circRNA

In a previous study, Pfafenrot and co-workers (2021) showed
in the mammalian system that antisense-circRNAs can be
designed to efficiently interfere with translation of a pro-
tein-coding gene. To develop a new tool for targeting gene
expression with exogenous RNA, we synthesized circRNA
targeting the ORF of a GFP reporter gene (Fig. S1A). The
exact position of the target sequence was selected based on
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the secondary structure model of the ORF (Fig. S1B). The
selection of this region was confirmed by measuring mRNA
accessibility using the RNAup webtool (Fig. S1C). Based
on this information, we designed a 50 nucleotide (nt) long
antisense circRNA (circRNAggp) that contained a central
anti-GFP sequence of 30 nt with perfect complementa-
rity. In addition, two different non-specific circRNAs were
synthesized, which contained a randomized 25 nt or 46 nt
sequence with a common 20 nt backbone, forming 45 nt
circRNA( g, and 66 nt circRNAg,, respectively. Second-
ary structure models of all circRNAs are shown in Fig. S1D
(for sequences, see Table S1).

circRNA;, reduces the GFP abundance
in GFP-expressing protoplasts in a sequence-specific
manner

To evaluate the antisense activity of the designed circRNAs,
mesophyll protoplasts isolated from Arabidopsis leaves were
co-transfected with 4 pg of circRNAggp or the non-specific
circRNAcrr; and 20 pg of plasmid pGY1-35S::GFP:RFP
(Fig. S2A). After 18 h of incubation (hpt) in the dark, the
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Fig. 1 Microscopic imaging of GFP and RFP fluorescence in Arabi-
dopsis protoplasts. Protoplasts were transfected with 20 ug of plas-
mid pGY1-35S::GFP:RFP and 4 ug of GFP-antisense cirtcRNAggp,
or 4 ug of non-targeting circRNAqrg;. A After 18 hpt, protoplasts
were examined under the microscope using two distinct filters to GFP
fluorescence (4, 470, 4., 525 nm) and RFP fluorescence (4., 550,
Aem 650 nm). Fluorescence intensity was quantified based on images
using ImageJ 1.54p software. The scale bar represents 500 pm. B The

transfected protoplasts were analyzed by measuring the ratio
of GFP fluorescence to RFP fluorescence using Image].
Notably, we found that the GFP fluorescence was signifi-
cantly reduced only in the circRNAgpp-treated sample as
compared to the circRNArg; or the untreated controls
(Fig. 1A, B). To further substantiate this finding, we used
an alternative GFP-expressing plasmid to transfect proto-
plasts. Similarly and consistent with our expectation, in
protoplasts transfected with pGY1-35S::GFP (Fig. S2B),
GFP fluorescence was also reduced upon treatment with
circRNAggp, but not in samples treated with circRNA g,
or untreated controls, when normalized to red chlorophyll
autofluorescence (Fig. S3A, B). This finding indicated that
circRNAGgp exerted an inhibitory effect on GFP abundance
in a sequence-specific manner.

The impact of various doses of circRNA, on GFP
abundance

To further confirm target specificity of the designed cir-
cRNA, Arabidopsis protoplasts were co-transfected with 20
ug pGY1-35S::GFP and increasing amounts of circRNAggp
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ratio between green pixels (GFP fluorescence) and red pixels (RFP
fluorescence) as calculated with Imagel is represented in the graph.
The bar represents the measurements of >6 individual pictures taken
at various positions. Statistical analysis was performed using one-
way ANOVA, followed by Tukey’s multiple comparison test, where
“** denotes p < 0.05 ‘and **’ denotes p < 0.01 significance to control
protoplasts transfected without circRNA or cirRNAqg;. Bars show
standard deviation (SD). Ns, not significant (color figure online)
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and circRNA1g,. Image] analyses of the GFP fluorescence
after 18 hpt showed that the effect of circRNAggp was
slightly concentration dependent and remained circRNA-
sequence-specific over a concentration range up to 8 ug
(Fig. 2A; Fig. S4 A,B). Next, we quantified the effect of
circRNAggp on GFP abundance in protoplasts by immu-
noblot analyses. At 18 hpt, total protoplast proteins were
extracted and separated by gel electrophoresis. GFP protein
abundance was visualized after blotting with an anti-GFP
antibody and an anti-Actin antibody was used for protein
normalization. Consistent with the fluorescence analyses,
we found that the amount of GFP was reduced in protoplasts
treated with increasing concentrations of circRNAggp, as
compared to protoplasts treated with circRNA g, (Fig. 2B).

The impact of circRNA;, on GFP abundance
is isoform-specific

Next, we comparatively examined the effect of circRNA
and its single-stranded, non-circularized linear antisense
form (linRNAggp) on GFP abundance, where linRNAggp
consisted of the same nt sequence as circRNAgp. For this
purpose, Arabidopsis wild-type protoplasts were treated
with the plasmid pGY1-35S::GFP and 4 pg of either cir-
cular (circRNAggp) or linear (linRNAggp) configurations
of the GFP-antisense RNA, and incubated for 10 h, 18 h,

and 32 h. circRNAggp-mediated inhibition of GFP abun-
dance was already detectable at 10 h after protoplasts treat-
ment, and this effect persisted until 32 h (Fig. 3). In con-
trast, linRNAggp showed a transient inhibitory effect on
protein abundance after 10 h, which disappeared over time.
Overall, our analyses revealed an isoform-specific effect
of circRNAggp on GFP abundance. Our data suggest that
circRNA is more effective than its corresponding single-
stranded linear RNA in antisense targeting of plant gene
expression.

circRNA;, affects GFP abundance independently
of functional DCLs and AGOs

To obtain further information on the mode of action of
sequence-specific designer circRNA on target protein
abundance, we investigated whether the observed effect
of circRNAggp was lost in Arabidopsis mutants impaired
in RNAi. Accordingly, protoplasts isolated from Arabi-
dopsis DCL and AGO mutants were co-transfected with
20 pg plasmid pGY1-35S::GFP and 4 pg of the respective
circRNA. Like wild-type protoplasts, dclI-11, agol-27,
and dcl2,3,4 protoplasts showed reduced GFP fluorescence
in response to circRNAgpp as compared to circRNA1g;
or mock (buffer) treatment (Fig. S5 A-F), suggesting
that disruption of DCL1-4 and AGO1 activities had no
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Fig.2 Dose dependence of GFP fluorescence in Arabidopsis pro-
toplasts after treatment with increasing concentrations of circR-
NAs. Protoplasts were co-transfected with 20 pg of plasmid pGY1-
35S::GFP and the indicated amounts of circRNAggp or citcRNA¢rg;-
A After 18 hpt, protoplasts were inspected under the fluorescence
microscope using two different filters to calculate the ratio in fluores-
cence levels between the GFP fluorescent protoplasts (4., 470, Aoy,
525 nm) and total protoplasts (red autofluorescence from the chloro-
phyll, 4. 480, 4., 510 nm). Fluorescence was measured based on
pictures using ImageJ 1.54p software. Bars represent the average of
the measurements of at least 3 pictures taken at different spots with
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standard error of the mean (SEM). Statistical analysis was performed
using one-way ANOVA, where stars denote significance to the proto-
plast transfected without circRNA (control). (Dunnett’s test). ‘*’ p<
0.05, “** p< 0.01, “*** p< 0.001. B Immunoblot analysis of pro-
teins extracted from protoplasts treated with plasmide and increasing
concentrations of circRNAggp or circRNAqrz,. The values below the
GFP band indicate the remaining amount of GFP protein in percent
as detected using an anti-GFP antibody. An anti-Actin antibody was
used to visualize Actin as an internal loading control. The ratio of
GFP protein accumulation is indicated below the bands expressed as
ratio between GFP vs. Actin signals
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Fig.3 Immunoblot analysis of GFP abundance in Arabidopsis proto-
plasts after treatment with the GFP-antisense circRNAggp or its cor-
responding single-stranded, linear form linRNAggp. Protoplasts were
transfected with pGY1-35S::GFP and 4 pg circRNggp or linRNAggp
and analyzed for GFP abundance after 10 h, 18 h and 32 h after trans-

effect on circRNApp-mediated reduction in GFP protein
abundance. Consistent with this finding, immunoblot
analyses further confirmed that disruption of the RNAi
pathway did not affect the sequence-specific circRNAggp
effect. We found consistently reduced GFP abundance
in circRNAgpp-treated protoplasts of wild-type and all
DCL and AGO mutants tested including dcll-11, agol-
27, dcl2,3,4, ago2-1, and ago4-1, whereas in contrast
circRNA g, did not affect GFP abundance in either wild-
type or mutants (Fig. 4).

