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Summary

Interactions between plants and their symbiotic partners are characterised by complex
molecular mechanisms that promote symbiont and plant growth, nutrient uptake, and
stress tolerance. Despite the established role of small RNAs (sRNAs) in regulating gene
expression in eukaryotes, further investigation is required to understand their
contribution to this beneficial exchange. In this work, we investigated whether the
beneficial endophyte Serendipita indica (Si), with its large host range, uses sRNA-

mediated cross-kingdom (ck) communication with plant hosts.

Sequencing of sSRNA from S.indica cultivated in axenic culture and during its interaction
with Brachypodium distachyon provided first evidence of ckRNA communication
between plants and their mutualistic fungi and identified putative S.indica sRNAs

(SisRNA).

To explore the molecular basis of ck-RNA interference (RNAI) in mutualism, we developed
a pipeline to investigate the role of SisRNAs during S. indica colonisation of Arabidopsis
thaliana (At). The expression of SisRNAs was validated in Si-colonised At roots. SisRNAs
were overexpressed in a protoplast transient system, and their accumulation was
confirmed. The potential of SisRNAs to induce post-transcriptional gene silencing (PTGS)
of predicted At target genes was investigated, and downregulation of genes involved in

cell wall organisation, hormone signalling, and immunity was observed.

Immunoprecipitation (IP) of Argonaute 1 (AGO1) from Si-colonised At roots, followed by
western-blot analysis and stem-loop PCR, confirmed the translocation of SisRNAs into
At roots and their loading into the plant RNAiI machinery. Additionally, sSRNA sequencing
of AGO1- and AGO2-bound sRNA recovered after IP identified 18 to 26 nt SisSRNAs being

loaded into AGO1 and AGO2 in Si-colonised At roots with diverse 5 "-ends.

The role of Arabidopsis RNAi machinery in regulating symbiosis and colonisation was
examined by analysing S. indica growth on Arabidopsis DICER-LIKE (DCL) and AGO
mutants, as well as AGO expression profiling of At Col-0 S. indica colonised roots. The
results demonstrated that AGO2 and AGO10, but not AGO1, function as positive
regulators, suggesting specialised and potentially redundant functions of AGO proteins

in mutualistic interactions.
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S.indica extracellular vesicles (EV)-like particles were isolated from S.indica liquid
cultures. EV-like structures with cup-shaped morphology were observed, and SisRNAs
previously associated with the Si-At interaction were detected in the vesicle fraction,
suggesting a possible role for S.indica EVs in RNA transport, but further investigations are

needed.

Taken together, this work reveals that mutualistic fungi can use sRNAs to regulate host
gene expression by exploiting plant RNAi machinery and provides genomic and

molecular hints for ck-RNA communication in mutualistic symbioses.
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Zusammenfassung

Interaktionen zwischen Pflanzen und ihren symbiotischen Partnern sind durch komplexe
molekulare Mechanismen gekennzeichnet, die das Wachstum von Symbionten und
Pflanzen, die Nahrstoffaufnahme sowie die Stresstoleranz fordern. Trotz der etablierten
Rolle kleiner RNAs (small RNAs, sRNAs) bei der Regulierung der Genexpression in
Eukaryoten sind weitere Untersuchungen erforderlich, um ihren Beitrag zu diesem
vorteilhaften Austausch zu verstehen. In dieser Arbeit untersuchten wir, ob der nttzliche
Endophyt Serendipita indica (Si) mit seinem groBen Wirtsspektrum eine sRNA-vermittelte

cross-kingdom (ck) Kommunikation mit Pflanzenwirten nutzt.

Die Sequenzierung von sRNA aus S. indica, die in axenischer Kultur als auch wahrend
ihrer Interaktion mit Brachypodium distachyon kultiviert wurden, lieferte erste Hinweise
auf eine ckRNA-Kommunikation zwischen Pflanzen und ihren mutualistischen Pilzen und

identifizierte putative S. indica sRNAs (SisRNA).

Zur Untersuchung der molekularen Grundlagen der ck-RNA-Interferenz (RNAi) im
Mutualismus entwickelten wir eine Pipeline zur Analyse der Rolle von SisRNAs wahrend
der Kolonisation von Arabidopsis thaliana (At) durch S. indica. Die Expression der
SisRNAs wurde in Si-kolonisierten At-Wurzeln validiert. SisRNAs wurden in einem
transienten Protoplastensystem Uberexprimiert, und ihre Akkumulation wurde bestatigt.
Das Potenzial von SisRNAs zur induction einer posttranskriptionelle Gen-Silencing (Post
transcriptional gene silencing, PTGS) vorhergesagter At-Zielgenen wurde untersucht,
wobei eine Herunterregulation von Genen beobachtet wurde, die an der

Zellwandorganisation, der Hormonsignalisierung und der Immunitat beteiligt sind.

Die Immunprazipitation (Immunoprecipitation, IP) von Argonaute 1 (AGO1) aus Si-
kolonisierten At-Wurzeln, gefolgt von Western-Blot-Analysen und Stem-Loop-PCR,
bestatigte die Translokation von SisRNAs in At-Wurzeln sowie deren Beladung in die
pflanzliche RNAi-Maschinerie. Zusatzlich identifizierte die sRNA-Sequenzierung von
AGO1- und AGO2-gebundener sRNA, die nach IP gewonnen wurde, 18 bis 26 nt SisRNAs,
die in Si-kolonisierten At-Wurzeln mit unterschiedlichen 5'-Enden in AGO1 und AGO2

geladen wurden.

Vi



Die Rolle des Arabidopsis-RNAi-Maschinerie bei der Regulation von Symbiose und
Kolonisation wurde durch die Analyse des Wachstums von S. indica auf Arabidopsis-
DICER-LIKE (DCL)- und AGO-Mutanten sowie durch die Expressionsanalysen von AGOs
in Si-kolonisierten At Col-0 Wurzeln untersucht. Die Ergebnisse zeigten, dass AGO2 und
AGO10, jedoch nicht AGO1, als positive Regulatoren fungieren, was auf spezialisierte
und potenziell redundante Funktionen von AGO-Proteinen in mutualistischen

Interaktionen hindeutet.

Extrazelluldre Vesikel (EV)-like Partikel von S.indica wurden aus flussigen S.indica-
Kulturenisoliert. EV-like Strukturen mit becherférmiger Morphologie wurden beobachtet,
und SiRNAs, die zuvor mit der Si-At-Interaktion in Verbindung gebracht wurden, konnten
in der Vesikelfraktion nachgewiesen werden, was auf eine mogliche Rolle von S.indica-

EVs beim RNA-Transport hindeutet, weitere Untersuchungen sind jedoch erforderlich.

Zusammenfassend zeigt diese Arbeit, dass mutualistische Pilze sSRNAs nutzen kdnnen,
um die Genexpression des Wirts durch Ausnutzung der pflanzlichen RNAi-Maschinerie
zu regulieren, und liefert genomische und molekulare Hinweise fur eine ck-RNA-

Kommunikation in mutualistischen Symbiosen.
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“Die Wissenschaft fangt eigentlich da an, interessant zu
werden, wo sie aufhort”

Justus von Liebig (1803 -1873)



CHAPTER 1 - Introduction

1.1 Feeding a growing population in a resource-limited world

To feed a growing population projected to reach 10.3 billion people by 2080 (World

Population Prospects, 2024.), sustainable agriculture is essential.

Approaches such as integrated pest management (Oerke, 2006), genetic engineering
(e.g., CRISPR technology (Gong et al., 2025)) and biologicals (e.g., RNA-based products
(Bramlett et al., 2020)), can contribute to higher crop yields and resilience while reducing
environmental impact. When used with precision agriculture techniques, these
approaches help farmers to maximise productivity without over-exploiting limited

resources, ensuring food security for future generations.

1.2 RNAi approach: a pathway to sustainable agriculture

RNA interference (RNAIi) was first discovered in the late 1990s in the nematode
Caenorhabditis elegans (Fire et al., 1998) and later proved to be awidespread mechanism
in plants (Napoli et al., 1990), insects (Bucher et al., 2002), and fungi (Romano & Macino,
1992). It is a conserved natural process where RNA molecules known as non-coding
regulatory RNAs (ncRNAs) silence genes by degrading or inhibiting messenger RNA
(mRNA).

Recently, RNAi has shown great promise in agriculture. For example, double-stranded
RNA (dsRNA) has been used to control the Colorado potato beetle (CPB) as an effective
pest management method (Palli, 2014). Another application of dsRNA targeting the
Magnaporthe oryzae MoPMK1 gene reduced the leaf blast disease progression in the

leaves of the grass model Brachypodium distachyon (Zheng et al., 2025).
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Figure 1. Trends in RNAi-based plant protection applications from 2013 to 2023.
(a) Annual distribution of RNAI targets among microorganisms shows an increase in
diversity over time. (b) Annual distribution of endogenous (transgenic plants) and
exogenous (e.g., Spray-induced gene silencing, SIGS) RNAi applications show a growing

focus on exogenous approaches. Figure taken from Germing et al., 2025.

Nevertheless, effective RNAI strategies are dependent on a fundamental understanding
of the interaction between plants and microbes and the central role of small RNAs

(sRNAs) as key regulatory elements.

1.3 Plant-microbe interaction: core concepts

Plants interact with a wide range of microorganisms, each capable of triggering immune
responses or establishing beneficial symbiosis, ranging from defence to mutualistic
cooperation with their hosts (Jones & Dangl, 2006). During pathogenic interactions, plants
have evolved sophisticated defensive strategies to counteract microbial invasion (Dodds
& Rathjen, 2010). In contrast, in mutualistic symbiosis, plants have evolved a win-win
strategy with microorganisms, trading nutrients to support mutual growth and
development (Pieterse et al., 2014; Zamioudis & Pieterse, 2012). This molecular dialogue,
known as bidirectional cross-kingdom (ck) communication, involves the transfer of

sRNAs and proteins, potentially through extracellular vesicles (EVs), between plants and



their interacting microbes (Rutter & Innes, 2018; Wang et al., 2016; Weiberg et al., 2013;
Zeng et al., 2019).

1.3.1 Overview of plant immunity

To successfully invade their hosts, microorganisms suppress or evade the plant’s
immune system using unique molecules known as Pathogen- or Microbe-Associated
Molecular Patterns (PAMPs/MAMPs) or Danger-Associated Molecular Patterns (DAMPs),
such as flagellin (flg22), chitin, plant elicitor peptides (PEPs), and B-glucans (Wu et al.,
2014).

At this initial stage of interaction, plants rely solely on their innate immune system to
recognise non-self through Pattern Recognition Receptors (PRRs), such as Receptor-like
kinase (RLKs) and Receptor-like proteins (RLPs). This recognition triggers Pattern-
Triggered Immunity (PTI), which involves reprogramming of defence-related genes (PRs),
calcium influx, activation of Mitogen-activated protein kinases (MAPKs), production of
Reactive Oxygen Species (ROS), callose deposition, and sugar efflux (Dodds & Rathjen,
2010; Jones & Dangl, 2006; Zipfel, 2009).

To counteract PTI, microorganisms release effector molecules recognised by the plant
intracellular receptors, known as nucleotide-binding Leucine-rich Repeat (NLR) proteins
encoded by resistance (R) genes (Win et al., 2012). NLRs are divided into “sensor NLRs”,
which recognise effectors, and “helper NLRs”, which trigger immune signals. NLRs
activation initiates Effector-Triggered Immunity (ETI), leading to a stronger immune
response and often localised cell death to limit pathogens (Dalio et al., 2021; Nguyen et
al., 2021). Together with PTl and ETI, plants use a network of hormones involving salicylic
acid (SA), jasmonic acid (JA), and ethylene (ET) to coordinate their defence (Pieterse et

al., 2012).
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Figure 2. Overview of plant immunity in plants. (I) PRRs recognise PAMPs/MAMPs
triggering PTI, leading to Ca** influx, MAPK activation, ROS production, and the activation
of defence genes. (Il) NLRs recognise microbial effectors, triggering ETI, which also
activates defence genes and causes hypersensitive responses. (lll) Microbial dsRNAs are
processed by plant DCLs into sRNAs that can hijack the plant RISC, guided by AGO
proteins to target the plant mRNAs. In parallel, plants regulate the expression of their own
endogenous sRNAs and RNAi components contributing to RNAi-mediated defence.
Together, these interconnected layers establish plant immunity as a key component of

plant defence signalling. Figure created with biorender.



While the discovery of PTI, ETl, and hormonal signalling as major plant defence strategies
began in the early 2000s, the role of regulatory non-coding RNAs in modulating gene

expression during plantimmune responses was uncovered much later.

1.3.2 Non-coding RNAs: big players in plant immunity

Non-coding RNAs (ncRNAs) are functional RNA molecules transcribed from the genome,
do not code for proteins, but play a regulatory role in plant biology, immunity, and gene
expression under both biotic and abiotic stresses. In plants, ncRNAs are divided into long
ncRNAs (> 200 nucleotides (nt)), circular ncRNAs and small ncRNAs (sRNAs, < 200nt),
which include microRNAs (miRNAs), usually 21-22 ntin length and smallinterfering RNAs
(siRNAs), usually 21 to 24 nt in length (Bartel, 2009; Chen, 2009; Jones-Rhoades et al.,
2006; Vazquez et al., 2004). miRNAs are transcribed from MIR genes, as primary miRNAs
(pri-miRNAs) that fold into a stem-loop structure, then are cleaved into precursor miRNAs
(pre-miRNAs) by Dicer-like proteins (DCLs) (Kurihara & Watanabe, 2004). In contrast,
siRNAs are produced from long dsRNA molecules and can originate from endogenous or
exogenous RNA sequences (viral and transgene transcripts) (Carthew & Sontheimer,
2009; Vazquez et al., 2004). Both dsRNAs and pre-miRNAs are subsequently processed
in the nucleus into sSRNA duplexes, comprising a guide strand and a passenger strand. In
the cytoplasm, the guide strand of SRNA and miRNA duplexes binds to Argonaute (AGO)
proteins, thus forming and activating the RNA-Induced Silencing Complex (RISC). Guided
by sequence complementarity, sSRNAs can mediate Post-Transcriptional Gene Silencing
(PTGS, mainly mediated by 21-22 nt sRNAs) or Transcriptional Gene Silencing (TGS,
mediated by 24 nt sRNAs) via RNA-directed DNA Methylation (RdDM) (Baulcombe, 2004;
Carthew & Sontheimer, 2009).

1.3.3 Cross-kingdom RNAi and sRNA-mediated gene silencing

Only a decade ago, it was discovered that sRNAs can move between plants and their
interacting microorganisms, a phenomenon known as bidirectional cross-kingdom (ck)
RNAi (Wang et al., 2016; Weiberg et al., 2013). In this exchange, microorganisms use
sRNAs to suppress plant immunity by hijacking the plant“s RNAi machinery. In return,
plants send sRNAs to reduce pathogen virulence and/or fine-tune the expression of target

genes. CKRNAi was first demonstrated in the interaction between the necrotrophic



fungus Botrytis cinerea (Bc) and the two host plants Solanum lycopersicum and
Arabidopsis thaliana (At). It was shown that the expression of Bc sRNAs, B¢c-DCL1 and
Bc-DCL2, in Arabidopsis and tomato targeting Bc-DCL genes, attenuated fungal
pathogenicity and growth (Weiberg et al., 2013). Later, it was shown that cotton plants
produced anincreasing level of miRNAs in response to infection with the fungal pathogen

Verticillium dahliae, introducing bidirectional ck-RNAi (Zhang et al., 2016).



Table 1. Examples of cross-kingdom RNA communication studies between plants and interacting microbes between 2013 and 2025.

Direction of RNA

Plant host(s) Microbe Key finding Citation
transfer
Arabidopsis, Botrytis cinerea (pathogen) Fungus - plant Fungal sRNAs translocate into plant cells, are (Weiberg et
tomato loaded into AGO1, causing silencing of immunity al., 2013)
genes (first ckRNAi example).
Cotton Verticillium dahliae (pathogen) Plant > fungus Cotton miR159 and miR166 move into Verticillium (Zhang et
and silence fungal virulence genes. al., 2016)
Arabidopsis Botrytis cinerea (pathogen) Fungus - plant Fungal sRNA effector Bc-siR37 targets several plant | (Wang et
defence genes via ckRNAI. al., 2017)
Arabidopsis Botrytis cinerea (pathogen) Plant > fungus Arabidopsis secretes tetraspanin-EVs that deliver (Caietal.,
(mediated by sRNAs into the fungus to silence virulence genes. 2018)
extracellular
vesicles, EVs)
Barley, wheat Blumeria spp. (pathogen, Fungus - plant sRNA catalogue shows that many fungal sRNAs are | (Kusch et
and other Powdery mildew fungi) (predicted) predicted to target plant targets in cereal and al., 2018)
cereals powdery mildew interactions.
Soybean Bradyrhizobium japonicum Bacterium - plant | Rhizobial tRNA fragments are loaded into the host“s | (Ren etal,,
(rhizobium, symbiont) AGO1 and regulate genes that control nodule 2019)
initiation.
Medicago Rhizophagus irregularis Fungus > plant AMF sRNAs are profiled and predicted to target (Silvestri et
truncatula (Arbuscular Mycorrhiza fungus, | (predicted) multiple plant transcripts, suggesting ckRNAi in al., 2019)
AMF, symbiont) symbiosis.
Arabidopsis and | Hyaloperonospora spp. (Downy | Oomycete » plant | Oomycete sSRNAs associate with plant AGO1 and (Dunker et
downy mildew mildew oomycete, pathogen) act asvirulence factors. al., 2020)

hosts




Wheat Fusarium graminearum (Fg, Plant » fungus Spraying dsRNA targeting Fg AGOs and DCLs (Werner et
fungus, pathogen) confers protection to barley leaves from Fg al., 2021)
infection.
Nicotiana Fusarium solani strain K (FsK, Fungus - plant Fsk triggers systemic ckRNAi and DNA methylation (Dalakouras
benthamiana beneficial fungal, endophyte) of the host reporter gene, indicating long-distance etal., 2023)
(sensor line) RdDM.
Arabidopsis Serendipita indica (root Fungus - plant AGO1-IP and protoplast functional assays (Nasfietal.,
endophyte) confirmed that S. indica sRNAs are translocated into | 2024)
Arabidopsis roots and can silence host genes during
symbiosis.
Nicotiana Fusarium solani strain K (FsK, Fungus - plant Endophyte-induced ckRNAi in the host requires (Kellari et
benthamiana beneficial fungal, endophyte) RDR6-mediated amplification of silencing signals. al., 2025)
Medicago Rhizophagus irregularis (AMF) Fungus - plant Fungal sRNA Rir2216 loads into plant AGO1 and (Silvestri et
truncatula (Mt) cleaves MtWRKY69, promoting mycorrhization. al., 2025)




1.3.4 RNA interference machinery in Arabidopsis thaliana

Arabidopsis thaliana (At), a dicotyledonous model plant, has a well-characterised
RNAi machinery, making it particularly suitable for studying plant-microbe
interactions. DCLs and AGOs, along with their interacting endogenous or exogenous
sRNAs, are central to At RNAIi pathway, and play a crucial role in gene regulation and
the modulation of the plant immune system (Baulcombe, 2004; Bologna & Voinnet,
2014). DCLs are complex, multi-domain proteins. The DExD-box helicase-C domain
helps separate dsRNA strands and facilitates their cleavage into smaller fragments.
The PAZ (Piwi-Argonaute-Zwille) domain binds the dsRNA, making it ready for cleavage.
Two RNase Ill domains responsible for cleavage of dsRNA into small RNA fragments

(Margis et al., 2006).

Arabidopsis encodes four DCL proteins; each is responsible for producing sRNAs of
specific sizes. DCL1 (AT1G01040) mainly generates 21-22 nt miRNAs and is involved in
PTGS (Baulcombe, 2004; Henderson et al., 2006). Complete loss of DCL1 function is
embryo-lethal, while partial loss causes developmental abnormalities in At (Schauer

et al., 2002).

DCL2 (AT3G03300), DCL3 (AT3G43920) and DCL4 (AT5G20320) generate 22 nt, 24 nt
and 21 nt siRNAs, respectively (Henderson et al., 2006). DCL2 processes siRNA from
natural antisense transcripts and plays a role in antiviral defence (Deleris et al., 2006;
Taochy et al., 2017). DCL3 is important for RdDM, producing siRNAs from dsRNAs
generated by RNA-Dependent RNA (RDR) 2 (Xie et al., 2004). DCL4 is needed for the
generation of trans-acting siRNAs (ta-siRNAs) (Gasciolli et al., 2005), and also plays a
role in antiviral defence (Deleris et al., 2006). During the interaction of Arabidopsis and
Trichoderma atroviride, DCL genes were differentially expressed both locally and
systemically and were confirmed to function in coordination with defence hormone
pathways, suggesting that they are part of the small RNA mechanism required for
beneficial colonization (Rebolledo-Prudencio et al., 2022). Nevertheless, current
knowledge of the role of Arabidopsis DCLs in beneficial plant-microbe interactions

remains limited.



After DCLs trigger RNAi silencing, only one strand of the sRNA duplex, the guide strand,
is loaded into the RISC complex by an AGO protein.

At encodes 10 AGO genes, each encoding proteins with four domains: PAZ, MID, PIWI,
and an N-terminal domain, connected by two linker regions, L1 and L2. The PAZ and the
MID domains bind the 3' and the 5' ends of the guide sSRNA strand, respectively, while the
N-domain helps interactions with other proteins and complexes of the RNAi machinery,
and the PIWI (P-element induced wimpy) domain exhibits the RNase catalytic site,

enabling the RNA cleavage (Fang & Qi, 2016; Vaucheret, 2008; Zhang et al., 2015).

AGOs play a major role in PTGS and are also being explored for their involvement in plant
immunity, leading to different regulatory outcomes. Arabidopsis AGOs are grouped into
three clades: clade | (AGO1/5/10), clade Il (AGO2/3/7), and clade Ill (AGO4/6/8/9)
(Mallory & Vaucheret, 2010; Rodriguez-Leal et al., 2016; Vaucheret, 2008). In clade |,
AGO1 (AT1G48410) is broadly expressed across tissues and is one of the most studied
AGOs, which binds mainly 21/22-nt sRNAs with 5'-uracil (U) (Mi et al., 2008), mediating
mMRNA cleavage, translational inhibition, or both (Vaucheret et al., 2004). Beyond RNAI,
AGO1 is involved in plant development (Kidner & Martienssen, 2005), hormonal
responses and stress regulation (Liu et al., 2018; Loreti et al., 2020), and antiviral defence
and immunity (Carbonell & Carrington, 2015; Zhao et al., 2023). AGO10 (AT5G43810), a
paralog of AGO1, displays a more restricted expression pattern, with weak expression in
roots (Rich-Griffin et al., 2020). AGO10 binds 21 nt sRNA with a 5'-U and functions as a
miRNA sequester (Mi et al., 2008). It is essential during shoot apical meristem
development, as it modulates miR165/miR166 and miR172 activity (Ji et al., 2011; Zhu et
al., 2011). While AGO1 is mainly involved in PTGS, AGO10 modulates gene expression by
translational repression and acts as a negative regulator of AGO1 expression by binding
miR168 (Brodersen et al., 2008; Mallory et al., 2009). Although several studies suggested
aredundancy between AGO1 and AGO10 (Jietal., 2011; Mallory et al., 2009), AGO10 has

no confirmed role in plant defence.

Of the same clade, AGO5 (AT2G27880) primarily binds 21 nt sRNAs with 5'-cytosine (C)
(Mi et al., 2008), and is predominantly expressed in reproductive tissues, suggesting its

role in gametophyte development and flowering time regulation (Roussin-Léveillée et al.,
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2020; Tucker et al., 2012). AGOS5 also contributes to antiviral defence (Brosseau &

Moffett, 2015).

AGO2 (AT1G31280), which belongs to clade I, plays a significant role in gene silencing
pathways and contributes to both antibacterial and antiviral defence mechanisms (Fang
& Qi, 2016; Mallory & Vaucheret, 2010; Vaucheret, 2008). Moreover, recent research
suggested that AGO2 is implicated in DNA damage response and repair (Kim et al., 2025).
Unlike AGO2, AGOS3 binds 24 nt but similarly, with a 5'-adenosine (A), while AGO7
selectively binds miR390, forming a complex that anchors to the non-cleavable site on
TASS3 transcripts, initiating the production of phased ta-siRNAs that regulate AUXIN
RESPONSE FACTOR genes (Montgomery et al., 2008).

The third clade of Arabidopsis argonautes is central to maintaining genome stability.
AGO4 primarily binds 24 nt sRNAs and has a major role in the RdDM pathway and TGS
(Carbonell, 2017, p. 4; Gao et al., 2010). AGO4 also contributes to plant immunity and to

antiviral defence (Brosseau et al., 2016).

AGOB6, from the same clade as AGO4, acts redundantly in RdDM and TGS by also binding
24 nt siRNAs to guide DNA methylation (Duan et al., 2015).

1.3.5 Regulatory role of miRNAs in plant-microbe interaction

As of this writing, 430 mature miRNAs have been identified and annotated in Arabidopsis
(miRBase database (v22)). These miRNAs are multifunctional, regulating gene
expression and playing crucial roles in development and responses to biotic and abiotic
stress. For instance, miR156, the first identified Arabidopsis microRNA, targets the
SQUAMOSA promoter-binding protein-like (SPL) family, crucial for developmental timing
(Reinhart et al., 2002). Shortly after, miR172 was identified, controlling flower
development and timing (Aukerman & Sakai, 2003). Since then, research has increasingly
focused on miRNAs in plant-microbe interactions. A key example in Arabidopsis is
miR393, which accumulates after Pseudomonas syringae DC3000 infection and triggers
PTI by suppressing auxin receptors. Its complementary strand miR393b*, loaded into
AGO2, targets the Golgi SNARE MEMB12; both miR393b* overexpression and MEMB12
disruption enhance PR1 secretion and antibacterial immunity. Thus, the miR393 duplex

actsviadistinct AGOs: miR393 with AGO1, and miR393b* with AGO2 (Zhangetal., 2011).
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The role of miRNAs in regulating plant development and immune response has also been
investigated in the context of symbiotic interactions. For example, miR169 regulates
MtHAP2-1, an essential gene for nodule development in Medicago truncatula during
symbiosis with nitrogen-fixing bacteria (Combier et al., 2006). Similarly, miR166
regulates HB7, a gene involved in root and nodule development in Medicago truncatula
(Boualem et al., 2008). In soybean, miR1511 and miR169 regulate genes such as
GmNAC1 and GmSCL6, which are critical for root development during nodulation
(Subramanian et al., 2008). miR399 has been shown to regulate PHO2, a gene controlling
phosphate uptake during arbuscular mycorrhizal symbiosis (Branscheid et al., 2010),
while in tomato, miR160 regulates ARF10 and ARF16 genes involved in auxin signalling
during mycorrhizal interactions (Wu et al., 2016). In Oncidium orchids, miR156, miR160,
and miR166 regulate genes related to root development and growth promotion during

interaction with the endophytic fungus Serendipita indica (Ye et al., 2014).

1.4 Plant-symbiotic interaction

1.4.1 Serendipita indica: a model root symbiont

Serendipita indica (Si; syn. Piriformospora indica) was first isolated from the roots of the
Prosopis juliflora and Zizyphus nummularia in India “s Thar desert (Verma et al., 1998). Si
is a root-colonising endophyte that can be axenically cultured and grows on different
media (Varma et al., 2012). As a basidiomycete with a fully sequenced and annotated
genome (Sedié et al., 2021; Zuccaro et al., 2011) S. indica colonises a broad range of

plants and crop roots.

S. indica interaction with the model plant Arabidopsis thaliana has been widely used to
dissect the stages of root colonisation. Colonisation begins with a biotrophic phase
around 3 days post-inoculation, followed by localised cell death in the root cortex, where
the fungus sporulates and forms chlamydospores along with inter- and intracellular
hyphae (Deshmukh et al., 2006; Jacobs et al., 2011; Qiang, Weiss, et al., 2012; Schéafer et
al., 2007). Furthermore, to successfully establish symbiosis, S. indica suppresses innate

immune responses in roots (Jacobs et al., 2011; Qiang, Weiss, et al., 2012).

One of the most notable features of S. indica is its ability to promote plant growth

(Osborne et al., 2023; Varma et al., 2012), enhance nitrate and phosphate uptake (Bajaj
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et al., 2018; Ngwene et al., 2016; Scholz et al., 2023; Sharma & Varma, 2021), stimulate
root and root hair formation (Jacobs et al., 2011), and promote early flowering and higher
seed yield. In Arabidopsis, Si has been shown to alter auxin transport and signalling,
thereby stimulating root development and biomass accumulation (Vadassery et al.,
2008). Beyond model systems, S. indica has been shown to benefit a wide range of crops,
including Oryza sativa (rice) (X. Li et al., 2023), Hordeum vulgare (barley) (Sepehri et al.,
2021; Waller et al., 2005), Triticum aestivum (wheat) where it improved root development
and stress resilience (Hosseini et al., 2017), Brassica rapa (Chinese cabbage) (Lee et al.,
2011) and Solanum lycopersicum (tomato) where it boosts sucrose production in roots,
leading to better shoot growth and energy allocation (De Rocchis et al., 2022; for review
see L. Li et al., 2023). These studies demonstrate the potential of S.indica as a natural
growth promoter in sustainable agriculture, emphasising its role in enhancing plant
resilience to abiotic stresses, including salinity, drought, cold, and heavy metal toxicity

(Boorboori & Zhang, 2022; Liu et al., 2021; Roylawar et al., 2021a; Saleem et al., 2022).

Furthermore, S. indica has been shown to enhance plant resistance to a wide range of
pathogens. In Allium cepa (onion), S. indica significantly reduced symptoms of
Stemphylium leaf blight disease, the most destructive foliar fungal disease of onion and
other economically important crops, in greenhouse trials (Roylawar et al., 2021b).
Cucumber plants colonised by S. indica exhibit increased tolerance to root-knot
nematode (Meloidogyne incognita), supported by improved photosynthetic performance
and activation of innate defence genes (Atia et al., 2020). In barley, S. indica triggers
systemic induced resistance against Blumeria graminis (powdery mildew fungus),
accompanied by transcriptomic and metabolic reprogramming in the leaves (Molitor et
al., 2011). These examples highlight S. indica's ability to induce plant immunity against

pathogens across diverse crop species.
1.4.2 Plant response to beneficial microbes

A core principle of plant-microbe interactions is the plant’s ability to distinguish between
beneficial and harmful partners. Researchers showed that mutualistic microbes often
initiate colonisation by evading or suppressing early immune responses, after which they
activate specialised recognition systems that trigger signalling pathways distinct from
those engaged by pathogens. While some molecular components, like nutrient
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transporters, are used in both mutualistic and pathogenic contexts, most transcriptional
and signalling responses are lifestyle-specific (Oldroyd, 2013; Plett & Martin, 2018). In
arbuscular mycorrhizal fungi (AMF), lipochitooligosaccharides (LCOs), which resemble
chitin-based MAMPs, carry unique lipid modifications that activate LysM receptor
kinases without triggering full immune responses. This recognition induces an early
calcium signalling and ROS production, followed by the activation of symbiosis-specific
transcriptional regulators rather than canonical defence pathways (Feng et al., 2019). In
Glomus intraradices, the effector SP7 interacts with the pathogenesis-related
transcription factor ERF19 in the plant nucleus, thereby counteracting the plantimmune
program and promoting the biotrophic lifestyle of AMF in roots (Kloppholz et al., 2011).
More recently, expression of RiICRN1, a crinkler effector from Rhizophagus irregularis,
was shown to be essential for successful symbiosis progression and arbuscule formation
(VoB et al., 2018). S. indica also deploys a sophisticated molecular toolkit to control and
facilitate the host “s immunity and colonisation. In barley, S. indica induces systemic
resistance, enhances antioxidant activity, and manipulates programmed cell death by
downregulating HvBI-1 gene (Deshmukh et al., 2006; Waller et al., 2005). Moreover,
S.indica colonisation of Arabidopsis triggers an Induced Systemic Resistance (ISR) that
requires jasmonic acid signalling and cytoplasmic localisation of NPR1 (Stein et al.,
2008), suppresses host innate immunity (Jacobs et al., 2011), and induces ER stress
leading to controlled cell death that facilitates colonisation (Qiang, Zechmann, et al.,
2012). The S.indica effector PIIN_08944 interferes with the plant’s salicylic acid-
mediated basal resistance, promoting colonisation in both Arabidopsis thaliana and
barley (Akum et al., 2015). Furthermore, S. indica secretes E5'NT, an active ecto-5'-
nucleotidase that modifies apoplastic metabolites, altering extracellular nucleotides to
suppress plant defences and support beneficial symbiosis (Nizam et al., 2019).
Meanwhile, the effector SIE141 relocates the thioredoxin-like protein CDSP32 into the
nucleus, activating NPR1-mediated systemic resistance in Arabidopsis (Y. Zhang et al.,

2024).

Alongside protein effectors, S. indica engages in cross-kingdom RNA signalling by
transferring small RNAs into Arabidopsis thaliana and Brachypodium distachyon, where

they downregulate host defence genes and facilitate symbiosis (Nasfi et al., 2024; Segié
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et al., 2021). Similar strategies are observed in other mutualistic interactions. For
example, Laccaria bicolor delivers miRNA-like sRNAs into poplar to silence immune
receptor transcripts (Mewalal et al., 2019), while Sinorhizobium meliloti exports tRNA-
derived fragments that utilise plant AGO proteins to promote nodulation (Ren et al.,
2019). In response, plants modulate their own pathways and receptor-like kinases to
fine-tune colonisation and immune responses, and adjust their sRNA machinery to

modulate colonisation responses (reviewed in Qiao et al., 2023).

1.4.3 Beneficial microorganisms in agriculture

In modern agriculture, beneficial microorganisms are increasingly recognised for their
role in enhancing plant nutrient uptake, protecting against plant diseases, improving
resilience to environmental stress and reducing dependence on chemicals (Compant et
al., 2025; Galli et al., 2024). For example, Bacillus subtilis BS-58 significantly reduced
infection of Fusarium oxysporum and Rhizoctonia solani in Amaranth by producing
antifungal compounds that disrupted fungal growth (Pandey et al., 2023). Similarly, B.
subtilis BS-2301 suppressed Sclerotinia sclerotiorum in soybeans and promoted plant
growth (Ayaz et al., 2024). In another study, the combined application of B. subtilis and
Pseudomonas fluorescens to tomato roots also showed synergistic effects against
Alternaria solani, reducing disease incidence, promoting plant growth, and activating

resistance genes (Jia et al., 2023).

Fungal mutualists, such as AMF fungi, also play an important role in enhancing crop
performance. AMF inoculation in Alfalfa significantly improved root colonisation,
boosted yield, and enhanced both nutrient and fatty acid concentrations over two
consecutive years (Pellegrino et al., 2022). A two-year study using a mixture of 14 AMF
species also demonstrated improved nutritional value in barley, with the effect varying
depending on genotype and environmental conditions (Marrassini et al., 2025). In
addition to AMF, several endophytic fungi are known for their beneficial effects and
agricultural applications. For example, Trichoderma harzianum has been shown to
improve root architecture and enhance tolerance to abiotic stresses in Triticum aestivum

L. over athree-year study (Sharmaetal., 2012). S. indica has also shown notable success
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in greenhouses and field trials. It significantly enhanced photosynthesis and biomass in
Camellia Oleifera (Fu et al., 2024). In addition, winter wheat plants colonised with S.
indica in a greenhouse experiment showed an increase in biomass and reduced disease
severity caused by Blumeria graminis, Pseudocercosporella herpotrichoides, and
Fusarium culmorum. Field trials in the same study confirmed a reduced infection of the
stem base by P. herpotrichoides, although no effect against leaf pathogens was observed
(Serfling et al., 2007). Li et al. (2022) reported that in a two-year field trial with Citrus
sinensis trees inoculated with Serendipita indica, sugar content in leaves and roots
increased significantly, while lower H,O, and superoxide levels were observed in the
leaves compared to non-inoculated controls (Li et al., 2022). These studies demonstrate
the considerable potential of beneficial microorganisms to enhance crop yields,

particularly in environments with limited nutritional resources or in stressed conditions.
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Figure 3. Bidirectional benefits in plant-endophyte interactions.
Schematic representation of mutualistic exchanges between an endophyte and its host
plant. The benefits provided by the plant to the endophyte are shown in the left panel in
purple. The benefits provided by the endophyte to the plant are shown in the right panel

in green. Figure created with Biorender.

1.5 Extracellular vesicles: mediator of cross-kingdom communication

When studying plant-microbe interactions, a fundamental question is how
communication takes place, what is exchanged, and what mediates this exchange

across kingdoms? Increasing evidence indicates that extracellular vesicles (EVs) are
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important carriers of molecular signals that enable cross-kingdom communication. EVs
are nano-sized membrane-bound particles with a lipid bilayer secreted by nearly all living
cells, including plants, fungi, bacteria, animals and humans, and can deliver bioactive
molecules such as proteins, lipids and various classes of RNAs between different
species (Colombo etal., 2014). In plant-microbe interactions, EVs were shown to contain
defence-related bioactive molecules, suggesting a role in plant immune responses (J.
Zhang et al., 2024a). A seminal study by Regente et al. (2017) showed that sunflower EVs
are taken up by the fungal pathogen Sclerotinia sclerotiorum, carrying defence-related
proteins that inhibit spore germination and cause cell death, suggesting that sunflower
EVs exert an antifungal effect (Regente et al., 2017). In another recent study, Cai et al.
(2018) showed that EVs secreted by Arabidopsis thaliana are loaded with sRNAs during
infection with Botrytis cinerea. These sRNAs are taken up by the fungus and induce the
silencing of essential virulence genes, representing a form of EV-mediated cross-
kingdom communication associated with Tertraspanin (TET8 and TET9) proteins (Cai et
al., 2018). In the same pathosystem, RNA-binding proteins (RBPs) such us AGO1, DEAD-
box RNA helicases RH11 (RNA helicase 11), RH37, RH52, Annexin1 (ANN1) and ANN2
were identified to play a role in the loading of the plant sRNA in EVs (He et al., 2021) and
more recent it was shown that these Arabidopsis EVs also contains mRNAs (Wang et al.,
2024). Nevertheless, whether the different RNA biotypes are located outside or
encapsulated within EVs is still not fully understood, as variation in experimental
conditions and the tissue used might cause a variation in the isolated EVs and their

content (Cai et al., 2018; Zand Karimi et al., 2022; Zand Karimi & Innes, 2022).

On the microbial side, fungi and bacteria also produce EVs during plant colonisation.
Pathogenic fungi such as B. cinerea (He et al., 2023a), Fusarium oxysporum (Bleackley et
al., 2020), Ustilago maydis (Kwon et al., 2021) and Zymoseptoria tritici (Hill & Solomon,
2020) were shown to release EVs that contain proteins, lipids, and RNAs involved in
virulence and the fungal immune response. These fungal EVs can act on plant receptors
or penetrate plant cells, although the exact uptake pathways are still being investigated

(J. Zhang et al., 2024a).

Although most EV research in plant-microbe interactions focuses on plants and

pathogens, recent studies show that beneficial microbes potentially release EVs that
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support plant growth and symbiosis (reviewed in J. Zhang et al., 2024). Moreover, EVs are
hypothesised to play a role in arbuscular mycorrhizal symbiosis, but their exact functions
and mechanisms in facilitating this interaction remain incompletely understood.
Therefore, studying EVs in plant-mutualistic interactions could help develop new, green

approaches for enhancing crop yield and protection (reviewed in Holland & Roth, 2023).

1.6 Research question and aims of the study

S. indica is a beneficial root endophyte with a significant potential for agricultural
applications, as it enhances plant growth, stress resilience, and overall fitness of a wide
range of host plants and crops. Although its beneficial effects are well documented, the
molecular mechanisms underlying S. indica's mutualistic interaction remain not yet fully
understood, particularly regarding the role of S. indica's sRNAs (SisRNAs) in mutualism.
To address this knowledge gap, we use Arabidopsis thaliana as a model system to
investigate whether SisRNAs are transferred into Arabidopsis root cells during

colonisation and function as regulators of Arabidopsis gene expression therein.

The central question of this study is whether SisRNAs play a role in the establishment of
mutualism and whether cross-kingdom communication occurs by triggering PTGS in host
targets. To systematically address this question, this research first identifies SisRNAs
expressed during both axenic S. indica culture and Arabidopsis root colonisation and
validates their transfer into host root cells. SisRNAs with potential cross-kingdom
silencing activity are distinguished from the broader fungal sRNA pool. To examine
SisRNAs' function, we predicted their putative Arabidopsis target transcripts.
Subsequently, we profiled the expression of the predicted target genes in a time-course
experiment during S. indica colonisation. SisRNAs were then overexpressed in
protoplast-based assays to determine their potential to mediate PTGS and their

contribution to the mutualistic interaction.

To deepen our understanding, our next logical step was to answer which RNAI
component of Arabidopsis, in particular which AGO proteins, are involved in S. indica
Arabidopsis interaction? Are SisRNAs recognised and loaded by Arabidopsis AGOs?

Does AGO1 mediate SisRNA activity, as demonstrated in plant-pathogen systems, or do
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other AGOs also contribute to their recognition? Alternatively, do SisRNAs use alternative

RNAIi pathways?

Another objective of this study is to investigate how SisRNAs are delivered and
transferred into host cells. Does S. indica use extracellular vesicles (EVs) as carriers for
sRNA transport as observed in pathogenic fungi, or alternatively, do yet unidentified
pathways mediate this transfer? To explore this, EVs from S. indica were isolated and
characterised, their content was analysed for the presence of SisRNAs and compared

with SisRNAs detected in colonised root tissues.

Finally, to better characterise the outcomes of sRNA-target interaction in plant-microbe
interaction, this thesis developed a novel methodological pipeline, Native Index Ligation-
based Targeted Degradome Sequencing (NIL-TDS). This method was developed to
overcome the limitations of traditional 5' RLM-RACE, which posed a challenge for our
study in detecting low-abundance cleavage events in the S. indica-Arabidopsis system.
By combining 5' RLM-RACE with Oxford Nanopore sequencing, NIL-TDS can
quantitatively detect both canonical and non-canonical cleavage sites. Importantly, this
method is broadly applicable to other interacting systems and can facilitate the study of

sRNA-mRNA interactions beyond the S. indica-Arabidopsis system.

In summary, this work aims to: i. identify SisRNA with cross-kingdom regulatory activity;
ii. characterise their effects on Arabidopsis gene expression; iii. determine which
components of the host RNAiI machinery are involved in the Si-At interaction; and iv.

investigate the mechanism of SisRNA delivery into host cells.
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CHAPTER 2 -

A novel plant-fungal association reveals fundamental sRNA and gene expression
reprogramming at the onset of symbiosis

(Contributions as a Co-author)

Summary:

This chapter contains the publication “A novel plant-fungal association reveals
fundamental sRNA and gene expression reprogramming at the onset of symbiosis”,
accepted by BMC Biology on July 16,2021, and published online on August 24, 2021 (DOI:
10.1186/s12915-021-01104-2).

This chapter explores the beneficial interaction between the root endophyte Serendipita
indica (Si; syn. Piriformospora indica, Sebacinales) and the model grass Brachypodium
distachyon (Bd). sRNA-mediated cross-kingdom communication is well established in
plant-pathogen systems. However, knowledge of its function in mutualistic symbiosis
remains limited. Gene expression regulation and sRNA profiling of early Sebacinalean
symbiosis were investigated in this work. In this study, | contributed by performing stem-

loop PCR to confirm the expression of Si- and Bd- derived sRNA during the interaction.
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Abstract

Background: Beneficial associations between plants and microbes are widespread in nature and have been studied
extensively in the microbial-dominant environment of the rhizosphere. Such associations are highly advantageous
for the organisms involved, benefiting soil microbes by providing them access to plant metabolites, while plant
growth and development are enhanced through the promotion of nutrient uptake and/or protection against
(a)biotic stresses. While the establishment and maintenance of mutualistic associations have been shown to require
genetic and epigenetic reprogramming, as well as an exchange of effector molecules between microbes and
plants, whether short RNAs are able to effect such changes is currently unknown. Here, we established an
interaction between the model grass species Brachypodium distachyon (Bd, Pooideae) and the beneficial fungal root
endophyte Serendipita indica (Si, syn. Piriformospora indica, Sebacinales) to elucidate RNA interference-based
regulatory changes in gene expression and small (s)RNA profiles that occurred during establishment of a
Sebacinalean symbiosis.

Results: Colonization of Bd roots with Si resulted in higher grain yield, confirming the mutualistic character of this
interaction. Resequencing of the Si genome using the Oxford Nanopore technique, followed by de novo assembly
yielded in 57 contigs and 9441 predicted genes, including putative members of several families involved in sSRNA
production. Transcriptome analysis at an early stage of the mutualistic interaction identified 2963 differentially
expressed genes (DEG) in Si and 317 in Bd line 21-3. The fungal DEGs were largely associated with carbohydrate
metabolism, cell wall degradation, and nutrient uptake, while plant DEGs indicated modulation of (a)biotic stress
responses and defense pathways. Additionally, 10% of the upregulated fungal DEGs encode candidate protein
effectors, including six DELD proteins typical for Sebacinales. Analysis of the global changes in the sRNA profiles of
both associated organisms revealed several putative endogenous plant sSRNAs expressed during colonization
belonging to known micro (mi)RNA families involved in growth and developmental regulation. Among Bd- and Si-
generated sRNAs with putative functions in the interacting organism, we identified transcripts for proteins involved
in circadian clock and flowering regulation as well as immunity as potential targets of fungal sRNAs, reflecting the
beneficial activity of Si.
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Conclusions: We detected beneficial effects of Si colonization on Bd growth and development, and established a
novel plant-mutualist interaction model between these organisms. Together, the changes in gene expression and
identification of interaction-induced sRNAs in both organisms support sRNA-based regulation of defense responses
and plant development in Bd, as well as nutrient acquisition and cell growth in Si. Our data suggests that a
Sebacinalean symbiosis involves reciprocal sRNA targeting of genes during the interaction.

Keywords: Brachypodium distachyon, Genome sequencing, Sebacinalean symbiosis, Serendipita indica, Small RNAs

Background

Mutualistic associations between beneficial microbes
and plants are widespread and highly advantageous, es-
pecially in the microbial-dominant environment of the
rhizosphere. This relationship benefits soil microbes by
providing them access to plant metabolites; in return,
they enhance plant growth and development by promot-
ing nutrient uptake and/or protection against (a)biotic
stresses [1, 2]. The beneficial or parasitic outcome of a
plant-microbe interaction is governed by the genotype
and physiological status of the host, identity of the mi-
crobe, and environmental factors such as soil type and
nutrient availability [3, 4]. The establishment and main-
tenance of mutualistic associations (here called symbi-
osis) require genetic and epigenetic reprogramming and
metabolome modulation by the exchange of effector
molecules between the beneficial microbe and the plant
[5, 6]. Beneficial microbes have a significant impact on
crop production, due to their effects on plant health and
yield. However, considerable gaps in knowledge prior to
their establishment in agricultural practice remain, in-
cluding systemic identification of microbial abundance
and diversity in various ecosystems, understanding the
influence of climate, soil conditions, management prac-
tices, and, lastly, elucidating the intricacies of molecular
mechanisms governing establishment of colonization
and nutrient acquisition [7].

Crucial for regulation of gene expression, RNA inter-
ference (RNAI) is a well-known eukaryotic gene silen-
cing mechanism [8], mediated by small RNAs (sRNAs)
of 20-24 nucleotides (nt) in size and RNAi-associated
proteins, primarily from the Argonaute (AGO), Dicer-
like (DCL) and RNA-dependent RNA polymerase
(RARP) families [9]. DCLs generate sSRNAs from longer
RNA molecules, whereas AGOs bind sRNAs within an
RNA-induced silencing complex (RISC). In the context
of plant-microbe interactions, microbial protein effectors
are known to promote pathogen colonization by sup-
pressing host immune responses [10] and have been de-
scribed in mutualistic associations as well [5], including
the Sebacinalean symbiosis [11]. Recent findings suggest
that sRNAs, through RNAi-based regulatory mecha-
nisms, also can serve as effectors of pathogenic microbes
[12], whereby the sRNA is secreted to suppress transla-
tion of a host mRNA via RNAi. Conversely, plants can

secrete sSRNAs that target virulence-associated mRNAs
in the microbe [13]. This transfer of sSRNAs and subse-
quent gene silencing in the target organism is called
cross-kingdom RNAI [12].

We studied the association of the beneficial fungus
Serendipita indica (Si) with the model grass Brachypo-
dium distachyon (Bd, purple false brome, Pooideae [14];).
Si is an endophytic fungus belonging to the order Sebaci-
nales that colonizes the rhizodermis and cortex of a large
spectrum of plants [15]. Si serves as an excellent model
for beneficial microbes as it (i) primes plants for disease
resistance against biotrophic [16] and necrotrophic [17]
fungi, oomycetes [18], and viruses [19]; (ii) enhances the
tolerance of plants against abiotic stress [20]; (iii) pro-
motes growth and yield [21]; (iv) has a sequenced 25 Mb
genome [22]; and (v) is genetically transformable and cul-
turable in axenic conditions [23]. Si initially undergoes a
biotrophic growth phase during Arabidopsis (Arabidopsis
thaliana) and barley (Hordeum vulgare) colonization, with
suppression of innate immune responses [24, 25] and acti-
vation of induced systemic resistance [16]. Subsequently,
Si colonization of barley enters a cell-death associated
phase and switches to a saprophytic lifestyle [26, 27].

Bd is a temperate grass species belonging to the Pooi-
deae subfamily and a model for genetic studies of stress
resistance and yield parameters of cereals [28]. Bd is
self-pollinating, genetically transformable, easy to culti-
vate, and has a sequenced genome of 272 Mb [29-31]. It
shares evolutionary proximity and broad synteny with
complex crop genomes, such as wheat and rice [14], and
is a host for major cereal pathogens [32]. Additionally,
RNAI is operational in Bd, with proven alteration of mi-
cro RNA (miRNA) expression patterns in response to
abiotic stresses [33, 34]. In silico analyses revealed that
the Bd genome, similar to other cereals, contains an
expansion of DCL and AGO families [35].

Currently, the significance of cross-kingdom RNAI in
mutualistic interactions is largely unknown. A recent in
silico study predicted that the arbuscular mycorrhizal
fungus Rhizophagus irregularis generates sSRNAs, which
have predicted targets in the host plant Medicago trun-
catula [36]. Moreover, tRNA-derived sRNA fragments
from rhizobial bacteria were shown to regulate host
nodulation-associated genes by utilizing the host's RNAi
machinery [37]. To investigate the role of sRNAs in
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another agronomically relevant mutualistic interaction,
we established a protocol for Si colonization of the
model Pooideae Bd. Additionally, integrative high-
throughput sequencing and transcriptome analysis
assessed symbiosis-associated changes in the mRNA and
sRNA expression patterns of both organisms. We dis-
cuss here possible sSRNA-based regulation that might be
critical for the establishment of the Sebacinalean
symbiosis.

Results

Brachypodium distachyon Bd21-3 forms a mutualistic
interaction with Serendipita indica

To investigate whether Bd can develop a beneficial inter-
action with Si, we established an inoculation protocol
using one-week-old seedlings of Bd line Bd21-3, with
dip-inoculation in 5 x 10° chlamydospores ml™" for 3 h.
Comparison of grain production in fully mature, colo-
nized vs. non-colonized plants grown in soil showed that
Si increased the number of filled grains/plant by 49.9%
(Fig. 1a, Additional file 1), and total grain weight/plant
increased by 38.1% (Fig. 1b, Additional file 1). Consistent
with the observation that Si-colonized Bd21-3 plants
flower several days earlier than control plants, they ex-
hibited a 32.2% increase in the number of spikelets at 2
months after inoculation (Fig. 1lc, Additional file 1).
Concordantly, growth and biomass analyses of Bd21-3
seedlings revealed a significant 8.6% increase in shoot
length (Fig. 1d) upon Si colonization.

Further analysis of Bd21-3 seedlings indicated that Si
colonization increased lateral root growth, as early as 4
days post inoculation (4 DPI, Additional file 2: Figure
Sla). By 25 DPI, roots showed a more extensively
branched structure (Additional file 2: Figure S1b).
Microscopy of Si-inoculated Bd21-3 roots confirmed
root surface colonization and proliferation of fungal
spores after staining with chitin-specific WGA-AF 488
at 4 DPI (Fig. 2a—d) and further on at 7 DPI and 14 DPI
(Additional file 2: Figure S2). Inter- and intracellular
colonization of Bd21-3 cells in the root differentiation
zone also was visible after WGA-AF 488 and propidium
iodide staining (Fig. 2e—h). These results suggest that es-
tablishment of a mutualistic symbiosis correlates with
observable phenotypic changes by 4 DPI; thus, this time
point was used to further investigate the Bd21-3-Si
system.

Resequencing of the Si genome

To improve Si assembly, the genome was resequenced
using MinlON (25,167 reads, 324 Mb) and MiSeq
(18,225,814 reads, 546 Gb); together they vyielded
approx. 6.0 Gb of sequence information. De novo assem-
bly of the Nanopore sequence reads generated 57 con-
tigs, accounting for a total length of 24.7 Mb and a N50
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of 1.3 Mb. The draft genome sequence features GC con-
tent of 50.8%, similar to the first genome version with
2,359 contigs and GC content of 50.7% [22]. Analyses
using the eukaryotic gene prediction tool Genemark-ES
4.33 [38] revealed 9441 predicted genes (75% of the gen-
ome; 59,045 exons), 9498 intergenic regions (25% of the
genome), and a gene density of 380.68 genes/Mbp
(Additional file 2: Table S1). Annotation of the Si genes
using a GenDB version designed to process eukaryotic
genomes possessing multi-exon genes [39, 40] revealed
that 4756 have a predicted function. Comparison of pre-
dicted genes from the resequenced Si genome (Si-2020)
vs. the 2011 assembly [22] indicated that the vast major-
ity are shared (90.3%), with 915 genes unique to the Si-
2020 genome (Additional file 2: Figure S3). There is a re-
duction in gene model numbers relative to the 2011 as-
sembly, which can be attributed to improved gene
prediction tools for eukaryotic organisms and a consid-
erably reduced number of contigs. Additionally, Si shares
2585 genes with another member of the Sebacinales, Ser-
endipita vermifera, while 156 genes are shared only with
the ectomycorrhizal fungus Laccaria bicolor and 2729
genes are common in all three species (Additional file 2:
Figure S4).

Establishment of the Si-Bd symbiosis is associated with
extensive transcriptional reprogramming
To assess how the symbiotic interaction affects gene ex-
pression in both organisms, mRNA was sequenced and
analyzed (Additional file 2: Table S2) from the roots of
Si-colonized Bd21-3 seedlings (sample Bd-Si) and mock-
treated plants (Bd-C) at 4 DPI, and from 4-week-old
axenic Si cultures (Si-ax). Comparison of reads between
Bd-Si and Si-ax identified 2963 differentially expressed
fungal genes (DEGs, DESeq2: Wald test, Benjamini-
Hochberg (BH) adjustment, padj < 0.05), which accounts
for 31.4% of the 9441 predicted Si genes. Comparison of
reads from Bd-Si and Bd-C revealed 317 plant DEGs
(0.66% out of approximately 47,917 protein-coding tran-
scripts disclosed in the JGI v1.1 annotation, padj < 0.05).
The interaction-responsive DEGs in Si and Bd21-3, split
into up- and downregulated groups are shown in Fig. 3.
All significant DEGs were submitted to gene ontology
term analysis against the reference background for Bd
and a customized Si-specific background. The resulting
enriched terms relate to metabolic, mainly redox pro-
cesses and catalytic activity functions (Additional file 2:
Table S3). Of the 25 highly downregulated Si DEGs,
many encode proteins associated with metabolic repro-
gramming networks involved in nutrient exchange and
adaptation to nutrient availability (Table 1). By contrast,
highly upregulated Si DEGs encode for proteins involved
in fungal catalytic and hydrolytic processes. This sug-
gests that by 4 DPI, Si has entered a saprophytic-like
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was set at 0.05 (*< 005) and the Si effect was calculated as (Mean_Si-Mean_Control)/Mean_Control) x 10%)
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growth phase similar to that detected in barley roots
[22]. To investigate whether any Si DEG encodes ef-
fector proteins, a computational pipeline [41] was used
to mine 982 genes identified in the Si-2020 genome that
encode signal peptide-containing proteins, resulting in
480 putative protein effector genes. In total, 174 (36%)
of these were significantly upregulated during

colonization of Bd21-3 (Additional file 2: Table S4),
including six DELD family proteins [22]. In Bd21-3,
many of the highly downregulated interaction-
responsive DEGs encode transcription factors or pro-
teins associated with stress responses or circadian clock
regulation. Those showing high levels of upregulation in-
clude genes linked to immune responses and hormone
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Fig. 2 (See legend on next page)
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26



Seci¢ et al. BMC Biology (2021)19:171 Page 6 of 22

(See figure on previous page.)

Fig. 2 Colonization pattern of Serendipita indica (Si) on Brachypodium distachyon Bd21-3 roots. a-d Colonization at 4 DPI. a Fluorescence
microscopy showing WGA-AF488 staining of Si cell walls (\exc494 nm, Aem515). b Fluorescence control (\exc631 nm, Aem642). ¢ Bright-field
microscopy to visualize Si chlamydospores. d Overlay showing Si chlamydospores (red arrows), which have germinated and formed a hyphal
network on the root surface (blue arrows). e~h Rhizodermal root colonization by Si at 4 DPI. e Fluorescence microscopy showing WGA-AF488
staining of Si cell walls (\exc494 nm, Aem515). f Fluorescence microscopy to visualize propidium iodide staining of root cell walls (A\exc535 nm,
Aem617). g Bright-field microscopy to visualize root cells. h Overlay showing extensive inter- and intracellular fungal growth on Bd21-3 roots.
Imaging was done with a LEICA S8 confocal microscope (e-h: maximum projection; z-stack). For a-d, 1-week-old seedlings were inoculated with

5 x 10° chlamydospores per ml and subsequently grown on a plastic mesh over 0.5X MS; for e-h, Siinoculated seedlings were grown on
vermiculite:oil dri mix before harvesting at 4 DPI
A
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Fig. 3 Volcano plots of colonization-associated, differentially expressed genes (DEGs). a Serendipita indica (Si) DEGs identified by comparing reads
from colonized roots (Bd-Si) vs. axenic mycelium (Si-ax). b Brachypodium distachyon Bd21-3 DEGs identified by comparing colonized (Bd-Si) vs.
mock-treated (Bd-C) roots. X-axis displays the log, FoldChange and Y-axis displays the negative log;, of adjusted p values from DE analysis. The
magnitude of up- or downregulation for the DEGs (represented by individual dots) is indicated by different colors, as designated in the legend

L for each plot
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Table 1 Top 25 Serendipita indica (Si) differentially expressed genes (DEGs) during colonization (4 DPI)

(2021) 19171

Page 7 of 22

Gene

Description

log2FC

1937_g (PIIN_04746)
465_g (PIIN_02587)
281_g (PIIN_04449)
1121_g (PIIN_02682)
7809_g (PIN_07312)
2544_g (PIIN_02778)
4482_g (PIIN_08427)
4969_g (PIIN_02119)
1859_g (PIIN_00204)
5786_g (PIIN_00305)
4465_g (PIIN_06089)
1392_g (PIIN_11719)
8569_g (PIIN_01532)
2933_g (PIIN_07440)
758_g (PIN_02772)
2855_g (PIIN_07067)
5713_g (PIN_07616)
3225_g (PIIN_08230)
8602_g (PIIN_08742)
917_g (PIIN_03155)
6928_g (PIIN_00312
6930_g (PIIN_00314
4348_g (PIIN_03103
6400_g (PIIN_07801
5097_g (PIN_04235
5186_g (PIIN_09750
8239_g (PIIN_02110
3289_g (PIIN_05863
7464_g (PIIN_04708
5322_g (PIIN_05889)
1898_g (PIIN_08141
5131_g (PIIN_02752
3537_g (PIIN_10118
6726_g (PIIN_08399
4844_g (PIIN_06890)
8585_g (PIIN_01553)
3597_g (PIN_06117)
5420_g (PIIN_07414)
1875_g (PIIN_06862)
6520_g (PIIN_06360)
)
)
)
)

3290_g (PIIN_05862
3615_g (PIIN_11270
5971_g (PIIN_04536,
8031_g (PIIN_01484

Related to mismatch base pair and cruciform DNA recognition protein HMP1

Related to phenylalanine ammonia-lyase

Probable succinate-fumarate transporter

Related to ADY2-protein essential for the acetate permease activity
Related to RTM1 protein

Probable ADH1-alcohol dehydrogenase |

Related to mixed-linked glucanase precursor MLG1
Related to meiotic nuclear division protein 1 homolog
Probable thioredoxin

Probable DHA14-like major facilitator; ABC transporter
Putative mitochondrial carnitine O-acetyltransferase
Putative alkaline ceramidase 3

Related to Ca’*-transport (H*/Ca’* exchange) protein
Related to monocarboxylate transporter 2

Probable TOM40-mitochondrial import receptor MOM38
Related to l-asparaginase

Related to MFS transporter

Related to RSB1-integral membrane transporter
Putative maintenance of mitochondrial morphology protein 1
Related to YTP1

Related to nitrogen metabolic regulation protein
Probable malate synthase

Putative ubiquitin-conjugating enzyme D4

Probable acyl-CoA dehydrogenase short-branched chain precursor
Related to acyl-CoA dehydrogenase

Probable pectate lyase

Related to family 61 glucanase

Endo-1,4-beta-xylanase

Alpha-L-arabinofuranosidase

Endo-1,4-beta-xylanase

Glutathione S-transferase

Cellulose 1,4-beta-cellobiosidase

Carboxylic ester hydrolase

Probable alpha-galactosidase B

Endo-1,4-beta-xylanase A

Probable beta-glucosidase

Related to endoglucanase B

Related to NACHT/WD40 domain-containing protein
Rhamnogalacturonan acetylesterase
Endo-1,4-beta-xylanase C

Probable endo-1,4-beta-xylanase A

Probable feruloyl esterase C

Probable gkgh 16 protein

Related to CEL1 protein precursor

- 584
=51
—-47
— 468
— 452
- 442
- 423
-354
- 345
-341
=336
=322
—321
=321
=319
-318
~317
-3n
-309
- 305
- 296
- 294
=29
=29
- 288
1193
11.29
10.75
10.14
10.14
91
893
883
8.29
79
7.88
7.78
7.64
7.62
753
742
737
73
72
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Table 1 Top 25 Serendipita indica (Si) differentially expressed genes (DEGs) during colonization (4 DPI) (Continued)

Gene Description log2FC
6665_g (PIIN_03039) Probable beta-glucoside glucohydrolase 7.15
720_g (PIIN_06594) Cellulose 1,4-beta-cellobiosidase 7.08
3514_g (PIIN_09664) Glucose oxidase 701
290_g (PIIN_04439) Related to peroxisomal short-chain alcohol dehydrogenase 697
6967_g (PIIN_00353) Exocellobiohydrolase 3 6.7
1893_g (PIIN_08147) Probable glutathione S-transferase 6.57

DEGs are calculated as: colonized root vs. Si axenic culture exhibiting significant (padj. < 0.05) down- or up-regulation, log, FC (fold change) during colonization

signaling networks (Table 2 and Additional file 2: Table
S3). In order to further validate our sequencing data, we
confirmed the expression of five Si and five Bd21-3
DEGs from Tables 1 and 2 by RT-qPCR. Generally, the
qPCR results show a similar fold change for the selected
genes between the colonized root and the respective
controls, compared to the mRNA-seq results (Additional
file 2: Figure S5). Together, these results show that both
organisms utilize a complex enzymatic arsenal to estab-
lish and control the symbiosis.

Prediction of Si RNAi genes

Since RNAi-mediated gene silencing has been docu-
mented in most but not all fungi [42], we assessed
whether the Si-2020 genome encodes RNAi-related
proteins with conserved domain architecture and
homology to RNAi components in the model fila-
mentous fungus Neurospora crassa [43). Genes encod-
ing predicted DCLs (G4U2HO0, G4TBW9) with typical
domains (dsRNA-binding, RNase III and helicase,
[44]), QDE2-like proteins with PIWI domains typical
of AGOs (G4TEKO, G4TLO4, [45]), an AGO-like pro-
tein (G4T5G9), and RdRPs (G4TNU7, G4TQPO) were
identified and were expressed in axenic culture and
Bd21-3-associated Si samples (Additional file 2: Table
S5). Thus, the Si genome is predicted to contain
genes encoding critical components of the RNAi ma-
chinery. Based on these new data, and the earlier dis-
covery that AGO and DCL families are expanded in
the Bd genome [35], we decided to sequence the
sRNAs of both organisms, in order to assess the role
of RNAi-based regulation and communication in
symbiosis.

sRNA profiles undergo a substantial change at the onset
of the Si-Bd symbiosis

To evaluate how the mutualistic interaction affects
the sSRNA profiles in the colonized root and respect-
ive Si and Bd controls, reads from Bd-C, Bd-Si, and
Si-ax sRNA data sets were subjected to consecutive
filtering steps (Additional file 2: Figure S6). This
greatly reduced the number of raw reads to be ana-
lyzed and allowed us to distinguish between sRNAs

with potential targets in the interacting organism
(putative ck-sRNAs) and sRNAs with potential func-
tions in the same organism (putative endogenous
sRNAs) (Additional file 2: Table S6).

Analysis of sSRNAs from the Bd-Si dataset revealed that
the total number of putative ck-sRNAs exceeds that of
endogenous sRNAs in both Si (786,732 vs. 261,478) and
Bd21-3 (17 million vs. 1.6 million), but the converse is
true for unique sRNAs (36,163 endogenous vs. 35,895
putative ck-sRNAs in Si and 483,352 endogenous vs.
286,198 putative ck-sRNAs in Bd21-3).

Size distribution profiles of Si and Bd21-3 sRNAs
Size distribution of sRNA reads from Bd21-3 and Si
during colonization, and the respective controls was
then assessed. For putative endogenous Bd21-3
sRNAs, peaks at 21 and 24 nt were identified, with
the 24nt sRNAs exhibiting greater diversity than
those of 21 nt (Fig. 4a, b). These sizes are consistent
with the expected peaks of RNAi-associated sSRNAs in
plants [46]. For putative endogenous Si sRNAs, a bi-
modal size distribution pattern was observed in the
total fractions, with the first peak at 26 nt and second
at 29-30nt (Fig. 4c, d). A smaller peak of 21 nt long
molecules was observed in the Bd-Si but not Si-ax
samples, indicating that colonization affects the rela-
tive size distribution of Si sRNAs. Since previously
identified ck-sRNAs range from 20 to 24 nt [12, 13],
the size distribution of putative ck-sRNAs and corre-
sponding reads in the control samples was assessed
over a narrower window. Contrary to endogenous
sRNAs, ck-sRNAs displayed no prominent peaks in
the 20-24 nt window (Additional file 2: Figure S7).
Before sSRNAs can guide RNAi-mediated gene silencing,
they must be loaded onto AGO proteins and assembled
into a RISC. Previously, Arabidopsis AGO proteins were
shown to preferentially recruit sSRNAs with specific 5" ter-
mini [47]. Hence, we analyzed the 5" terminal nt compos-
iton of Bd-C, Si-ax, and Bd-Si sRNAs. For unique
putative endogenous and ck-sRNAs, the 5° nt compos-
ition was relatively consistent except for the 24 nt Bd21-3
sRNAs, which exhibited a strong bias towards 5" A
(Additional file 2: Figure S8, Figure S9). The total SRNA
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Table 2 Top 25 Brachypodium distachyon (Bd) differentially expressed genes (DEGs) during root colonization (4 DPI)

Page 9 of 22

Gene

Description

BdiBd21-3.2G0197800
BdiBd21-3.5G0123400
BdiBd21-3.3G0280400
BdiBd21-3.3G0558500
BdiBd21-3.3G0660200
BdiBd21-3.1G0813200
BdiBd21-3.3G0264400
BdiBd21-3.4G0000100
BdiBd21-3.1G0416000
BdiBd21-3.1G0002200
BdiBd21-3.1G0887100
BdiBd21-3.4G0311800
BdiBd21-3.1G0815300
BdiBd21-3.1G0972800
BdiBd21-3.4G0303000
BdiBd21-3.2G0034900
BdiBd21-3.1G0281100
BdiBd21-3.1G0554700
BdiBd21-3.1G0584400
BdiBd21-3.5G0205300
BdiBd21-3.2G0749200
BdiBd21-3.5G0303700
BdiBd21-3.5G0024800
BdiBd21-3.1G0399200
BdiBd21-3.1G0557300
BdiBd21-3.3G0203000
BdiBd21-3.1G0469800
BdiBd21-3.4G0405200
BdiBd21-3.3G0354800
BdiBd21-3.3G0136300
BdiBd21-3.4G0068000
BdiBd21-3.1G0662500
BdiBd21-3.4G0556000
BdiBd21-3.1G0772700
BdiBd21-3.4G0393500
BdiBd21-3.3G0195800
BdiBd21-3.4G0171000
BdiBd21-3.3G0639500
BdiBd21-3.1G0129100
BdiBd21-3.2G0160100
BdiBd21-3.4G0189100
BdiBd21-3.2G0418600
BdiBd21-3.4G0073800
BdiBd21-3.2G0545400

MYB-related transcription factor
ABA/WDS induced protein

Putative glycosyltransferase family 28
Putative steroid 17-alpha-monooxygenase
AP2 domain-containing protein

GRAS transcription factor

Homologous to barley constans-like protein CO8

Fantastic four meristem regulator FAF
Hydrophobic Protein RCI2
Ca2+-independent phospholipase A2
Putative pseudo-response regulator 7
Dirigent-like protein

SPX domain-containing protein 3
Cold regulated protein 27

Putative protein kinase

Putative sulfoquinovosyltransferase SQD2
SPX - domain containing protein 3
Anthranilate O-methyltransferase
Peroxidase

Putative calmodulin-dependent protein kinase
Probable lipid transfer LTP2
Wound-induced protein

Heat shock protein 90-1

bZIP transcription factor

BURP domain protein

Cupin-domain protein

Glutathione S-Transferase

Protein Hothead/ FAD binding
Cytochrome P450 76C1

Proprotein convertase subtilisin/kexin

Pathogenesis-related protein Bet v | family

LRR receptor-like serine/theronine protein kinase

Alcohol dehydrogenase
Pathogenesis-related protein 1 (PR1)
Putative chalcone synthase
Tryptophan decarboxylase
Multicopper oxidase

Glycosyl hydrolase protein/Chitinase-related
Potato inhibitor | family
Pipecolate/sarcosine oxidase
Putative LRR protein kinase

WRKY transcription factor
Thaumatin family protein

LRR protein

228
212
206
204
1.99
19

18

1.79
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Table 2 Top 25 Brachypodium distachyon (Bd) differentially expressed genes (DEGs) during root colonization (4 DPI) (Continued)

Gene Description log2FC
BdiBd21-3.4G0121800 Tryptophan biosynthesis protein 1.71
BdiBd21-3.4G0397700 Serine/threonine protein kinase 17
BdiBd21-3.4G0026800 Putative protein kinase 169
BdiBd21-3.2G0468100 Peroxidase 1.68
BdiBd21-3.2G0600500 Wall-associated receptor kinase 16
BdiBd21-3.2G0233800 PGP-like phosphoglycoprotein auxin transporter 1.58

DEGs are calculated as: colonized root vs. mock-inoculated root exhibiting significant (padj. < 0.05) down- or upregulation, log, FC (fold change)

during colonization

fractions exhibited somewhat greater variability in 5 nt
composition. Of the total Bd21-3 endogenous sRNAs, 24
nt molecules from colonized and non-colonized tissue
showed a strong bias towards 5" A, while 21 nt molecules
were biased towards a terminal U (Additional file 2: Figure
$10), and 20 nt ck-sRNAs had a higher percentage of 5’
Cs (Additional file 2: Figure S11). Of the total endogenous
Si sRNAs, those from colonized samples generally had a
stronger bias towards 5° A than sRNA reads from Si-ax,
especially at 26 nt and 21 nt (Additional file 2: Figure S10).
A slightly higher percentage of 5° As also was

Differentially expressed Si and Bd21-3 sRNAs

Analysis of unique plant sRNAs in Bd-C vs. Bd-Si
revealed that 63% of the putative endogenous sRNAs
were exclusively present in Bd-C, 30% were exclusively
in Bd-Si and 7% were present in both (Fig. 5). For the
reads from the putative ck-sRNA pipeline, 76% of the
reads were exclusively present in Bd-C, 13% were exclu-
sive to Bd-Si, and 11% were found in both. Comparison
between the unique fungal sRNAs in Si-ax and Bd-Si
indicated that 98.1% of the putative endogenous sRNAs
were exclusively present in axenic culture, 0.98% were

detected in total putative ck-sRNAs of 2Int exclusively found in Bd-Si, and 0.92% were in both.
(Additional file 2: Figure S11). Similarly, from the putative ck-sRNA pipeline, 98.2% of
k"
a Bd-C b  Bd-Si-Bd21-3 endogenous sRNA
Wtotal W unique Wtotal W unique
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Fig. 4 Size distribution of total and unique putative endogenous sRNAs. a Bd-C (mock-treated), b Bd-Si (colonized root), ¢ Si-ax (axenic
mycelium), and d Bd-Si (colonized root). All datasets represent three biological replicates and corresponding two technical replicates, merged
together. sRNA length is displayed on the X-axis (nt) and number of total/unique sRNA counts on the Y-axis (x 10%)
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Fig. 5 Venn diagrams showing the sample-exclusive or communal presence of unique putative endogenous or ck-sRNAs. a putative endogenous
sRNAs in Bd-C (mock-treated) vs. Bd-Si (colonized root), b sRNA reads in Bd-C vs. putative ck-sRNAs in Bd-Si, ¢ putative endogenous sRNAs in Si-

a Endogenous sRNAs
Bd-C Bd-Si
812749 94152 389200
C Si-ax Bd-Si
1875180 17670 18493
ax (axenic mycelium) vs. Bd-Si (colonized root), and d sRNA reads in Si-ax vs. putative ck-RNAs in Bd-Si

b ck-sRNAs
Bd-C Bd-Si
908007 130599 155599
d Si-ax Bd-Si
1913921 30506 5389

the sRNA reads were exclusive to the Si-ax sample, 0.3
% were exclusive to Bd-Si, and 1.5% were present in
both. Considering only the Si sSRNAs in the Bd-Si sam-
ple, 51.1% of the putative endogenous ones and 15% of
the putative ck-sRNAs are exclusively present in the col-
onized sample. Among Bd21-3 sRNAs in the Bd-Si sam-
ple, there are 80.5% putative endogenous sRNAs and
54.3% ck-sRNAs exclusive for the colonized root. These
data show that colonization induces many novel putative
endogenous and ck-sRNAs in Bd21-3, and a smaller
amount in Si, due to fungal quantity in the colonized
roots.