circRNA, has no impact on GFP transcript
abundance

Next, we analyzed the effect of circRNAggp on the level
of the GFP transcript in transgenic Arabidopsis pro-
toplasts. Based on our previous work (Pfafenrot et al.
2021) we hypothesized that target mRNA levels would
not be reduced upon circRNA treatment. To this end,
GFP-expressing protoplasts were transfected with 20 pg
pGY1-35S::GFP:RFP alone or together with either 4 ug
circRNAggp or circRNAg,/circRNArg, followed by
measurements of GFP transcript levels at 18 hpt. RT-qPCR
analyses showed that none of the circRNAs reduced GFP
transcript levels significantly in the wild-type (Fig. 5), and
in all the mutants including dcli-11, agol-27, dcl2,3,4,
ago2-1 and ago4-1. (Fig. S6 A-E). These findings showed
that circRNAgpp inhibit protein abundance in a sequence-
and isoform-specific manner without affecting GFP tran-
script levels, through a process that was independent of
canonical RNAi pathways.

fection using an anti-GFP antibody. An anti-Actin antibody was used
to visualize actin as a loading control. GFP abundance is indicated
below the band as percentage of GFP in protoplasts not treated with
RNA (control). The ratio of GFP protein abundance is indicated
below the bands expressed as ratio between GFP vs. Actin signals)

circRNA does not induce typical PTI responses
in leaves

dsRNA activates pattern-triggered immunity (PTI) in plants
leading to various responses, including callose deposition
at plasmodesmata and MAP kinase activation (Niehl et al.
2016; Huang et al. 2023). We wondered whether similar
to dsRNA also circRNA triggers a PTI response. To this
end, equal molar amounts of circRNAs (circRNAq1gr;,
circRNA1g,), their corresponding linear forms inRNA g,
and linRNAtg,, or the synthetic dsSRNA analog poly(I:C)
(as positive control) were vacuum-infiltrated into Arabi-
dopsis leaf disks together with aniline blue to stain callose.
Fluorescence microscopy revealed that poly(I:C) treatment
induced a strong aniline blue fluorescence at the plas-
modesmata, as compared to the other treatments (Fig. 6A,
B). Quantification of fluorescence showed that poly(I:C)
triggered the highest mean callose intensity. Equal molar
amounts (corresponding to 50 ng uL.~!) of the linear form
of RNA( g, (IinRNApg,) also triggered callose deposi-
tion, although to a lesser extent. Surprisingly, neither of the
circRNA molecules induced an increased callose intensity,
even when the circRNA concentration was increased by 5
times to 250 ng uL~! (Fig. S7). In line with this, immu-
noblot analyses to detect mitogen-activated protein kinase
(MAPK) phosphorylation in Arabidopsis thaliana leaves
using anti-phospho-p44/42 ERK antibodies consistently
revealed a strong induction of MAPK phosphorylation in
response to 1 uM flg22 and slightly weaker to poly(I:C), but
not to treatment with ~1 uM circRNA g, or linRNA g,
(Fig. 6C). Notably, even at 3 uM, circRNAg, failed to
induce MAPK phosphorylation, whereas its linear form,
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Fig.4 Immunoblot analysis of the GFP abundance in protoplasts
from Arabidopsis wild-type and RNAi mutants dcll-11, agol-27,
dcl2,3,4, ago2-1 and ago4-1 upon transfection with 20 ug of pGY1-
35S::GFP plasmid and 4 pg circRNAGggp or citcRNAergr;, respec-

linRNArr,, showed some eliciting activity at this higher
concentration (Fig. S8). Finally, to assess whether circRNAs
trigger a reactive oxygen species (ROS) response, Nicotiana
benthamiana leaf disks were treated either with 1 uM flg22,
~1 uM poly(I:C), or ~ 1 uM linRNA g, or circRNArg,. In
line with our expectations, flg22 elicited a robust ROS burst,
whereas poly(I:C), linRNAg,, and circRNA g, failed to
induce ROS accumulation (Fig. 6D). These results support
the possibility that, unlike dsSRNA, circRNAs may be able
to evade receptor recognition in plants.

Discussion

The use of exogenous RNA to directly influence gene
expression in crops is understudied despite its potential
applicability as, for example, selective herbicides or as anti-
microbial agents targeting plant susceptibility genes (Zabala-
Pardo et al. 2022; Mai et al. 2021; van Schie and Takken
2014). Current RNA strategies based on dsRNA and sRNA,
are challenged by low stability upon leaf application under
field conditions (Mitter et al. 2017; Bachman et al. 2020;
Kogel 2025; Yong et al. 2025). This limitation prompted
us to conduct a baseline study to investigate whether more
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tively. Protoplasts were harvested at 18 hpt, and equal amounts of
protein were analyzed by immunoblotting, using an anti-GFP anti-
body and an anti-Actin antibody or Ponceau S, respectively, as a load-
ing control. The GFP band intensity is given in % below the bands

stable circular RNAs have properties that could make them a
potentially effective additional alternative in crop protection
in future. Our findings demonstrate that exogenously applied
circRNA containing an antisense sequence to a GFP reporter
gene (circRNAgpp) significantly reduces GFP protein abun-
dance when transfected into Arabidopsis protoplasts. This
effect is (i) topology-dependent as the circular configuration
is crucial, (ii) sequence-specific as non-targeting control cir-
cRNA was inactive, (iii) RNAi-independent, as responses
to circRNA were similar in wild-type and RNAi-deficient
mutants, and (iv) accordingly different from the mode of
action of dsRNA. Overall, these results suggest that circRNA
application for manipulation of plant gene and metabolism is
feasible, justifying further fundamental research for future
practical application.

circRNA is generally more stable than dsRNA due to its
intrinsic physical properties: (i) circRNA has a covalently
closed-loop structure, which prevents degradation by exo-
nucleases—unlike dsRNA, which has free 5’ and 3’ ends
that are susceptible to degradation; (ii) circRNA is resist-
ant to most RNA-degrading enzymes that typically target
linear RNA molecules, while dsSRNA can be degraded by
endonucleases such as RNase III; (iii) circRNA has a high
secondary structure stability and can maintain its integrity



Plant Cell Reports (2025) 44:128 Page7of 14 128

2 — an interesting aspect when considering the potential of cir-
— ns cRNA as a crop protection agent.

= We used the Arabidopsis protoplast system as the first
~§ L5 ns ° proxy for evaluating the effect of circRNAs on target pro-
'§ : N T teins in plants. To make the protoplast experiments robust,
g _+_ we used two different reporter constructs for transfec-
2 i tion in independent experiments. Both constructs pGY1-
g 1 — .o .L. 35S::GFP:RFP and pGY1-35S::GFP were expressed in the
5 protoplasts and targeting the GFP reporter by circRNAggp
<Zt resulted in a reduction of GFP fluorescence in both cases.
ﬂé Consistent with this observation, immunoblot-based assays
Q. 0.5 confirmed that the exogenous application of circRNA5gp, but

ES not circRNArg,, reduced the abundance of GFP protein.
The observation that linRNAggp, in contrast to
0 i i i circRNAgp, only transiently downregulated GFP abundance
(see Fig. 3) is consistent with the observation by our earlier
pGY1-35S::GFP:RFP + + + work (Pfafenrot et al. 2021), where the inhibitory potency
circRNA _ CTR2 GFP of circular forms of antisense sequences consistently sur-