Identification of Bd21-3 miRNAs during the Bd-Si
interaction

Using the ShortStack analysis tool, we identified Bd21-3
loci that correspond to putative endogenous sRNAs
expressed during Si colonization. The DicerCall function
indicated loci whose predominant sRNAs are 20-24 nt.
Comparison of these SRNAs with miRBase identified 16
sRNA-generating loci that correlate to known miRNAs
(Table 3). These miRNAs belong to highly conserved
plant miRNA families that regulate growth and develop-
ment [33, 34]. We conducted the same analysis with Si
sRNAs, but no predicted miRNA-like RNAs were

identified in the colonized sample, possibly due to a lack
of data about the fungal sSRNA-generating loci.

In silico target prediction of putative Si and Bd21-3 ck-
sRNAs
Since most examples of sSRNA-based communication in
plant-microbe interactions have the commonality of 21
nt long sRNAs that silence transcripts in the target
organism [12, 13, 48], we predicted the targets of 21 nt
colonization-induced Si and Bd putative ck-sSRNAs and
assessed their expression after colonization. Of 16,003
unique Bd21-3 targets predicted for 412 induced 21 nt Si
sRNAs, 49 were confirmed as downregulated at 4DPI.
This represents 15.4% of all significantly changed genes
in Bd21-3 during Si colonization. Some 89% of these
transcripts are predicted as targets of Si sSRNAs that are
expressed exclusively in colonized tissue or with log,FC
> 1. A representative set of sRNA-mRNA duplexes,
chosen based on target identity and expression of target
and sRNA, indicates that putative ck-sRNA targets in
Bd21-3 are associated with transcription factor families,
signaling pathways, and basal plant defense (Table 4,
Additional file 2: Table S7).

To assess whether Bd21-3 generates ck-sRNAs that
potentially target Si genes, we searched for predicted tar-
gets of 329 Bd21-3 sRNAs (21 nt long) induced in Si-
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Table 3 Predicted miRNA-generating loci identified in Bd21-3 roots colonized by Serendipita indica
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Locus

Predominant sRNA

Known miRNA

Bd1:31073434-31073613
Bd2:10327043-10327213
Bd2:3991996-3992115
Bd2:3992232-3992320
Bd2:3992444-3992557
Bd2:5570263-5570488
Bd3:1968409-1968509
Bd3:33173606-33173746
Bd3:39150748-39150893
Bd3:4482899-4483000
Bd3:44836298-44836372
Bd3:7316295-7316393
Bd4:1654850-1654943
Bd4:4893304-4893422
Bd4:6029321-6029440
Bd5:18466111-18466202

UCGGACCAGGCUUCAUUCCCC
CUGCACUGCCUCUUCCCUGGC
UGACAGAAGAGAGUGAGCAC
UGACAGAAGAGAGUGAGCAC
UUGACAGAAGAGAGUGAGCAC
CUUGGAUUGAAGGGAGCUCU
UCGCUUGGUGCAGAUCGGGAC
UCGGACCAGGCUUCAUUCCCC
GCUCACUUCUCUCUCUGUCACC
UUGACAGAAGAGAGUGAGCAC
AGAAGAGAGAGAGUACAGCCU
GGGCAACUCCUCCGUUGGCAGA
UGAAGCUGCCAGCAUGAUCUGA
CGGAGGUCAGGAAUUCUACUGAUU
UCUCGGACCAGGCUUCAUUCC
UGACAGAAGAGAGUGAGCAC

bdi-MIR166b
bdi-MIR408
bdi-MIR156e
bdi-MIR156f
bdi-MIR156g
bdi-MIR15%
bdi-MIR168
bdi-MIR166¢
bdi-MIR156b
bdi-MIR156¢
bdi-MIR529
bdi-MIR399d
bdi-MIR167e
bdi-MIR9481b
bdi-MIR166f
bdi-MIR156d

Table 4 Examples of deduced duplexes of Serendipita indica sSRNAs and their downregulated targets in Brachypodium distachyon

sRNA name sRNA Expression Target transcript

Transcript expression

SisRNA 1 NA
SisRNA 2 NA
SisRNA 3 NA
SisRNA 4 NA
SisRNA 5 0.13
SisRNA 6 135
SisRNA 7 NA
SisRNA 8 NA
SisRNA 9 NA
SisRNA 10 NA
SisRNA 11 NA
SisRNA 12 NA
SisRNA 13 1.95
SisRNA 14 NA
SisRNA 15 NA

NA
SisRNA 16 NA
SisRNA 17 NA
SisRNA 18 NA
SisRNA 19 NA
SisRNA 20 NA

BdiBd21-3.1G0887100.1
BdiBd21-3.2G0440200.1
BdiBd21-3.1G0399200.1
BdiBd21-3.2G0288400.1
BdiBd21-3.1G0475100.1
BdiBd21-3.1G0047100.1
BdiBd21-3.3G0750900.1
BdiBd21-3.1G0917100.1
BdiBd21-3.4G0303000.1
BdiBd21-3.1G0759800.1
BdiBd21-3.1G0813200.1
BdiBd21-3.1G1017200.1
BdiBd21-3.3G0134800.1
BdiBd21-3.2G0288400.1
BdiBd21-3.1G0917100.1
BdiBd21-3.4G0303000.1
BdiBd21-3.1G0411900.1
BdiBd21-3.4G0507800.1
BdiBd21-3.1G0411900.1
BdiBd21-3.2G0269000.1
BdiBd21-3.3G0264400.1
BdiBd21-3.5G0237900.1

Description

Homologous to Arabidopsis pseudo-response regulator 3 and 7 — 1.63
Serine-carboxypeptidase-like 26-related - 081
bZIP transcription factor - 1.00
LURP1-related -120
Zincfinger of the FCS-type -1.00
Nitrogen metabolic regulation protein NMR-related -078
Peroxygenase -077
Enolase - 052
Protein kinase domain protein -131
Carboxyl-esterase 15 related - 086
GRAS transcription factor - 195
Expansin-like related - 084
Copper transport protein ATOX1-related -1
LURP1-related -120
Enolase =052
Protein kinase domain protein =131
Serine-type carboxypeptidase activity (Blast2GO) - 082
MYB transcrition factor -070
Serine-type carboxypeptidase activity (Blast2GO) -082
Mannose-binding lectin family - 085
Homologous to barley CONSTANS-like protein CO8 -193
Aquaporin transporter -102

sSRNA expression was calculated as log,(colonized/control) from normalized reads, NA (not available) stands for sRNAs expressed exclusively in the colonized
sample; transcript expression is indicated as the log,(colonized/control) FC
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colonized roots. Of 3,019 predicted unique Si targets,
358 were confirmed as downregulated after colonization.
This represents 12% of all significantly changed Si genes.
35% of the 358 Si transcripts are predicted to be targeted
by Bd21-3 sRNAs exclusive to colonized tissue and an
additional 27.6 % are targeted by sRNAs that are highly
upregulated in colonized tissue (log,FC > 1). A set of
sRNA-mRNA duplexes, selected with the same criteria
as for the Si sSRNA — Bd21-3 targets (Table 4), shows
that predicted Bd21-3 ck-sRNAs have putative targets in
Si which include proteins associated with nutrient acqui-
sition, development of cell walls, hyphal networks,
pathogenic fungal activities, fungal starvation, and sig-
naling (Table 5, Additional file 2: Table S7). In order to
confirm the expression of some of these SRNAs, we con-
ducted stem-loop PCR and sRNA-specific sequencing on
10 Si and 10 Bd21-3-originating sSRNAs from our Bd-Si
sample and Table S7. All Si and all Bd21-3 sRNAs were
amplified in the stem-loop PCR. To verify the nature of
the amplification products, a subset of four SisRNAs and
three BdsRNAs were cloned and sent for Sanger
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sequencing, confirming the expected sRNA sequences
(Additional file 2: Figure S12, original gel pictures in
Additional file 3 and Additional File 4, sequencing re-
sults in Additional file 2: Table S8). Thus, predicted tar-
gets of putative ck-sRNAs within this system imply
another layer of expression control within the mutualis-
tic interaction.

Discussion

We established and studied the interaction between Bra-
chypodium distachyon—a model Pooideae plant with
shared synteny to major cereal crops—and Serendipita
indica—a beneficial endophyte with an exceptionally
large host range. This particular combination of traits
adorning the Bd-Si interaction has great translational
value towards filling in the gaps in knowledge about
plant symbioses, especially their transcriptomic and
sRNA expression profiles and the significance of RNAI.
We show that Si colonizes Bd, resulting in shoot growth
promotion, earlier flowering, and improved grain devel-
opment. In comparison, earlier studies characterizing

Table 5 Examples of deduced duplexes of Brachypodium distachyon sRNAs and their downregulated targets in Serendipita indica

sRNA sRNA expression Transcript Description of target transcript Transcript expression
BdsRNA 1 NA CCA68723 Related to phenylalanine ammonia-lyase -51
BdsRNA 2 143 CCA69635 Probable acetyl-CoA synthetase =219
BdsRNA 3 004 CCA72153  Putative mitochondrial carnitine O-acetyltransferase - 294
BdsRNA 4 058 CCA68099 Probable protein required for hyphal anastomosis HAM2 -138
BdsRNA'5 059 CCA69082 Related to serine/threonine-protein kinase - 165
BdsRNA 6 0039 CCA67801 Probable isocitrate lyase - 234
BdsRNA 7 437 CCA68918  Probable ADH1-alcohol dehydrogenase | — 442
BdsRNA 8  NA CCA77975 Related to peroxisomal membrane protein 4 -239
CCA68099 Probable protein required for hyphal anastomosis HAM2 - 138
BdsRNA 9 0029 CCA73455 Related to phosphoprotein phosphatase 2C - 089
BdsRNA 10 139 CCA72944  Protein TOXD -273
CCA72668 Hypothetical protein - 168
CCA74115  Probable nucleolar rRNA processing protein GAR1 -093
BdsRNA 11 0.19 CCA77931 Related to iron transport protein -24
BdsRNA 12 048 CCA68412 Related to ECM32-DNA dependent ATPase/DNA helicase B - 196
BdsRNA 13 1.06 CCA75416 Related to estradiol 17 beta-dehydrogenase 4 =212
BdsRNA 14 NA CCA73650 Related to chitinase -137

BdsRNA 15 049
BdsRNA 16 062
BdsRNA 17 088
BdsRNA 18 NA
BdsRNA 19 138

CCA77900
CCA69912
CCA70015
CCA68373
CCA72980
CCA67021
CCA73174

Related to CAT1

Hypothetical protein

BdsRNA 20 0.1

Related to acyl-CoA dehydrogenase

Probable subtilisin-like serine protease

Probable VID27-involved in vacuole import and degradation

Related to ECM4-involved in cell wall biogenesis and architecture

Related to LSB5-possible role in the regulation of actin cytoskeletal organization — 127

-228
- 184
- 091
=259
-093
— 248

sRNA expression was calculated as log,(colonized/control) from normalized reads, NA stands for sRNAs expressed exclusively in the colonized sample; transcript

expression is indicated as the log,(colonized/control) FC
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the interaction between Si and barley have demonstrated
that fungal hyphae establish an interface with the root
cell plasma membrane at an early colonization stage,
followed by expansion of an extracellular hyphal net-
work, intercellular growth, and intracellular penetration
of cortical and rhizodermal cells [26]. Around 3 to 5
DPI, Si starts the switch from a biotrophic to a sapro-
phytic lifestyle [26, 27]. Although this change involves
intracellular hyphae extensively colonizing dead host
cells and gradual digestion of cortical cell walls, the plant
still benefits from the fungal presence. Consistent with
these findings, our microscopic analyses confirmed pro-
liferation of Si chlamydospores and both inter- and
intracellular colonization of Bd21-3 cells in the root dif-
ferentiation zone from 4 to 14 DPI. Detection of prolif-
erating hyphae that were not wrapped in plasma
membrane further suggests that Si is colonizing dead
surface plant root cells at 4 DPI [25, 26].

Transcriptional changes detected during the Bd-Si
interaction

To investigate colonization of Bd21-3 by Si, we analyzed
Si DEGs in colonized vs. axenic mycelium samples. Gene
ontology analysis indicated enrichment in genes involved
in various metabolic and catalytic processes. DEGs with
the greatest changes in expression play roles in plant cell
wall degradation, carbohydrate metabolism and nutrient
acquisition. These changes in nutritional reprogramming
are to be expected, considering the different nutritional
content that Si has accessible in planta vs. axenic CM
plates and a more detailed look into the roles of the
changed genes unveils a typical switch of fungal lifestyle.
Examples of upregulated Si genes involved in cell wall
degradation include a probable Pectate lyase, Endo-1,4-
beta-xylanases, Cellulose 1,4-beta-cellobiosidase, and
Rhamnogalacturonan acetylesterase. The genes encoding
these hydrolytic enzymes, which have undergone expan-
sion in the Si genome [49], are similar to those upregu-
lated in Si during saprophytic growth on autoclaved
barley roots at 3 DPI and 5 DPI [22]. PIAMT1I, encoding
a high affinity ammonium transporter also was upregu-
lated (logFC = 3.35; padj <0.0001). Other upregulated
genes encode enzymes involved in carbohydrate metab-
olism, including probable glucosidases, glucanase, and
galactosidase. These proteins may modulate glucose
concentration, which then regulates expression of some
cell-wall degrading enzymes [22, 50]. Some of the 174
putative effector protein-encoding genes also are differ-
entially expressed during Si colonization of barley and
Arabidopsis [22, 27]. Six of these proteins (Additional
file 2: Table S4) contain the Si-specific DELD domain,
which suggests that Si utilizes a common protein ef-
fector arsenal to colonize various hosts. Considering
highly downregulated Si DEGs, several encoded proteins
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are associated with adaption to nutrient availability (Ac-
cumulation of dyads protein 2, ADY2; Succinate-fumar-
ate transporter) and nutrient acquisition (Acyl-CoA
dehydrogenase;  Carnitine  acetyltransferase, CRAT;
Phenylalanine ammonia-lyase, PAL [51, 52];). Their re-
duced expression suggests ample nutrient availability at
4 DPI. Given the similarities in the Si transcriptome dur-
ing colonization of Bd and barley, we propose that these
fungal-plant interactions follow a pattern, and that by 4
DPI, a network of plant-endophyte communication cues
has initiated a tightly controlled transcriptional program,
leading to a shift from biotrophic to saprophytic growth.

Roots of Bd21-3 plants also displayed substantial tran-
scriptional reprogramming following Si colonization.
Gene ontology term analysis indicated enrichment in
genes involved in catalytic and oxidoreduction-
associated processes. Bd21-3 DEGs exhibiting the great-
est changes in expression between colonized and non-
colonized plants are related to stress-response, defense,
and plant development. Of the downregulated Bd21-3
genes, several encode proteins commonly associated
with stress responses, including a peroxidase, a wound-
induced protein, and a putative protein kinase. Addition-
ally, members of the Heat-shock protein gene family [53]
are commonly induced in Bd during abiotic stress and
members of the Abscisic acid/water deficit stress (ABA/
WDS)-induced protein and the Rare cold inducible
(RCI2) gene families enhance abiotic stress tolerance in
various plant species [54, 55]. Circadian clock and flow-
ering regulation genes such as Pseudo-response regulator
7 (PRR?), Cold regulated protein 27 and Constans-like
protein  (CO8), also are downregulated during Si
colonization. While members of the PRR and CO pro-
tein families work together to control flowering time
[56, 57], any influence on early flowering in Si-colonized
Bd21-3 is unclear. Circadian clock-associated genes also
regulate lateral root development in Arabidopsis [58];
whether Si-induced changes in their expression influence
root growth is unknown. Other downregulated
development-associated DEGs include Fantastic four
meristem regulator (FAF), which regulates shoot and
root development [59], and putative Sulfoquinovosyl-
transferase (SQD2), which modulates seed setting and
tiller development in rice [60]. Finally, several downregu-
lated DEGs encode transcription factors, including
MYB-related, GRAS, and bZIP.

In comparison, many of the upregulated Bd21-3 DEGs
are associated with immune responses. Examples include
genes encoding leucine-rich repeat (LRR) protein, a
WRKY transcription factor, and thaumatin family pro-
tein. Increased expression of the defense gene Pathogen-
esis-related protein 1 (PRI) was similarly and transiently
reported in Si-colonized Arabidopsis roots [61]. Upregu-
lation of Glutathione S-transferase (GST) is consistent

35



Seic¢ et al. BMC Biology (2021) 19171

with the increased antioxidant capacity of Si-colonized
plants, which provides protection against attack by
necrotrophic pathogens [21, 62]. The upregulation of
genes in other hormonal networks (PGP-like Phosphogly-
coprotein auxin transporter) and redox processes (Multi-
copper oxidase) further suggests that Si colonization
affects a range of signaling pathways.

Bd miRNAs detected in the Bd-Si sample

The role of miRNAs as regulators of gene expression in
the Sebacinalean symbiosis is largely unexplored. One
report showed that Si induces growth promotion-
associated miRNAs in Oncidium orchid roots [63]. Ana-
lysis of putative endogenous Bd21-3 sRNAs expressed
during Si colonization identified 16 miRNAs. Some of
them have known targets in transcription factors associ-
ated with plant growth and development. For example,
the bdi-MIR166 family targets mRNAs encoding Homeo-
box domain-leucine zipper transcription factors [64]. In
Arabidopsis, repression of these transcription factors by
the miR165/166 family modulates root growth, mainten-
ance of the shoot apical meristem, and development of
leaf polarity [65]. Plant-specific transcription factors
encoded by Squamosa promoter-binding protein-like
(SPL) genes are the presumed targets of bdi-MIR156 and
bdi-MIR529 [66]. In Arabidopsis, miR156-mediated
downregulation of SPLs modulates developmental tim-
ing, lateral root development, branching, and leaf
morphology [65]. Members of the MYB superfamily of
transcription factors, which regulate many aspects of de-
velopment, are the predicted targets of bdi-MIR159 [34].
Interestingly, miRNAs belonging to the miR159 and
miR166 families in cotton are known ck-sRNAs that tar-
get virulence genes in Verticillium dahliae [13].

Other miRNAs identified in Bd21-3 include bdi-
MIR168, predicted to target AGO! [64], and two miR-
NAs that regulate nutrition: bdi-MIR399, which is up-
regulated in Bd by phosphate starvation [64, 67],
whereas bdi-MIR408 influences copper levels [34, 68].
Additionally, bdi-MIR408 (BdsRNA 10) has predicted ck
targets in three Si transcripts: CCA72944, CCA72668,
and CCA74115. Since various targets were predicted for
bdi-MIR167 [34, 68] and no target was predicted for
bdi-MIR9481, their endogenous functions in Bd are un-
clear. Interestingly, the miRNA families identified in our
analysis, except bdi-MIR9481, also were detected in Si-
colonized Oncidium [63]. Thus, this group of miRNAs
may play an important role in reprogramming plant cells
during Sebacinalean symbiosis establishment.

Putative Si and Bd21-3 ck-sRNAs and their predicted
targets

To date, cross-kingdom RNAi has been demonstrated in
pathogenic plant-fungal interactions [12, 13, 69], and
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while there are promising indications for its presence
during plant-mycorrhiza interactions [36], whether it oc-
curs in Si-plant associations is unknown. To investigate
this possibility, we predicted targets for 21 nt putative
ck-sRNAs from Si and Bd21-3 and confirmed their
downregulation during colonization. This analysis un-
covered 358 downregulated Si transcripts that are the
predicted targets of 228 unique Bd21-3 sRNAs. Cross-
kingdom RNAi-mediated downregulation of these tar-
gets might allow Bd21-3 to modulate Si growth during
colonization. For example, PAL, Acetyl-CoA synthetase,
Carnitine acetyl transferase, Isocitrate lyase, and Acyl-
CoA dehydrogenase, which are targeted by BdsRNA 1,
BdsRNA 2, BdsRNA 3, BdsRNA 6, and BdsRNA 16
(Table 5), are involved in fungal nutrient acquisition [22,
55, 70, 71]. Genes with important homologs in patho-
genic fungi also are predicted targets, including Subtili-
sin-like serine protease (BdsRNA 18) [72], Alcohol
dehydrogenase 1 (BdsRNA 7) (73], and Phosphoprotein
phosphatase 2C (BdsRNA 9) [74]. Targeting of Hyphal
anastomosis-2 (HAM-2) by BdsRNA 8 and BdsRNA 4
may provide another mechanism for controlling fungal
growth, as HAM-2 is required for hyphal fusion in N.
crassa [75]. Similarly, targeting of Chitinase (BdsSRNA
14) may help control Si growth.

Concurrently, we identified 49 downregulated Bd21-3
mRNAs that are the predicted targets of 63 unique Si-
generated ck-sRNAs. Downregulation of these target
genes via cross-kingdom RNAi might facilitate Si growth
during colonization. For example, Mannose-binding lec-
tin (targeted by SisRNA 18) belongs to a family of
defense-related genes whose products trigger immune
responses following pathogen recognition [76]. SisRNA
8 and SisRNA 15 target a protein kinase domain/LRR
gene (BdiBd21-3.4G0303000.1) that may belong to the
LRR receptor kinase family, which regulates defense and
developmental-related processes [77]. Transcripts en-
coding serine-carboxypeptidase-like (SCPL) proteins
BdiBd21-3.2G0440200.1 and BdiBd21-3.1G0411900.1
(targeted by SisRNA 1 and SisRNA 15) are associated
with defense against (a)biotic stresses in monocots [78].
Members of various transcription factors families also
were identified as predicted targets (MYB by SisRNA 16,
bZIP by SisRNA 2, and GRAS by SisRNA 10). These
families are associated with (a)biotic stress responses, as
well as plant growth and development [79-81]. Lastly,
transcripts for proteins involved in circadian clock and
flowering  regulation (BdiBd21-3.1G0887100.1 and
BdiBd21-3.3G0264400.1 [56];) are the presumed targets
of SisRNA 1 and SisRNA 19. Together, these findings
suggest that Si-derived ck-sRNAs may promote fungal
colonization by targeting signaling processes associated
with plant development and responses to (a)biotic
stresses.
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In combination with earlier studies on Bd RNAi pro-
teins [35] and Bd interaction with the pathogen Magna-
porthe oryzae [82], the in silico analyses presented here
suggest that Si and Bd contain functional RNAi compo-
nents and that both organisms generate ck-sRNAs,
which potentially modulate this mutualistic interaction.
However, further studies are necessary to validate cross-
kingdom RNAi in a Sebacinalean symbiosis. Namely,
degradome analysis is needed to confirm target degrad-
ation and evidence that Bd21-3 and Si AGOs associate
with sSRNAs expressed by the interacting organism is ne-
cessary for confirmation of cross-kingdom RNAI.

Conclusions

We report that Bd21-3 and Si form a mutualistic
symbiosis with a promoting effect on plant yield and
development, accompanied by changes in gene ex-
pression in both organisms, including putative pro-
tein Si effectors and RNAi-related genes. sRNA
profiles of both organisms also changed, indicating
that this model system will provide important in-
sights into the multiple layers of regulation and
interaction between beneficial fungi and cereal hosts.
Within the broader scope of plant-mutualist interac-
tions, we show that detection of putative RNAi-
involved sRNAs in an interaction highly benefits
from simultaneous transcriptome analysis and indi-
cate an involvement of sRNA-based regulation in
defense responses, nutritional reprogramming, and
colonization maintenance. Alongside other experi-
mental approaches in plant-microbe interactions (eg.
sRNA uptake studies [83]), developing a deeper un-
derstanding of the communication mechanisms that
modulate mutualistic interactions is highly relevant
for establishing robust growth promotion and pro-
tection strategies in crops.

Methods

Bd and Si cultivation and inoculation

The seeds of Brachypodium distachyon (Bd) line
Bd21-3 (gift from R. Sibout, INRA Versailles, France)
were surface sterilized (3% active chlorine, sodium
hypochlorite solution) for 15min, washed three
times, and placed on half-strength MS [84] medium
in dark at 4°C for 2 days and then 7 days at 24°C
and 16h light/8 h dark cycle (47 yumolm ?s™' pho-
ton flux density). Serendipita indica (Si) (IPAZ-
11827, Institute of Phytopathology, Giessen,
Germany) was grown on complete media plates (CM
[85]) at 23°C in dark for 4-5 weeks.

For inoculation, Si mycelium was collected in
0.002% aqueous Tween 20 solution, filtered (Mira-
cloth, Calbiochem), and pelleted by centrifugation (10
min/4000 rpm/20 °C) twice. Chlamydospore
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concentration of 5 x 10° conidia ml™" in 0.002%
Tween 20 solution was used to inoculate 7-day-old
plant seedlings for 2-3h. Control plants were mock
treated with the 0.002% Tween 20 solution for the
same time. Grain yield analyses were done on mature
plants grown on soil (F-E type LD 80, Fruhstorfer
Erde, Germany) under 16h light (160 pmolm2s™",
22°C) and 8 h dark (18°C) conditions at 60% relative
humidity for 1 month, and then greenhouse condi-
tions until seed maturity. Number of spikelets was
assessed after 2 months. Shoot biomass was assessed
3 weeks after inoculation of seedlings grown on a
mixture (2:1, v/v) of vermiculite (Deutsche Vermicu-
lite GmbH) and oil dri (oil binder Typ III R Coarse
grain, Damolin, Mettmann, Germany) under compar-
able conditions as for grain yield, and fertilized every
3 days with an aqueous solution of Wuxal Super
NPK-8/8/6 (1:10°v/v; Haug, Diisseldorf, Germany).
Samples for RNA-seq, RT-qPCR, stem-loop PCR, and
microscopy were also grown under these conditions.
To assess growth promotion in Si inoculated Bd rela-
tive to the control, we used the pairwise ¢ test or the
Mann-Whitney-Wilcoxon test on each of the three
repetitions of experiments, after checking for normal-
ity and homogenous variances. Benjamini-Hochberg
correction for multiple testing was used to correct
the p values and the significance asterisks were
assigned to the average p-value as follows: * for p <
0.05, ** for p < 0.001, and *** for p < 0.0001.

Microscopy

Following Si inoculation, one-week-old seedlings were
grown on plastic mesh (~90pum) placed over half-
strength MS medium or on vermiculite/oil dri prior
to assessing root colonization. Si was visualized with
the chitin-specific dye WGA-AF 488 (wheat germ ag-
glutinin; Molecular Probes, Karlsruhe, Germany), as
described in Deshmukh et al. (2006) [26], with boiling
in KOH (10%) for 30s, prior to incubation in
phosphate-buffered saline (PBS, pH7.4). Root cells
were visualized by incubating with propidium iodide
(10pgml™") for 10min and washing with sterile
water. Confocal laser scanning microscopy was done
(TCS SP8 microscope, Leica, Bensheim, Germany)
and the Leica LAS X software was utilized for
visualization and maximum (z-stack) projections.

Resequencing, assembly, and annotation of the Si
genome

The MasterPure Yeast DNA Purification Kit (Epi-
centre, Illumina) was used to extract genomic DNA
from 4-week-old axenic Si cultures. The Si genome
was resequenced, assembled [86], and annotated as
described [87], whereby a MinlON sequencing library
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was prepared using the Nanopore Rapid DNA
Sequencing kit. Sequencing was performed on an
Oxford Nanopore MinlON Mklb sequencer using a
R9.5 flow cell. Additionally, sequencing of an Illumina
Nextra XT library was performed on the MiSeq plat-
form (Illumina; 2 x 300 bp paired-end sequencing, v3
chemistry). Adapters and low-quality reads were
removed by an in-house software pipeline prior to
polishing [88]. MinKNOW (v1.13.1, Oxford Nanopore
Technologies) was used to control the run with the
48 h sequencing run protocol, and base calling was
performed offline using albacore (v2.3.1, Oxford
Nanopore Technologies). The assembly was per-
formed using Canu v1.6 ([89], default settings). The
resulting contigs were polished with Illumina short
read data using Pilon [90] for eight iterative cycles.
BWA-MEM [91] was used for read mapping in the
first four iterations and Bowtie2 v2.3.2 [92] in the
second set. Gene prediction was performed with
GeneMark-ES 4.3.3. ([38], default settings). Predicted
genes were functionally annotated using a modified
version of the genome annotation platform GenDB
2.0 [39] for eukaryotic genomes [40]. RNAi-associated
proteins were predicted by searching the proteome
[22] for typical domain structure and highest hom-
ology to Neurospora crassa RNAi proteins (NCI12
genome assembly [93]). A modified version of the
pipeline from Rafigi et al. (2013) [41] was used to
predict protein effectors. After identifying proteins
with signal peptides (signalp-4.1 [94]), those predicted
as transmembrane helix proteins (tmhmm [95]), mito-
chondrial proteins (target-1.1 [96]), and cell wall
hydrolysis-associated proteins were removed. For
comparative analysis of the Si (Si-2020 and
DSM11827 ASM31354 v.1 [22]), Serendipita vermifera
[97] and Laccaria bicolor [98] genomes, software plat-
form EDGAR 2.3 [99] was used.

RNA extraction, library preparation, and mRNA/sRNA
sequencing

Roots inoculated with Si (Bd-Si) or mock-inoculated
(Bd-C), as described above, were grown for 4 days and
pooled (three roots per sample). Si mycelium and
spores were collected from 4-week-old axenic cultures
grown on CM medium. All samples in triplicates were
shock frozen, stored at — 80°C, and ground in liquid
N,. Total RNA was isolated using the ZymoBIOMICS
RNA Mini Kit (Zymo Research, USA), quantified with
DropSensel6/Xpose (BIOKE, Netherlands), and ana-
lyzed with an Agilent 2100 Bioanalyzer Nano Chip
(Agilent, Germany). RNA Clean and Concentrator 25
and 5 kits (Zymo Research) were utilized to separate
total RNA into fractions: 17-200 nt and > 200 nt. 1.5 pg
of the larger fractions were processed for mRNA library
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preparation (TruSeq Stranded mRNA protocol, Illu-
mina, USA). Fragment Analyzer Automated CE System
(Advanced Analytical Technologies, Austria) deter-
mined the quality of the generated polyA mRNA librar-
ies. Quantity and quality of the smaller RNA fractions
were assessed with the Qubit fluorometer (Invitrogen,
Germany) and Agilent 2100 Bioanalyzer Pico Chip.
sRNA library preparation was done with 50 ng of RNA
(TruSeq Small RNA Library Prep, Illumina) and size se-
lection with the BluePippin (Sage Science, USA) for
fragments between 140 and 160 nt (15-35nt without
adapters) applied. Sequencing was accomplished on the
Illumina HiSeq 1500.

Transcriptome analysis

Raw reads from mRNA sequencing [100] were submit-
ted to quality check using FastQC [101] and aligned to
the Bd21-3 v1.1 (DOE-JGI, http://phytozome.jgi.doe.gov/
[102]) or resequenced Si (Si-2020) genomes with HISA
T2 [103]. An intron length of 20-2000 nt was allowed
for Si [104] and 20-10,000 nt for Bd21-3 [105]. The
reads were counted using HT Seq-count [106], differen-
tial gene expression was performed with DESeq2 [107],
and gene enrichment analysis with AgriGO v.2 [108],
with reference Bd21 setting for Bd21-3 (Bd 21 syno-
nyms) and a customized background for Si. Volcano
plots were generated using plotly [109] and ggplot2
[110] R [111] libraries. Gene descriptions were obtained
from the organism annotations or Blast2GO [112].

sRNA analysis and prediction of putative endogenous and
ck-sRNAs

Raw reads from sRNA sequencing [113] were submitted
to FastQC [101] and adapter trimming [114]. Bowtie
[115] was used for alignment as detailed in Additional
file 2: Fig. S6. The resequenced Si genome was used for
alignments of fungal origin. tRNA/rRNA sequences were
downloaded from RNAcentral ([116], EMBL-EBI). Puta-
tive endogenous sRNA reads were submitted to Short-
Stack [117]. For filtering putative ck-sRNAs, a previously
established pipeline [118] was utilized. Reads were nor-
malized to the total number of mapped reads for a single
genome and reads per million (RPM) and log, (colo-
nized/mock-treated) values calculated. Thus, a sRNA
read was selected as a putative ck-sRNA if it was present
exclusively or at a higher quantity (i.e., induced) in the
colonized vs. control sample. Putative ck-sRNAs were
submitted to psRNAtarget [119]. Since the separation of
sRNA and mRNA fractions from each biological sample
was facilitated, we checked for downregulation of
mRNAs corresponding to predicted sRNA target genes
within the DEGs. Transcriptomes used for these predic-
tions were Bd 21-3 v1.1 (DOE-JGI, http://phytozome.jgi.
doe.gov/ [102]) and Si DSM11827 ASM31354 v.1 [22].
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Venn diagrams were generated using the VennDiagram
R package [120].

Quantitative real-time PCR and stem-loop PCR for
validation of sequencing results

To validate gene expression detected in the sequencing, we
used quantitative real-time PCR (qRT-PCR). RNA extraction
from mock treated and Si inoculated Bd21-3 roots, as well as
Si axenic cultures, under the same conditions as explained
above for the sequencing, was done with TRIzol (Thermo
Fisher Scientific, Waltham, MA, USA), cDNA synthesized
using qScriptTM ¢DNA kit (Quantabio, Beverly, MA, USA)
and 10 ng of ¢cDNA used as template in the QuantStudio 5
Real-Time PCR system (Applied Biosystems), with SYBR®
green JumpStart Taq ReadyMix (Sigma-Aldrich, St. Louis,
MO, USA). Each sample had three technical replicates.
Primers used for these amplifications are listed in Table S9
(Additional file 2: Table S9). Transcript levels were calculated
using the 2-AACt method [121], relatively to BdUbi4-3 for
Bd21-3 and Si ITS sequence for Si.

For the identification of SRNAs in the interaction of Si
with Bd21-3 stem-loop RT-PCR was employed [122].
c¢DNA was synthesized from DNase I-treated total RNA
extracted from Si axenic culture or inoculated Bd21-3
roots. The folding of the hairpin primer was performed
according to Kramer (2011) [123]. For each stem-loop
reaction, six hairpin primers were multiplexed in a 20-
pL reaction using the Revertaid RT enzyme according to
the manufacturer’s instructions (Thermo Scientific). For
primer annealing, the reaction was incubated for 30 min
at 16 °C followed by an extension step at 42°C for 30
min. The reaction was stopped at 85 °C for 5 min. cDNA
was stored at —80°C until further use. Endpoint PCR
was performed using an universal stem-loop primer and
specific sSRNA primer (Additional file 2: Table S10)
under the following conditions: initial denaturation at
95°C for 5 min followed by 35 cycles: 95°C for 30, pri-
mer annealing at 60°C for 30s, and extension at 72°C
for 30s. PCR products were separated by gel electro-
phoresis on a 2% (w/v) agarose gel. To obtain sequence
information of the amplified sRNAs of the stem-loop re-
action, PCR products were purified and cloned into the
pGEM"-T Easy Vector Systems (Promega, Madison, W1,
USA) following the manufacturer’s instructions. From
each cloned sRNA, six colonies were further analyzed by
Sanger sequencing using a M13 reverse primer.

Abbreviations

AGO: Argonaute; Bd: Brachypodium distachyon; Bd-C: Mock-inoculated Bd
root sample; Bd-Si: Si-inoculated Bd root sample; BdsRNA: Brachypodium
distachyon-derived sRNA; ck-sRNA: Cross-kingdom sRNA; DCL: Dicer-like;
DEG: Differentially expressed gene; DPI: Day(s) post inoculation; FC: Fold
change; miRNA: MicroRNA; nt: Nucleotide; RARP: RNA-dependent RNA
polymerase; RNAi: RNA interference; Si: Serendipita indica; Si-ax: Si axenic
culture sample; SisRNA: Serendipita indica-derived sBNA; sRNA: Small RNA
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Conclusion:

This study established a mutualistic interaction model between Serendipita indica (Si)
and Brachypodium distachyon (Bd), demonstrating that Si colonisation promotes Bd
growth, increases grain yield, and accelerates flowering. Transcriptome and sRNA
profiling of Bd-colonised roots revealed active, mutual regulatory changes, suggesting
that ck-RNAi may contribute to the mutualistic outcome. At the transcript level, Si
colonisation induced significant changes in Bd gene expression, particularly in genes
associated with biotic stress responses and immunity. In parallel, Si showed
transcriptional shifts in pathways related to carbohydrate metabolism, cell wall
organisation, and nutrient acquisition, indicating its metabolic adaptation to the host
environment. sSRNA analysis in Bd-colonised roots identified putative endogenous plant
sRNAs belonging to known miRNA families involved in growth and development.
Additionally, we identified putative Si-derived ck-sRNAs with predicted targets in Bd
involved in immunity, circadian rhythm, and flowering time regulation. These findings
suggest that Si manipulates the host physiology to establish mutualism. To further
support the functional relevance of SisRNAs, in silico analysis of re-sequenced Si
genome indicates that Si encodes RNAi components, supporting its ability to generate

functional regulatory sRNAs.

Taken together, our findings support an sRNA-mediated ck-RNAi in mutualistic

interactions.
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CHAPTER 3 -

A pipeline for validation of Serendipita indica effector-like sRNA suggests cross-

kingdom communication in the symbiosis with Arabidopsis

(Contribution as first author)

Summary:

This chapter contains the publication “A pipeline for validation of Serendipita indica
effector-like sRNA suggests cross-kingdom communication in the symbiosis with
Arabidopsis” accepted by the Journal of Experimental Botany on December 19, 2024, and

published online on December 26, 2024 (DOI:10.1093/jxb/erae515).

One of the main advantages of Serendipita indica as an endophytic fungusis its broad host
range. In this study, we extended our investigation of Si-host interaction to the dicotyledon
model plant Arabidopsis thaliana and established a functional protoplast assay to validate
the gene silencing activity of effector-like SisRNAs and investigate their potential role in

ckRNAi
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Abstract

Bidirectional communication between pathogenic microbes and their plant hosts via small RNA (sRNA)-mediated
cross-kingdom RNAi (ckRNAI) is a key element for successful host colonization. Whether mutualistic fungi of the
Serendipitaceae family, known for their extremely broad host range, use sRNAs to colonize plant roots is still under
debate. To address this question, we developed a pipeline to validate the accumulation, translocation, and activity of
fungal sRNAs in post-transcriptional silencing of Arabidopsis thaliana genes. Using stem-loop quantitative reverse
transcription-PCR, we detected the expression of a specific set of Serendipita indica (Si) SRNAs, targeting host genes
involved in cell wall organization, hormonal signalling regulation, immunity, and gene regulation. To confirm the gene
silencing activity of these sRNAs in plant cells, SisRNAs were transiently expressed in protoplasts. Stem-loop PCR
confirmed sRNA expression and accumulation, while gPCR validated post-transcriptional gene silencing of their pre-
dicted target genes. Furthermore, Arabidopsis ARGONAUTE 1 immunoprecipitation revealed the loading of fungal
SisRNAs into the plant RNAi machinery, suggesting the translocation of SisRNA from the fungus into root cells. In
conclusion, this study provides a blueprint for rapid selection and analysis of SRNA effectors and further supports the
model of cross-kingdom communication in the Sebacinoid symbiosis.

Keywords: AGO1-IP, Arabidopsis roots, cross-kingdom communication, mutualism, Piriformospora, 5-RLM-RACE, RNA
interference, Serendipita indica, small RNA, symbiosis.

Introduction

RNAI is a regulatory process in most eukaryotes in which ~ (SRNA). This process is associated with the control of ge-
gene expression is silenced at the transcriptional or post- nome stability, developmental processes, and responses to bi-
transcriptional level through the action of small RNA otic and abiotic stresses (Zhan and Meyers, 2023). Two main

Abbreviations: AGO, ARGONAUTE; At, Arabidopsis thaliana; dpi, days post-inoculation; hptr, hours post-transformation; IP, immunoprecipitation; PTGS, post-
transcriptional gene silencing; RISC, RNA-Induced Silencing Complex; Si, Serendipita indica; sBNA, small RNA.

© The Author(s) 2024. Published by Oxford University Press on behalf of the Society for Experimental Biology.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which
permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.
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types of SRNAs predominate in plants. miRNAs are typically
21 and 22 nucleotides (nt) in length and are processed from
primary miRNAs (pri-miRNAs) containing a stem—loop
structure encoded by miRNA (MIR) genes (Reinhart et al.,
2002; Meyers and Axtell, 2019). In contrast siRNAs are RNA
molecules of 20-24 nt in length produced from longer endog-
enous RNA templates or from exogenous RINA sequences
(e.g. viruses or transgenes). In plants and fungi, both miRNA
and siRINA precursors are processed by RNase IT1-like endo-
nucleases named DICER-like (DCL) proteins. One strand
of these SRINA duplexes is then bound by ARGONAUTE
(AGO) proteins and incorporated into the RNA-Induced
Silencing Complex (RISC), where they target complemen-
tary mRINA transcripts to induce post-transcriptional gene
silencing (PTGS) (Iwakawa and Tomari, 2022). Plant sSRNAs
can also move from cell to cell via plasmodesmata and system-
ically through the phloem, acting in a cell non-autonomous
manner. Additionally, they can translocate between interacting
organisms (Zhan and Meyers, 2023). For example, sSRINAs are
transferred bidirectionally between plant hosts and pathogenic
microbes to modulate defence and virulence, a phenomenon
called cross-kingdom RNAIi (ckRNAi) (for reviews, see Wang
et al., 2017; Gohre and Weiberg, 2023; Mahanty et al., 2023).
ckRNAI1 in plant—pathogen interactions was discovered in
2013 when the necrotrophic fungus Botrytis cinerea was shown
to induce silencing of host defence genes in Solanum lycopersi-
cum and Arabidopsis thaliana (Af) (Weiberg et al., 2013). Since
then, several studies have supported the existence of ckRINAi1
and also showed that the exchange of SRINA effectors can be
bidirectional (Zhang et al., 2016; Cai et al., 2018).

Already in 2006, Huang and colleagues reported reduced
nematode infectivity when root-knot nematodes (RKNs) fed
on roots of Arabidopsis plants expressing dsRINA targeting the
16D10 gene, which encodes a conserved secreted RKN root
growth-stimulating peptide known to be involved in parasitism
(Huang et al.,2006). Later, it was shown that SRNAs can indeed
move from a plant to an attacking pathogen in the interaction
of barley and wheat with the powdery mildew fungus (Blumeria
graminis) (Nowara et al., 2010). Transient transformation of leaf
epidermal cells with a plasmid overexpressing dsSRNA directed
against the fungal effector AVRA10 enhanced resistance to B.
graminis in the absence of the powdery resistance gene Mila10,
a technique termed host-induced gene silencing (HIGS). Since
then, numerous reports have shown that HIGS is an efficient
strategy for pest and disease control in crops (Koch et al., 2013;
Cai et al., 2018; Liu et al., 2020; Sang and Kim, 2020; Zand
Karimi and Innes, 2022).

Although ckRINAI and related artificial processes such as
HIGS were discovered in plants >18 years ago, the molec-
ular mechanisms are still not fully understood. For instance,
the bidirectional transfer of RNAs in extracellular vesicles
is still a topic of debate (Rutter and Innes, 2018; He ef al.,
2021a, b; Nasfi and Kogel, 2022), and only in recent years have

a growing number of studies shed light on ckRNAI in plant—
symbiont interactions (Qiao ef al.,2023).

ckRINAi in mycorrhizal symbioses seems to include
miRNAs. For example, Pmic_miR-8, an miRNA from the
ectomycorrhizal fungus Pisolithus microcarpus, enhanced the
colonization of its host Eucalyptus grandis, indicating its role in
the beneficial ectomycorrhizal symbiosis (Wong-Bajracharya
et al., 2022). Moreover, sSRINA Rir2216 from the arbuscular
mycorrhiza fungus (AMF) Rhizophagus irregularis targets the
WRKY transcription factor MtWRKY69 in its host Medicago
truncatula. Consistent with ckRINAi, Rir2216 was loaded into
an MtAGOL1 silencing complex, leading to the cleavage of a
host target transcript encoding MtWRKY69 (Silvestri et al.,
2024). Moreover, tRNA-derived sRINA fragments (tRFs)
identified in root nodule symbioses between soybean and the
bacterial symbiont Bradyrhizobium japonicum have been shown
to hijack Glycine max AGO1.These tRFs act as positive regula-
tors of rhizobial infection and nodule formation (Ren et al.,
2019), further emphasizing the existence of ckRINAI in mutu-
alistic plant—microbe interactions.

Understanding ckRINAi depends on the identification and
functional validation of translocated SRINA (sRNA effectors),
which requires tools to study the mode of action of numerous
sRINAs derived from extensive SRINA sequencing data. In this
context, we present a pipeline for validation of sSRNA effectors
by studying the interaction between the mutualistic basidio-
mycete fungus Serendipita indica (Si) and the dicot model plant
At. The fungus was originally isolated from the roots of the
shrubs Prosopis juliflora and Ziziphus nummularia in the Indian
Thar desert (Verma et al., 1998). Its beneficial activity includes
plant growth promotion, enhanced plant resistance, enhanced
nitrate and phosphate delivery, promotion of adventitious root
and root hair formation, early flowering, support of higher seed
yield, alteration in secondary metabolites, and hardening of
tissue-cultured plants (Zuccaro et al., 2011; Qiang et al., 2012;
Glaeser et al., 2016; WeiB3 et al., 2016; Xu et al., 2018; Verma
et al., 2022; Galli et al., 2024). Moreover, the fungus transfers
protein effectors to host cells to exploit the host’s metabo-
lism and promote microbial colonization (Akum et al., 2015;
Osborne et al., 2023). To further explore the molecular basis
of the mutualistic interaction formed by Si with a wide range
of plants (Sebacinalean symbiosis), we recently demonstrated
the global change in SRNA profiles in the interaction of the
beneficial fungus and the grass model Brachypodium distachyon
(Bd) (Se&ié et al., 2021). Among Bd- and Si-generated SR NAs
with putative functions in the interacting organism, we found
proteins involved in cell wall organization, hormonal signalling
regulation, and immunity as potential targets of putative fungal
effector SRNAs.

Building upon the findings from our prior work, we have
selected a set of fungal SRINAs with interesting predicted At
targets to further investigate their activity in the Si—Af inter-
action. We developed a functional protoplast assay to validate
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these potential fungal effector sSRINAs and assessed their gene
silencing activity. Using stem—loop quantitative reverse tran-
scription—PCR (RT-qPCR), we confirmed sRNA transfor-
mation and accumulation in plant protoplasts and recorded
the down-regulation of predicted host target genes via qPCR.
Additionally, we investigated the capability of SisRNA candi-
dates in mediating the degradation of host mRNA by 5'-RNA
ligation-mediated (RLM)-RACE. Finally, AtAGO1 immuno-
precipitation assay confirmed the loading of fungal SisRNAs
into the plant’s RNA1 machinery. The data support the exist-
ence of naturally occurring ckRNAI between the beneficial
fungus Serendipita indica and Arabidopsis thaliana.

Materials and methods

SisRNA selection and Arabidopsis target prediction

The SisRNAs selected from Se&i€ et al. (2021) and their predicted At
target genes are summarized and detailed in Supplementary Table S1 and
Supplementary Dataset S1.

Plants, fungi, and plant inoculation

For interaction studies of At roots and Si (IPAZ-11827, Institute of
Phytopathology, Giessen, Germany), At plants of ecotype Columbia-0
(Col-0) were grown on vertical square Petri dishes on an ATS medium
(Lincoln et al., 1990) without sucrose and supplemented with 4.5 g I”'
Gelrite (Duchefa #G1101) in a 22 °C day/18 °C night cycle (8 h of
light). Roots of 14-day-old plants were inoculated with 1 ml of a sus-
pension of 500 000 Si chlamydospores mI™ in aqueous 0.002% Tween-
20 per Petri dish as described in Jacobs et al. (2011). For the protoplast
experiment, At plants were cultivated in a 4:1 ratio of T-type soil (E-E.
Typ Nullerde, Hawita) and crystal quartz sand mixture for 4-5 weeks in
a growth chamber in a 19 °C day/18 °C night (9 h of light, 150 pmol
photons m™ s™'), and a constant relative humidity of 60%. Si was grown
in axenic culture on complete medium (Pontecorvo et al., 1953) for 4
weeks in daylight under sterile conditions with shaking at 100 rpm.

Plasmid construct

Digestion-ligation of the AtMIR390a distal stem—loop

The Arabidopsis MIR390a distal stem—loop, containing a c«dB cas-
sette flanked by two Bsal sites (AtMIR390a-B/c), was excised from the
pMDC32B-AMIR390a-B/c vector (Plasmid #51776, https://www.
addgene.org, Carbonell et al., 2014) using EcoRI and HindIII Fast digest
restriction enzymes (Thermo Fisher Scientific, FD0274 & FD0505). The
pUCI18 vector backbone (plasmid #50004) was similarly digested with
the same enzymes. The AIMIR390a-B/c¢ fragment was then ligated into
the pUC18 vector backbone using T4 DNA Ligase (Thermo Fischer
Scientific, ELO011) generating the pUC18-AtMIR390a-B/c protoplast
expression vector for MIR390a-based 21 or 22 nt SRINAs. Digestion was
carried out at 37 °C for 1 h, followed by enzyme inactivation at 80 °C for
10 min. The ligation was performed overnight at 16 °C.

Digestion ligation of the red fluorescent protein cassette

The red fluorescent protein (RFP) cassette was excised from the
pBeaconRFP_GR  vector (https://gatewayvectors.vib.be/index.php/
ID:3_20, Bargmann and Birnbaum, 2009) using Ndel restriction enzyme
(NEB, R0111S). The pUC18-AtMIR390a-B/c¢ vector, which contains
an Ndel restriction site, was similarly digested. The RFP cassette was then

ligated into the Ndel site of the pUC18-AMIR390a-B/c vector using
T4 DNA ligase.

Site-directed mutagenesis

Before cloning 75-mer oligonucleotides, a third Bsal site in the pUC18
backbone, which would interfere with the Golden Gate cloning of arti-
ficial miRNAs (amiRNAs) and SisSRNA, was removed by site-directed
mutagenesis. This was achieved using Phusion High-Fidelity DNA pol-
ymerase (Thermo Fisher Scientific, F553S), the fast digest Dpnl endo-
nuclease (Thermo Fisher Scientific, FD1703), and custom-designed
site-directed mutagenesis primers (pUC18-Mut-Fwd and pUC18-Mut-
Rev) following the manufacturer’s protocol.

Direct cloning of amiRNAs and SisRNAs

The 75-mer oligonucleotides comprising the 21 nt sequences of amiR-
NAs and SisRNAs were designed using the P-SAMS web-tool (http://p-
sams.carringtonlab.org/) as described by Fahlgren et al. (2016), Carbonell
et al. (2014), and Carbonell (2017a, 2019). Forward and reverse 75-mer
oligonucleotides were diluted to 100 uM and annealed using a ther-
mocycler under the following conditions: 5 min at 94 °C, followed by
cooling at 0.05 °C s™' to 20 °C. Prior to cloning, the annealed 75-mer
oligonucleotides were further diluted to 0.15 pM. These oligonucleotides
were then cloned into the Bsal sites of the pUC18-AtMIR390a-B/c
vector using the Golden Gate strategy. A single digestion—ligation reac-
tion was performed with BsaI-HF*v2 (NEB, R3733) and T4 DNA ligase
(Thermo Fischer Scientific, EL0011), replacing the ccdB cassette, allow-
ing for the selection of 75-mer-positive clones.

An in silico cloning design was performed using Snapgene software
(www.snapgene.com). The cloning strategy workflow is outlined in
Supplementary Fig. S1A, while Supplementary Fig. S1B presents the final
pUC18-AMIR 390a-R FP-amiRINA/SisRNA vector map. The content
of the 75-mer oligonucleotides is illustrated in Supplementary Fig. S2.
The designed amiRINAs, including their 5’-nucleotide sequences, pre-
dicted targets, target aligned fragments, expectation values, and mode of
regulation, are detailed in Supplementary Table S2. Similarly, the same
information for the selected putative SisSRINAs cloned into the expression
vector for PTGS analysis are listed in Supplementary Table S3. An align-
ment of amiRNAs and SisRINA with their predicted At targets, as gener-
ated by the psRINATarget web-tool, is shown in Supplementary Fig. S3A,
while Supplementary Fig. S3B provides a color-coded heatmap visual-
izing the SRNA-mRNA pair alignment created using RStudio.The for-
ward and reverse 75-mer oligonucleotides for amiRNAs and SisRINAs
are listed in Supplementary Table S4.

Protoplast transformation

Protoplasts were isolated using the “Tape—Arabidopsis Sandwich’ method
(Wu et al., 2009). Transformation was performed using the polyethylene
glycol (PEG) method, following the transient expression of recombi-
nant genes using the Arabidopsis mesophyll protoplast (TEAMP) ap-
proach (Yoo et al., 2007), with minor modifications (WI incubation
solution was replaced by the W5 solution). Since transformation effi-
ciency was crucial for all subsequent experiments, we optimized the
transformation by varying (i) protoplast concentration (10X10* and
5x10* protoplasts ml™), (ii) plasmid pUC18-AMIR390a-RFP-sRNA
concentration (20, 30, and 40 pg), and (ii) incubation time (24 h and 48
h). High transformation efficiency was achieved with 5x10* protoplasts
ml™, 30 ug of plasmid, and 24 h incubation time, comparable with
the efficiencies reported for At leaf protoplasts (Yoo et al., 2007). Total
cell numbers were counted using a Fuchs—R osenthal counting chamber
under an optical microscope. Protoplast transformation was checked
using an epifluorescence microscope (TCS SP2 Leica), and images were
acquired with Leica Application Suite (LAS) software. All counts were
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performed in triplicate. Transformed protoplasts were harvested by cen-
trifugation at 100 ¢ for 2 min, the supernatant was removed, and pro-
toplasts were snap-frozen in liquid nitrogen and stored at —80 °C for
further studies.

RNA extraction and quality analysis

Total RNA was extracted from protoplasts using the QuickRNA™
Miniprep kit (Zymo Research, R1050) with an on-column DNase I
treatment. Total RNAs from Si—At interaction grown on ATS plates
and from Si mycellium grown in axenic culture were extracted using
Direct-zol RNA Miniprep (Zymo Research, R2051) with an on-
column DNase I treatment. RNA concentration was measured using
a NanoDrop ND-1000 Spectrophotometer (Thermo Fisher Scientific,
USA), and RNA purity was determined by assessing A,q/ 50 and Aq0/ 530
ratios. The quality of the RNNA extracted from transformed protoplasts
was further checked using the Agilent 2100 Bioanalyzer Nano Chip
(Agilent, Germany).

Stem-loop end-point PCR

Designed amiRNA and SisRNA sequences were used as templates to de-
sign specific stem—loop primers matching the corresponding sSRINA over
6 nt at the 3’ end. Hairpin primers and forward primers were designed
using the tool published in Adhikari et al. (2013) based on Varkonyi-
Gasic and Hellens (2011). Stem—loop PCR was performed as described
by Werner ef al. (2021), either in duplexed stem—loop (cDNA gener-
ated from two sRINA hairpin primers simultaneously in one reaction) or
multiplexed stem—loop (cDNA generated from multiple hairpin SRNA
primers simultaneously in one reaction). End-point PCR was used to
assess the expression of amiRNAs and SisRINAs. The PCR program was
optimized as follows: initial denaturation at 95 °C for 5 min; followed by
40 cycles of 95 °C for 30 s, 60 °C for 30 s, 72 °C for 30 s; with a final
extension at 72 °C for 5 min and a hold at 4 °C. PCR products were
separated and visualized in 2% TBE—agarose gels. Stem—loop PCR prim-
ers are listed in Supplementary Table S5.

Stem-loop RT-gPCR

For the SisRINA expression level analysis, cDINA was reverse transcribed
from RINA extracted from Af roots, either inoculated with Si or mock
treated (non-inoculated), using hairpin primers in multiplexed stem—loop
to target respective SisSRINAs, as well as two endogenous housekeeping
miRNAs, AmiR 159a and AmiR 166a.To assess SsRINA and amiRINA
accumulation in protoplasts, cDNA was reverse transcribed using RNA
extracted from transformed and control (non-transformed) protoplasts,
using hairpin primers in duplexed stem—loop to target the respective
amiRNAs or SisRNAs, with AmiR 159 serving as the endogenous
miRNA control. Amplification efficiencies were evaluated by generating
stem—loop cDNA using RNA extracted from Si axenic culture or from At
mock-treated roots (non-inoculated). A four-step, 10-fold dilution series
of cDNA (ranging from 15 ng pl™' to 15 pg pl™') was used. All SisRNA
amplifications showed efficiencies between 80% and 110% with an R?
value between 1 and 0.991, except for SisRINA154, with an efficiency of
122%. stem=loop RT—qPCR was performed with 5 ng of cDNA on the
QuantStudio 5 Real-Time PCR system (Applied Biosystems). A 2 pl al-
iquot of ROX (CRX reference dye, Promega, C5411) was added to 1 ml
of SybrGreen as a passive reference dye that allows fluorescent normaliza-
tion for gPCR data. The 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. Each sample had three technical repli-
cates. Specific forward and universal reverse stem—loop primers were used
for the amplification of amiRNAs or SisRINAs, and relative abundance

was calculated using the AACt method (Livak and Schmittgen, 2001),
normalized against the geometric mean (Vandesompele et al., 2002) of
AmiR159a and/or AmiR 166a.

PTGS detection by gPCR

The standard curve method was used to test the efficiency of the gPCR.
transcript primers using a serial dilution of an At cDNA library along with
three different primer concentrations (0.4,0.2,and 0.1 uM for each primer)
and 5 pl of SybrGreen (Sigma-Aldrich).The total volume of 10 pl and three
technical replicates are considered for each reaction. Prior to master mix
preparation, 2 ul of ROX (CRX reference dye, Promega, C5411) were
added to 1 ml of SybrGreen as a passive reference dye that allows fluores-
cent normalization for qPCR data. For cDNA synthesis, 500 ng of RNA
samples from both transformed and control At protoplasts were used. qPCR
was performed using the QuantStudio 5 real-time PCR system (Applied
Biosystems) as described before. Fold changes in expression were calculated
using the AACt method (Livak and Schmittgen, 2001), normalized against
the endogenous housekeeping gene Ubiquitin (UBC21, AT5G25760).
Standard errors were calculated for all mean values. All qPCR. primers are
listed in Supplementary Table S6.

5”-RLM-RACE
5-RLM-RACE was performed using the FirstChoice® RLM-RACE kit

(Thermo Fisher Scientific) following the manufacturer’s protocol and omit-
ting the dephosphorylation and decapping steps. A 1 pg aliquot of RNA iso-
lated from At transformed and control protoplasts was used as a template and
ligated to the 5-RACE adapter using T4 RNA ligase (10 U pl™') (Thermo
Fisher Scientific). The ligation reaction was used entirely to generate the
first cDNA strand. Two rounds of nested hot-start touch-down PCR were
performed using outer (first) and inner (second) 5-RLM-RACE universal
primers in combination consecutively with gene-specific outer and gene-
specific inner primers. PCR products were evaluated in a 1.5% agarose gel,
and bands of the expected size were excised. These products were cleaned
with the Wizard® SV Gel and PCR Clean-Up System (Promega) and cloned
with the pGEM™-T Vector Systems (Promega). For each band, six clones
were selected for sequencing by LGC Genomics (Berlin, Germany). The oli-
gonucleotides used are listed in Supplementary Table S7.

Arabidopsis root transcript analysis

Arabidopsis Col-0 plants were grown on ATS plates and inoculated
with Si chlamydospores as described above. At mock-treated roots
(non-inoculated) were treated with water containing 0.002% Tween-20.
Inoculated roots were harvested at 3 and 7 days post-inoculation (dpi),
ground using a tissue lyser, and RINA was extracted using Trizol and the
Zymo Quick-RINA™ Miniprep kit (Zymo research R2070), with a sub-
sequent in-column DNase digestion. cDNA was sythesized from 500 ng
of RNA using Revert Aid Reverse transcriptase. Gene transcription levels
were quantified by qPCR using SYBR Green JumpStart Taq ReadyMix
(Sigma Aldrich, 1003444642) with a QuantStudio5 Real-Time PCR
System (Applied Biosystems). A 2 ul aliquot of ROX (CRX reference
dye, Promega, C5411) was added to 1 ml of SybrGreen as a passive ref-
erence dye that allows fluorescent normalization for qPCR data. PCR
conditions were as previously described. Gene expression levels were
normalized to the geometric mean of two endogenous housekeeping
genes (Vandesompele ef al., 2002), Ubiquitin (UBC21, AT5G25760) and
Elongation Factor-1 alpha (EF1a, AT5G60390). Fold changes in expres-
sion were calculated using the AACt method (Livak and Schmittgen,
2001). Roots from two ATS plates were considered as one biological
replicate. The results of two biological replicates are included in the data
analysis. All gPCR primers are listed in Supplementary Table S6.
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T-vector cloning and sequencing

Stem—loop PCR and 5-RLM-RACE PCR amplification products
were purified using the Wizard™ SV Gel and PCR. Clean-Up System
(Promega). Cloning of the different PCR products was performed as
described in the pPGEM®-T Vector system according to the manufacturer’s
instructions (Promega). Sequencing was performed at LGC Genomics
and analysed using the Snapgene tool (GSL Biotech, available at snap-
gene.com). All PCR primers are presented in Supplementary Table S8.

AGO immunoprecipitation

AtAGOT1 co-immunoprecipitation (Co-IP) was performed following
Dunker ef al. (2021) with modifications. A 5 g aliquot of Si mycelium
or At roots, inoculated or not with Si, was ground to a fine powder
using a pre-cooled mortar and pestle. To each sample, 20 ml of immu-
noprecipitation extraction buffer was added, then centrifuged at 3200
¢ for 15 min at 4 °C to remove root debris. The supernatants were fil-
tered through double-layered Miracloth and 200 pl of crude extract (CE,
supernatant before antibodies) was collected for western blot analysis.
To the remaining supernatant, 5 pl of anti-AGOT1 polyclonal antibody
(Agrisera, catalogue no. AS09527), and 200 pl of protein A agarose beads
(Roche, Ref: 11719408001) were added, and the mixture was incubated
for 2 h at 4 °C on a rotation wheel. After centrifugation at 200 g for 30 s,
200 pl of the supernatant (SN, after antibodies) was collected for further
western blot analysis. The remaining supernatants were discarded, and the
pelleted beads were washed three times with ice-cold IP wash buffer. The
washed beads were resuspended in 1 ml of wash bufter, with 30% used for

western blot analysis (IP fraction) and 70% for sSRNA recovery.

sRNA recovery from the IP fraction

IP fractions were pelleted and resuspended in 300 pl of IP wash buffer
with 150 pl of RNA release buffer. Samples were incubated for 15 min
at 300 rpm at 65 °C. A 450 pl aliquot of water-saturated phenol was
added, and samples were vortexed for 2 min then centrifuged at 10 000
¢ at room temperature for 8 min. The upper aqueous phase containing
the SRNAs was transferred into a low binding RNA tube. Then 450 pl of
chloroform/isoamyl alcohol (24:1) (Carl Roth, Germany) was added to
the RNA samples. The step was repeated twice. For RNA precipitation,
0.1% volume of 3 M sodium acetate, 2.5X volume of 96% ethanol, and
20 pug of RNA grade glycogen (Thermo Fisher Scientific, R0551) were
added to the RINA samples and left overnight at =20 °C. Samples were
pelleted at 20 000 ¢ for 30 min at 4 °C and washed with 500 pl of 80%
ethanol. RNA was pelleted at 20 000 ¢ for 20 min at 4 °C, ethanol was
removed, and pellets were air-dried until ethanol was completely evapo-
rated. The RNA pellets were resuspended in 8 pl of diethylpyrocarbonate
(DEPC)-treated water and stored at =80 °C.

Western blot analysis

Western blot analysis was performed using a 5.5% stacking gel and a 12%
resolving gel. For each sample, 20 pl of total protein, crude extract be-
fore antibodies (CE), supernatant after pelleting agarose beads (SN), and
AtAGOT1 Co-IP fraction (IP) were loaded after boiling at 95 °C for 5
min. Proteins were transferred to a polyvinylidene fluoride (PVDF) blot-
ting membrane (Carl Roth, Germany). The membrane was blocked with
5% (w/v) milk powder (Carl Roth, Germany) in phosphate-buffered
saline with Tween-20 (PBS-T) for 1 h at room temperature, then probed
overnight at 4 °C on a shaker with anti-AGO1 primary antibody (1:4000
dilution) (Agrisera, AS09 527). After washing, the membrane was incu-
bated for 2 h at room temperature with mouse anti-rabbit horseradish
peroxidase (HRP)-conjugated (Santa Cruz-2357) secondary antibody.
For the membrane development, chemiluminescent substrates were

applied according to the manufacturer’s recommendation, and images
were captured using the Bio-rad ChemiDoc MP imaging system.

Statistical analysis

For qPCR gene expression data in Si—Af interaction and in transformed
protoplasts, measurements were compared with Af non-inoculated roots
and non-transformed protoplasts, respectively. Expression values were
analysed using the AACt method (Livak and Schmittgen, 2001), normal-
ized against UBC21 and/or EF1a as housekeeping genes, and visual-
ized as a fold change of the expression level. For stem—loop qPCR for
the SisSRINA expression level in Si—At interaction, and for SisRINA and
amiRNA accumulation in transformed protoplasts, ArmiR159a and/
or AmiR166a were used as endogenous housekeeping miRNAs and
expressed as log, fold change of the expression level. Significance was
assessed either by a two-sided unpaired Student’s -test or by a two-sided
Welch’s t-test (0=0.05, *P<0.05, **P<().01, ***P<(.001).

Results

We developed a pipeline for the validation of sSRINA-mediated
gene silencing activities in the mutualistic interaction of Si and
At, comprising (1) prediction of Arabidopsis target genes for
fungal sSRNAs (SisRNAs, using psRNATarget), (i) detection
of SisSRINA expression in axenic culture and Si-colonized At
roots (Si—At interaction), (ii1) validation of gene silencing ac-
tivity of SisRNAs in Af protoplasts, and (iv) detection of the
association of SisRINAs with the AtAGO1 protein (Fig. 1).

Effector-like SisRNA candidates are present in axenic
cultures of Serendipita indica

From the dataset of 412 putative SisRNAs identified by
sRNA sequencing in our previous study in the Si—Bd sym-
biosis (Seié et al., 2021), we selected a set of 14 potential
SisRINA effector candidates of 21 nt on the basis that they
(1) showed a higher expression level in colonized Bd roots, (ii)
covered all four 5'-terminal nucleotides, and (iii) had inter-
esting Arabidopsis predicted targets involved in cell wall orga-
nization, regulation of hormone signalling, immunity, and gene
regulation. Using multiplexed (cDNA generated from mul-
tiple hairpin sSRNA primers simultaneously in one reaction)
stem—loop PCR followed by gel electrophoresis, we detected
all 14 SisSRNAs in 4-week-old axenic Si cultures (Fig. 2).
Next, we cloned a random subset of six out of 14 SisSRINAs
(SisRINA21, SisRNA23, SisRNA24, SisRNA28, SisRNA154,
and SisRINA296) and subjected them to Sanger sequencing,
which further confirmed the expected SisRNA sequences.

Effector-like SisSRNA candidates are detected in
colonized A. thaliana roots

Next, we analysed the presence of the 14 SisRNAs identified
in axenic culture in Si-colonized At roots. Roots of 14-day-old
seedlings were inoculated with chlamydospores and harvested
at 3, 7, and 14 dpi. Root colonization was confirmed after 7
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SisRNA and At predicted target

Si axenic & Si-At
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amiRNA & SisRNA cloning into
pUC18-AtMIR390a-RFP vector

Protoplast
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Stem-loop End-

Point PCR

Transient expression system
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Stem-loop End-Point
PCR of AtAGO1
bound sRNA

Potential loading of
SisRNA onto AtAGO1

amiRNA-mediated
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Fig. 1. Schematic flowchart showing the methods and outputs in this study. The blue colour indicates the different input material, and purple indicates
the wet-lab steps. Green represents the validated outputs of the study. For details see also the Materials and methods. amiRNAs, artificial miRNA; At,
Arabidopsis thaliana; PTGS, post-transcriptional gene silencing; Si, Serendipita indica; sSRNA-IP, small RNA immunoprecipitation.

Si Axenic culture

Fig. 2. Gel electrophoresis of stem-loop PCR products of potential
SisRNA effector candidates in Serendipita indica. Multiplexed stem-loop
PCR confirmed the presence of SisRNAs in a 4-week-old Si axenic culture.
A PCR product of the expected size of 62 bp (sum of the 21 bp of the
sRNA sequence, loop region, plus the forward primer and the reverse
primer length) is visualized in a 2% agarose gel. The plant AtmiR159a

of 21 nt served as a negative control. A shorter and weaker band of
SisRNA296 was detected possibly due to a lower abundance of the sSRNA
in the sample. A weak and unspecific amplification was detected for the
AtmiR159a due to the multiplexing of hairpin primers or a possible partial
complementarity of the hairpin primer to a non-target sequence.

dpi by confocal laser scanning microscopy using the chitin-
specific dye wheat germ agglutinin linked to Alexa Fluor 488
(WGA—-AF-488) (Fig. 3A) and by PCR using internal tran-
scribed spacer (Si-ITS) primers and Si-specific Ubiquitin (Si-Ubi)
primers (Supplementary Fig. S4). Multiplexed stem—loop PCR
of total RNA extracted from Si-colonized At roots at different

time points detected 13 of 14 SisRINAs (Fig. 3B). Bands for
SisRNA21 and SisRNA24 did not consistently show up at all
three time points, probably because of the limitations associ-
ated with multiplexing the hairpin ¢cDNA primers (Kramer,
2011;Varkonyi-Gasic and Hellens, 2011; Colombo ef al.,2013).
Consistent with this notion, the expression of SisRNA21 and
SisRINA24 was detected at 7 dpi using stem—loop PCR with
less multiplexing (using four hairpin ¢DNA primers instead
of 10 simultaneously in one reaction) (Supplementary Fig.
S5). A random subset of the detected SisRNAs (SisRNA21,
SisRNA24, SisRNA28, and SisRNA154) were cloned and
submitted for Sanger sequencing, confirming the expected
SisRINA sequences in Si-colonized At roots.