Fig.5 RT-qPCR analysis of the amount of GFP transcripts in Arabi-
dopsis wild-type protoplasts upon treatment with circRNA. Proto-
plasts were transfected with 20 pg of pGY1-35S::GFP:RFP plasmid
and 4 pg of circRNAggp or non-targeting circRNAcrg, respectively.
Relative GFP expression was measured after 18 hpt. Values were
normalized to RFP and the housekeeping genes Ubiquitin and EFI-a.
Bars represent an average of three independent biologic experiments
pooled together with standard deviation (SD). No statistically sig-
nificant differences between treatments and genotypes were detected
(Kruskal-Wallis test)

under harsher conditions, while the stability of dsRNA is
affected by environmental factors such as temperature and
pH (Liu and Chen 2022; Nielsen et al. 2022; Ren et al. 2022;
Liu et al. 2022; Moorlach et al. 2025). Future studies are
needed to determine whether the physical stability of cir-
cRNA makes it more suitable for use in crop protection, con-
sidering both efficacy and environmental safety implications.

dsRNA can trigger immune responses in animals, plants
and fungi (de Reuver and Maelfait 2024; Niehl et al. 2016;
Zheng et al. 2025). circRNA, on the other hand, is known to
be less immunogenic in mammals (Wesselhoeft et al. 2019).
In line with this, we show that circRNA does not induce
callose deposition, MAP kinase activity or ROS accumula-
tion, three hallmarks of PTI responses in plants, whereas the
dsRNA analog poly(I:C) induced robust callose deposition
at plasmodesmata and MAP kinase phosphorylation (see
Figs. 6; S7; S8). These results also confirm earlier reports
that dsSRNA does not trigger ROS in plants (Niehl et al.
2016; Huang et al. 2023). These observations, in line with
reports of circRNAs not triggering antiviral responses in
mammalian cells (Breuer et al. 2022), highlight the specific-
ity of circRNAs and suggests they are less likely to provoke
off-target immune reactions. This biologic property is also

passed their linear version. Therefore, the lasting inhibitory
effect of circRNAs is likely due to the high metabolic stabil-
ity over linear forms, being more resistant to the attack of
exonucleases.

We also show here that the sequence-specific activity of
circRNA occurs at the translation level, as the mRNA-GFP
transcript level is not reduced, while the GFP protein level
decreases significantly. That circRNA acts on the transla-
tional level rather than affecting target transcript abundance
is also consistent with Pfafenrot et al. (2021), who showed
that various designer circRNAs targeted viral RNA in
infected mammalian cells in a sequence-specific manner.
The possibility that endogenous circRNA act on RNA tran-
scripts in mammalian systems has been recently discussed
(Wang et al. 2024). Based on these recent reports along with
our findings we suggest a mode of circRNA action in plant
cells where the circRNA binds in a sequence-specific man-
ner on target mRNAs and therefore inhibits or delays trans-
lation. The slightly (albeit insignificantly) higher transcript
abundance of the target GFP mRNA in circRNAgpp-treated
samples could indicate that the transcript may be stabilized
by the binding.

Protoplasts have no cell walls and PEG facilitates
the penetration of plasmids and other nucleic acids into
eukaryotic cells (Wu et al. 2009). Using protoplasts, we
were able to circumvent the problem of topical applica-
tion of RNA on plant leaves, which is still a major tech-
nical challenge due to the numerous barriers that need
to be overcome, including the plant cuticle and cell wall
(Bennett et al. 2020; Kogel 2025). The issue of uptake
of circRNA by spray application in the field is one
that requires further significant scientific input. While
there is no robust data on circRNA uptake through plant
leaves, it is possible that future applications may require
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Fig.6 Analysis of immune innate responses after treatment with vari-
ous unspecific RNAs. A Mean values of callose intensity levels at
PD in individual images taken of epidermal cells of leaf disks treated
with a 0.1% aniline blue solution containing water or 500 ng/uL of
poly(I:C), or 50 ng/uL of either linRNA or circRNA. Error bars show
the standard error of the mean. Parametric mean value variances were
tested by one-way ANOVA followed by Dunnett’s multiple compari-
sons test. *¥** p< (0.0001; *, p< 0.05; ns, non-significant. B Cal-
lose accumulation at plasmodesmata (PD) in Arabidopsis leaves
upon staining with aniline blue. Samples were treated with 0.1%
aniline blue solution together either with water (negative control) or
500 ng/uL of poly(I:C) (positive control), or with 50 ng/uL of either
linRNArg;, CircRNAGrg, linRNAcrr,, or circRNAqrg,. For a bet-
ter visualization, color was assigned to the 8-bit images by applying

formulations or physical means, as has been shown for
dsRNAs and small RNAs (Dalakouras et al. 2016; Mitter
et al. 2017; Demirer et al. 2019; Yong et al. 2025).

In summary, this study demonstrates that exogenously
applied designer circRNAs can regulate protein expression
in plant protoplasts through a sequence-specific activity and
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the “fire” look-up table using the Image J software. Scale bar, 10 pm.
C Immunoblots to detect MAPK phosphorylation in Arabidopsis
leaves probed with antibodies against phosphor-p44/42 ERK. Leaf
disks were vacuum infiltrated with either water (negative control),
1 uM fig22, 500 ng/ul poly(I:C) (~ 1 uM) or 17 ng/ul (~ 1 uM) of
each circRNAqrg, or linRNAcrr,. Equal protein loading was verified
using an anti-UGPase antibody. The blot image is a composite of the
membrane with PageRuler™ pre-stained protein ladder (M) and after
90 s exposure. D ROS production assay in N. benthamiana leaf disks
after incubation with either water (negative control), 1 uM flg22, ~ 1
uM poly(I:C) or ~ 1 uM of linRNA g, or circRNA1g,. Mean values
and the standard error of the mean (SEM) are shown from nine inde-
pendent replicates per treatment. RLU, relative luminescence units

an RNAi-independent mode of action. These results pave the
way for future studies aimed at using circRNAs to develop
new RNA-based herbicides and antimicrobials.



Plant Cell Reports (2025) 44:128

Page9of 14 128

Experimental procedures

Plant material and isolation of Arabidopsis
protoplasts

Arabidopsis thaliana and Nicotiana benthamiana plants
were grown from seeds in soil (LAT-Terra Standard Top-
ferde Struktur 1b, Hawita, Vechta, Germany) comple-
mented with 2.5 g/L fertilizer (Osmocote 12-7-19 +TE)
at 22 °C/18 °C under 12 h/12 h or 16 h/8 h, light:dark
cycles, respectively. Arabidopsis thaliana (Col-0) wild-
type (WT), the mutants agol-27, ago2-1, ago4-1, dcll-11
and the triple mutant dcl2,3,4 were obtained from NASC
(https://arabidopsis.info/). All mutants were verified by
genotyping. Arabidopsis thaliana plants constitutively
expressing GFP were published in Harvey et al. (2020).
Mesophyll protoplasts were produced using the tape-
Arabidopsis-sandwich method (Wu et al. 2009) starting
from leaves of 30-day-old plants grown at 22 °C/18 °C
(day/night cycle) with 60% relative humidity and a photo-
period of 8/16 h (240 pmol m~2 s~! photon flux density) in
a combination of type-T soil (F.-E. Typ Nullerde, Hawita)
and sand with a ratio of 3:1. Protoplasts were enzymati-
cally released from leaves in a solution containing 0.4 M
mannitol, 20 mM KCI, 20 mM MES, pH 5.7, 1% (w/v)
cellulase R10, and 0.25% (w/v) macerozyme R10 (Duch-
efa Biochemie B.V.). Before use, the enzyme solution was
heated to 55 °C for 10 min to solubilize the enzymes. Sub-
sequently, 10 mM CaCl, and 0.2% BSA were added before
the solution was filter sterilized with a 45 um filter (Merck
SA). Ten to 15 leaves with the upper epidermis peeled off
were shaken (50-60 rpm) in the activated enzyme solution
for 1 h in the dark. Subsequently, protoplasts were col-
lected by filtration through a nylon mesh and centrifuged
at 100xg at 4 °C. The final concentration of mesophyll
protoplasts used in each experiment was 500,000 ml~".