To assess the abundance and expression of SisSRNAs
during the interaction with At roots, we selected SisRNA21,
SisRINA24, SisRNA28, and SisRNA154, which were con-
firmed to be expressed in axenic culture and during Si—At in-
teraction. Using stem—loop RT—qPCR, we detected all four
SisRINAs in inoculated At roots, while they could not be found
in non-inoculated roots, indicating high abundance (Fig. 3C).
These findings are consistent with the previous identification
of these SisSRNAs in the Si—Bd interaction (Secié ef al., 2021)
(Supplementary Table S1).

amiBNAs mediate PTGS in transformed Arabidopsis
protoplasts

To validate sRNA-mRNA interactions, we developed a
protoplast-based sSRNA expression system. Arabidopsis proto-
plasts are a reproducible and cost-effective model system to
validate the expression and the potential silencing activity of
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Fig. 3. Detection of putative effector-like SisRNAs in Arabidopsis roots colonized by Serendipita indica. (A) Root colonization pattern at 7 days post-
inoculation (dpi). Fluorescence microscopy (hexc494 nm, kem515) shows green chitin-specific WGA-AF488 staining of hyphal walls in the root maturation
zone. (B) Detection of SisRNAs in roots at 3, 7, and 14 dpi using multiplexed stem-loop PCR. Agarose gel analysis of SisRNAs of the expected size of
62 bp. Plant AtmiR159a was used as a positive control for a plant-expressed sRNA. A shorter band of the SisRNA25 was detected at 3 dpi, probably
due to a lower abundance of the sRNA in the samples at that time point. (C) Relative expression of four SisRNAs in Arabidopsis roots inoculated with Si
at 7 dpi. The relative amounts of SisRNA21, SisRNA24, SisRNA28, and SisRNA154 during interaction with At were normalized to AtmiR159a and
AtmiR166a. Values represent the mean +SE of two independent biological replicates. Asterisks indicate significant differences at *P<0.05, **P<0.01, and
**P<0.001 based on Student’s t-test. ns=not significant.

SisRINA on predicted At target genes. To confirm the relia-  transcript based on high sequence complementarity to the
bility of the system, we first used amiRNAs. amiRNAs are  target mRINA with a target prediction score of 0 (also called
designed following the PSAMS software (Fahlgren et al., expectation value, with an expectation value of 0 being the
2016). The software identifies 21 nt sequences from the input highest level of sequence complementarity and 5 being the
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lowest), filters out off-targets using TargetFinder, and then
designs the guide amiRINA following certain rules such as
having a 5-U nucleotide, a C at position 19, and a mismatch
or a bulge at position 21. The use of amiRNAs allowed the
amiRNA-mRNA binding to be manipulated, as they are ar-
tificially designed to have almost complete complementarity
with the mRNA target gene, unlike naturally occurring
SisRNAs, which have varying degrees of mismatch with their
predicted target genes. To this end, we designed four amiR NAs
of 21 nt, namely amir21, amir24, amir154, and amir296, that
almost fully match the predicted target genes AT5G25350,
AT2G39020, AT4G32160, and AT2G45240, respectively,
and exhibit a U at their 5 end. Target genes were chosen
based on their functions with AT5G25350 (EIN3-BINDING
F BOX PROTEIN 2), a negative regulator of the ethylene-
activated signalling pathway, AT2G39020 (GCN5-RELATED
N-ACETYLTRANSFERASE 8) potentially involved in devel-
opment and stress response pathways, AT4G32160 [Phox (PX)
DOMAIN-CONTAINING PROTEIN ERELI1]| predicted
to be involved in membrane trafficking, and AT2G45240
(METHIONINE AMINOPEPTIDASE 1A) involved in post-
translational modification of proteins.

Information on the amiR NAs is summarized in Supplementary
Table S2, including their 5'~terminal nucleotides, their predicted
At target genes, their target aligned fragment, and their target pre-
diction expectation values, indicating the degree of mismatches
between the amiRNAs and the At target sequence. Alignment
of the designed amiRNAs to their predicted target fragment is
illustrated in Supplementary Fig. S3A and B. Subsequently, the
four amiRINAs were cloned into the pUC18-AtMIR390a-B/
¢-REFP vector and transformed into At protoplasts, reaching a
transformation efficiency of 65-90% (calculated as the ratio be-
tween the red fluorescing protoplasts and the total number of
viable protoplasts; Supplementary Fig. S6). The four amiRINAs
were successfully expressed in protoplasts as detected by duplexed
stem—loop PCR (Fig. 4A). Amplification products were cloned
into the pGEM-T® cloning vector, and sequencing confirmed
amiR NAs sequences.

Next, we quantified amiRNA accumulation in protoplasts
using stem—loop RT—qPCR. All four amiRNAs were success-
fully detected in transformed protoplasts, while they could not
be found in non-transformed protoplasts, indicating a high ac-
cumulation (Fig. 4B).

Target gene down-regulation in protoplasts was fur-
ther assessed by qPCR 24 hours post-transformation (hptr),
revealing reductions of 68% for AT5G25350, 43% for
AT2G39020,50% for AT4G32160, and 65% for AT2G45240
(Fig. 5).

5’-RLM-RACE reveals canonical cleavage in
protoplasts transformed with amiRNA

We selected amir296 and its predicted target gene AT2G45240
to investigate the canonical PTGS cleavage site by

5-RLM-RACE (Llave et al.,2002; Ueno et al., 2022). Samples
were obtained from transformed protoplasts at 24 hptr, from
control protoplasts (without amiRNA construct), and from
non-treated protoplasts. A distinct band of ~383 bp was ampli-
fied from protoplasts expressing amir296, consistent with the
expected size of the canonical cleavage product predicted to be
targeted by amir296. Unexpectedly, weaker DNA fragments of
a similar size were detected in both control and non-treated
protoplasts (Fig. 6A). Cloning and subsequent sequencing of
the amplicons confirmed that all sequences aligned with the
AT2G45240 sequence, and 50% of the obtained sequences
from protoplasts transformed with pUC18-AtMIR 390a-R FP-
amir296 (three of six clones) exhibited the canonical cleavage
site between nucleotides 10 and 11 of amir296. In contrast,
PCR products from control and non-treated protoplasts con-
tained an AT2G45240 fragment, but did not correspond to
a canonical cleavage site, suggesting a possible cleavage by an
endogenous miRNA near the amir296-binding site or RNA
degradation (Fig. 6B).

Effector-like SisSRNA candidates mediate PTGS in
transformed Arabidopsis protoplasts

Next, we transiently transformed protoplasts with SisRNAs to
demonstrate their gene silencing activity. At protoplasts were
transformed with the pUC18-AMIR390a-RFP expression
construct containing SisSRNA21, SisRINA24, SisRNA28, and
SisRNA154, respectively (confirmed in axenic culture and Si—
At interaction). Duplexed stem—loop PCR confirmed the ex-
pression and amplification of the four SisRNAs (Fig. 7). The
amplification products were cloned into the pPGEM-T™ clon-
ing vector, and sequencing confirmed their identity. Validation
of SisRNA accumulation was performed using stem—loop
RT—-qPCR for SisRNA28 and SisRNA154 to further con-
firm the success of the protoplast transformation system
(Supplementary Fig. S7).

Next, we investigated the ability of the expressed SisRNAs
to induce PTGS of predicted target genes in protoplasts.
From 199 Arabidopsis target genes of SisRNA21, SisRNA24,
SisRNA28, and SisRNAT154 predicted using psRNATarget
(Supplementary Dataset S1), we selected 13 genes for fur-
ther analysis, prioritizing those with intriguing descriptions
and with a potential involvement in mutualistic interaction
and plant immunity. SisRINA24 was predicted to target five
At genes: AT1G57590 (PECTIN ACETYLESTERASE
2), involved in cell wall organization, AT1G63180 (UDP-
p-GALACTOSE 4-EPIMERASE 3), involved in pollen
development, AT1G65090 (SEED LIPID DROPLET
PROTEINT), involved in lipid droplet—plasma mem-
brane tethering, AT4G15765 |FAD/NAD(P)-BINDING
OXIDOREDUCTASE FAMILY PROTEIN], involved
in jasmonic acid-mediated signalling, and AT5G16680
(Protein PARALOG OF AIPP2, PAIPP2, PHD?2), involved
in regulation of gene expression (Supplementary Dataset S1;
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Fig. 4. Expression and accumulation of amiRNAs in transformed Arabidopsis protoplasts. (A) Agarose gel analysis confirming expression of all four
amiRNAs (amir21, amir24, amir1564, and amir296) in transformed protoplasts 24 hours post-transformation (hptr), but not in control protoplasts, using
duplexed stem-loop PCR. No amplification or only weak bands of primer dimers were seen in the control protoplast (without construct) samples,
probably due to the high number of cycles in the stem-loop PCR. Plant AtmiR159a of 21 nt was used as a positive control. (B) Relative accumulation of
the four amiRNAs in transformed Arabidopsis protoplasts at 24 hptr. The relative amounts of amir21, amir24, amir154, and amir296 were normalized to
AtmiR159a. Values represent the mean +SE of three technical replicates from one biological replicate.

Supplementary Table S3). Expression of SisRINA24, which
carries a U at the 5'-terminus, and thus a preference for AGO1
(Mi et al., 2008; Montgomery et al., 2008; Takeda ef al., 2008),
significantly reduced the mRNA abundance of AT1G63180,
AT1G65090, AT4G15765, and AT5G16680 in protoplasts 24
hptr by 63, 56, 45, and 73%, respectively (Fig. 8A). Similarly,
SisRINA154, also with 5"-U, is predicted to target AT2G47600
(MAGNESIUM/PROTON EXCHANGER) involved in
magnesium, iron, and zinc ion transport, and AT4G32160
[Phox (PX) DOMAIN-CONTAINING PROTEIN ERELI],
involved in signal transduction. Expression of SisRINA154 sig-
nificantly down-regulated the accumulation of AT2G47600
mRNA by 37%, but not of AT4G32160 (Fig. 8B). SisRNA28
has a 5-A, therefore a loading preference for AGO2 and
AGO4 (Mi et al., 2008; Montgomery ef al., 2008; Takeda et al.,
2008). Expression of SisRINA28 in protoplasts did not re-
sult in down-regulation of any of the three predicted target
genes, namely AT1G05180 (AUXIN RESISTANT 1), in-
volved in auxin-activated signalling pathway and response
to cytokinin, AT5G55930 (ARABIDOPSIS THALIANA
OLIGOPEPTIDE TRANSPORTER 1), an oligopeptide
transporter, and AT3G06670 (PLATINUM SENSITIVE
2 LIKE) with a regulatory function in non-coding RNA
processing (Fig. 8C). Finally, expression of SisRINA21 with
5-C and thus a preference for AGO5 (Mi et al., 2008;

Montgomery et al.,2008; Takeda et al., 2008) resulted in down-
regulation of predicted target transcripts AT5G25350 (EIN3-
BINDING F BOX PROTEIN 2), a negative regulator of the
ethylene-activated signalling pathway, and of AT5G37600
(ARABIDOPSIS GLUTAMINE SYNTHASE 1), involved in
nitrate assimilation, by 51% and 16%, respectively (Fig. 8D).

5’-RLM-RACE reveals non-canonical cleavage of
Arabidopsis target genes in protoplasts expressing
SisRNAs with preference for AGO1

We selected SisSRNA24 to study the cleavage pattern of
the down-regulated target transcripts AT1G65090 and
AT4G15765 using 5'-RLM-RACE. For the predicted target
gene AT1G65090, no band corresponding to an expected
canonical cleavage product was detected. For the target gene
AT4G15765, we detected a single band of 300 bp in proto-
plasts expressing SisRINA24, which was shorter than the ex-
pected size (443 bp), while double bands were observed for the
control protoplasts (Supplementary Fig. S8A). PCR amplicons
from both transformed and control protoplasts were cloned
into the pPGEM-T® cloning vector and sequenced. Sequence
analysis confirmed the alignment of the 300 bp RLM-RACE
product with AT4G15765. However, it did not confirm the
57 end position, between nucleotides 10 and 11, predicted for
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Fig. 5. gPCR analysis of target gene silencing in Arabidopsis protoplasts 24 hptr with amiRNAs. The mRNA transcript levels of the target genes (A)
AT5G25350, (B) AT2G39020, (C) AT4G32160, and (D) AT2G45240 in transformed protoplasts (+) expressing amir21, amir24, amir154, or amir296 were
normalized against the housekeeping gene Ubiquitin (UBC21, AT6G25760) and displayed as fold change relative to control protoplasts (without amiRNA
construct). Data are the average of 2-3 biological replicates +SD. Asterisks indicate a difference at *P<0.05, **P<0.01, and ***P<0.001 according to
Student’s t-test. ns=not significant.

SisRNA24-guided canonical cleavage (Supplementary Fig. mediating predicted At gene silencing, as many previous studies
S8B). The absence of cleavage and/or a canonical cleavage have highlighted the challenge of identifying SRNA cleavage
product does not exclude the potential of SisRNA24 in sites in plants (Brousse ef al., 2014; Werner et al., 2021).
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the second nested 5-RLM-RACE-PCR visualized in an ethidium bromide—agarose gel. RNA was extracted from protoplasts transformed with amir296 (T)
and from corresponding control protoplasts (C) and untreated protoplasts (NP). (B) Mapping of AT2G45240 target cleavage products by 5’-RLM-RACE.
The predicted base pairing between amir296 and AT2G45240 is shown in green. The red arrow indicates the detected canonical cleavage site, and the
blue arrows indicate non-canonical cleavage occurring probably due to RNA degradation or a non-identified At miRNA action nearby. The proportion of
cloned 5-RLM-RACE products at the different cleavage sites is shown in parentheses. For protoplasts transformed with amir296, three colonies have
the 5 end at the expected position, opposite to nucleotides 10-11 of amir296, which is not the case for control and untreated protoplasts. A mismatch
expectation value (also called target predicted score) of O indicates an almost full complementarity between amir296 and the target gene AT2G45240
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Fig. 7. Duplexed stem-loop PCR confirming expression of SisRNAs in
Arabidopsis protoplasts. Agarose gel analysis of stem-loop PCR detected
expression of all four SisRNAs in transformed protoplasts at 24 hptr, but
not in control protoplasts (without SisRNA construct). No amplification or
weak bands of primer dimers were seen in the control protoplasts (without
construct) samples, probably due to the high number of cycles in the
stem—-loop PCR. Plant AtmiR159a of 21 nt was used as a positive control.

Si—At interaction induces changes in predicted
Arabidopsis target genes

To assess how the symbiotic interaction modulates gene expres-
sion in At roots, we examined the expression levels of the 15
predicted At target genes analysed for silencing in protoplasts
transformed with amiRNAs and SisRNAs. We performed RT—
qPCR on inoculated and mock-treated (non-inoculated) At
roots at 3 and 7 dpi, and found dynamic, time-dependent changes
in gene expression, with distinct expression patterns observed at 3
and 7 dpi. A general trend of down-regulation was observed at 7
dpi for the majority of the target genes analysed.The differential
expression patterns in the Si—Af interaction are shown in Fig. 9.

Effector-like SisRNA candidates are loaded onto
Arabidopsis AGO1

To further substantiate the hypothesis that SisRINAs are loaded
into the At RISC during the Si—At interaction, we conducted

AtAGO1-sRNA Co-IP using samples of Si-colonized roots,
followed by stem—loop PCR analysis (Carbonell, 2017b;
Dunker et al., 2021). To exclude the possibility that the Ar-
specific anti-AGO1 antibody would cross-react with fungal
AGOs, we first performed an AtAGO1-sRNA Co-IP fol-
lowed by western blot analysis using a 4-week-old axenic
culture. No binding of the AtAGO1-specific antibody was
detected in the crude extract either in the supernatant or
in the IP fraction in comparison with the total loaded pro-
teins from Si axenic culture, confirming the specificity of the
plant anti-AGO1 antibody (Supplementary Fig. S9A). In line
with this, no SisRNAs could be detected by stem—loop PCR.
using SisRNA-specific stem—loop primers (Supplementary
Fig. S9B). Similarly, western blot analysis of AtAGOT1-IP of
samples from Si-colonized At roots and Ar mock-treated
roots was performed. AGO1 accumulation was observed in
crude extracts and IP fractions, with a stronger signal in the
I[P fraction than in the supernatant from the Si—Af sample
(Fig. 10A, B).

Next, we recovered the AtAGO1-bound sRNA from
the Co-IP sample of Si-colonized roots (Si—Af). Stem—loop
PCR was performed and detected the AtAGO1-bound
AmmiR 1592 and a band of the expected size for SisSRINA21,
SisRINA23, SisRINA24, and SisRNA28 (Fig. 11), whereas
AmiR393a*, which is known to preferably bind AtAGO2
(Mi et al.,2008), was undetectable. Stem—loop PCR products
from the Si—At Co-IP fraction were cloned and sequenced.
The sequencing results confirmed the presence of plant
AmiR159a as well as SisRNA24 and SisRNA28, with the
exact same sequences detected from axenic culture and Si-
colonized At roots, confirming the success of the pull-down.
In addition, two SisRNAs with almost identical sequences to
SisRNA21 and SisRNA23 were also co-immunoprecipitated
(Supplementary Table S9). Such mismatches may be caused
by the processing steps of the SRINAs until the loading into
the AGO1, which may result in sequence variations com-
pared with the total RNAseq performed in our previous
work (Se&ié et al., 2021). Nevertheless, these results show
that detected SisRNAs are bound to AtAGO1, supporting
the notion that SisSRNAs are transferred into At root cells
during root colonization and loaded into the plant RNAi
machinery.

A systematic overview of the investigated SisRNAs and
their experimental results is provided in Supplementary Table
S10. In conclusion, this study provides a blueprint for rapid
selection and analysis of sSRNA effectors and further supports
the model of cross-kingdom communication in Sebacinalean
symbiosis.

Discussion

In this work, we developed an experimental pipeline (Fig. 1) for
the analysis of putative fungal SRINA effectors and investigated
their role in host target gene silencing. We have previously re-
ported the identification and analysis of fungal SisSRNAs
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Fig. 8. gPCR analysis of target gene silencing in Arabidopsis protoplasts 24 hptr with SisRNAs versus control protoplasts (without SisRNA construct).
The mRNA transcript levels of target genes in transformed protoplasts (+) expressing (A) SisRNA24, (B) SisRNA154, (C) SisRNA28, and (D) SisRNA21
normalized against the housekeeping gene Ubiquitin (UBC21, AT6G25760) are displayed as fold change relative to control protoplasts (without SisRNA
construct). Data are the average of 2-3 biological replicates +SD. Asterisks indicate a difference at *P<0.05, **P<0.01, and ***P<0.001 according to

Student’s t-test. ns=not significant.

induced in the interaction of the beneficial root endophyte
S. indica with B. distachyon (Se&é et al., 2021). To bridge the
gap between the large amount of bioinformatic data available
from this previous study and the functional validation of the
SisRNAs, we established a rapid and reproducible roadmap
for the validation of SisRNAs using an Arabidopsis protoplast
system. First, we validated the effectiveness of our pipeline by
expressing amiRNAs and SisSRNA in protoplasts and con-
firmed their accumulation and their potential to induce PTGS
of predicted At target genes. Moreover, we confirmed the ac-
cumulation of the selected SisRNAs in Si-colonized roots,
where fungal colonization induced transcriptional changes in
some of the investigated At genes. Second, using IP pull-down
assay, we showed that SisRINAs are loaded into the plant RINAi
machinery, suggesting the translocation of SisSRNAs into host
cells. Following that, we detected SisRNA24 and SisRINA28
bound to AtAGO1, supporting the ckRNAi hypothesis.

To test the functionality of the selected SisSRNAs in the
Sebacinoid symbiosis, we generated a construct to express
sRINAs in At protoplasts based on the pUC18 backbone vector
and the AMIR390a distal stem—loop, which can generate 21
nt amiRNAs or SisRNAs. The AtMIR390a precursor belongs
to the MIR390 family, which is highly conserved and pre-
cisely produced and processed in several plant species (Axtell
et al., 2006; Cuperus et al., 2011). Carbonell et al. (2014) tested
the functionality of the AtMIR390a-based amiRNA vector
in repressing target gene accumulation in A¢ plants. Using the
plant vector pMDC32B-AMIR390a-B/c enables the directed
cloning of amiRNAs and their stable expression in dicotyle-
donous plants. Although MIR390 associates preferably with
AGQ7, the association of AMIR390a-derived amiRINAs that
have a 5°-U can be directed to AGO1 (Montgomery et al., 2008;
Cuperus et al., 2010; Carbonell et al., 2014; Carbonell, 2017b).
Conventionally, sSRNA-AGO1-mediated cleavage results in a
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Fig. 9. Expression analysis of predicted Arabidopsis target genes under
Serendipita indica colonization. The heat map shows transcript abundance
as fold change of At genes assessed at 3 and 7 days post-inoculation
(dpi) of root colonization. Colour intensity within each cell corresponds to
the change in gene expression relative to non-inoculated samples, with
red indicating up-regulation and blue indicating down-regulation. Data
represent the mean of two independent biological replicates. Asterisks
indicate significant differences at *P<0.05, **P<0.01, and ***P<0.001
based on Student'’s t-test.

canonical cut between nucleotides 10 and 11 of the SRNA at
the corresponding mRNA site. This cleavage is a confirmation
of SRNA loading into AGO1, formation of the RISC, and the
processing of the mRNA transcript (Addo-Quaye et al., 2009;
Huntzinger and Izaurralde, 2011). In our approach, we com-
bined the advantages of plant expression vectors and the pro-
toplast transient expression system, both considered valuable
tools, to study gene silencing and the molecular mechanisms of
RNAI in plants (Tyurin et al., 2020). At protoplasts offer some
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Fig. 10. Quality control of AGO1 co-immunoprecipitation by western

blot analysis. Four sample fractions of the AGO1 Co-IP experiment were
analysed: total protein before centrifugation and debris removal; crude
extract (CE) after centrifugation and debris removal; supernatant (SN)

after incubation with anti-AtAGO1 and agarose beads; and IP fraction
(resuspended IP pellet). The four fractions were analysed in Si-colonized
roots (A) and mock-treated At roots (B). Both panels show the detection of
AtAGO1 using anti-AtAGO1-specific antibody at the expected size of ~130
kDa. Of note, AGO1 signals were stronger in IP fractions than in SN. The
broad-range pre-stained protein marker was used as a protein size marker.

kDa

~130

Si-At

N ) ) S o ‘b%
RN Z AR 2B S«
é?“ e?‘ V\Y* é?‘ g'_\ &
£ §F & & & &
¥ & F T TP

Fig. 11. SisRNAs co-immunopurified with AtAGO1 in samples from Si-
colonized Arabidopsis roots. Stem-loop PCR confirms the presence of
SisRNA21, SisBNA23, SisBNA24, and SisRNA28, as well as AGO1-bound
AtmiR159a, but not AGO2-bound AtmiR393a* in AGO1 Co-IP samples
from Si-colonized At roots harvested at 7 days post-inoculation.

significant advantages for studying and validating sSRNA func-
tionalities. As At is a well-characterized model organism with
a well-characterized RNAi machinery, At protoplasts enable
detailed mechanistic studies of SRINA processing and AGO
loading. Moreover, using At protoplasts allows the study of the
SisRNA-At predicted target interaction within a native bio-
logical and a genetically compatible context as compared with
alternative—often used—transient transformation systems such
as, for example, Nicotiana benthamiana protoplasts, which would
require heterologous expression of both SisRINAs and their pre-
dicted targets, thus complicating experiments and introducing
new variabilities. While the most appropriate transformation
system would be the use of At root protoplasts, their isolation
is challenging due to the complexity of root cell walls, resulting
in low cell yield and viability (Pasternak et al., 2021). Moreover,
root protoplasting results in a mixture of protoplasts derived
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from different cell types, while Si only colonizes rhizodermis
and cortex cells (Jacobs et al., 2011). Overall the At protoplast
system offers better regulatory control and biological relevance,
particularly for exploring root symbiosis, as demonstrated in pre-
vious studies involving S. indica (Osborne et al., 2023).

To confirm the robustness of the protoplast transformation
system, we first used amiRINAs with an almost perfect match to
a predicted plant target gene. When expressed in At protoplasts,
all four amiRNAs, namely amir21, amir24, amir154, and amir296
(Supplementary Table S2), induced a significant reduction in
abundance of their corresponding target genes (Fig. 5), confirm-
ing their silencing activity in the protoplast system. amiRNAs
used in our pipeline are algorithmically designed to exhibit a 5°-U,
thereby enabling their loading into the AGO1 protein (Carbonell,
2017¢). Consequently, they can enter the RISC and induce a
down-regulation of the target gene. Accordingly, amir296, which
mediated a 65% reduction of its predicted target AT2G45240
(METHIONINE AMINOPEPTIDASE 1A, MAP1A), can direct
a canonical cleavage, as detected by 5'-RLM-R ACE between po-
sition 10 and 11 of amir296, confirming an AtAGO1-mediated
slicing of AT2G45240 mRNA (Fig. 6).

We also confirmed by stem—loop PCR the expression and
accumulation of the putative SisRNA24 effector, exhibiting
a 5-U. Four of five predicted targets of SisSRNA24 showed
a significantly reduced abundance in the transformed proto-
plasts (Fig. 8A). Moreover, SisRINA154, which also has a 5-U,
directed down-regulation of AT2G47600, one of the two At
predicted target genes (Fig. 8B).

An important factor to consider when studying PTGS
mediated by putative sSRNA effectors is the degree of mis-
match. Expressed as ‘Expectation value” or “Target predicted
score’, it reports on the mismatch score between the predicted
target mRNA and the SRNA. Previous studies have demon-
strated that the number and position of mismatches between
the sSRNA and the corresponding target mRINA can signif-
icantly impact their binding affinity, eventually weakening
the interaction and resulting in either non-significant or no
down-regulation (Rhoades et al., 2002; Ossowski et al., 2008;
Carbonell et al., 2015). Studies have shown that mismatches
within the SRNA seed region spanning nucleotides 2-12/13
are possible, but they may reduce the SRNA activity, whereas
mismatches at position 1 or between nucleotides 14 and 21
are more tolerable (Mallory et al., 2004; Carbonell, 2017a).
Moreover, mismatches can also lead to a different mode of
sRINA action. A mismatch can trigger a deadenylation pathway
or a translational repression pathway instead of an mRNA deg-
radation pathway, leading to a decrease in protein synthesis in-
stead of mRINA degradation (Baulcombe, 2004; Carthew and
Sontheimer, 2009). We hypothesize that a high abundance level
of a target mRINA may lead to less detectable down-regulation,
as its accessibility for the sSRINA may have an impact on the
silencing process and the detection of a canonical cleavage. It is
also conceivable that the presence of other endogenous miR -
NAs, which may bind near or at the same mR NA-binding site,

might disrupt SRNA-mRNA binding, modulate the regula-
tory outcome, and affect the gene expression pattern.

Further analysis of the molecular cleavage pattern of
SisRNA24 by 5-RLM-RACE identified non-canonical cut
sites in the target gene AT4G15765. This finding may be
explained by the low abundance of the cleaved product, falling
below the detection threshold of the RLM-RACE method.
This low abundance would make the detection of a precise
canonical cleavage challenging. Alternatively, it might also
be possible that the cleavage site within the target mRINA is
located at a different position. Hence, non-canonical cleavage
sites of SRINA may be further investigated as several studies
speculate that PTGS can still be induced through sRNA or
phasiRNA directing non-canonical cleavage (Brousse et al.,
2014; Ivanova et al., 2022). High-throughput sequencing of
samples from the Si—Af interaction, including transcriptional
analysis and degradome sequencing, is needed to better under-
stand SisSRINA-mediated target cleavage.

In our study, the Arabidopsis target AT5G25350 is predicted
to be targeted by both amir21 and SisSRNA21. When expressing
amir21 (with 5-U and an expectation value of 0), the mRNA
abundance of AT5G25350 declined to 68% (Fig. 5A). However,
when expressing SisRINA21 (with a 5°-C and an expectation
value of 5), we observed down-regulation of 51% of the same
target gene (Fig. 8D). Another example is the predicted gene
AT4G32160 targeted by amirl54 and SisRNA154, both with
a 5-U. The mRINA abundance of AT4G32160 in protoplasts
expressing amir154 (with an expectation value of 0) resulted
in a reduction of 50% (Fig. 5C), but protoplasts expressing
SisRNA154 (with an expectation value of 4.5) did not show
a reduction of AT4G32160 transcript (Fig. 8B; overview in
Supplementary Fig. S10). These results raise the possibility that
amiRNAs are more prone to mediate target gene silencing, but
further studies with additional amiR NAs and putative sSRINAs
are required to confirm these observations.

Analysis of host gene expression in response to Si coloniza-
tion, together with PTGS induced by SisRNAs in protoplasts,
revealed significant patterns. AT1G57590 encodes a pectin
acetyl esterase (PAE2) that modifies pectin in plant cell walls,
affecting their rigidity, porosity, and interactions with microbes.
The gene was significantly down-regulated in At roots upon Si
colonization at 3 and 7 dpi (Fig. 9). This finding suggests that
the fungus manipulates cell wall properties to facilitate its colo-
nization by increasing cell wall permeability. Single-cell RNA
sequencing of At root showed that PAE2 is highly expressed
in the root rhizodermis (Rich-Griffin et al., 2020), the pri-
mary tissue colonized by Si (Jacobs et al., 2011). Interestingly,
and in clear contrast, PAE2 is up-regulated in At Col-0 leaves
during infection by the necrotrophic pathogen Botrytis cinerea
(Windram et al., 2012) and by biotrophic Pseudomonas syringae
pv. tomato DC3000 (Zhang ef al., 2007), suggesting an ambiv-
alent role in plant—microbe interactions and in plant defence.

Although SisRNA24 targets PAE2, no down-regulation was
observed in transformed protoplasts (Fig. 8A), which could be
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attributed to the low expression of PAE2 in leaves (Schmid
et al., 2005) or to the importance of tissue-specific signalling
in plant—-mutual interactions, warranting further investigation.

Two other interesting genes are AT5G37600, encoding
GLUTAMINE SYNTHASE 1 (GS1), a cytosolic enzyme in-
volved in nitrogen assimilation by converting ammonium to glu-
tamine, and AT2G47600 encoding MAGNESIUM/PROTON
EXCHANGER (ATMHX). Nitrogen metabolism and magne-
sium and iron transport are crucial for plant growth and the
uptake of essential nutrients by the plant. Both proteins are as-
sociated with immune responses, particularly in the regulation
of mutualistic interactions. GS1 was down-regulated at 7 dpi
upon Si colonization (Fig. 9), suggesting that the plant is poten-
tially modulating its nitrogen assimilation pathways in response
to the fungal endophyte. ATMHX was also down-regulated at
7 dpi upon Si colonization (Fig. 9). Overall, the reduced ni-
trogen assimilation and magnesium/iron transport activity may
reflect a shift in resource allocation that reduces nitrogen uptake
and manipulates the nutrient transport to favour Si colonization.
Additionally, or alternatively, the down-regulation of these genes
suggests that Si modifies related signalling pathways. This sup-
ports the hypothesis presented by Scholz ef al. (2023), suggesting
that Si supports nitrogen-starved At seedlings by supplying ni-
trogen metabolites, thereby moderating metabolic nitrogen defi-
ciency responses and reprogramming the expression of nitrogen
metabolism-related genes. Of note, both GS1 and ATMHX
were confirmed to be down-regulated in protoplasts trans-
formed with SisSRNA21 and SisRNA24. In contrast, they are
up-regulated in response to infection by B. cinerea and P syringae
(Zhang et al., 2007; Windram et al., 2012), suggesting a broader
role in plant immune responses and mutualism. Moreover, both
GS1 and ATMHX are highly expressed in mock-treated At
leaves and roots, particularly in the pericycle, cortex, and rhizo-
dermis (Schmid et al., 2005; Rich-Griffin et al., 2020). Overall,
these previous reports along with our findings strongly suggest
the hypothesis that Si uses SRINAs to manipulate host nitrogen
metabolism. Together, the data suggest that down-regulation of
specific Arabidopsis genes during the Sebacinalean symbiosis
does not seem to be a random event, but an effective mechanism
by which the fungus manipulates the fitness of the host plant. By
silencing host genes, Si creates a favourable environment for its
colonization and nutrient acquisition, a phenomenon well doc-
umented in the literature (Qiang et al., 2012; Hua et al., 2017).

Hence, our data are consistent with the model that ckRINAi
has evolved as an efficient mechanism in symbiosis of a plant
and a fungus, striking a balance between host resistance and
symbiotic benefits. Further investigation into these processes
will provide deeper insights into the evolutionary advantages
of ckRNAI in plant-microbe interactions.

We further evaluated ckRNAi by A(AGO1-sRNA Co-IP
on samples from Si-colonized At roots. Western blot anal-
ysis showed the enrichment of the AtAGO1 in the IP frac-
tion (Fig. 10). SisRINA24 and SisRINA28 were subsequently
shown by stem—loop PCR to co-precipitate with AtAGO1

(Fig. 11), providing strong evidence for the translocation of
SisRNAs and their incorporation into the RNAi machinery
of At. Importantly, the identification in the AtAGO1-IP of two
SisRNAs exhibiting nucleotide variations at their 3’ terminus to
the previously identified SisRNA (SisSRNA21 and SisRNA23)
suggests alternative SisRINA variants. The presence of such vari-
ants highlights the complexity of the sSRNA-mediated regu-
latory networks during Si—At root colonization. AGO-IP is a
straightforward method to experimentally validate the loading
of sSRNAs into AGO proteins and to identify biologically func-
tional sSRINAs and miRNAs. However, the possibility of post-
cell lysis association of sSRINAs with AGOs cannot be excluded.
Although testing for sSRINA binding during sample lysis is not a
common practice in AGO-IP workflows, it can rule out post-
lysis AGO1-sRINA artifacts, as shown in Brosnan ef al. (2019).
Importantly, the absence of ArmiR 393a*—preferentially loaded
into AGO2—in our AGO1-sRNA Co-IP further supports
that the detected AGO1-specific miRNAs and SisRINAs were
loaded in vivo. Moreover, independent confirmation of SRNA—
mRNA binding and target down-regulation, as used in our
pipeline, strengthens the evidence that SisRNAs are incorpo-
rated into the RISC, rather than being the result of post-lysis
artifacts.

In conclusion, we have developed a transient protoplast ex-
pression system to investigate the potential role of putative
effector-like SisRNA candidates in regulating target gene
expression in At. This validation tool will not only help to
understand the underlying molecular mechanism of SisRINA-
mediated PTGS but will also allow us to examine ckRINAi
in mutualistic plant—fungal association. By studying SisRINA-
mediated PTGS, we have gained first insights that the en-
dophytic fungus Si uses effector-like SRINAs to establish its
mutualistic symbiosis with plants by modulating nitrogen me-
tabolism and magnesium and iron transport as one strategy.
Further studies will show whether Si utilizes its SRINAs to
modulate the plant immune system, and additional genes may
be identified as differentially regulated in symbiotic versus par-
asitic interactions.

Finally, amiRNAs are effective tools for fine-tuning gene
expression in plants with a high silencing efficacy and thus are
especially interesting for RNAi-mediated crop improvement
strategies.

Supplementary data

The following supplementary data are available at JXB online.

Table S1. Information summary of the 14 SisRNAs selected
for this study.

Table S2. Sequences of amiRNAs cloned in the pUC18-
AMIR390a-B/c-RFP construct and expressed in At proto-
plasts for PTGS validation.

Table S3. Sequences of SisRNAs cloned in the pUC18-
AMIR390a-B/c-RFP construct and expressed in At proto-
plasts for PTGS validation.
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Table S4. Seventy five-mer oligonucleotides used for clon-
ing SisRNAs and amiRNAs into the pUC18-AtMIR390a-
REFP vector.

Table S5. Primers used in stem—loop end-point and stem—
loop qPCR.

Table S6. Primers used for gene expression analysis in qPCR.

Table S7. Primers used for RLM-RACE.

Table S8. PCR primers.

Table S9. Sequences of SisRINAs detected in Si axenic and
Si=At interaction compared with the respective stem—loop
PCR amplicons detected from Si—At Co-1P.

Table S10. Summary of the selected SisRINAs used in this study.