Design of circRNAs

The structure models of all circRNAs and putative target
mRNAs were predicted using mfold (version 3.6, mfold_
util 4.7 and RNA Folding Form V2.3; www.unafold.org;
Waugh et al. 2002; Zuker 2003) and RNAfold (RNAfold
web server, university of Vienna; http://rna.tbi.univie.ac.
at; Gruber et al. 2008; Lorenz et al. 2011; Mathews et al.
2004). The 30 nt antisense target sequence for the GFP
gene in the 50-nt circRNAggp was retrieved from the GFP-
ORF region (Fig. SIA). GFP mRNA accessibility was
assessed with the software RNAup (Vienna RNA Package,
http://rna.tbi.univie.ac.at). In addition, two non-specific
circRNAs (with no GFP sequences) were produced, which

contain a randomized 25 nt or 46 nt sequence with a com-
mon 20 nt backbone, forming a 45 nt circRNAz; and 66
nt circRNA ), respectively.

Production of circRNAs and linRNAs

The syntheses of circRNAs were performed as described
(Nielsen et al. 2022; Pfafenrot et al. 2021). Briefly, the anti-
sense and the unspecific control sequences were inserted
between two spacers consisting of three unrelated nucleo-
tides between the constant backbone, and this arrangement
assured the stem-loop formation in both the antisense and
control sequences. The oligonucleotide sequences for the
circRNA synthesis, including the T7 promoter sequence,
were commercially synthesized (Sigma-Aldrich). circRNAs
were produced by in-vitro transcription from annealed DNA
oligonucleotide templates (Table S2) using HighScribe T7
high-yield RNA synthesis kit (NEB) along with ATP, CTP,
UTP, GTP (7.5 mM each), GMP (30 mM, Merck), and RNa-
seOut (Thermo Fisher Scientific) at 37 °C for 2 h. Before
circularization, the template DNA was digested with RQ1D-
Nase (Promega) at 37 °C for 30 min. Transcripts were puri-
fied with a Monarch RNA purification kit (NEB) and quan-
tified with a Qubit™ RNA broad-range assay kit (Thermo
Fisher Scientific). The RNA transcript was circularized over-
night at 16 °C with 200 U of T4 RNA ligase (Thermo Fisher
Scientific) in 200-uL T4 RNA ligase buffer containing 0.1
mg mL~' BSA and RNaseOut (Thermo Fisher Scientific).
Following this reaction, circRNA was cleaned by phenol/
chloroform extraction (Roth) and ethanol precipitation.
Single-stranded linear RNA (linRNAggp) with the same
nt sequence as circRNAggp was produced in the same way,
but without circularization. Both 1inRNA and circRNA were
further gel-purified from denaturing polyacrylamide gels as
described (Breuer and Rossbach 2020). To confirm the cir-
cularity of circRNA, 250 ng of circRNA or linRNA were
treated with or without 2 U of RNase R enzyme for 25 min at
37 °C (Biozym) and analyzed by denaturing polyacrylamide
gel electrophoresis followed by ethidium bromide staining.

pGY1-35S::GFP:RFP plasmid construction

The red fluorescent protein (RFP) cassette was digested from
the pBeaconRFP_GR vector (https://gatewayvectors.vib.be/
index.php/ID:3_20, Bargmann and Birnbaum 2009) using
the restriction enzyme Ndel (NEB, RO111S) for 20 min at
37 °C followed by a deactivation step at 65 °C for 10 min.
pGY1-35S::GFP vector containing an Ndel restriction site
was similarly digested, including a dephosphorylation with
the enzyme Fast alkaline phosphatase (Thermo Fisher Sci-
entific, EF0651). Both digestion products were run in a 1%
agarose gel. Corresponding bands were excised from the gel,
purified using Wizard® SV Gel and PCR Clean-Up System
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(Promega), and ligated overnight at room temperature using
T4 DNA ligase (Thermo Fischer Scientific, EL0011), result-
ing in the pGY1-35S::GFP:RFP vector.

Transfection of protoplasts

Twenty pg of plasmid pGY1-35S::GFP:RFP (Fig. S2A) or
pGY1-35S::GFP (Fig. S2B; Schweizer et al. 1999) along
with circRNA or the respective linRNA were carefully
added in a volume of 20 ul to 10° mesophyll protoplasts in
200 ul MMg buffer (0.4 M mannitol, 15 mM MgCl,, 4 mM
MES, pH 5.7). Then 220 ul of PEG-Ca®* (40% PEG-4000,
0.2 M mannitol, 0.1 M CaCl,) were slowly added to the pro-
toplast suspension and incubated at room temperature (Yoo
et al. 2007). After 15 min of incubation, protoplasts were
washed by centrifugation two times with W5 buffer (154
mM NaCl, 125 mM CaCl,, 5 mM KCI, 2 mM MES, pH 5.7).
Subsequently, protoplasts (5 x 10° ml~!) were resuspended
in W1 buffer (0.5 M mannitol, 20 mM KCl, 4 mM MES, pH
5.7) and incubated in the dark at room temperature. After 18
h, protoplasts were inspected under the fluorescence micro-
scope (MZ16 F Leica, Germany). At least three pictures
were taken from the same treatment at different spots. Fluo-
rescence was measured from these pictures using Imagel
1.54p software (https://imagej.net/ij/) and the ratio of fluo-
rescence levels between the GFP fluorescent protoplasts (4,
470, Ao, 525 nm) and total protoplasts (red auto fluorescence
from the chlorophyll, 4., 480, 4., 510 nm), or alternatively,
RFP (A 550, A, 650 nm) was calculated.

Plant material and growth conditions for callose
deposition assay

Arabidopsis thaliana Col-0 plants were grown from seeds
in soil (LAT-Terra Standard Topferde Struktur 1b, Hawita,
Vechta, Germany) complemented with 2.5 g/L fertilizer
(Osmocote 12-7-19 +TE) and kept in a growth chamber
equipped with LED lights under 12 h/12 h light/dark peri-
ods at 22 °C/18 °C. Leaf disks were excised using a cork
borer and incubated overnight in 1 ml of water in the same
chamber where the plants were grown. Leaf disks were then
washed two times with water, placed on microscope slides,
and covered with coverslips fixed with tape. The leaf disks
were treated with 200 ul of a 0.1% aniline blue solution
(pH 9) containing either water, poly(I:C) (Sigma-Aldrich)
as a positive control, or different concentrations of circRNA
or linRNA by adding the respective solution to the space
between the slide and the coverslip and by evacuation for
2 min (0.08 MPa). After incubation in the dark for 30 min
the callose staining at epidermal plasmodesmata was imaged
with a Zeiss LSM 780 confocal laser scanning microscope
equipped with ZEN 2.3 software (Carl Zeiss, Jean, Ger-
many) by applying a 405 nm diode laser for excitation and
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filtering the emission at 475-525 nm. Eight-bit images
acquired with a 40 x 1.3 N.A. Plan Neofluar objectives
with oil immersion were analyzed with ImageJ 1.53 soft-
ware (https://imagej.net/ij/) using the plug-in calloseQuant
(Huang et al. 2022). The fluorescence intensity levels of the
callose spots were measured in 3—4 images taken from each
leaf disk. Three leaf disks from three different plants were
analyzed per condition. Normal distribution of the data was
estimated and differences in p values between treatments and
the control (water) were determined by parametric one-way
ANOVA followed by Dunnett’s multiple comparisons test
using the Prism 8.4.0 software.

Protein isolation, immunoblotting, and imaging

Protein extraction from protoplasts was performed using
4 x SDS buffer (1 M Tris HCI, pH 6.8, 80% glycerol (v:v),
bromophenol blue 10 mg, 4% SDS (w:v), 1 M of dithiothrei-
tol (DTT) in 20 ml Milli-Q water). The sample was vortexed,
heated to 95 °C for 5 min and then centrifuged at 12,500
rpm for 2 min at 4 °C. Protein concentration in the superna-
tant was determined according to the Bradford Ultra method
(Bradford 1976) on a Bio-Spectrophotometer (Eppendorf) at
595 nm. Then, 4 pg of each protein sample was loaded onto
a 12.5% SDS-PAGE gel. Afterward, the proteins in the gel
were transferred into the PVDF membrane (Merck KGaA)
and blocked for one hour. Subsequently, the membrane was
cut into two separate pieces based on the sizes of GFP (~
26.9 kDa) and Actin (~ 45 kDa). The membrane containing
the GFP band was incubated with the living colors mono-
clonal antibody JL-8, (Takara Bio Inc) and anti-mouse IgG-
peroxidase conjugate (Sigma) as the secondary antibody.
The membrane carrying the Actin band was incubated with
an Actin polyclonal antibody (AS132640, Agrisera, Sweden)
and goat anti-rabbit IgG HRP (AS09602, Agrisera, Swe-
den) as secondary antibody. After antibody incubation, the
built-in software from the ChemiDoc MP imaging system
(Bio-Rad) was used to evaluate protein band intensity in
all western blots. Band intensity of control plants was set
to one, and protein accumulation was calculated as a ratio
between GFP and Actin. Protoplast counting for all the sam-
ples was done by ImagelJ analysis.

RNA isolation and gene expression analysis

Total RNA was extracted with the Direct-zol™ RNA
Microprep kit (Zymo Research) and treated with DNase I
following the manufacturer’s instructions. One pg or 500
ng of RNA was used for cDNA synthesis using a cDNA kit
(RevertAid RT Kit, Thermo Fischer Scientific). GFP tran-
script levels were quantified by qPCR using SYBR Green
JumpStart Taq ReadyMix (Sigma-Aldrich, 1003444642)
with a QuantStudio5 Real-Time PCR System (Applied
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Biosystems). The total volume of 10 pl and three technical
replicates are considered for each reaction and 2 pl of ROX
(CRX reference dye, Promega, C5411) was added to 1 ml of
SybrGreen as a passive reference dye that allows fluorescent
normalization for gPCR data. PCR conditions were 95 °C for
5 min, followed by 40 cycles of 95 °C for 15 s, 60 °C for 30
s, and 72 °C for 30 s, and then by a melting curve analysis.
GFP expression levels were first normalized to RFP expres-
sion to account for transformation efficiency. Subsequently,
fold changes of GFP expression were calculated using the
AACt method (Livak and Schmittgen 2001) relative to the
geometric mean of two endogenous housekeeping genes
(Vandesompele et al. 2002), Ubiquitin (UBQS5, AT3G62250)
and Elongation Factor-1 alpha (EF1a, AT5G60390), with
protoplasts transformed with pGY1-35S::GFP:RFP vec-
tor serving as the control condition. One transformation of
100.000 protoplasts was considered as one biologic repli-
cate. The results of four biologic replicates are included in
the data analysis. The primer pairs employed for expression
analysis are listed in Table S2.

Analysis of ROS production

Leaf disks were collected from 4-week-old N. benthamiana
plants (3 biologic replicates) and incubated overnight in
autoclaved Milli-Q water at 22 °C in the dark. The following
day, the water was replaced, and the incubation continued
for additional 4 h. Leaf disks were transferred to a 96-well
plate with 150 pL of a solution containing 17 pg/mL of lumi-
nol (Sigma-Aldrich) and 10 pg/mL horseradish peroxidase
(HRP; Sigma-Aldrich) together with either 1 uM flg22 (Pro-
teoGenix), 500 ng/uL of poly(I:C) (~ 1 uM) (Sigma-Aldrich)
or 17 ng/uL (~ 1 uM) of linRNA1g, or cirtcRNApg,. For
the negative control, the elicitor was replaced by water.
Luminescence detection was achieved using the microplate
reader Varioskan LUX (Thermo Fisher Scientific) at 2 min
intervals during 35 min. Mean values obtained from nine
leaf disks per treatment were expressed as mean relative
light units (RLU).

MAPK phosphorylation of leaf extracts

The experiment was performed as indicated in Huang et al.
(2023) with minor modifications. Arabidopsis leaf disks (3
leaf disks per treatment) were collected from three plants
and incubated overnight in autoclaved Milli-Q water at 22
°C in the dark. After acclimatation, leaf disks were gently
transferred to a 24-well plate and washed two times with
Milli-Q water. The water was replaced by 500 pL of a solu-
tion containing either 1 uM flg22 (Proteogenix, France),
500 ng/uL poly(I:C) (~ 1 uM), 1500 ng/uL poly(I:C) (~
3 uM), and 17 ng/pL (~ 1 uM) or 50 ng/pL (~ 3 uM) of
either circRNA g, or linRNAr,. For the negative control,

the elicitor was replaced by water. Leaf disks were vacuum
infiltrated at 0.08 MPa for 10 min and then incubated for
an additional 20 min before being placed in liquid nitro-
gen. For the immunoblots, the frozen tissue was disrupted
using glass beads and resuspended in 80 puL 4X Laemmli
buffer following a 5 min incubation at 95 °C. Samples were
separated in 12% polyacrylamide gel and immunoblots were
probed with antibodies against phosphor-p44/42 ERK (Cell
Signaling Technology) and HRP-labeled secondary antibody
(Thermo Fisher Scientific) for luminescence detection. The
anti-UGPase polyclonal antibody (Agrisera) was used to
confirm equal protein loading across samples.

Statistical analysis

For Statistical analysis we used GraphPad Prism 8. The
statistical significance between sets of parametric data was
analyzed with either one sample Student’s 7 test, or one-way
ANOVA followed by Dunnett’s or Tukey’s post-hoc test,
whereas the one sample Wilcoxon test and Kruskal-Wallis
tests were used for non-parametric sets. A description of the
specific tests is given in figure legends. Callose quantifica-
tion experiments were repeated twice with similar outcomes.
All the other experiments were repeated at least three times.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00299-025-03512-y.

Acknowledgements We thank Deutsche Forschungsgemeinschaft and
Agence National de la Research (ANR) for strong support. In later
stages, this work was also supported by a grant from the Cercle Guten-
berg (Alsace, France) to KHK and MH; and the Ernst-Leopold Klip-
stein Foundation, Paderborn Gieflen, Germany, to SN.

Author contributions All authors contributed to the study conception
and design. Material preparation, data collection, and analysis were
performed by M. Hossain, C. Pfafenrot, S. Nasfi, A. Sede, J. Imani,
E. §eéié, A. Bindereif A, M. Heinlein, M. Ladera-Carmona and KH
Kogel. The first draft of the manuscript was written by KH Kogel and
all authors commented on previous versions of the manuscript. All
authors read and approved the final manuscript.

Funding Open Access funding enabled and organized by Projekt
DEAL. This work was funded by the Deutsche Forschungsgemein-
schaft (DFG) in the research unit 5116 (exRNA) to KHK and AB/
PS. It was also funded by ERA-NET SusCrop 2 program (DFG Grant
459501999 to KHK and Agence National de 1a Research (ANR) Grant
ANR-21-SUSC-0003-01 to MH) as part of the project BioProtect
coordinated by MH and carried out under the second call of the ERA-
NET Cofund SusCrop, being part of the Joint Programming Initia-
tive on Agriculture, Food Security and Climate Change (FACCE-JPI).
SusCrop has received funding from the European Union’s Horizon
2020 research and innovation program under grant agreement No
771134. In later stages, this work was also supported by a grant from
the Cercle Gutenberg (Alsace, France) to KHK and MH. SN was partly
supported by the Ernst-Leopold Klipstein Foundation, Paderborn
GieBen, Germany.

@ Springer


https://doi.org/10.1007/s00299-025-03512-y

128 Page 12 of 14

Plant Cell Reports (2025) 44:128

Data availability The datasets generated during and/or analyzed dur-
ing the current study are available from the corresponding author on
reasonable request.