Fig. S1. Cloning strategy workflow and final vector map

Fig. S2. Description of the 75-mer oligonucleotides for
amiR NA and SisRNA direct cloning in pUC18-AtMIR 390a-
B/c-REFP vector.

Fig. S3.Visualization of SRNA-mRNA predicted alignment.

Fig. S4. Expression of S. indica-specific genes in Arabidopsis
roots inoculated with S. indica, as analysed by RT-PCR.

Fig. S5. Detection of SisRNA21, SisRNA24, and
SisRNA296 by multiplexed stem—loop PCR in Arabidopsis
roots 7 d after inoculation with S. indica.

Fig. S6. Expression of amiRINAs or SisRINAs in Arabidopsis
leaf protoplasts.

Fig. S7. Relative accumulation of two SisRNAs in trans-
formed Arabidopsis protoplasts 24 hptr.

Fig. S8. 5-RLM-RACE for two Arabidopsis target genes of
SisRINA24 in Arabidopsis protoplasts.

Fig. S9. AtAGO1/sRNA co-immunoprecipitation from Si
axenic culture to show the specificity of the Arabidopsis AGO1
antibody.

Fig. S10. Comparison of target down-regulation by pu-
tative and artificial SRNA after their transient expression in
Arabidopsis protoplasts.

Dataset S1. Information on At predicted targets of SisRNAs
used in this study.
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Conclusion:

In this study, we developed a pipeline to functionally validate SisRNA effectors, focusing
on their role in host gene silencing during interaction with At. Using an Arabidopsis
protoplast-based system, we confirmed the accumulation of selected SisRNAs and
demonstrated that some SisRNAs, such as SisRNA24, trigger significant post-
transcriptional gene silencing (PTGS). Importantly, we showed that these SisRNAs are
loaded into the plant RNAi machinery and bind to AGO1, providing direct evidence for
ckRNAI. Furthermore, our analysis of Arabidopsis gene expression revealed that Si
modulates key genes involved in plant cell wall modification, nitrogen assimilation, and

nutrient transport, processes that likely contribute to and facilitate Si-roots colonisation.

Overall, this work provides a robust framework for further functional studies of fungal

sRNA effectors and their role in beneficial plant-microbe interactions.
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CHAPTER 4 -

Broad-scale phenotyping in Arabidopsis reveals varied involvement of RNA

interference across diverse plant-microbe interactions

(Equal Contribution as first Author)

Summary:

This chapter contains the publication “Broad-scale phenotyping in Arabidopsis
reveals varied involvement of RNA interference across diverse plant-microbe
interactions”, accepted by Plant Direct Journal on October 1, 2024, and published

online on November 15, 2024 (DOI:10.1002/pld3.70017).

RNAI, mediated by DICER-LIKE (DCL) and ARGONAUTE (AGO) proteins, plays a central
role in plant immunity, particularly during plant-pathogen interaction. However, its role

in mutualistic interactions, such as with Si, remains underexplored.

This study aims to investigate how Si colonisation of Arabidopsis thaliana influences the
regulation of AGO and DCL proteins, and how the plant dynamically tunes its defence

mechanisms in response to the nature of microbial interactions.
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Abstract

RNA interference (RNAI) is a crucial mechanism in immunity against infectious
microbes through the action of DICER-LIKE (DCL) and ARGONAUTE (AGO) proteins.
In the case of the taxonomically diverse fungal pathogen Botrytis cinerea and the
oomycete Hyaloperonospora arabidopsidis, plant DCL and AGO proteins have proven
roles as negative regulators of immunity, suggesting functional specialization of these
proteins. To address this aspect in a broader taxonomic context, we characterized
the colonization pattern of an informative set of DCL and AGO loss-of-function
mutants in Arabidopsis thaliana upon infection with a panel of pathogenic microbes
with different lifestyles, and a fungal mutualist. Our results revealed that, depending
on the interacting pathogen, AGO1 acts as a positive or negative regulator of immu-
nity, while AGO4 functions as a positive regulator. Additionally, AGO2 and AGO10
positively modulated the colonization by a fungal mutualist. Therefore, analyzing the
role of RNAI across a broader range of plant-microbe interactions has identified pre-
viously unknown functions for AGO proteins. For some pathogen interactions, how-
ever, all tested mutants exhibited wild-type-like infection phenotypes, suggesting
that the roles of AGO and DCL proteins in these interactions may be more complex

to elucidate.
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1 | INTRODUCTION

RNA interference (RNAI) is a conserved mechanism that regulates
gene expression via small (s)RNAs (Huang et al., 2019; Tang
et al., 2022), which can be classified into micro (mi)RNAs (20-22 nt)
and small interfering (si)RNAs (21-24 nt). In the interaction with infec-
tious agents, host sSRNAs target foreign genes to mediate defense,
e.g., against viruses (Obbard et al., 2008; Zhan & Meyers, 2023). Host
sRNAs also fine-tune the expression of host immune-responsive
genes, thereby orchestrating the outcome of infection against various
pathogens (Seci¢, Kogel, & Ladera-Carmona, 2021). For example, in
the genetic model Arabidopsis thaliana, miRNA393 enhances resis-
tance to P. syringae pv. tomato strain DC3000 (Pto DC3000) by regu-
lating pattern-triggered immunity (PTI) through auxin signaling
suppression (Navarro et al, 2006). During seedling development,
miR172 inhibits the expression of FLAGELLIN SENSING2 (FLS2), a
well-studied pattern recognition receptor (PRR) that confers PTI
against flagellated bacteria (Zou et al., 2018). This suggests a role of
miR172 in coordinating plant immunity and development.

The core mechanism of RNAI involves the production of dsRNAs,
which are processed into sRNA duplexes by DICER-LIKE (DCL) pro-
teins. These sSRNAs are subsequently loaded into RNA-induced silenc-
ing complexes (RISCs) (lwakawa & Tomari, 2022; Martin-Merchan
et al., 2023). To amplify RNAi, RNA-dependent RNA polymerases use
single-stranded sRNA to generate long dsRNAs, which are processed
by DCL2/DCL4 into secondary-phased siRNAs (Curaba &
Chen, 2008; Martin-Merchan et al., 2023). A. thaliana encodes four
DCL proteins, each producing specifically sized sRNAs (Martin-
Merchan et al., 2023), suggesting specific functions. A partial DCL1
loss-of-function mutant in A. thaliana showed enhanced susceptibility
to Pto DC3000 and Botrytis cinerea infection (Navarro et al., 2006;
Weiberg et al., 2013), but also displayed developmental abnormalities.
DCL2 and DCL4 mediate antiviral immunity (Taochy et al., 2017;
Z. Wang et al., 2018) (Azevedo et al., 2010; Bouché et al., 2006;
Deleris et al., 2006). DCL4 is also crucial for anti-fungal defense since
dcl4 mutants showed increased susceptibility to the vascular fungus
Verticillium dahliae (Ellendorff et al., 2009).

ARGONAUTE (AGO) proteins are key components of RISCs, bind
single-stranded sRNAs, and guide them to sequence-complementary
RNA and DNA targets (Fang & Qi, 2016). Ten AGO proteins have been
identified in A. thaliana that can be classified into three clades: i)
AGO1/5/10 (clade 1), ii) AGO2/3/7 (clade lI), and iii) AGO4/6/8/9
(clade I11) (Martin-Merchan et al., 2023). They feature different subcellu-
lar localization patterns and sRNA binding preferences. The expression
patterns of AGO genes do not seem to correlate with their clade assign-
ment and function. The members of clade | and clade Ill, AGO1 and

AGO, Argonaute, DCL, Dicer-like, RNAi

AGO4, are ubiquitously expressed across tissues and during various
developmental stages of A. thaliana (Jullien et al., 2022). The expression
of AGO2 and AGO3 is induced in response to diverse abiotic and biotic
stresses (Martin-Merchan et al., 2023). For example, AGO2 expression
is upregulated during Pto DC3000 infection (Zhang et al., 2011).

Several studies have examined the roles of AGO proteins in plant
immunity against eukaryotic and prokaryotic microbes. For example,
specific partial loss-of-function mutants in AGO1 are compromised in
microbe-associated molecular pattern (MAMP)-induced immunity
against Pto DC3000 (Li et al., 2010). Since infection with the fungal
pathogen Sclerotinia sclerotiorum showed more severe necrotic dis-
ease symptoms in ago1 mutants (Cao et al., 2020), the study suggests
that AGO1 is a positive regulator of PTI and enhances resistance
against S. sclerotiorum. However, AGO1 has also been described to
negatively regulate plant immunity against the fungal pathogens
B. cinerea, V. dahliae, V. longisporum and Botryosphaeria dothidea, as
well as the oomycete H. arabidopsidis (Dunker et al., 2020; Ellendorff
et al., 2009; Shen et al., 2014; Weiberg et al., 2013; Yu et al., 2017).
Yet, AGO1 had no detectable role in the outcome of infection with
the fungal and oomycete pathogens Erysiphe cruciferarum and Albugo
laibachii, respectively (Dunker et al., 2020). Of the other clades, Arabi-
dopsis ago2 mutants are more susceptible to infection by V. dahliae,
S. sclerotiorum, and species of the oomycete pathogen Phytophthora
(Cao et al., 2020; Ellendorff et al., 2009; Guo et al., 2018). Further-
more, AGO4 contributes to resistance to Pto DC3000 and is required
for both local and Trichoderma-induced systemic immunity against
B. cinerea (Agorio & Vera, 2007; Lépez et al., 2011; Rebolledo-
Prudencio et al., 2022).

AGO proteins act together with their loaded sRNAs within the
RISC complex, suggesting that the above-outlined examples of immu-
nity regulation in A. thaliana likely depend on the specificity of the
sRNAs. Beyond the evolution of pathogen-derived molecular suppres-
sors that interfere with host RNAi (Hou et al, 2019; Navarro
et al., 2006), infectious microbes can hijack host AGO1 and incorpo-
rate microbe-derived sRNAs to facilitate infection. This cross-kingdom
(ck)RNAI has been demonstrated for the interaction of A. thaliana with
the taxonomically diverse pathogens B. cinerea and H. arabidopsidis
(Dunker et al., 2020; Weiberg et al., 2013). In both cases, it is medi-
ated by fungal- or oomycete-derived sRNAs, respectively, which are
loaded into host AGO1 and thereby interfere with host RNAI path-
ways. Supporting this, the B. cinerea rdr1 and dcl1/dcl2 mutants were
less virulent on both A. thaliana and Solanum lycopersicum hosts, since
the production of sSRNAs was nearly abolished in these fungal mutants
(Cheng et al., 2023; Weiberg et al., 2013). Since plants also deliver
sRNAs into B. cinerea (Cai et al., 2018), ckRNAi occurs in both direc-
tions of the interacting organisms.
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Different B. cinerea genotypes exhibited varied infection pheno-
types (Qin et al., 2023; Weiberg et al., 2013). Hence, the contribution
of RNAI to the outcome of microbial infections tends to be more com-
plex and possibly species- or even pathotype-dependent. Therefore, it
cannot always be assumed with certainty that plant mutants in the
RNAI pathway exhibit phenotypes at each time point when infected
with any microbe. To address this aspect in a broader taxonomic con-
text, we characterized the expression patterns and loss-of-function
mutant phenotypes of an informative set of DCL and AGO genes upon
infection with a panel of pathogenic filamentous microbes and bacte-
ria, each with different lifestyles, including mutualistic colonization.
We reproduced some previously investigated phenotypes and uncov-
ered new roles for AGO1, AGO2, AGO4, and AGO10 in certain micro-
bial interactions, specifically, the dual role of AGO1 as both a positive
and negative regulator of plant immunity. This study provides a phe-
notypic framework for the context-dependent regulatory function of
DCL and AGO genes in plant immunity, offering insights into how
plants dynamically adjust their defense strategies to different types of

microbial interactions.

2 | RESULTS

We selected a set of A. thaliana genes and their corresponding
mutants that are informative for the siRNA pathway. These include
DCL2, DCL3, DCL4 and the triple dcl2/3/4 mutant and members of the
three AGO clades (AGO1, AGO10, the ago1-27, ago1-46 and ago10-
1 mutants (clade 1), AGO2 and the ago2-1 mutant (clade Il), AGO4 and
the ago4-2 mutant (clade Ill) (Table S1). Exploring publicly available
transcriptome data of A. thaliana elicited with MAMPs from fungi
(ch8, nlp20), oomycete (nlp20), and bacteria (flg22, elf16, LPS, nlp20)
(Bjornson et al., 2021), we noted that all tested AGO but not the
selected DCL genes were responsive to the immune stimuli
(Figure S1). Of the AGO genes, AGO2 showed upregulation in
response to all MAMPs, while AGO1, AGO4, and AGO10 were down-
regulated in response to bacterial MAMPs. This suggests that AGO
genes across the three clades could be involved in PTI regulation. The
strong MAMP-induced expression of AGO2 is consistent with its
documented role in immunity against the pathogenic fungus
S. sclerotiorum and anti-bacterial immunity against Pto DC3000 and its
AvrRpt2-avirulent derivative (Cao et al., 2020; Zhang et al., 2011).
Since AGO gene expression was responsive to MAMPs derived
from different microbial taxa, we selected a panel of pathogenic fungi
(Thecaphora thlaspeos, E. cruciferarum, V. longisporum), a symbiotic fun-
gus (Serendipita indica), and bacterial pathogens (Pto DC3000,
X. campestris pv. campestris, Xylella fastidiosa subsp. fastidiosa) to
study the DCL and AGO expression profiles as well as the infection
phenotypes of corresponding mutants in A. thaliana (Table S2). We
also included an oomycete pathogen (H. arabidopsidis), given that
AGO1-dependent ckRNAi has been demonstrated to play a role in its
infection outcome in A. thaliana (Dunker et al., 2020). The selected
microbes also differ in their lifestyles, with H. arabidopsidis and Pto
DC3000 infecting leaf mesophyll tissue, E. cruciferarum invading leaf
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epidermal cells, S. indica colonizing roots, and V. longisporum,
X. campestris pv. campestris and X. fastidiosa infecting the plant xylem,
and T. thlaspeos growing systemically along the vasculature in both
roots and aerial tissues (Table S2). Appreciating the diverse lifestyles,
we performed the infection experiments tailored to the type of plant-
microbe interaction and according to well-established protocols, yet
mainly at the whole plant/organ scale with in vitro and soil-grown
plants. Gene expression was analyzed at different time points in the
early, middle, and late infection/colonization stages depending on
the interacting microbe. The infection/colonization success was mea-
sured as the ability to invade host cells (number of penetration
events), as microbial biomass (number of hyphae or microbial
DNA/RNA), scoring of the infection progress, or as the capacity of the
microbe to multiply within host tissue (number of colony-forming
units [cfu]). To minimize the putative effect of seed batches, we used
an age-matched seed collection of A. thaliana Col-0O and the selected
dcl2/3/4 and ago mutants for our experiments.

21 | AGOL1 is aregulator of immunity against
some but not all filamentous pathogens

We first tested our collection of plant lines and investigated the role
of DCL and AGO proteins in the interaction with H. arabidopsidis.
Expression of DCL2, DCL4, and AGO2 was upregulated at middle
(4 days post inoculation [dpi]) and late (6 dpi) stages of
H. arabidopsidis infection, while AGO4 was downregulated at these
time points (Figure 1a). This is in agreement with the changes in the
expression of AGO2 and AGO4 in response to the oomycete MAMP
nlp20 (Figure S1). No drastic changes in gene expression were
observed for AGO1 and AGO10 (Figure 1a). In the infection experi-
ments, ago1-27 and agol1-46 mutants displayed enhanced resistance
to H. arabidopsidis at 6 dpi (Figure 1b). No altered infection was
observed in ago2-1 and ago4-2 mutants. This outcome is consistent
with a previous report showing evidence for loading pathogen-
derived sRNAs into A. thaliana AGO1, resulting in ckRNAI to support
infection (Dunker et al., 2020). Collectively, the data suggests a spe-
cific role for AGO1 in the interaction with the oomycete pathogen.

AGOL1 also negatively regulates immunity against fungal patho-
gens including, B. cinerea and V. longisporum but not E. cruciferarum
(Dunker et al., 2020; Shen et al., 2014; Weiberg et al., 2013). Consis-
tent with the fact that AGO1 negatively regulates immunity against
V. longisporum (Shen et al., 2014), AGO1 expression was downregu-
lated in the course of infection with this fungal pathogen (Figure S2).
By contrast, DCL3 and DCL4 were upregulated by V. longisporum, sug-
gesting a different response to this pathogen.

Next, we explored the selected DCL and AGO genes for their
expression profiles in response to the challenge with E. cruciferarum.
We found reduced AGO1, AGO4, and AGO10 expression and upregula-
tion of the tested DCL genes across the time course (Figure 2a). Fungal
entry rates were slightly, yet statistically significantly, increased in
ago1-27, but no differences were observed in any of the other tested
mutants, including the allelic ago1-46 mutant (Figure 2b). This outcome
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FIGURE 1 DCL and AGO gene expression patterns (a) and colonization in respective mutants (b) upon infection with H. arabidopsidis isolate
Noco 2. (a) Samples were collected at 1 dpi (days post inoculation), 4 dpi, and 6 dpi. The RNA levels are relative to mock and normalized against
CDKA. The results of three biological replicates are depicted. (b) Pathogen load on ago and dcl mutants was assessed by measuring relative

H. arabidopsidis gDNA quantities with RT-qPCR at 1 dpi, 4 dpi, and 6 dpi. The result of one biological replicate is depicted. Error bars show
standard deviation. Statistical significance was assessed by two-sided Welch'’s t-test (« = .05, p-values * < .05, ** < .01, *** < .001, **** < .0001).
Symbols indicate number of biological replicates. Circle = first, square = second, diamond = third. The dashed line indicates a fold change = 1.
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FIGURE 2 DCL and AGO gene expression patterns (a) and colonization in respective mutants (b) upon E. cruciferarum infection in a time course
experiment. (a) Samples were collected at 8 hpi (hours post inoculation), 48 hpi, and 96 hpi. The RNA levels are relative to mock and normalized
against CDKA. The results of three biological replicates are depicted. (b) Infection success on ago and dcl mutants was assessed by determining

E. cruciferarum host cell entry rates at 48 hpi. The results of four biological replicates are depicted. Error bars show standard deviation. Statistical
significance was assessed by two-sided Welch's t-test (a« = .05, p-values * < .05, ** < .01, *** < .001, **** < .0001). Symbols indicate number of
biological replicates. Circle = first, square = second, diamond = third, triangle = fourth. The dashed line indicates a fold change = 1.

confirms previous data on unaltered E. cruciferarum infection in agol-
46. However, it contrasts the reported wild type-like phenotype in
agol1-27 (Dunker et al., 2020) possibly due to different scoring: the pre-
vious study evaluated leaf necrosis, while in our study, fungal penetra-
tion was scored. Furthermore, a clear regulation of E. cruciferarum
penetration success by AGO1 cannot be established, since the two
agol mutants exhibited different infection phenotypes to this fungus
(Figure 2b). We also investigated the role of AGO1 during infection
with T. thlaspeos and observed wild-type-like colonization in ago1-27
mutants (Figure 3). By contrast, ago4-2 mutants showed significantly
enhanced susceptibility, thereby revealing a previously unknown role
for AGO4 as a positive regulator of immunity to this smut fungus.

2.2 | AGO1is aregulator of certain but not all
bacterial infections

Motivated by the previous reports on the roles of AGO1 and AGO2 in
2019; Zhang
et al., 2011), we examined the roles of the selected DCL and AGO genes

immunity against bacterial pathogens (Ren et al.,

in infection by three different bacterial pathogens. Interestingly, AGO1
might be required for immunity against X. fastidiosa, since it was upre-
gulated at late infection stages (Figure 4a), and both ago1-27 and
ago1-46 displayed enhanced susceptibility (Figure 4b). All other tested
genes showed wild-type-like expression patterns, and the respective
mutants supported wild-type-like infection success of Pto DC3000
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FIGURE 3 Colonization in ago mutants upon T. Thlaspeos
infection. Colonization was visualized after four weeks by staining
with wheat germ agglutinin (WGA, fungal hyphae) and propidium
iodide (PI, plant background). In at least 150 seedlings per line, fungal
progression was classified into (i) attachment of the fungus to plant
tissue, (ii) initiation of penetration as indicated by bulging of the
hyphal tip, (iii) penetration into the plant tissue, and (iv) colonization
along the vasculature. Similar results were obtained in three
independent experimental replicates.

(Figure S3A and S3B) and X. campestris pv. campestris (Figure S4A and
S4B). The tested bacteria are Gram-negative y-proteobacteria, including
two belonging to the Xanthomonadaceae and colonizing xylem vessels
(Table S3). However, the positive regulatory function of AGO1 appears
to be specific to immunity against X. fastidiosa.

Previously, AGO2 and AGO4 were shown to positively regulate
immunity against Pto DC3000 strains (Agorio & Vera, 2007; Lopez
et al,, 2011; Zhang et al., 2011), which is not consistent with our find-
ings. We neither detected any obvious induction of AGO2 expression
nor increased Pto DC3000 susceptibility in ago2 and ago4 mutants
(Figure S3). It is possible that the different outcomes for these
mutants might depend on the methods of bacterial inoculation, as in
the previous studies, bacteria were applied by syringe-based leaf infil-
tration, while in this study, Pto DC3000 was sprayed onto the leaf sur-
face. The two inoculation methods differ, as syringe inoculation
bypasses stomatal immunity (Melotto et al., 2017).

2.3 | AGO2 and AGO10, but not AGO1, are
potential regulators of fungal mutualism

Soybean AGO1 plays a positive role in the bacterial Sinorhizobium
root-nodule symbiosis via ckRNAi (Ren et al., 2019). Furthermore,
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AGO1 has been speculated to regulate fungal symbiosis, supported by
the prediction of plant mRNA targets of fungal SRNAs accumulating in
the symbiosis between beneficial microorganisms and their hosts
(Silvestri et al., 2019; Valdés-Lépez et al., 2019; Wong-Bajracharya
et al., 2022). Therefore, we next conducted colonization experiments
with the mutualist basidiomycete S. indica, revealing AGO4 downregu-
lation at late time points (Figure 5a). The other tested DCL and AGO
genes revealed no statistically significant changes in response to
S. indica colonization at the investigated time points (Figure 5a). Inter-
estingly, roots of ago2-1 and ago10-1 mutants showed reduced colo-
nization by S. indica, whereas agol-27, ago4-2, and dcl2/3/4
exhibited wild type-like colonization (Figure 5b). It suggests that
AGO2 and AGO10, but not AGO1, function as potential positive regu-
lators during colonization in the mutualistic interaction of A. thaliana
with S. indica, or negatively regulate immunity against this beneficial
fungus. Moreover, although clade | AGO1 and AGO10 are phyloge-
netically related, AGO10 may have a specific function in fungal mutu-
alism. Of note, miRNAs can be sequestered by different AGO
proteins, leading to different outcomes, e.g, as shown for
miRNA165/166 in flower development, which depends on their bind-
ing to AGO1 and AGO10 (Ji et al., 2011).

24 | AGO expression patterns do not seem to
correlate with their function in immunity

We utilized heat maps to summarize our mutant infection and gene
expression data. Overall, some of the most striking phenotypes were
associated with agol, ago2, and agol0 mutants: agol mutants
were more susceptible to X. fastidiosa but more resistant to
H. arabidopsidis while ago2 and ago10 were more resistant to S. indica
(Figure 6a). Yet, despite these notable phenotypes, the overall gene
expression patterns did not correlate with the mutant infection data
(Figure 6b). The most striking changes in gene expression were
observed for AGO2 and AGO4, showing up- and down-regulation
upon H. arabidopsidis infection, respectively (Figure 6b). AGO4 and
AGO10 were also down-regulated in response to E. cruciferarum. This
suggests distinct underlying mechanisms or pathways influencing the
observed phenotypic outcomes.

3 | DISCUSSION

RNAI executed by DCL and AGO proteins is considered a conserved
process regulating the outcome of plant-microbe interactions. Previ-
ous studies have described the roles of AGOs as positive and negative
plant immunity regulators, likely linked to their binding of host or
pathogen-derived sRNAs. Here, we i) confirm previous findings for
AGO1 in negatively regulating immunity against H. arabidopsidis
(Figure 1b) and ii) reveal a potential positive regulatory role of AGO1
in immunity against X. fastidiosa (Figure 4b). Moreover, iii) we identi-
fied clade | AGO10 and clade Il AGO2 as positive modulators of
S. indica root colonization (Figure 5b), and iv) revealed clade Il AGO4
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FIGURE 4 DCL and AGO gene expression patterns (a) and colonization in respective mutants (b) upon Xylella fastidiosa subsp. fastidiosa

Temeculal infection. (a) Samples were collected from petioles at 1 (day post-infection), 5 dpi, and 3 wpi (weeks post-infection). The RNA levels
are relative to mock and normalized against CDKA. The results of two biological replicates are depicted. (b) Pathogen load on ago and dcl mutants
was assessed by RT-qPCR at 5 dpi and 3 wpi. The results of two biological replicates are depicted. Error bars show standard deviation. Statistical

significance was assessed by two-sided Welch's t-test (a = .05, p-values

* < .05, ** < .01, ** < .001, **** < .0001). Symbols indicate number of

biological replicates. Circle = first, square = second, diamond = third. The dashed line indicates a fold change = 1.
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FIGURE 5 DCL and AGO expression patterns (a) and colonization in respective mutants (b) upon infection with S. indica. (a) Samples were
collected from roots at 1 dpi (day post inoculation), 3 dpi, and 7 dpi. The RNA levels are relative to mock and normalized against UBC21. The
results of two biological replicates are depicted. (b) Pathogen load on ago and dcl mutants was assessed by measuring relative S. indica gDNA
quantities with RT-gPCR at 7 dpi. The results of at least three biological replicates are depicted. Error bars show standard deviation. Statistical
significance was assessed by two-sided Welch's t-test (a = .05, p-values * < .05, ** < .01, *** < .001, **** < .0001). Symbols indicate number of
biological replicates. Circle = first, square = second, diamond = third. The dashed line indicates a fold change = 1.

as a positive control element of T. thlaspeos infection (Figure 3). Thus,
our broad-scale phenotyping uncovered previously unknown positive
and negative regulatory functions of different AGO proteins in the
context of plant-microbe interactions (Figure 6c).

AGO1’s negative adjustment of plant immunity is influenced by
its role as a target for pathogen-derived sRNAs and its function in
ckRNAI (Dunker et al., 2020; Weiberg et al., 2013). Therefore, it is
possible that AGO1-related AGO10 and AGO2 might be hijacked by
S. indica-secreted sRNAs, providing a possible molecular mechanism
of their positive modulatory role in mutualism with this fungus.
Indeed, the production of host and fungal-derived sRNAs has been

revealed in the beneficial interaction of Brachypodium distachyon with

S. indica (Seti¢, Zanini, et al., 2021), which could result in post-
transcriptional gene silencing (PTGS) of plant immunity genes and
thereby facilitating S. indica colonization. This scenario is consistent
with AGO1’s role in bacterial symbiosis, binding rhizobial tRNA-
derived sRNA fragments (tRFs) that promote host nodulation (Ren
2019). Additionally, clade | AGOs could influence the host's

transcriptional response to symbiosis, as reported for AGOS5 in

et al.,

rhizobia-Phaseolus vulgaris symbiosis (del Sanchez-Correa et al., 2022).

A positive immune regulatory function of AGO proteins has been
linked to its binding of host endogenous sRNAs. For example,
miR393b* to AGO2 MEMB12

Golgi-localized SNARE protein) cleavage, which results in increased

bound triggers (encoding a
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FIGURE 6 Overall results presented in heat maps and a graphical summary. (a) The heat map shows the colonization success of S. indica,
Xylella fastidiosa, T. thlaspeos, H. arabidopsidis, and E. cruciferarum in the set of selected Arabidopsis mutants (ago1-27, ago1-46, ago2-1, ago4-2,
ago10-1, dcl2/3/4) at 7 dpi, 5 dpi, 2 dpi, 6 dpi, and 2 dpi, respectively to the interacting microbe. Color intensity within each cell represents the
degree of colonization success relative to wild-type Col-0 plants, with red indicating more colonization and blue indicating less colonization.
Significant differences are marked with asterisks (« = .05; adjusted p-values: * < .05, < .01, * < .001, **** < .0001). Non-quantifiable colonization
success in T. thlaspeos is indicated as red boxes to indicated increased colonization. (b) Transcript abundance as log2 (fold change) of the genes of
interest (AGO1, AGO2, AGO4, AGO10, DCL2, DCL3, DCL4) was assessed at an early, mid, or late infection stage in Col-0 for each microbe. Color
intensity within each cell corresponds to the change in gene expression relative to non-inoculated samples, with red indicating upregulation and
blue indicating downregulation. Significant differences are indicated with asterisks (« = .05, adjusted p-values * < .05, < .01, * < .001,

**** < .0001). Non-tested conditions are indicated as gray boxes. (c) Proposed model. Potential cross-talk between the plant immune system and
the RNA interference pathway influenced by different microbes. Key components of the plant immune system include pattern recognition
receptors (PRRs) mediating pattern-triggered immunity (PTI) and nucleotide-binding leucine-rich repeat receptors (NLRs) involved in effector-
triggered immunity (ETI). Microbes such as X. fastidiosa, Hyaloperonospora arabidopsidis, Serendipita indica, Tecaphora thlaspeos, and Erysiphe
cruciferarum may interact with the plant immune system indirectly via Argonaute (AGO) proteins. This modulation can occur bidirectionally and

might be mediated by small RNAs (sSRNAs) and/or effector proteins, depending on the specific microbe involved. The arrows indicate

hypothesized relationships based on the presented data.

resistance due to the secretion and accumulation of the Pathogenesis-
Related (PR) 1 protein (Zhang et al., 2011). A potential function of
AGO1 in restricting X. fastidiosa infection may be related to endoge-
nous host sRNAs associated with the control of PTI or its execution
(Mitre et al., 2021; Navarro et al., 2006; Zhang et al., 2011). Given that
ckRNAI functions in both directions (Cai et al., 2018), plants may also
send AGO1-dependent sRNAs to alter X. fastidiosa growth, interfering
with gene silencing in bacteria (Papenfort & Melamed, 2023).

The identification of AGO4 as a positive control element of resis-
tance to T. thlaspeos expands the importance of this AGO protein
beyond its requirement for immunity against Pto DC3000 and
B. cinerea (Agorio & Vera, 2007; Rebolledo-Prudencio et al., 2022). Of
note, upon infection with Blumeria graminis f.sp. tritici, AGO4 was sig-
nificantly downregulated in the wheat progenitor Aegilops tauschii,
which was accompanied by a substantial reduction in AGO4a-sorted
24-nt siRNA levels, and enrichment for ‘response to stress’ gene
functions, including receptor kinase, peroxidase, and pathogenesis-
related genes, suggesting that AGO4 in some cases is a strong nega-
tive regulator of immunity (Geng et al., 2019). It further highlights the
involvement of clade Il AGOs-mediated TGS in the modulation of
plant immunity. Interestingly, AGO1 was not required for T. thlaspeos
infection at the early stages of colonization. Other AGOs of clade |
and clade Il need to be investigated to address the putative role of
PTGS in this fungal interaction during the established biotrophic
phase or during fungal sporulation.

The other tested interactions did not reveal obvious phenotypes.
This was unexpected given the functional conservation of AGOs and
the ubiquitous expression of key members like AGO1 and AGO4 in
most tissues, including leaves, roots, and the vasculature (Martin-
Merchan et al., 2023; Wook et al., 2011). The transcriptional response
of DCL and AGO genes was mostly not correlated with infection pheno-
types in respective mutants. Considering the different infection types,
from epidermal (E. cruciferarum), leaf mesophyll (H. arabidopsidis,, Pto
DC3000), root (S. indica) to wvascular tissues (V. longisporum,
X. campestris pv. campestris, X. fastidiosa, T. thlaspeos), a spatiotemporal
resolution might be needed to observe changes in gene expression at
the actual site of pathogen colonization (Dunker et al., 2020). We

speculate that functional redundancy within the DCL and AGO family
is likely accounting for wild-type-like phenotypes in some of the tested
interactions. This includes the dcl2/3/4 triple mutant, therefore sug-
gesting potential further redundancy of these three encoded proteins
with DCL1. Moreover, infection with E. cruciferarum and X. campestris
pv. campestris did not reveal infection phenotypes in the tested mutants
(Figure 2b and Figure S4B). This could suggest more functional redun-
dancies among AGO proteins than expected.

To a large extent, the outcome of infection success is determined
by the ability of the pathogen to suppress host immunity (Jones
et al., 2024). This capacity is encoded in the pathogen’s repertoire of
diverse molecular effectors (Y. Wang et al., 2022). For example, the
virulence of bacterial pathogens like Pto DC3000 and X. campestris
pv. campestris mainly involves Type-3-secreted effector proteins
(Y. Wang et al., 2022). X. fastidiosa lacks a Type-3 secretion system
(Landa et al., 2022), and immune-suppressing protein effectors have
not been described to date. Thus, the bacterium might not be able to
overcome AGO1-mediated defenses. Effector proteins have also been
demonstrated to improve infection of powdery mildew fungi such as
E. cruciferarum (Bourras et al., 2018). It is, therefore, possible that pro-
tein effectors could be largely responsible for virulence in a given
microbe, contrasting to the virulence mechanisms of B. cinerea and
H. arabidopsidis, which at least in part rely on sRNA-like effectors
(Dunker et al., 2020; Weiberg et al., 2013). Moreover, protein effec-
tors could suppress host RNAI (Hou et al., 2019; Navarro et al., 2006).
Since pathotypes of microbial subspecies encode different effector
repertoires, their interaction with the host’s RNAi machinery might
differ (Qin et al., 2023; Weiberg et al., 2013).

To conclude, analyzing the role of RNAI in plant immunity across
taxonomically diverse microbes may be more complex and might need
refined experimental set-ups beyond whole plant phenotyping with
improved spatiotemporal resolution. We consider three levels of func-
tional redundancy, which complicate the phenotypic analysis: i) similar
or overlapping functions of DCL and AGO clade members, ii) microbial
virulence conferred by protein effectors, including iii) microbial protein
effectors suppressing host RNAI. Therefore, experimental studies would

benefit from using higher-order plant mutants (if not exhibiting severe
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developmental phenotypes) and combinatorial analysis with different
pathotypes of microbial (sub-)species, as well as microbial mutants com-
promised e.g. for selected protein effectors or their secretion. Taken
together, this phenotypic framework will now make it possible to dis-
sect the molecular mechanisms by which AGOs function, whether host
sRNAs modulate the plant’s immune system, are secreted to function in
the microbe, or if microbe-derived sRNAs are delivered into the plant.
Ultimately, this will allow improvement of plant protection.

4 | MATERIAL AND METHODS

4.1 | Plant materials

A. thaliana Col-0 mutants included published ago1-27, agol-46,
ago2-1, ago4-2, ago10-1, and dcl2/3/4 (Table S1). Age-matched
seeds were used for all experiments. The eds1-2 mutant was used for
propagation of the E. cruciferarum inoculum, and the mlo2-5/6-2/12-
1 mutant as an additional control for powdery mildew infection exper-
iments (Bartsch et al., 2006; Consonni et al., 2006).

4.2 | Primers

All primers used in this study are listed in Table S3. The CDKA gene
expression was used as a reference to assess the expression levels of
the selected AGO/DCL genes and to quantify microbial growth in
planta (H. arabidopsidis, X. fastidiosa) by (RT)-qPCR. For S. indica colo-

nization, UBC21 was used as a reference gene.

4.3 | Microbial infections

4.3.1 | Hyaloperonospora arabidopsidis
Plants for infection with H. arabidopsidis (GAUM.) isolate Noco
2, A. thaliana plants were grown on soil under long day conditions
(16 h light, 8 h dark, 60% relative humidity) Two weeks-old
A. thaliana plants were inoculated with a final spore concentration of
2*10% spores mL ! as previously described (Ried et al., 2019). For bio-
mass quantification, two leaves and two cotyledons were pooled for
one technical replicate, followed by genomic DNA extraction with
CTAB and RNase A treatment (Promega) (Chen & Ronald, 1999). The
isolated DNAs were diluted to 5 ng/ul. H. arabidopsidis gDNA relative
to A. thaliana was quantified by gqPCR with Primaquant low ROX
PCR master mix (Steinbrenner Laborsysteme) according to the manu-
facturer's instructions (95 °C 3 min, 95°C 20s, 60 °C 30s, 72°C
40 s, 40 cycles, and subsequent melting curve analysis).