Declarations

Competing interests The authors have no relevant financial or non-
financial interests to disclose.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Bachman P, Fischer J, Song Z, Urbanczyk-Wochniak E, Watson G
(2020) Environmental fate and dissipation of applied dsRNA in
soil, aquatic systems, and plants. Front Plant Sci 11:21. https://
doi.org/10.3389/fpls.2020.00021

Bargmann BOR, Birnbaum KD (2009) Positive fluorescent selection
permits precise, rapid, and in-depth overexpression analysis in
plant protoplasts. Plant Physiol 149(3):1231-1239. https://doi.org/
10.1104/pp.108.133975

Baulcombe DC (2004) RNA silencing in plants. Nature 431:356-363

Bennett M, Deikman J, Hendrix B, Iandolino A (2020) Barriers to
efficient foliar uptake of dsSRNA and molecular barriers to dsSRNA
activity in plant cells. Front Plant Sci 11:816

Bradford MM (1976) A rapid and sensitive method for the quantita-
tion of microgram quantities of protein utilizing the principle of
protein-dye binding. Anal Biochem 72(1-2):248-254

Breuer J, Rossbach O (2020) Production and purification of artificial
circular RNA sponges for application in molecular biology and
medicine. Methods Protoc 3(2):42

Breuer J, Barth P, Noe Y, Shalamova L, Goesmann A, Weber F, Ross-
bach O (2022) What goes around comes around: artificial circular
RNAs bypass cellular antiviral responses. Mol Ther Nucl Acids
28:623-635

Buck A, Coakley G, Simbari F et al (2014) Exosomes secreted by
nematode parasites transfer small RNAs to mammalian cells and
modulate innate immunity. Nat Commun 5:5488

Cai Q, He B, Kogel KH, Jin H (2018) Cross-kingdom RNA traffick-
ing and environmental RNAi-nature’s blueprint for modern crop
protection strategies. Curr Opin Microbiol 46:58-64

Chen LL, Kim VN (2024) Small and long non-coding RNAs: past,
present, and future. Cell 187(23):6451-6485

Choudhary C, Meghwanshi KK, Shukla N, Shukla JN (2021) Innate
and adaptive resistance to RNAi: a major challenge and hurdle
to the development of double stranded RNA-based pesticides. 3
Biotech 11(12):498. https://doi.org/10.1007/s13205-021-03049-3

Chu Q, Ding Y, Xu X, Ye CY, Zhu QH, Guo L, Fan L (2022) Recent
origination of circular RNAs in plants. New Phytol 233:515-525

Dalakouras A, Wassenegger M, McMillan JN, Cardoza V, Maegele I,
Dadami E, Runne M, Krczal G, Wassenegger M (2016) Induction

@ Springer

of silencing in plants by high-pressure spraying of in vitro-synthe-
sized small RNAs. Front Plant Sci 7:1327

de Reuver R, Maelfait J (2024) Novel insights into double-stranded
RNA-mediated immunopathology. Nat Rev Immunol 24:235-249.
https://doi.org/10.1038/s41577-023-00940-3

Deguine JP, Aubertot JN, Flor RJ et al (2021) Integrated pest man-
agement: good intentions, hard realities: a review. Agron Sustain
Dev 41:38

Demirer GS, Zhang H, Matos JL, Goh NS, Cunningham FJ, Sung Y,
Chang R, Aditham AJ, Chio L, Cho MJ, Staskawicz B, Landry
MP (2019) High aspect ratio nanomaterials enable delivery of
functional genetic material without DNA integration in mature
plants. Nat Nanotechnol 14(5):456—464. https://doi.org/10.1038/
$41565-019-0382-5

Fire A, Xu S, Montgomery MK, Kostas SA, Driver SE, Mello CC
(1998) Potent and specific genetic interference by double-stranded
RNA in Caenorhabditis elegans. Nature 391(6669):806-811

Galli M, Feldmann F, Vogler UK et al (2024) Can biocontrol be the
game-changer in integrated pest management? A review of defi-
nitions, methods and strategies. J Plant Dis Prot 131:265-291.
https://doi.org/10.1007/s41348-024-00878-1

Gruber AR, Lorenz R, Bernhart SH, Neubdck R, Hofacker IL (2008)
The Vienna RNA Websuite. Nucl Acids Res 36(suppl_2):W70-
W74. https://doi.org/10.1093/nar/gkn18

Guo JU, Agarwal V, Guo H, Bartel DP (2014) Expanded identifica-
tion and characterization of mammalian circular RNAs. Genome
Biol 15(7):1-14

Guo SK, Liu CX, Xu YF et al (2025) Therapeutic application of cir-
cular RNA aptamers in a mouse model of psoriasis. Nat Biotech-
nol 43:236-246. https://doi.org/10.1038/s41587-024-02204-4

Hamby R, Cai Q, Jin H (2025) RNA communication between organ-
isms inspires innovative eco-friendly strategies for disease con-
trol. Nat Rev Mol Cell Biol 26:81-82. https://doi.org/10.1038/
$41580-024-00807-y

Hansen TB, Jensen TI, Clausen BH, Bramsen JB, Finsen B, Dam-
gaard CK, Kjems J (2013) Natural RNA circles function as effi-
cient microRNA sponges. Nature 495(7441):384-388

Harvey S, Kumari P, Lapin D, Griebel T, Hickman R et al (2020)
Downy Mildew effector HaRxL21 interacts with the transcrip-
tional repressor TOPLESS to promote pathogen susceptibility.
PLoS Pathog 16(8):e1008835

He AT, Liu J, Li F, Yang BB (2021) Targeting circular RNAs as a
therapeutic approach: current strategies and challenges. Signal
Transduct Target Ther 6(1):185

He S, Bing J, Zhong Y, Zheng X, Zhou Z, Wang Y, Hu J, Sun X
(2025) PlantCircRNA: a comprehensive database for plant cir-
cular RNAs. Nucleic Acids Res 53(D1):D1595-D1605. https://
doi.org/10.1093/nar/gkae709

Huang C, Mutterer J, Heinlein M (2022) In vivo aniline blue stain-
ing and semi-automated quantification of callose deposition at
plasmodesmata. Meth Mol Biol 2457:151-165

Huang C, Sede AR, Elvira-Gonzilez L, Yan Y, Rodriguez ME,
Mutterer J, Emmanuel E, Shan L, Heinlein M (2023) dsRNA-
induced immunity targets plasmodesmata and is suppressed by
viral movement proteins. Plant Cell 35(10):3845-3869

Jain RG, Fletcher SJ, Manzie N et al (2022) Foliar application of
clay-delivered RNA interference for whitefly control. Nat Plants
8:535-548. https://doi.org/10.1038/s41477-022-01152-8

Jeck WR, Sharpless NE (2014) Detecting and characterizing circular
RNAs. Nat Biotech 32(5):453-461

Khajuria C, Ivashuta S, Wiggins E, Flagel L, Moar W, Pleau M,
Miller K, Zhang Y, Ramaseshadri P, Jiang C, Hodge T (2018)
Development and characterization of the first dSSRNA-resistant
insect population from western corn rootworm, Diabrotica Vir-
gifera Virgifera LeConte. PLoS ONE 13(5):e0197059


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fpls.2020.00021
https://doi.org/10.3389/fpls.2020.00021
https://doi.org/10.1104/pp.108.133975
https://doi.org/10.1104/pp.108.133975
https://doi.org/10.1007/s13205-021-03049-3
https://doi.org/10.1038/s41577-023-00940-3
https://doi.org/10.1038/s41565-019-0382-5
https://doi.org/10.1038/s41565-019-0382-5
https://doi.org/10.1007/s41348-024-00878-1
https://doi.org/10.1093/nar/gkn18
https://doi.org/10.1038/s41587-024-02204-4
https://doi.org/10.1038/s41580-024-00807-y
https://doi.org/10.1038/s41580-024-00807-y
https://doi.org/10.1093/nar/gkae709
https://doi.org/10.1093/nar/gkae709
https://doi.org/10.1038/s41477-022-01152-8

Plant Cell Reports (2025) 44:128

Page130f 14 128

Koch A, Kogel KH (2014) New wind in the sails: improving the
agronomic value of crop plants through RNAi-mediated gene
silencing. Plant Biotechnol J 12(7):821-831. https://doi.org/10.
1111/pbi.12226

Koch A, Wassenegger M (2021) Host-induced gene silencing—
mechanisms and applications. New Phytol 231:54-59

Kogel KH (2025) Lysozyme-coated LDHs boost trait control. Nat
Plants 11(1):9-10. https://doi.org/10.1038/s41477-024-01874-x

Kremer RJ (2023) Chapter 7 - Bioherbicide development and com-
mercialization: challenges and benefits. In: Koul O (ed) Devel-
opment commercialization biopesticides. Academic Press, New
York, pp 119-148

LaMonte G, Philip N, Reardon J, Lacsina JR, Majoros W, Chapman
L, Thornburg CD, Telen MJ, Ohler U, Nicchitta CV, Haystead
T, Chi JT (2012) Translocation of sickle cell erythrocyte micro-
RNAs into Plasmodium falciparum inhibits parasite transla-
tion and contributes to malaria resistance. Cell Host Microbe
12(2):187-199

Liu S, Jaouannet M, Dempsey DA, Imani J, Coustau C, Kogel KH
(2020) RNA-based technologies for insect control in plant pro-
duction. Biotechnol Adv 39:107463

Liu S, Ladera-Carmona MJ, Poranen MM et al (2021) Evaluation of
dsRNA delivery methods for targeting macrophage migration
inhibitory factor MIF in RNAi-based aphid control. J Plant Dis
Prot 128:1201-1212

LiuR,MaY, Guo T, Li G (2022) Identification, biogenesis, function,
and mechanism of action of circular RNAs in plants. Plant Com-
mun 4(1):100430. https://doi.org/10.1016/j.xplc.2022.100430

Liu C, Kogel KH, Ladera-Carmona M (2024) Harnessing RNA inter-
ference for the control of Fusarium species: a critical review.
Mol Plant Pathol 25(10):e70011. https://doi.org/10.1111/mpp.
70011

Livak KJ, Schmittgen TD (2001) Analysis of relative gene expression
data using real-time quantitative PCR and the 2"42€T method.
Methods 25:402-408

Lorenz R, Bernhart SH, Honer zu Siederdissen C, Tafer H, Flamm C,
Stadler PF, Hofacker IL (2011) ViennaRNA Package 2.0. Algo-
rithms Mol Biol 6(1):26

Luo X, Satyabrata N, Zhang Y, Zhou X, Yang C, Pan H (2024) Risk
assessment of RNAi-based biopesticides. New Crops 1:100019.
https://doi.org/10.1016/j.ncrops.2024.100019

Liu CX, Chen LL (2022) Circular RNAs: Characterization, cellular
roles, and applications. Cell 185(12):2016-2034. https://doi.org/
10.1016/j.cell.2022.04.021. Erratum in (2022) Cell 185(13):2390.
https://doi.org/10.1016/j.cell.2022.06.001

Mai J, Liao L, Ling R, Guo X, Lin J, Mo B, Chen W, Yu Y (2021)
Study on RNAi-based herbicide for Mikania micrantha. Synth
Syst Biotechnol 6(4):437-445

Mathews DH, Disney MD, Childs JL, Schroeder SJ, Zuker M, Turner
DH (2004) Incorporating chemical modification constraints into a
dynamic programming algorithm for prediction of RNA second-
ary structure. Proc Natl Acad Sci USA 101(19):7287-7292

Memczak S, Jens M, Elefsinioti A, Torti F, Krueger J, Rybak A et al
(2013) Circular RNAs are a large class of animal RNAs with
regulatory potency. Nature 495(7441):333-338

Mishra S, Dee J, Moar W et al (2021) Selection for high levels of resist-
ance to double-stranded RNA (dsRNA) in Colorado potato bee-
tle (Leptinotarsa decemlineata Say) using non-transgenic foliar
delivery. Sci Rep 11:6523

Mishra S, Moar W, Jurat-Fuentes JL (2024) Larvae of Colorado potato
beetle (Leptinotarsa decemlineata Say) resistant to double-
stranded RNA (dsRNA) remain susceptible to small-molecule
pesticides. Pest Manag Sci 80(2):905-909. https://doi.org/10.
1002/ps.7825

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.
Nat Plants 3:16207

Moorlach BW, Sede AR, Hermann KM, Levanova AA, Poranen MM,
Westphal M, Wortmann M, Stepula E, Jakobs-Schonwandt D,
Heinlein M, Keil W, Patel AV (2025) Interpolyelectrolyte com-
plexes of in vivo produced dsRNA with chitosan and alginate
for enhanced plant protection against tobacco mosaic virus. Int
J Biol Macromol 306(2):141579. https://doi.org/10.1016/].ijbio
mac.2025.141579

Niehl A, Wyrsch I, Boller T, Heinlein M (2016) Double-stranded
RNAs induce a pattern-triggered immune signaling pathway in
plants. New Phytol 211:1008-1019

Niehl A, Soininen M, Poranen MM, Heinlein M (2018) Synthetic biol-
ogy approach for plant protection using dsRNA. Plant Biotechnol
J16(9):1679-1687. https://doi.org/10.1111/pbi.12904

Nielsen AF, Bindereif A, Bozzoni I, Hanan M, Hansen TB, Irimia M
et al (2022) Best practice standards for circular RNA research. Nat
Methods 19(10):1208-1220

OECD (2020) Considerations for the environmental risk assessment
of the application of sprayed or externally applied ds-RNA-based
pesticides, series on pesticides and biocides. OECD Publishing,
Paris. https://doi.org/10.1787/576d9ebb-en

Panozzo S, Milani A, Bordignon S, Scarabel L, Varotto S (2025) RNAi
technology development for weed control: All smoke and no fire?
Pest Manag Sci. https://doi.org/10.1002/ps.8729

Pareek A, Dhankher OP, Foyer CH (2020) Mitigating the impact of
climate change on plant productivity and ecosystem sustainability.
J Exp Bot 71(2):451-456

Perez-Alvarez R, Nault BA, Poveda K (2019) Effectiveness of aug-
mentative biological control depends on landscape context. Sci
Rep 9:8664

Pfafenrot C, Schneider T, Miiller C, Hung LH, Schreiner S, Ziebuhr
J, Bindereif A (2021) Inhibition of SARS-CoV-2 coronavirus
proliferation by designer antisense-circRNAs. Nucl Acids Res
49(21):12502-12516

Pisignano G, Michael DC, Visal TH et al (2023) Going circular:
history, present, and future of circRNAs in cancer. Oncogene
42:2783-2800. https://doi.org/10.1038/s41388-023-02780-w

Ren L, Jiang Q, Mo L et al (2022) Mechanisms of circular RNA
degradation. Commun Biol 5:1355. https://doi.org/10.1038/
$42003-022-04262-3

Schweizer P, Pokorny J, Abderhalden O, Dudler R (1999) A transient
assay system for the functional assessment of defense-related
genes in wheat. Mol Plant Microbe Interact 12:647-654

Sedi¢ E, Kogel KH (2021) Requirements for fungal uptake of dsSRNA
and gene silencing in RNAi-based crop protection strategies. Curr
Opin Biotech 70:136-142

Secretariat IPPC (2021) Scientific review of the impact of climate
change on plant pests—a global challenge to prevent and miti-
gate plant pest risks in agriculture, forestry and ecosystems. FAO
on behalf of the IPPC Secretariat, Rome. https://doi.org/10.4060/
cb4769en

Shahid S, Kim G, Johnson NR, Wafula E, Wang F, Coruh C, Bernal-
Galeano V, Phifer T, dePamphilis CW, Westwood JH, Axtell MJ
(2018) MicroRNAs from the parasitic plant Cuscuta campestris
target host messenger RNAs. Nature 553:82-85

Van Dijk M, Morley T, Rau ML, Saghai Y (2021) A meta-analysis of
projected global food demand and population at risk of hunger for
the period 2010-2050. Nat Food 2(7):494-501

van Schie CC, Takken FL (2014) Susceptibility genes 101: how to be
a good host. Annu Rev Phytopathol 52:551-581

Vandesompele J, De Preter K, Pattyn F et al (2002) Accurate nor-
malization of real-time quantitative RT-PCR data by geometric
averaging of multiple internal control genes. Genome Biol 3:1-12.
https://doi.org/10.1186/gb-2002-3-7-research0034

@ Springer


https://doi.org/10.1111/pbi.12226
https://doi.org/10.1111/pbi.12226
https://doi.org/10.1038/s41477-024-01874-x
https://doi.org/10.1016/j.xplc.2022.100430
https://doi.org/10.1111/mpp.70011
https://doi.org/10.1111/mpp.70011
https://doi.org/10.1016/j.ncrops.2024.100019
https://doi.org/10.1016/j.cell.2022.04.021
https://doi.org/10.1016/j.cell.2022.04.021
https://doi.org/10.1016/j.cell.2022.06.001
https://doi.org/10.1002/ps.7825
https://doi.org/10.1002/ps.7825
https://doi.org/10.1016/j.ijbiomac.2025.141579
https://doi.org/10.1016/j.ijbiomac.2025.141579
https://doi.org/10.1111/pbi.12904
https://doi.org/10.1787/576d9ebb-en
https://doi.org/10.1002/ps.8729
https://doi.org/10.1038/s41388-023-02780-w
https://doi.org/10.1038/s42003-022-04262-3
https://doi.org/10.1038/s42003-022-04262-3
https://doi.org/10.4060/cb4769en
https://doi.org/10.4060/cb4769en
https://doi.org/10.1186/gb-2002-3-7-research0034