For RT-qPCR, four leaves were pooled for one technical replicate.
The CTAB method was used for total RNA extraction (Bemm
et al., 2016). Genomic DNA was removed by DNase | digestion
(Sigma-Aldrich) following the manufacturer’s instructions. For cDNA

synthesis with the Maxima H Minus Reverse Transcriptase (Thermo
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Fisher Scientific) kit, 1 pg of total RNA from each sample was used.
Relative gene expression was quantified by gPCR with the Primaquant
low ROX gPCR master mix (Steinbrenner Laborsysteme), according to
the manufacturer’s instructions (95 °C 3 min, 95°C 20s, 60 °C 30's,
72 °C 40 s, 40 cycles, melting curve analysis).

43.2 | Erysiphe cruciferarum

Plants for E. cruciferarum infection were grown on SoMi 513 soil
(Hawita, Vechta, Germany) in 9*9 cm pots under short-day conditions
with an 8-h photoperiod at 22°C and 16 h darkness at 20°
C. E. cruciferarum (in-house isolate of RWTH Aachen) was cultivated
selectively on A. thaliana eds1-2 (Bartsch et al., 2006) at 20 °C with an
8-h photoperiod. Spores from three pots of plants, collected at 20-28
dpi, were used for the inoculation of 10 pots. For this, four weeks-old
healthy Col-0 plants, the selected mutant lines, and the resistant mlo2-
5/6-2/12-1 triple mutant (negative control) were placed in an inocula-
tion tower and heavily infected inoculum plants were gently agitated to
release spores. To determine fungal entry rates, for one technical repli-
cate leaves from one plant were harvested at 48 hours post inoculation
(hpi) and collected in 80% EtOH for de-staining of leaf pigments. Fungal
structures were stained with Coomassie staining solution (45% MeOH
(v/v), 10% acetic acid (v/v), .05% Coomassie blue R-250 (w/v)). Samples
were double-blinded and leaves were analyzed by light microscopy.
The fungal entry rate was determined as the percentage of spores suc-
cessfully developing secondary hyphae over all spores that attempted
penetration, visible by the presence of an appressorium (Kusch
et al., 2019). At least 100 interaction sites on leaves of three different
plants per independent replicate were analyzed.

For RT-gPCR, total RNA was extracted from leaves of uninocu-
lated Arabidopsis and leaves sampled at 8, 48, or 96 hpi with
E. cruciferarum using TRI reagent ® (Sigma Aldrich). For one technical
replicate, each one leaf of three different plants was pooled. The
remaining DNA was digested using DNase | (Thermo Fisher Scientific,
USA). For cDNA synthesis, 1 ug RNA was used with the High-
Capacity cDNA Reverse Transcription Kit (Applied Biosystems). Rela-
tive expression of target genes was quantified by RT-qPCR (95 °C
3 min, 95°C 10 s, 60 °C 60 s; 40 cycles; melting curve analysis) with
the Takyon no ROX SYBR 2X master mix (Eurogentec).

43.3 | Verticilium longisporum

Arabidopsis mutants used for V. longisporum (VL43) (Zeise & Von
Tiedemann, 2002)infection were grown directly on soil in a climate
chamber with 22 °C/18 °C day/night cycle with 8 h of light. For infec-
tion of mutant lines, an inoculation suspension was used. This suspen-
sion was prepared by flooding a fully grown three weeks-old culture of
V. longisporum grown on Potato Dextrose Agar (PDA) agar (Carl Roth,
Art. No. X931.1) in a Petri dish at 22°C, in the dark with 10 ml
ddH,0. The Petri dish was scraped with a small metal spatula to release
conidia in suspension. The suspension was filtered through miracloth
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(Calbiochem, 475,855) to exclude mycelium, and spore concentration
was determined using a hemocytometer (Thoma counting chamber -
Marienfeld). The final concentration of the spore suspension was
adjusted to 10.000.000 spores/mL. Two weeks-old seedlings of
A. thaliana (Col-0 and mutant lines) were infected by pipetting 1 ml of
inoculation suspension directly in the soil. For one technical replicate,
leaf material from one plant was harvested 1, 7, and 35 dpi and ground
on liquid nitrogen. Total RNA extraction was done using TRIzol®
(Invitrogen) and Zymo RNA Clean & Concentrator-25 Kit with in-
column DNase | digestion. cDNA synthesis was generated using
200 ng/uL of the extracted total RNA using RevertAid Reverse tran-
scriptase (Thermo Scientific) following manufacturer guidelines. For
subsequent qPCR, the SYBR™ Green PCR Master Mix (Applied Biosys-
tems) was used (Thermo Fisher Scientific 4,309,155). For this, 10 pl
reactions were set up, consisting of 5 pl SYBR master mix, .5 ul of each
primer, 3.5 pl H,0, and .5 pl cDNA, run with 3 min of 95 °C followed by
40 cycles of 95°C for 10s, 60 °C for 1 min, and subsequent melting
curve analysis, on a QuantStudio 6 Flex (Applied Biosystems).

434 | Thecaphora thlaspeos

One seed of an Arabidopsis line was co-germinated with 300 sterilized
teliospores of T. thlaspeos (collection 2022, Frantzeskakis et al., 2017)
in 300 ul liquid half-strength Murashige and Skoog with Nitrate
(MSN) medium (Duchefa) containing 1% sucrose in a well of a 96-well
plate. The infections were incubated for four weeks in a light chamber
for A. thaliana at long-day conditions (120 WUE, 12 h 21 °C light, 12 h
18 °C darkness). Seedlings were then stained with wheat germ agglu-
tinin (WGA) and propidium iodide (Pl) as previously described
(Frantzeskakis et al., 2017) and scored microscopically for fungal
infection stages (Zeiss Axio Immager M1). Up to 160 seedlings, each
representing one biological replicate, were inspected per line and
experiment.

4.3.5 | Serendipita indica

A. thaliana mutant lines were grown on vertical square Petri dishes on
A. thaliana Salt medium (ATS) (Lincoln et al., 1990) without sucrose
and supplemented with 4.5 g/I Gelrite (Duchefa #G1101) in a 22
°C day/18 °C night cycle (8 h of light). Spores of S. indica (IPAZ-
11827, Institute of Phytopathology, Giessen, Germany) were freshly
isolated from the plates by scraping the agar using water supplied
with .002% Tween 20 added and then filtered through miracloth
(Merck Millipore), centrifuged at 3.000 x g for 7 min, then resus-
pended in water supplied with .002% Tween 20 and adjusted to
500.000 spores mL™%. Roots of 14 days-old plants were inoculated
with 1 ml of a suspension of 500.000 chlamydospores mL ™~ in water
with .002% Tween 20 per Petri dish. Control plants were treated with
water supplied with .002% Tween 20 (mock). Inoculated roots of dif-
ferent mutants are harvested after seven days, and ground for 1 min
at 30 Hz with the pre-cooled Retsch Mill (Tissue Lyser Il, Retsch,

Qiagen). For one technical replicate, roots from one plate were
pooled. For quantification of S. indica colonization, genomic DNA was
extracted using a Qiagen DNA extraction kit (QIAGEN, 69504). Fungal
colonization was quantified using internal transcribed spacer (ITS)
primers (see Table S3) and SYBR Green JumpStart Taq ReadyMix
(Sigma Aldrich, 1,003,444,642) with a QuantStudio5 Real-Time PCR
System (Applied Biosystems). A total of 2 ul ROX (CRX reference dye,
Promega, C5411) were added to 1 ml SybrGreen as a passive refer-
ence dye that allows fluorescent normalization for gPCR data. The
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, followed by melting curve
analysis.

For DCL and AGO gene expression, Arabidopsis Col-0 plants were
grown on ATS plates and inoculated with S. indica spores as previ-
ously described above. Control plants were treated with water con-
taining .002% Tween 20 (mock). Inoculated roots were harvested at
1, 3, and 7 dpi, ground with the tissue lyser, and RNA was extracted
using Trizol and Zymo kit (Zymo research R2070), with a subsequent
in-column DNase digestion. cDNA was generated from 1 pg RNA
using Revert Aid Reverse transcriptase. Gene transcription was quan-
tified by gPCR using SYBR Green JumpStart Tag ReadyMix (Sigma
Aldrich, 1,003,444,642) with QuantStudio5 Real-Time PCR System
(Applied Biosystems). A total of 2 ul ROX (CRX reference dye, Pro-
mega, C5411) were added to 1 ml SybrGreen as a passive reference
dye that allows fluorescent normalization for qPCR data. The PCR
conditions were 95 °C for 5 min, followed by 40 cycles of 95 °C for
15s, 60 °C for 30 s, and 72 °C for 30 s, followed by a melting curve
analysis. Ubiquitin (UBC21, AT5G25760) was used as a housekeeping
gene for all experiments. Roots from two ATS plates were harvested
and considered as one technical replicate. The results of three or more
biological replicates are included in the data analysis.

43.6 | P.syringae pv. tomato DC3000

Plants for Pto DC3000 infection were grown on soil with 10 h light
and 55% humidity for four to five weeks. Pto DC3000 was routinely
grown at 28 °C on King's B plates with 1% Agar. Overnight plate-
grown Pto DC3000 cells were resuspended in 10 mM MgCl, and
.04% Silwet L-77 and diluted to OD4go = .02. The A. thaliana plants
were sprayed from below and on top with inoculum. Discs of the
infected leaves (one disc per leaf, .6 cm diameter) were excised at
1 dpi and 3 dpi. For one technical replicate, four leaf discs from one
plant were pooled and ground in 200 pl 10 mM MgCl,. Serial dilutions
were plated on King's B medium with rifampicin (50 ug mL™%) and
bacterial colonies were quantified after two days of incubation at
28 °C. At least four plants per genotype and time points were har-
vested and plated. Results of three independent rounds of infection
are included.

For qRT-PCR, for one technical replicate, two inoculated or
mock-treated (sprayed with buffer-only) leaves per plant were har-
vested at 6 hpi, 1 dpi, and 3 dpi. Leaf material was ground using a tis-
sue lyser and RNA extractions performed with Trizol reagent
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(Invitrogen, USA) according to the manufacturer’s protocol and the
Zymo RNA Clean & Concentrator Kit, including in-column DNase

® Universal

treatment. RT-qPCR was performed using the NEB Luna
One-Step RT-gPCR Kit (E3005) according to the manufacturer’s
instructions (55 °C 10 min, 95°C 1 min, 95°C 10 s, 60°C 30,
45 cycles, and subsequent melting curve analysis). Reactions were
set-up in duplicates using 10 ng RNA in 10 pl reactions. At least four
samples per time point and treatment were analyzed, two rounds of

infection were included.

4.3.7 | X campestris pv. campesttis

Plants for X. campestris pv. campestris infection were grown on soil
with 10 h light and 55% humidity for four to five weeks.
X. campestris pv. campestris 8004 was routinely grown at 28 °C on
NYG (Nutrient Yeast Glycerol Agar, Daniels et al., 1984) media with
1% agar. Inoculum was prepared freshly by scraping bacteria from
plates and resuspended in 1x PBS for a final OD¢go of .4. Four
leaves per plant were inoculated by application of 5 ul drops of bac-
terial suspension onto the midvein of leaves prior to pricking with a
4 * 20 mm needle five times. Plants were covered in a plastic bag
for the first two days to create optimal infection conditions with
high humidity. Discs of the inoculated leaves (one disc per leaf,
.6 cm diameter) were excised at 3 dpi and 5 dpi. For one technical
replicate, two leaf discs of one plant were pooled and ground in
200 ul 10 mM MgCl,. Serial dilutions were plated on King's B
medium supplemented with rifampicin (50 pg mL™%), and bacterial
colonies were quantified at two days after incubation at 28 °C. Sus-
pensions that resulted in no colonies were excluded from the analy-
sis. At least four samples per genotype and time point were
harvested and plated. Results of three independent rounds of infec-
tion are included.

For gRT-PCR, for one technical replicate, two inoculated or
mock-treated leaves per plant were harvested at 1 dpi, 3 dpi, and
7 dpi. RNA extraction and gRT-PCR reactions were performed as
described above for Pto DC3000.

438 | X fastidiosa subsp. fastidiosa

Plants for X. fastidiosa subsp. fastidiosa infection were grown on soil
with 10 h light and 55% humidity for four to five weeks. X. fastidiosa
subsp. fastidiosa Temeculal (ATCC 700964) was routinely grown at
28 °C on PD3 plates (Pierce’s Disease 3, Davis, 1980) for approx.
seven to ten days. The inoculum was prepared freshly by scraping
bacteria from the plate and resuspending it in 1x PBS for a final
ODgoo of .5. Four leaves per plant were inoculated by application of
5 wl drops of bacterial suspension onto the midvein of leaves prior to
pricking with a .4 * 20 mm needle 5 times. For one technical replicate,
two petioles per plant were combined and harvested at 5 dpi and
3 weeks post-inoculation (wpi). RNA was extracted from two petioles

of infected samples after disruption with a tissue lyser, using Trizol
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reagent (Invitrogen, USA) according to the manufacturer’s protocol
and Zymo RNA Clean & Concentrator Kit, including in-column DNase
treatment. gRT- PCR was performed with 10 ng RNA using the NEB
Luna® Universal One-Step RT-qPCR Kit (E3005), in 10 ul reactions
according to manufacturer guidelines (55 °C 10 min, 95°C 1 min,
95°C 10s, 60 °C 30 s, 45 cycles, and subsequent melting curve anal-
ysis) using primers for Xf16S and CDKA (see Table S3) to normalize for
plant material. At least four samples per genotype and time points
were analyzed. Results of two independent rounds of infections are
included.

For qRT-PCR, for one technical replicate, two inoculated leaves
or mock-treated leaves per plant were harvested at 1 dpi, 5 dpi, and
3 wpi. RNA extraction and qRT-PCR reactions were performed as
described above for Pto DC3000.

44 | Statistical analysis

All data was analyzed using R (version 2023.06.0 + 421) and statisti-
cal analysis was performed using the stats-package (R: The R Project
for Statistical Computing, n.d.). For infection data, mutant measure-
ments were compared to respective measurements in Col-0. For RT-
gPCR and gPCR data analysis, expression values were analyzed using
the 2249 method (Livak & Schmittgen, 2001) and normalized
against CDKA or UBC21 (S. indica) as housekeeping genes and the
average of respective mock samples. For E. cruciferarum, all time
points were compared to TO. Significance was assessed by two-sided
Welch's t-test (ax=.05, p-values *<.05 **<.01, ***<.001,
**** < ,0001) using the stats-package in R. Heat maps were generated
using geom_tile of the ggplot package in R depicting average of nor-
malized colonization compared to Col-O at selected time point or
average of log2 foldchange of gene expression at early, mid or late
time point. We considered tissue from independently inoculated
plants as technical replicates, which were pooled in some instances.
Independent biological replicates of the experiments were performed

to confirm results at least twice.

45 | Use of public data

The heat map showing the differential expression of DCL and AGO
genes (Figure S1) was generated using data from Bjornson et al., 2021
(Tables S1 and S2) with Python v3.11.4 (Van Rossum & Drake, 1995)
and Seaborn v0.12.2 (Waskom, 2021).

4.6 | Accession numbers

Genes reported in this article can be found in the GenBank/RGAP
databases under the following accession numbers: AGO1
(AT1G48410), AGO2 (AT1G31280), AGO4 (AT2G27040), AGO10
(AT5G43810), DCL2 (AT3G03300), DCL3 (AT3G43920), and DCL4
(AT5G20320), CDKA (AT3G48750.1), UBC21 (AT5G25760).
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Conclusion:

In this study, we investigated the role of AGO proteins in plant-microbe interactions and
identified both positive and negative regulatory functions. We found that AGO1 negatively
regulates immunity against H. arabidopsidis while potentially enhancing resistance to X.
Fastidiosa. In contrast, AGO10 and AGO2 appear to facilitate S. indica colonisation,
potentially through sRNA-mediated regulation. Furthermore, AGO4 contributes to
resistance against T. thlaspeos. Functional redundancy among AGO and DCL proteins,
along with pathogen effector-mediated immune suppression, complicates the
phenotypic analysis. To gain a deeper understanding of AGO functions during the

interaction between At and Si, we explored higher-order AGO mutants in Chapter 5.
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Abstract

Plant ARGONAUTE (AGO) proteins, key components of the RNA interference pathway, are
crucial regulators of plant-microbe interaction. They facilitate small RNA transfer and
activity, modulate the outcome of the interaction in a context-dependent manner and
thus influence host immunity. In this study, we investigated the role of AGO proteins
during the mutualistic interaction between Arabidopsis thaliana (At) and endophytic
fungus Serendipita indica (Si). Si colonisation assays of At single (ago7, ago2, ago10) and

double mutants (ago7ago2, ago1ago10) suggest that fungal accommodation in the plant
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depend on multiple AGO proteins, indicating potential functional redundancy. To further
explore the molecular basis of this interaction, immunoprecipitation of AGO1 and AGO2
followed by sRNA sequencing was performed. We identified Si-derived sRNAs (SisRNAs)
being loaded and translocated in Arabidopsis root cells. Our findings highlight the

presence of cross-kingdom RNAi in the mutualistic Arabidopsis-S. indica symbiosis.
Introduction

Plants interact with a variety of microorganisms, from pathogenic invaders to beneficial
symbionts. In this interaction, fungal and oomycete small RNAs (sRNAs) can hijack plant
RNA silencing machinery to suppress host defences (Dunker et al., 2020; Weiberg et al.,
2013) known as cross-kingdom communication. Associations with beneficial microbes,
such as arbuscular mycorrhizal Fungi (AMF), rhizobia, and root colonising endophytes,
can improve nutrient supply and increase nitrogen fixation in host plants (Glaeser et al.,
2016; Oldroyd, 2013; Ren et al., 2019), promote plant growth and increase plant
resilience to abiotic and biotic stresses (L. Li et al., 2023; Sharma & Varma, 2021). These
benefits can originate from cross-kingdom communication. In an in-silico study, Silvestri
et al. (2019) showed that Rhizophagus irregularis accumulates distinct sRNAs during
symbiosis with Medicago truncatula. These sRNAs were predicted to target host
transcripts involved in defence, signal transduction, and metabolism (Silvestri et al.,
2019). Later on, R. irregularis sSRNA, Rir2216, was demonstrated to be delivered into M.
truncatula root cells, recruited by the host AGO1 complex, and silenced the transcription
factor MtWRKY69 to facilitate fungal colonisation and arbuscule formation (Silvestri et

al., 2025).

Endophytic fungi employ sRNAs to modulate the colonisation of host plants. Using an
artificially engineered system, Fusarium solani strain K (FsK) was transformed with a
hairpin RNA construct that was processed into 21-24 nt siRNAs to silence a Nicotiana
benthamiana reporter gene (Dalakouras et al., 2022). A follow-up study confirmed that
this induced silencing is RNA-Dependent RNA polymerase (RDR) 6 dependent,
highlighting a plant genetic requirement for the amplification and durability of cross-

kingdom RNAI (Kellari et al., 2025).
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In the Brachypodium distachyon (Bd)-Serendipita indica (Si) interaction, transcriptome
and sRNA profiling showed that S. indica encodes an RNAi machinery (predicted DCLs,
AGOs/Quelling Deficient-2-like proteins, and RDR proteins) that reprograms expression
of thousands of Si genes during colonisation. The study identified unique S. indica cross-
kingdom sRNAs (ck-SisRNAs) and their corresponding downregulated Bd targets,
suggesting ck-RNAi as a regulatory mechanism in the Si-Bd interaction (Segi¢ et al.,
2021). In Arabidopsis, Nasfi et al. (2024) developed a pipeline for validating SisRNAs.
They detected SisRNAs in axenic culture and during the Si-At interaction, overexpressed
them in protoplasts, and assayed their functional activity against predicted Arabidopsis
targets in cell-wall organisation, hormone signalling, immunity, and gene regulation.
Importantly, using AGO1 immunoprecipitation, SisRNAs were confirmed to be
translocated and loaded into the At RNAi machinery, indicating their regulatory role in the

Si-At interaction (Nasfi et al., 2024).

Recent studies have indicated the importance of AGO proteins in the establishment of
beneficial and pathogenic symbioses. In Phaseolus vulgaris, AGO5 was shown to bind
the endogenous miRNAs and rhizobia tRNA fragments during nodulation. The loss of
AGOS5 further inhibited nodule formation and altered the expression of symbiosis-related
genes, identifying AGOb5 as a regulator of legume-rhizobia interactions (Sanchez-Correa
et al., 2022). In Nicotiana attenuata, AGO7 promoted AMF colonisation by regulating
small RNAs involved in root signalling. Plants with depleted AGO7 showed reduced
colonisation and slower growth, suggesting a role in establishing this beneficial
association (Pradhan et al., 2023). In pathogenic systems, AGO1 is the canonical effector
of miRNA function (Baulcombe, 2004; Vaucheret et al., 2004). In addition, AGO2 is
strongly induced during bacterial and viral infections as part of the plant defence system
(Jaubert et al., 2011; Zhang et al., 2011), while AGO10 modulates development by
sequestering miR165/166 (Ji et al., 2011; Zhu et al., 2011).

In Arabidopsis thaliana, there is initial evidence for a connection between AGO proteins
that facilitate mutualistic interactions. In our previous work, we demonstrated that
Arabidopsis thaliana ago2 and ago70 mutants showed reduced colonisation by S.indica,

while ago7 mutant plants showed wild-type-like colonisation.
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In this study, we focused on AGO1, AGO2, and AGO10, as a canonical effector, an
immunity-associated AGO, and a clade | developmental AGO, respectively. By combining
mutant analyses, expression profiling, and AGO immunoprecipitation coupled with
sequencing, we investigated their contribution to S. indica colonisation and the
recruitment of Si-derived sRNAs into the host silencing machinery. This study fills a gap
in our understanding of AGO function in the establishment and function of beneficial

symbioses and reveals how the host RNAi pathway may be exploited during symbioses.

Material and Methods

Plant, fungi, and plant inoculation

For interaction assays between Arabidopsis thaliana (Col-0) roots and Serendipita indica
(strain IPAZ-11827, Institute of Phytopathology, Giessen, Germany), seedlings were
cultivated on vertical ATS medium (Lincoln et al., 1990) plates without sucrose and with
45¢g L™ Gelrite (Duchefa, #G1101) under an 8 h light/16 h dark cycle (22 °C/18 °C).
Fourteen-day-old roots were inoculated with 1 mL of S. indica chlamydospore
suspension (5 x 10° spores mL™" in 0.002% Tween-20) following the protocol of Jacobs et
al. (2011). S. indica cultures were maintained axenically on complete medium

(Pontecorvo et al., 1953) for four weeks under daylight with agitation at 100 rpm.

AGO expression profiling in ago mutants

For AGO gene expression, Col-0, ago?, ago2, ago10, agolago2, and agolago10
Arabidopsis mutant plants were grown on ATS plates and inoculated with S. indica spores
as previously described. Inoculated roots were harvested at 3 and 7 dpi and ground with
the tissue lyser. RNA extraction, cDNA synthesis, and quantification of AGO expression
were performed as previously described in Ruf, Thieron, Nasfi et al. 2024 (Ruf, Thieron,
Nasfi et al., 2024). Ubiquitin (UBQ5, AT3G62250) and Ubiquitin (UBC21, AT5G25760)
were used as housekeeping genes. Roots from two ATS plates were harvested and
considered as one technical replicate. Results from three or more biological replicates
are included in the data analysis. All primers used in this study are presented in

Supplementary Table 1.

Quantification of S. indica colonisation in ago double mutants
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For quantification of S. indica colonisation of Arabidopsis double mutantlines, ago7ago2
and ago7ago10, genomic DNA was extracted using a Qiagen DNA extraction kit (QIAGEN,
69504). DNA concentration was measured wusing a NanoDrop ND-1000
Spectrophotometer (Thermo Fisher Scientific, USA), and quantification of S.indica
colonisation was performed via gPCR using internal transcribed spacer (ITS) primers as
previously described in Ruf, Thieron, Nasfi et al. 2024 (Ruf, Thieron, Nasfi et al., 2024). All

primers used in this study are presented in Supplementary Table 1.

AGO1 immunoprecipitation and western blot

AtAGO1-IP was performed using 5g of At roots inoculated with S.indica chlamydospores
and harvested at 7 dpi and anti-AGO1 primary antibody (1:4000 dilution) (Agrisera, AS09
527)as described in Nasfietal. 2024. For western blot, 20 pl or 10ul of total protein, crude
extract before antibodies (CE), supernatant after pelleting agarose beads (SN), and
AtAGO1 Co-IP fraction (IP) were loaded after boiling at 95 °C for 5 min using 5.5% stacking

geland a 12% resolving gel and visualised (Nasfi et al., 2024).

AGO2 immunoprecipitation and western blot

HA-AGO2 Arabidopsis roots (2.5 g), inoculated or not with S. indica, were ground in liquid
nitrogen with sterile sand. Samples were thawed onice (~50 min) in 10 ml of IP extraction
buffer, centrifuged at 3200 x g for 15 min at 4 °C, and supernatants were filtered through
two layers of Miracloth. A 200 ul aliquot of the crude extract (CE; supernatant before
antibodies) was mixed with SDS loading buffer, boiled at 95 °C for 5 min, and stored at
-20 °C for western blot analysis. To the remaining supernatant, 400 pL of anti-HA
MicroBeads (Miltenyi Biotec) was added, and the mixture was incubated for2 h at4°C on
a rotation wheel. After centrifugation at 500 x g for 5 min at4 °C, 200 pL of the supernatant
(SN; after antibodies) was collected for the western blot. Beads were washed four times
with ice-cold IP wash buffer, resuspended in 1 ml of wash buffer, and split into 30% for
western blot (IP fraction) and 70% for RNA extraction. AGO2 western blot was performed
as previously described for AGO1-IP in Nasfi et al. 2024, using an HA-HRP conjugated
monoclonal antibody (clone 3F10, Roche) at a 1:6000 dilution in 1% milk in 0.1% PBS-T.

Membranes were incubated with the antibody solution (20 ml) overnight at 4 °C on a
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rocking shaker, then washed four times for 10 min each at room temperature with 0.1%

PBS-T.

sRNA recovery

Immunoprecipitated pellets were resuspended in 300 pL of IP wash buffer mixed with 150
pL of RNA release buffer and incubated at 65 °C for 15 min with gentle agitation (300 rpm).
RNA was recovered by extraction with 450 pyL of water-saturated phenol, followed by
vortexing for 2 min and centrifugation at 10 000 x g for 8 min at room temperature. The
upper phase was transferred to a low-binding tube and purified twice using 450 pL of
chloroform/isoamyl alcohol (24:1). To precipitate RNA, 0.1 volume of 3 M sodium
acetate, 2.5 volumes of 96% ethanol, and 20 ug of glycogen were added, and samples
were incubated overnight at —20 °C. The RNA was pelleted (20 000 x g, 30 min, 4 °C),
washed with 80% ethanol, centrifuged again (20 000 x g, 20 min, 4 °C), air-dried, and

finally dissolved in 8 ul of DEPC-treated water before storage at-80 °C.

Stem-loop PCR

Hairpin and forward primers were generated using the tools described by Adhikari et al.
(2013) and Varkonyi-Gasic and Hellens (2011) (Adhikari et al., 2013; Varkonyi-Gasic &
Hellens, 2011). Stem-loop PCR was performed as described by Nasfi et al. (2024).
Expression of SisRNAs pulled down from AGO2-IP was verified by end-point PCR under
the following conditions: 95 °C for 5 min; 40 cycles of 95°C for 30 s, 60 °C for 30 s, and 72
°C for 30 s; followed by 72 °C for 5 min. PCR products were separated on 2% TBE-agarose

gels. Primer sequences are listed in Supplementary Table S1.

NGS sequencing of sSRNAs

Small RNA libraries from AGO1 and AGO2 IP were prepared and sequenced by two
service providers. AGO1-sRNAs from a first replicate were sequenced at GenXPro GmbH
(Frankfurt am Main, Germany) using the TrueQuant smallRNA Seq Kit according to the
manufacturer’s instructions on an lllumina NextSeq500 platform. AGO2-sRNAs from a
first replicate were sequenced at BMK (Biomarker Technologies, Beijing, China) on an
Ilumina platform. Libraries from a second replicate of AGO1- and AGO2-sRNAs were

sequenced with GenXPro GmbH as previously described.
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Bioinformatics

Raw sequencing reads were subjected to quality control using FastQC v0.11.9. Adapter
sequences as well as low-quality bases at the read-ends were trimmed with Cutadapt
v4.1. Reads between 18 and 26 nucleotides in length were retained for further analysis.
The processed reads were aligned with Bowtie v1.3.1 to several reference datasets,
including the Arabidopsis thaliana genome (Ensemblrelease 50, TAIR10), the Serendipita
indica genome (éeéic’ et al., 2021; GCA_910890315.1), the S. indica transcriptome
(Serendipita_indica_dsm_11827_gca_000313545.ASM31354v1), and a custom
database comprising rRNA and tRNA sequences from A. thaliana, S. indica, Neurospora
crassa, and Laccaria bicolor. For the generation of the Arabidopsis sRNA pool (At>At),
only reads that mapped with 100% identity to the A. thaliana genome and did not map to
the S. indica genome, the A. thaliana transcriptome, or the rRNA/tRNA database were
retained. Conversely, the Serendipita-derived sRNA pool (Si»At) was defined as reads
that mapped with 100% identity to the S. indica genome but not to the S. indica
transcriptome, thereby representing non-coding regions, and that did not allow perfect
matches to the A. thaliana genome but permitted overlap with rRNA and tRNA

sequences.

Protoplast transformation

Protoplasts were isolated using the Tape -Arabidopsis Sandwich method as described in
(Wu et al., 2009). Design and cloning of SisRNAs and protoplast transformation were
performed as described in Nasfi et al., 2024 using the plasmid pUC18-Atmir390a-RFP. 75
mer oligos used for cloning SisRNAs into the pUC18-Atmir390a-RFP are presented in

Supplementary Table 2.

RNA extraction and cDNA synthesis

Total RNA from protoplasts was extracted using QuickRNA™ Miniprep kit (Zymo Research,
R1050) with an on-column DNase | treatment and concentration was measured using a
NanoDrop ND-1000 Spectrophotometer (Thermo Fisher Scientific, USA). cDNA for gPCR

analysis was synthesised from 500 ng of RNA using Revert Aid Reverse transcriptase.

gPCR for PTGS
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The standard curve method was used to test the efficiency of the qPCR transcript primers
(0.4 uM) using non transformed At protoplasts and 5 pl of SybrGreen (Sigma-Aldrich). The
total volume of 10 pl and three technical replicates are considered for each reaction.
Prior to master mix preparation, 2 ul of ROX (CRX reference dye, Promega, C5411) were
added to 1 ml of SybrGreen as a passive reference dye that allows fluorescent
normalisation for qPCR data. qPCR was performed using the QuantStudio 5 real-time
PCR system (Applied Biosystems) as described in Nasfi et al. 2024. The 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. Fold changes in expression were calculated
using the AACt method(Livak & Schmittgen, 2001) and normalised to the geometric mean
of two endogenous housekeeping genes, Ubiquitin (UBQS5, AT3G62250) and Elongation
Factor-1 alpha (ef1a, AT5G60390) and Ct values of target genes were normalised to the
RFP Ctvalues. Standard errors were calculated for all mean values. All primers are listed

in Supplementary Table S1.

ago mutant lines

Seeds of AGO mutant lines, including ago1-27, ago2-1, and ago10-1 single mutants, and
the double mutants ago7-27ago2-1 and ago1-27ago10-1, were kindly provided by Dr
James C. Carrington's laboratory at the Donald Danforth Plant Science Centre, USA.
Plants were genotyped to confirm the presence of mutations before use in colonisation

experiments.
Results

Our previous findings suggested a specific role for AGO2 and AGO10, but not AGO1, in
promoting Arabidopsis-S. indica symbiosis (Ruf, Thieron, Nasfi et al., 2024). To further
investigate the functional role of AGO1, AGO2, and AGO10 in this symbiosis, the
colonisation pattern of S. indica was examined in higher-order mutants. The ago7ago10
mutant showed an increased S. indica colonisation compared to wild-type Col-0 plants
at both early (3 dpi; Figure 1a) and later time points (7 dpi, Figure 1b). In contrast, the
agolago2 double mutant showed significantly reduced colonisation at 3 dpi (Figure 1a),

with a similar trend observed at 7 dpi (Figure 1b). Taken together, these results support a
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model in which AGO2 and AGO10 promote mutualistic colonisation, with AGO10 having

a distinct function within clade I.
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Figure 1: Quantification of S. indica colonisation in AGO double mutants at 3 and 7
dpi. Relative S. indica colonisation was quantified from genomic DNA in ago7ago2 and
agolago10 compared to Col-0 at (a) 3 dpi and (b) 7 dpi. Colonisation levels were
determined by gPCR using S. indica ITS primers and normalised to the geometric mean
of two endogenous housekeeping genes, Ubiquitin (UBC21, AT5G25760) and UBIQUITIN
5 (UBQ5, AT3G62250). The data represent two biological replicates. Boxplots display
individual values with standard deviations. Statistical significance was assessed using a
two-sided Welch’s t-test (ns, not significant; a = .05 p-values * <.05, ** < .01, *** < .001,

**xx <.0001).

AGQOQO's expression is dynamically regulated in response to Si

We previously observed that AGO4 expression (downregulated at 7 dpi) was the only one
altered following S. indica colonisation among all AGOs in Col-0 (Ruf, Thieron, Nasfi et
al., 2024). To further investigate the role of AGOs during S. indica colonisation, we
analysed the expression of AGO17, AGO2, and AGO70 in the Arabidopsis single and
double mutants at 3 and 7 dpi (Figure 2). AGO1 expression showed no significant change
in the ago2 or ago10 mutants at both time points (Figure 2a). At 3 dpi, AGO2 levels were
significantly increased in the ago? single and in ago7ago70 double mutants and

remained elevated in the ago7 mutant at 7 dpi, indicating a persistent effect over time
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(Figure 2b). AGO10 expression was increased in the ago2 but not in the ago7ago2 double

mutant (Figure 2c). These results suggest potential functional redundancy between

AGO1, AGO2 and AGO10.
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c)

AGO10 expression in ago mutants at 3 and 7 dpi
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Figure 2: Relative expression of AGO genes in Arabidopsis ago mutants during S.
indica colonisation. Boxplots show expression of (a) AGO1, (b) AGO2, and (¢) AGO10in
single and double ago mutants at 3 dpi and 7 dpi relative to expression in Col-0. Error bars
show standard deviation. The data represent three independent biological replicates.
Statistical significance was assessed by two-sided Welch’s t-test (* p < 0.05, ** p < 0.01,

**% 1 < 0.001).

AGO1- and AGO2-IP sRNA-sequencing confirms selective loading of Arabidopsis sRNAs

during colonisation

Given that mutant analysis and expression data suggested a redundant function of AGO1
and AGO2 in promoting colonisation and potentially in plant defence, we performed
AGO1- and AGO2-IP of S. indica colonised Arabidopsis roots to identify the repertoire of
SisRNAs potentially involved in the S. indica-Arabidopsis interaction. Roots were
sampled at 7 days post mock treatment or S. indica inoculation from two independent
biological experiments, followed by sRNA sequencing. This approach enabled us to
catalogue endogenous Arabidopsis sRNAs (AtsRNAs) and potential S. indica cross-
kingdom sRNAs (ck-SisRNAs) associated with Arabidopsis AGO1 and AGO2. The success
of the AGO1- and AGO2-IP was confirmed by Western blot analysis, which demonstrated

a clear enrichment of AGO1 (Figure 3a) and AGO2 proteins (Figure 3b) in the IP fraction.
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To validate the expression of a subset of SisRNAs identified by sRNA sequencing from S.
indica axenic culture (éeéié et al., 2021; Nasfi et al., 2024), we performed multiplexed
stem-loop PCR on sRNA recovered from AGOZ2-IP, as previously described for sRNA
recovered from AGO1-IP (Nasfi et al.,, 2024). Bands corresponding to SisRNA24,
SisRNA269, SisRNA28, and SisRNA62 were observed (Supplementary figure 1). In
addition, AtmiR393a*, with a strong bias toward AGO2, and AtmiR159a were detected.
These results confirm that the sRNA recovered from the AGO2-IP contained both

Arabidopsis and S. indica sRNAs, providing a strong basis for subsequent sequencing.

a) Si-At
CE SN I
Anti-AGO1
—
b
) Si-At
CE SN I
Anti-HA-AGO2
— — Y

Figure 3: Quality control of AGO1- and AGO2-IP in Arabidopsis roots colonised by S.
indica. (a) Quality control of AGO1-IP performed on S. indica-colonised Arabidopsis
roots. (b) Quality control of AGO2-IP performed on S. indica-colonised Arabidopsis roots.
Three sample fractions were analysed by Western blot: crude extract (CE) after debris
removal, supernatant (SN) after incubation with anti-AGO1 and anti-HA, respectively, for
AGO1 and AGO2 enrichment, and the immunoprecipitated (IP) fraction (resuspended IP
pellet). AGO1 and AGO2 were detected at the expected sizes (~130 kDa) using anti-AGO1
and anti-HA antibodies, respectively. For AGO1, 20 pyL or 10 yL of the samples were
loaded onto the SDS-PAGE gel. AGO1 and AGO2 signals were stronger in the IP fraction
compared to the SN, confirming successful enrichment. The broad-range pre-stained

protein ladder was used as a size marker.
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Sequencing of AGO1-bound sRNAs pulled down from mock-treated roots revealed the

typicaldistribution of Arabidopsis sRNAs (AtsRNAs), predominantly 21 nt (~42,000 reads)

and 24 nt (~45,000 reads) in length, with a higher proportion of 5'-Uracile (U) AtsRNAs

(Figure 4a). Analysis of total AtsRNAs from crude extracts (prior to AGO1-IP) from S.

indica-colonised Arabidopsis roots revealed 24 nt AtsRNAs as the most abundant,

followed by 23 nt, and exhibited variable 5' nts (Figure 4b). In contrast, the AGO1-IP

fraction from S. indica-colonised Arabidopsis roots showed a clear enrichment of 21 nt

and 24 nt AtsRNAs (75-80% of reads) with a strong bias to 5'-U, consistent with the known

loading specificity of AGO1 (Figure 4c).
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AtsRNAs in AGO1-IP fraction
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Figure 4: Distribution of Arabidopsis sRNAs in mock-treated, total fraction before IP
(crude extract=input) and AGO1-IP bound AtsRNAs during the S. indica-Arabidopsis
interaction. (a) Total AtsRNAs from mock-treated Arabidopsis. (b) total sRNAs from S.
indica-Arabidopsis samples before AGO1-IP (crude extract). (c) AtsRNAs recovered from
AGO1-IP samples of two independent biological replicates. Stacked bars show the
number of unique reads per sSRNA length class (18-26 nt, x-axis). Colours indicate the 5'
terminal nucleotide identity (G, C, U, A). Allreads were aligned to the Arabidopsis genome
(Ensembl release 50, TAIR10), and only Arabidopsis sRNA sequences that did not map to
the S. indica genome, the A. thaliana transcriptome, or the rRNA/tRNA database were

retained.