128 Page 14 of 14

Plant Cell Reports (2025) 44:128

Wang S, Li X, Liu G et al (2024) Advances in the understanding of
circRNAs that influence viral replication in host cells. Med Micro-
biol Immunol 213:1. https://doi.org/10.1007/s00430-023-00784-7

Waugh A, Gendron P, Altman R, Brown JW, Case D, Gautheret D,
Harvey SC, Leontis N, Westbrook J, Westhof E, Zuker M, Major
F (2002) RNAML.: a standard syntax for exchanging RNA infor-
mation. RNA 8(6):707-717

Weiberg A, Wang M, Lin FM, Zhao H, Zhang Z, Kaloshian I, Jin H
(2013) Fungal small RNAs suppress plant immunity by hijacking
host RNA interference pathways. Science 342(6154):118-123

Wesselhoeft RA, Kowalski PS, Parker-Hale FC, Huang Y, Bisaria N,
Anderson DG (2019) RNA circularization diminishes immuno-
genicity and can extend translation duration in vivo. Mol Cell
74(3):508-520

Westwood JH, Kim G (2017) RNA mobility in parasitic plant—host
interactions. RNA Biol 14(4):450-455

Wu FH, Shen SC, Lee LY, Lee SH, Chan MT, Lin CS (2009) Tape-
Arabidopsis Sandwich-a simpler Arabidopsis protoplast isolation
method. Plant Methods 5:1-10

Wytinck N, Manchur CL, Li VH, Whyard S, Belmonte MF (2020)
dsRNA uptake in plant pests and pathogens: insights into RNAi-
based insect and fungal control technology. Plants (Basel)
9(12):1780

Yang L, Wilusz JE, Chen LL (2022) Biogenesis and regulatory roles of
circular RNAs. Annu Rev Cell Biol 38:263-289. https://doi.org/
10.1146/annurev-cellbio-120420-125117

Yong J, Xu W, Wu M, Zhang R, Mann CWG, Liu G, Brosnan CA, Mit-
ter N, Carroll BJ, Xu ZP (2025) Lysozyme-coated nanoparticles
for active uptake and delivery of synthetic RNA and plasmid-
encoded genes in plants. Nat Plants 1-14

Authors and Affiliations

M. Hossain'® - C. Pfafenrot?® - S. Nasfi'® - A. Sede®
A. Bindereif?® - M. Heinlein3® - M. Ladera-Carmona’
< K. H. Kogel

karl-heinz.kogel @uni-giessen.de

M. Hossain

Moammar.Hossain @agrar.uni-giessen.de

C. Pfafenrot
Christina.Pfafenrot @ gmx.de

S. Nasfi
Sabrine.Nasfi-1 @agrar.uni-giessen.de

A. Sede
ana.sede @ibmp-cnrs.unistra.fr

J. Imani
jafargholi.imani @agrar.uni-giessen.de

E. Setié
Ena.Secic @agrar.uni-giessen.de

M. Galli
Matteo.Galli @agrar.uni-giessen.de

@ Springer

-J.Imani’
- K. H. Kogel'?

Yoo SD, Cho YH, Sheen J (2007) Arabidopsis mesophyll protoplasts:
a versatile cell system for transient gene expression analysis. Nat
Protoc 2(7):1565-1572

Zabala-Pardo D, Gaines T, Lamego FP, Avila LA (2022) RNAi as a
tool for weed management: challenges and opportunities. Adv
Weed Sci 40(Spec1):020220096

Zand Karimi H, Baldrich P, Rutter BD, Borniego L, Zajt KK, Mey-
ers BC, Innes RW (2022) Arabidopsis apoplastic fluid contains
sRNA-and circular RNA—protein complexes that are located out-
side extracellular vesicles. Plant Cell 34(5):1863—-1881

Zhang P, Dai M (2022) CircRNA: a rising star in plant biology. J Genet
Genom 49(12):1081-1092

Zhang Y, Zhang XO, Chen T, Xiang JF, Yin QF, Xing YH et al (2013)
Circular intronic long noncoding RNAs. Mol Cell 51(6):792-806

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. Nat Plants.
2(10):16153. https://doi.org/10.1038/nplants.2016.153

Zhang H, Liu S, Li X, Yao L, Wu H, Baluska F, Wan Y (2021) An
antisense circular RNA regulates expression of RuBisCO small
subunit genes in Arabidopsis. Front Plant Sci 12:665014

Zheng Y, Moorlach B, Jakobs-Schonwandt D, Patel A, Pastacaldi C,
Jacob S, Ladera Carmona M (2025) Exogenous dsRNA triggers
sequence-specific RNAi and fungal stress responses to control
Magnaporthe oryzae in Brachypodium distachyon. Commu Biol
8(1):121

Zuker M (2003) Mfold web server for nucleic acid folding and hybridi-
zation prediction. Nucl Acids Res 31(13):3406-3415

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

-E. Se¢i¢'® - M. Galli'® - P. Schifer’

P. Schifer
Patrick.Schaefer @agrar.uni-giessen.de

A. Bindereif
albrecht.bindereif @chemie.bio.uni-giessen.de

M. Heinlein
manfred.heinlein @ibmp-cnrs.unistra.fr

M. Ladera-Carmona
Maria.Ladera-Carmona@agrar.uni-giessen.de

Institute of Phytopathology, Centre for BioSystems,
Land Use and Nutrition, Justus Liebig University,
Heinrich-Buff-Ring 26, 35392 Giessen, Germany

Institute of Biochemistry, Justus Liebig University,
Heinrich-Buff-Ring 17, 35392 Giessen, Germany

Institut de Biologie Moléculaire des Plantes, CNRS,
Université de Strasbourg, 12 rue du Général Zimmer,
67084 Strasbourg, France


https://doi.org/10.1007/s00430-023-00784-7
https://doi.org/10.1146/annurev-cellbio-120420-125117
https://doi.org/10.1146/annurev-cellbio-120420-125117
https://doi.org/10.1038/nplants.2016.153
http://orcid.org/0009-0006-1528-4167
http://orcid.org/0009-0009-1846-3613
http://orcid.org/0000-0001-5916-0824
http://orcid.org/0000-0002-7868-0638
http://orcid.org/0000-0001-8265-1656
http://orcid.org/0000-0002-6469-4895
http://orcid.org/0000-0003-4514-9434
http://orcid.org/0000-0002-0366-6858
http://orcid.org/0000-0002-7730-7380
http://orcid.org/0000-0001-7322-1654
http://orcid.org/0000-0003-2167-3135
http://orcid.org/0000-0003-1226-003X

	Designer circRNAGFP reduces GFP-abundance in Arabidopsis protoplasts in a sequence-specific manner, independent of RNAi pathways
	Abstract
	Key message 
	Abstract 

	Introduction
	Results
	Design of GFP-antisense circRNA
	circRNAGFP reduces the GFP abundance in GFP-expressing protoplasts in a sequence-specific manner
	The impact of various doses of circRNAGFP on GFP abundance
	The impact of circRNAGFP on GFP abundance is isoform-specific
	circRNAGFP affects GFP abundance independently of functional DCLs and AGOs
	circRNAGFP has no impact on GFP transcript abundance
	circRNA does not induce typical PTI responses in leaves

	Discussion
	Experimental procedures
	Plant material and isolation of Arabidopsis protoplasts
	Design of circRNAs
	Production of circRNAs and linRNAs
	pGY1-35S::GFP:RFP plasmid construction
	Transfection of protoplasts
	Plant material and growth conditions for callose deposition assay
	Protein isolation, immunoblotting, and imaging
	RNA isolation and gene expression analysis
	Analysis of ROS production
	MAPK phosphorylation of leaf extracts
	Statistical analysis

	Acknowledgements 
	References