Together, these results validate the efficiency of the AGO1-IP and confirm that AGO1
preferentially associates with canonical 21 nt 5'-U AtsRNAs during S. indica Arabidopsis

interactions.

Next, AGO2-IP recovered sRNAs from both mock-treated and S. indica—colonised
Arabidopsis roots were sequenced to profile AGO2-associated AtsRNAs. In mock-treated
roots, AtsRNAs displayed the expected size distribution, with peaks at 21 nt (~22,000
reads) and 24 nt (~24,000 reads), and a clear enrichment for 5'-A AtsRNAs (Figure 5a).

Total sSRNAs from crude extracts (prior to AGO2-IP) from S. indica-colonized Arabidopsis
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roots showed an enrichment for 23 and 24 nt AtsRNAs with a strong bias toward 5'-
Adenine (A) (Figure 5b). The AGO2-IP fraction from S. indica Arabidopsis roots revealed a
major enrichment for 21 and 24 nt AtsRNAs with a strong bias to 5'-A, consistent with the

reported loading specificity of AGO2 (Figure 5¢) (Mi et al., 2008).
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AtsRNA in AGO2-IP fraction
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Figure 5: Distribution of Arabidopsis sRNAs in mock-treated, total fraction before IP
(crude extract=input) and AGO2-IP bound AtsRNAs during the S. indica-Arabidopsis
interaction. (a) Total AtsRNAs from mock-treated Arabidopsis. (b) Total AtsRNAs from S.
indica-Arabidopsis samples before AGO2-IP (crude extract). (c) AtsRNAs recovered from
AGO2-IP samples of two independent biological replicates. Stacked bars show the
number of unique reads per small-RNA length class (18-26 nt, x-axis). Colours indicate
the 5' terminal nucleotide identity (G, C, U, A). All reads were aligned to the Arabidopsis
genome (Ensembl release 50, TAIR10), and only Arabidopsis sRNA sequences that did
not map to the S. indica genome, the A. thaliana transcriptome, or the rRNA/tRNA

database were retained.

Taken together, these results confirm that AGO2 selectively associates with 5'-A
Arabidopsis sSRNAs during S. indica colonisation, and with a broader size range (21-24 nt)
compared to AGO1. The AtsRNA analysis from AGO-IP established a reliable baseline for
detecting potential S. indica-derived sRNAs (SisRNAs) associated with AGO1 and AGO2.

To identify miRNAs from the sequenced AtsRNAs present in AGO1- and AGO2- IP, we
used ShortStack tool (Axtell, 2013). Analysis showed that some miRNAs were presentin
both AGO1- and AGO2- IP, while others appeared only in one AGO-IP fraction. Many of
the identified miRNAs are known to be strongly expressed in Arabidopsis roots, such as
miR156, miR159, miR160, miR164, miR165/166, miR167, miR168, miR171, miR319,
miR393, and miR396 (Gautam et al., 2017; Xu et al., 2017). Comparing these results with
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those from total Si-colonised roots confirmed that these miRNAs are selectively loaded

into either AGO1 or AGO2 (Supplemental Table 4).

AGO-I1P sRNA-sequencing reveals loading of SisRNAs into Arabidopsis AGO1 and AGO2

To investigate whether SisRNAs associate with Arabidopsis AGO1 and/or AGO2, we
analysed reads that mapped to the S. indica genome (Sedi¢ et al., 2021;
GCA_910890315.1), but not to the S. indica transcriptome
(Serendipita_indica_dsm_11827_gca_000313545.ASM31354v1), in both total fraction
before IP (crude extract= input), and AGO1- (Figure 6) and AGO2-IP fractions (Fi gure 7).

For AGO1, sequencing the total input fraction revealed a broad distribution of SisRNAs
(18-26 nt), with the highest abundance of 20-22 nt SisRNAs (Figure 6a). Their 5' nt
composition was mixed, without a clear preference for any nucleotide. In turn, in the
AGO1-IP fraction, around 21,000 SisRNAs (unique reads) were identified. The two major
peaks were at 20 and 21 nt, but no strong size preferences were detected (Figure 6b).
Importantly, AGO1-bound SisRNAs exhibited a slight shift towards a 5'-U bias (~40-50%),

consistent with the canonical loading preference of AGO1.
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Ck-SisRNAs in AGO1-IP fraction
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Figure 6: Distribution of S. indica-derived small RNAs (SisRNAs) in total fraction
before IP (crude extract=input) and AGO1-IP bound SisRNAs. (a) Total SisRNAs
detected before AGO1-IP (crude extract). (b) SisRNAs recovered from AGO1-IP from two
independent biological replicates. Stacked bar plots show the number of unique reads
across sRNA size classes (18-26 nt, x-axis). Colours indicate the 5' terminal nucleotide
identity (G, C, U, A). Y-axes represent counts of unique sequences. Only reads aligning to
the S. indica genome (éec':ié et al., 2021; GCA_910890315.1), but not to the S. indica
transcriptome (Serendipita_indica_dsm_11827_gca_000313545.ASM31354v1), were

included in the analysis.

For AGO2, sequencing of the total input fraction revealed a broad distribution of SisRNAs
(18-26 nt), with no size or 5' nt preferences (Figure 7a). Similarly, in the ~ 13,000 SisRNAs
(unique reads) identified in the AGO2-IP fraction, no significant size or 5' nt preferences
were detected, although a slight enrichment for SisRNAs with 5'-A is worth mentioning
(over 50% Figure 7b). These results suggest that a population of SisRNAs is recruited by

Arabidopsis AGO2 during colonisation and might exhibit a cross-kingdom function.
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Figure 7: Distribution of S. indica small RNAs (SisRNAs) in total fraction before IP
(crude extract=input) and AGO2-IP bound SisRNAs. (a) Total SisRNAs detected before
AGO2-IP (crude extract). (b) SisRNAs recovered from AGO2-IP in two independent
biological replicates. Stacked bar plots show the number of unique reads across sRNA
size classes (18-26 nt, x-axis). Colours indicate the 5' terminal nucleotide identity (G, C,
U, A). Y-axes represent counts of unique sequences. Only reads aligning to the S. indica

genome (Sedié et al., 2021; GCA_910890315.1), but not to the S. indica transcriptome
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(Serendipita_indica_dsm_11827_gca_000313545.ASM31354v1), were included in the

analysis.

Together, these results demonstrate that, in addition to Arabidopsis sRNAs, a distinct
subset of SisRNAs is selectively recruited by and loaded into Arabidopsis AGO1 and
AGO2.

To further investigate the functional regulatory role of SisRNAs identified from AGO1- and
AGO2-IP sequencing, four 21 nt SisRNAs were selected: SisSRNA-IP-148, SisRNA-IP-1603,
SisRNA-IP-1342 and SisRNA-IP-11, respectively targeting AT1G18890 (CPK1, CALCIUM-
DEPENDENT PROTEIN KINASE 1) related to salt stress, AT5G53450 (ORG1, OBP3-
responsive gene 1) related to salicylic acid response, AT2G41530 (SFGH; S-
FORMYLGLUTATHIONE HYDROLASE) related to oxidative stress and glutathione activity,
and AT4G091760 (PATL5, PATELLIN 5) related to auxin regulation in roots, and involved in
vesicle trafficking and membrane-related processes. Target gene prediction for SisRNAs
was performed using psRNATarget, as described by Nasfi et al. (2024), and one target
gene per SisRNA was selected based on functional relevance and potential roles in
beneficial interactions and immunity. Supplementary Table 5 provides detailed
information on these SisRNAs and their predicted target genes, and Supplementary
Figure 2 illustrates the alignment between the selected SisRNAs and their predicted

Arabidopsis target genes as displayed by the psRNATarget web tool.

The potential of selected SisRNAs, identified by sequencing the IP fraction to induce
PTGS of predicted target genes in Arabidopsis protoplasts, was investigated using mRNA
level quantification. Overexpression of SisSRNA-IP-148, SisRNA-IP-1603 and SisRNA-IP-
1342 in protoplasts did not result in downregulation of any of the three predicted target
genes: CPK1, ORG1, and SFGH (Supplementary Figure 3). In contrast, expression of
SisRNA-IP-11 resulted in a 42% reduction in PATL5 mRNA levels (Figure 8).
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Figure 8. gPCR analysis of target gene silencing in Arabidopsis protoplasts 24hptr
with SisRNA-IP-11 identified from AGO1- and AGO2- IP sequencing versus control
protoplasts without SisRNA-IP-11 (mock). mRNA transcript level of the target gene
PATL5 was normalised to the geometric mean of two endogenous housekeeping genes,
Ubiquitin (UBQ5, AT3G62250) and Elongation Factor-1 alpha (ef1a, AT5G60390) and Ct
values of target genes were normalised to the RFP Ctvalues. PATL5 mRNA transcript level
is shown as fold change relative to mock (without the SisRNA construct). Data are the
average of 3 biological replicates = SD. The Mann-Whitney U test was used for statistical

analysis. ns=not significant. The graph was created with Biorender.

Discussion

In this study, we demonstrate that AGO proteins play a regulatory role in the mutualistic
interaction between Arabidopsis thaliana and Serendipita indica. Analysis of higher-order
ago mutants revealed that AGO2 and AGO10 promote S.indica colonisation, while AGO1
seems to restrict S.indica growth in the absence of AGO10 (Figure 1). This observation is
consistent  with previous work showing that AGO10 (also called

ZWILLE/PINHEAD/AGO10 (ZLL)) act as a negative regulator of AGO1 (Mallory et al., 2009).
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Interestingly, Mallory et al showed that the AGO1 PAZ domain, responsible for sRNA
binding, is functionally interchangeable between AGO1 and AGO10, supporting a

complementary function.

The reduced S.indica colonisation observed at early stages in the ago7ago2 mutant
suggests that AGO2 is essential for the initial establishment of S.indica colonisation
(Figure 1). This observation is in line with recent results from Ruf, Thieron, Nasfi et al.
(2024), suggesting that these AGOs often operate in a more redundant manner and are
subject to cross-regulation rather than functioning as isolated components of the RNAI
machinery. This mechanism may contribute to the precise regulation of S. indica

colonisation in Arabidopsis roots.

Expression analysis further supports this functional redundancy. Loss of AGO1, or
combined loss of AGO1 and AGO10, resulted in increased AGO2 expression (Figure 2b).
Similarly, AGO10 expression was upregulated in the absence of AGO2 (Figure 2c). These
compensatory expression patterns suggest that AGOs may substitute for one another to
maintain RNAI activity, potentially including the capacity to bind SisRNAs. Such a
regulation highlights the specificity of the mutualistic exchange between At and S.indica,
in which the fungus uses the plant RNAi machinery without hijacking, as commonly
observed in plant -pathogen interaction (Wang et al., 2017; Weiberg et al., 2013). Instead,
both organisms engage in a more harmonious and balanced interaction that supports

mutual benefit.

In this study, we also confirmed that cross-kingdom communication occurs during
Arabidopsis -S.indica interaction. S.indica sRNAs were detected to be loaded in both
AGO1 and AGO2, indicating their transfer from the fungus to the plant RNAi machinery.
In this interaction, the sorting rules for Arabidopsis AGOs were as described and
developed by the literature for the plant “s endogenous sRNAs, with AGO1 mainly binding
21 nt AtsRNAs with a 5'-U and AGO2 binding AtsRNAs with 5'-Ain the IP fractions (Figures
4c and 5c¢) (Mietal., 2008; Takeda et al., 2008). However, when analysing S. indica sRNAs,
a slight shift toward the canonical sorting 5'-nt was observed, yet a heterogeneous

population of SisRNAs was clearly loaded in both AGO1 and AGO2 (Figures 6b and 7b).
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These findings indicate that the strict AGO sorting rules described for plant sRNAs, and
in some pathogens-derived sRNAs, do not fully apply to mutualistic endophytes. This
further supports the idea that mutualistic interactions prioritise the functional outcome
of the interaction, such as nutritional exchange, growth and nutrition-related gene
regulation in the plant, promoting colonisation, and modification of plant root
morphology (Nasfi et al., 2024), rather than complete suppression of the host defence
system. Such flexibility in AGO loading may facilitate mutualism and stable S. indica

colonisation.

Although cross-kingdom RNA transfer between At and S. indica has been confirmed, the
functional activity of SisRNAs on Arabidopsis transcripts and their role in post-
transcriptional gene silencing require further investigation. Four SisRNAs identified in
both AGO1- and AGO2-IP were selected and their targets predicted using psRNATarget.
Targets were selected based on their established role in mutualism. PATL5 (AT1G09160)
showed downregulation of its mRNA transcript in Arabidopsis protoplasts following
targeting by SisRNA-IP-11. Pattelins belong to the SEC14-like phosphatidylinositol
transfer protein family and participate in membrane lipid binding, vesicle trafficking, and
auxin-mediated root growth regulation (Montag et al., 2023.; Zhou et al., 2019). They are
also involved in plasma membrane-associated signalling pathways, such as the Ca2+
pathway, which is important in Arabidopsis roots inoculated with S.indica (Pérez-Alonso
et al., 2022). Given the significant role of patellins, their downregulation may affect
membrane remodelling and signalling events required for regulating S. indica
colonisation. The cell wall and plasma membrane constitute central regulatory layers
during Arabidopsis root colonisation by S. indica. Studies have shown that S.indica
colonisation induces callose deposition and suppresses cell wall-associated immune
responses to promote symbiosis (Jacobs et al., 2011). Nasfi et al. (2024) demonstrated
that Pectin acetyl esterase (PAE2, AT1G57590), a cell wall-modifying enzyme, was
significantly downregulated in Arabidopsis roots inoculated with S.indica at 3 and 7 dpi.
At the plasma membrane, auxin transporter proteins such as PIN2 are transcriptionally
downregulated under S.indica colonisation (Gonzalez Ortega-Villaizan et al., 2024). This
evidence of the involvement of the cell wall and cell membrane in Arabidopsis S. indica

interaction further emphasises the potential role of PATL5 in this interaction. All four
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predicted Arabidopsis genes are highly expressed in leaves and roots (Rich-Griffin et al.,
2020), however, no downregulation was observed for CPK71 (AT1G18890), ORG1
(AT5G53450) and SFGH (AT2G41530) suggesting limited cleavage efficiency under the
tested conditions. Factors such as mRNA secondary structure or RNA-binding proteins
can make the binding site inaccessible. While AGO1 is highly expressed in both leaves
and roots (Bohmert et al., 1998), AGO2 is typically low and induced by biotic stress
(Zhang et al., 2011). Tissue-specific differences must be considered, as differences in
abundance, isoforms, and associated cofactors can strongly influence RISC complex
efficiency. Protoplasts may not accurately reflect the AGO environment present in
colonised roots. Although the recently developed pipeline by Nasfi et al. (2024) provides
an efficient framework, tissue specificity remains a major challenge when using the

Arabidopsis protoplast system to test SisRNAs in PTGS-mediated regulation.

Transcriptome profiling during At-S.indica interaction is mandatory to identify key genes
affected by fungal colonisation and to specifically confirm the downregulation of PATL5
in colonised roots. Differential expression analysis will generate candidate target gene
lists that should be paired to the detected SisRNAs repertoire in AGO1- and AGO2-IP. In
parallel, combining target gene prediction with transcriptomic data and customised
SisRNA-mRNA pairing criteria will facilitate the selection of the most relevant SisRNA-

target gene pairs while minimising false positives.

Mapping SisRNA cleavage sites is a critical subsequent step. This can be achieved by co-
expressing SisRNA candidates with their predicted target transcripts, followed by NIL-
TDS, a sensitive method for detecting and quantifying sSRNA site-specific slicing activities
(Werner and Nasfi et al., 2025). This approach offers a second layer of validation beyond
transcriptomic and whole degradome analyses, especially for functional validation,

where only a few targets can be studied in depth.

Finally, to establish biological relevance, candidate SisRNAs should be tested in whole
plants. Arabidopsis transgenic lines expressing SisRNAs should be generated, and the
impact on predicted target transcripts levels should be examined to confirm PTGS in
planta. Phenotypic changes and fungal colonisation patterns should be analysed in lines
showing stable SisRNA expression. In parallel, T-DNA insertion mutants of selected target

genes inoculated with S. indica will determine whether the loss of these genes promotes
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S. indica colonisation. Such findings would not only validate SisRNAs function in

mutualism but also provide a foundation for future agricultural applications.
Conclusion

This study demonstrates that Arabidopsis AGO1, AGO2, and AGO10 proteins are involved
in the mutualistic interaction between Arabidopsis and S. indica. Notably, S. indica
sRNAs are transferred into plant cells and loaded into AGO1 and AGO2, demonstrating a
clear cross-kingdom sRNA trafficking during beneficial interactions. While standard AGO
sorting and loading rules apply to Arabidopsis sSRNAs, these rules do not strictly apply to
S.indica sRNAs. The regulatory activity of immunoprecipitation-detected SisRNAs and
transcriptomic analysis of S.indica colonised Arabidopsis roots should be further

investigated.
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Supplementary Figure 1. SisRNAs co-immunopurified with AGO2 from Si-colonised
Arabidopsis roots IP fraction. Multiplexed stem-loop PCR showing the detection of S.
indica-derived sRNAs (SisRNA24, SisRNA269, SisRNA28, and SisRNA62) together with
Arabidopsis miRNAs (AtmiR159a and AtmiR393a*) in colonized roots.
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SisRNA-IP-11 21 UCCUGGAACUUUGGUUUUCCA 1

...................

AT1G091760 376 AUGACUUUGGAGUCAGAAGGU 396

SisRNA-IP-148 21 CGGUAAUACGGUCACAGGAUU 1

AT1G18890 1752 GCCAG-ACGCCAGUGUUCUAA 1771

SisRNA-IP-1603 21 CGGUACGCUAAGCUCUUCAAU 1

.................

AT5G53450 2033 GGAGUGUGAUUGGAGAAGUUA 2053

SisRNA-IP-1342 21 UUGCUGGGUAAGAUGGUGACU 1

...............

AT2G41530 984 AACGACCAGUUCUACC-CUGA 1003

Supplementary Figure 2. Visualisation of the predicted SisRNA-target mRNA alignment,
as presented by the psRNATarget web tool. The upper line presents the 21-nucleotide
SisRNA, and the lower line the mRNA target region. Perfect matches are represented by

(:), and (.) and () indicates a bulge or a mismatch.
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Supplementary Figure 3. qPCR analysis of target gene silencing in Arabidopsis
protoplasts 24hptr with SisRNA-IP-148, SisRNA-IP-1603 and SisRNA-IP-1342 identified
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from AGO1- and AGO2-IP sequencing versus control protoplasts without SisRNAs

(mock). mRNA transcript level of target genes CPK7 (AT1G18890), ORG1 (AT5G53450)

and SFGH (AT2G41530) was normalised to the endogenous housekeeping genes,

Ubiquitin (UBQ5, AT3G62250) and Elongation Factor-1 alpha (ef1a, AT5G60390), and Ct

values of target genes were normalised to the RFP Ct values. mRNA transcript levels are

displayed as fold change relative to mock (without SisRNA construct). Data are the

average of 2 biological replicates + SD. The Mann-Whitney U test was used for statistical

analysis. ns=non-significant. The graph was created with Biorender.

Supplementary Table 1: Primer List (Fwd= forward, Rev=reverse, hp=hairpin)

Primer name Primer sequence
ITS-Fwd CAACACATGTGCACGTCGAT
ITS-Rev CCAATGTGCATTCAGAACGA
UBQ5-Fwd AAGAAGACTTACACCAAGCCGAAG
UBQ5-Rev ACAGCGAGCTTAACCTTCTTATGC
UBC21-Fwd GCTTGGAGTCCTGCTTGGACG
UBC21-Rev CGCAGTTAAGAGGACTGTCCGGC
efla-Fwd CTGTTGTAACAAGATGGATGCC
efla-Rev CCCTCGAATCCAGAGATTGG
AGO1-Fwd CTAGCAGCTTTTAGGGCTCG
AGO1-Rev TCTACCAGCCATTCCACCTC
AGO2-Fwd TGCAGAAGCTCATCTTCGAG
AGO2-Rev GCGGCTGCTTAAAGTTCTTC
AGO10-Fwd GTCTCTATAGTTCCTCCAGCG
AGO10-Rev TCCTTCAAGGCTGGTAAAGG
PATL5-Fwd TAGAGGAGTCAAATCATACGGCG
PATL5-Rev CCTCTAGCTTCGCAGTCTCTG
CPK1-Fwd CTACGGGAAGCTTTAGCGGA
CPK1-Rev CGTCCGTCCTTGTCAGTGT
ORG1-Fwd CCGTCGAGTCTTCCTGTAGC
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ORG1-Rev CCAATCACACTCCCAGGTGAA

SFGH-Fwd GCTGCTTGGGAGGAATACGA

SFGH-Rev TGCACGCCTCCTCAAACTT

SisRNA24-hp GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATAC
GACg agaac

SisRNA24-Fwd TCGCTttgaccaatttttct

SisRNA28-hp GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATAC
GACagatcc

SisRNA28-Fwd TCGCTacaactttcaacaac

SisRNAG62-hp GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATAC
GACcagagt
SisRNA62-Fwd TCGCTatccacggccatagg

SisRNA269-hp

GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATAC
GACggccat

SisRNA269-Fwd

TCGCTaacttctcgaatcge

AtmiR159a-hp

GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGAT
ACGACtagagc

AtmiR159-Fwd

TCGCTittggattgaaggga

AtmiR393a*-hp

GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATAC
GACaatcca

AtmiR393b*-Fwd

TCGCTatcatgcgatctctt

Universal-stem loop-Rev

GTATCCAGTGCAGGGTCCGAGGT

Supplementary table 2: 75 mer oligonucleotides used for cloning SisRNAs into the

pUC18-AtMIR390a-B/c-RFP vector.

Oligonucleotide

name

75 mer sequence

SisRNA-IP-11-75- | TGTAACCTTTTGGTTTCAAGGTCCTATGATGATCACATTCGTTATCTATTT

Fwd

TTTAGGACCTTGACACCAAAAGGT
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SisRNA-IP-11-75-

Rev

AATGACCTTTTGGTGTCAAGGTCCTAAAAAATAGATAACGAATGTGATC
AT CATAGGACCTTGAAACCAAAAGGT

SisRNA-1P-148-75-
Fwd

TGTATTAGGACACTGGCATAATGGCATGATGATCACATTCGTTATCTATT
TTTTGCCATTATGCAAGTGTCCTAA

SisRNA-IP-148-75-

Rev

AATGTTAGGACACTTGCATAATGGCAAAAAATAGATAACGAATGTGATC
ATCATGCCATTATGCCAGTGTCCTAA

SisRNA-IP-1603-
75-Fwd

TGTATAACTTCTCGAATCGCATGGCATGATGATCACATTCGTTATCTATT
TTTTGCCATGCGATGCGAGAAGTTA

SisRNA-IP-1603-
75-Rev

AATGTAACTTCTCGCATCGCATGGCAAAAAATAGATAACGAATGTGAT
CATCATGCCATGCGATTCGAGAAGTTA

SisRNA-1P-1342-
75-Fwd

TGTATCAGTGGTAGAATGGGTCGTTATGATGATCACATTCGTTATCTATTT
TTTAACGACCCATGCTACCACTGA

SisRNA-IP-1342-
75-Rev

AATGTCAGTGGTAGCATGGGTCGTTAAAAAATAGATAACGAATGTGATC
ATCATAACGACCCATTCTACCACTGA

Supplementary Table 3: List of SisRNAs, sequences, 5 terminal nucleotide and raw

reads normalised to Si-Bd colonised from our previous study (Sedi¢ et al., 2021) used in

this study.
sRNA name sRNA sequence 5° terminal Raw reads
nucleotides | normalised
to Si-Bd
colonized

SisRNA24 TTGACCAATTTTTCTGTTCTC T 165,27
SisRNA28 ACAACTTTCAACAACGGATCT A 44,43
SisRNA62 ATCCACGGCCATAGGACTCTG A 2033,18
SisRNA269 AACTTCTCGAATCGCATGGCC A 2,33
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Supplementary Table 4: List of top 20 miRNAs identified from AtsRNA sequencing from

Si-colonised Arabidopsis roots in Total, AGO1- and AGO2- IP samples

miRNA in Total fraction

miRNAs in AGO1-IP

miRNAs in AGO2-IP

miR156 miR156 miR156
miR157 Not detected miR157
miR158 miR158 miR158
miR159 miR159 Not detected
miR160 miR160 miR160
miR161 miR161 miR161
miR162 miR162 Not detected
miR164 miR164 not detected
miR165 miR165 miR165
miR166 Not detected miR166
miR167 miR167 Not detected
miR168 miR168 Not detected
miR169 Not detected Not detected
miR170 miR170 Not detected
miR171 miR171 Not detected
miR172 miR172 Not detected
miR319 miR319 Not

miR390 miR390 Not detected
miR393 miR393 miR393*
miR396 miR396 miR396
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Supplementary Table 5: List of SisRNAs and their sequences identified from AGO1- and AGO2-IP sequencing, their predicted targets

and their function studied for post-transcriptional gene silencing in protoplasts.
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SisRNA-IP-11 ACCTTTTGGTTTCAAGGTCCT | 6 (rep1) 2(rep 1) AT4G09160 Member of the Patellin 2.5 Cleavage
5 (rep 2) 4 (rep2) family. Participates in
membrane lipid binding,
vesicle trafficking and
membrane signalling
SisRNA-IP-148 | TTAGGACACTGGCATAATGGC | 15(rep 1) | 1(rep 1) AT1G18890 Encodes a calcium- 4.5 Cleavage
9 (rep 2) 4 (rep 2) dependent protein
kinase (CPK1), involved
in regulation of stress
and immune responses.
SisRNA-IP- TAACTTCTCGAATCGCATGGC | 21 (rep1) |14 (rep 1) | AT5G53450 | FBN11 or ORG1 a 3.5 | Cleavage
1603 7 (rep2) 11 (rep 2) member of the fibrillin
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protein family associated

with oxidative stress.

SisRNA-IP-
1342

TCAGTGGTAGAATGGGTCGTT

9 (rep1)
1 (rep 2)

3(rep1)
4 (rep 2)

AT2G41530

Encodes S-
formylglutathione
hydrolase (SFGH)
involved in cellular redox
homeostasis and

regulating ROS balance.

4.5

Cleavage
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Abstract

Extracellular vesicles (EVs) are known as mediators of cross-kingdom communication.
However, their presence and function in mutualistic fungi remain unexplored. In this
study, we investigated whether Serendipita indica (Si) produces EV-like particles and
examined their potential to transport small RNAs (sRNAs) to Arabidopsis thaliana. Si
particles were isolated from liquid cultures by differential ultracentrifugation and
characterised by transmission electron microscopy (TEM) and nanoparticle tracking
analysis (NTA). Typical cup-shaped EVs were observed; however, their final identity
remains uncertain. We also detected Serendipita indica small RNAs previously
associated with Serendipita indica-Arabidopsis thaliana interaction in the isolated EVs-
like particles, suggesting a possible role in cross-kingdom communication. Our findings

provide initial insights and a methodological basis for future studies on beneficial fungal
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EVs and their potential involvement in small RNA trafficking in plant-mutualistic

interactions.
Introduction

Extracellular vesicles (EVs) are heterogeneous structures surrounded by a lipid bilayer
membrane and secreted by both prokaryotic and eukaryotic cells. First identified and
described in blood in the 1960s, they were initially considered to be cellular waste
products (Johnstone et al., 1987; Wolf, 1967). However, over the years, it has become
clear that EVs are active mediators of intracellular communication, capable of carrying a

wide range of bioactive molecules rather than simple byproducts.

The cargo of EVs is remarkably diverse, including DNA, RNA, lipids, and proteins. These
molecules can be found within the vesicle lumen or on the surface (Colombo et al., 2014;
J. Zhang et al., 2024b). Among nucleic acids, RNA molecules are particularly
predominant and of interest for their role in cross-kingdom (ck) communication. While
most EV-associated RNAs are small RNAs, longer transcripts have also been detected
(Rutter & Innes, 2018). High-throughput sequencing of RNA extracted from isolated EVs
from many organisms has identified a broad repertoire, including mRNAs, microRNA
(miRNA), small nucleolar RNA (snoRNA), small nuclear RNA (snRNA), transfer RNA
(tRNA), Piwi-interacting RNA (piRNA), ribosomal RNA (rRNA), and circular RNA (circRNA)
(Cai etal., 2018; Kwon et al., 2021; Zand Karimi et al., 2022).

Fungal EVs were first reported in Cryptococcus neoformans in the 1970s (Takeo et al.,
1973), but their structure and functions were only characterised decades later
(Rodrigues et al., 2007). Since then, research has expanded dramatically, establishing
EVs as mediators of plant-microbe interactions. Pathogenic fungi, such as Botrytis
cinerea, were shown to utilise EVs to transfer sRNA into Arabidopsis, mainly via clathrin-
mediated endocytosis (CME) (He et al., 2023b). On the other hand, it was shown that
Arabidopsis cells secrete exosome-like EVs containing sSRNAs into B. cinerea, indicating
a bidirectional exchange that supports ck RNA interference (Cai et al., 2018).
Nevertheless, a controversial study showed that Arabidopsis EVs are responsive to
environmental and biotic stimuli and contribute to plant immunity by inhibiting fungal

growth (C. Higginsianum, powdery mildew Golovinomyces cichoracearum, and Botrytis
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cinerea). However, these EVs do not appear to carry sRNAs into pathogens, suggesting
that EVs do not mediate ck RNA interference, at least in the case of Arabidopsis (Koch et

al., 2025).

However, the agricultural potential of EVs is gaining increased interest. RNA-based
strategies, such as spray-induced gene silencing (SIGS), already demonstrate the
potential of RNA molecules for crop protection. Yet the efficient delivery of RNA into plant
tissues remains a major bottleneck. EVs, with their natural capacity to transport sRNAs
and other regulatory molecules, may provide a safe and effective carrier system for

targeted gene regulation in both hosts and pathogens (Nasfi & Kogel, 2022).

Despite these advances, EV research continues to face technical and conceptual
challenges. Isolation methods, such as differential ultracentrifugation, can yield large
quantities of vesicles, but they are often low-specificity and species-dependent
protocols. Other current approaches rely on complementary strategies, including
analysis of physical properties (size, concentration, charge), morphology (electron
microscopy), and molecular profiling (proteomics, RNA-sequencing, lipidomics) (Thieron
et al., 2024). As methods and workflows continue to improve, it will be possible to define
functional EV subtypes with greater precision and to elucidate their diverse roles across

biological systems.

In this chapter, we investigated whether Serendipita indica secretes EVs under axenic
culture conditions. We established a protocol for EVs isolation from S.indica and
characterised them using Transmission Electron Microscopy (TEM) and Nanoparticle
Tracking Analysis (NTA). Furthermore, we explored whether these vesicles carry sRNAs
that could contribute to the molecular dialogue with Arabidopsis thaliana. These
preliminary results are expected to broaden our understanding of S. indica biology and

could lay the groundwork for future research projects.

Material and Methods

The following parts of the material and method section of this chapter were performed

as previously described in Nasfi et al., 2024 (Chapter 3 of this PhD thesis)

- Plant, fungi, and plant inoculation
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- Total RNA extraction

- Stem-loop PCR

- pGEM-T cloning, colony PCR and sanger sequencing
Additional material and methods

Double staining of Arabidopsis roots during interaction with S. /ndica

Arabidopsis roots inoculated with S.indica were harvested at 7 dpi and fixed in a solution
of ethanol/chloroform (4:1) containing 0.15% trichloroacetic acid (TCA). The roots were
then washed with water and phosphate-buffered saline (PBS) (pH 7.4) and incubated
with wheat germ agglutinin (WGA) conjugated to Alexa Fluor 488 (10 pg/ml; Thermo Fisher
Scientific), with two rounds of vacuum infiltration. After incubation on ice in the dark,
samples were washed with PBS and stored at 4 °C. Prior to microscopy, WGA-stained
roots were immersed in 10 uM SynaptoRed (SFM 4-64, SynaptoRed™ C2; Fisher Scientific)

and examined using a confocal microscope (TCS SP8; Leica Microsystems).

Cultivation of Serendipita indica in liquid medium

For EVs isolation, S. indica was cultivated in 500 ml Erlenmeyer flasks containing 300 ml
of liquid complete medium (CM) without sugar (-) and a mycelium plug from a 6-week-
old plate of S.indica. The axenic culture was grown for 7 days on a shaker at 180 rpm

under sterile semi-dark conditions.
EVs isolation

For EVs isolation from S. indica liquid cultures, the grown mycelium was first removed
using double-layered Miracloth, and the filtrate was centrifuged at 4,000 x g for 20 min at
room temperature to remove any remaining mycelium debris. The supernatant was then
sequentially filtered using 0.45 pm and 0.22 um Rapid-Flow Bottle Top Filters (500 ml,
SFCA membrane, 75 mm diameter; Thermo Scientific™ Nalgene). The filtered
supernatant was then concentrated fivefold using a tangential flow filtration concentrator
(TFF-Easy, HansaBioMed Life Sciences, Austria). The Concentrate was transferred to six
centrifuge tubes (13.2 ml; Herolab Centrifuge Labware PA) and ultracentrifuged at

100,000 x g for 1 h at 4 °C (Sorvall® Discovery 90 with SW 41 Ti Swinging-Bucket Rotor,
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Beckman Coulter Life Sciences). The Pellets were resuspended in 200 ul of 1x PBS and
stored at -80 °C until further analysis. An overview of the Si-EVs isolation workflow is

shown in Supplementary Figure S1.

Nanoparticle tracking analysis (NTA)

For EVs characterisation, samples were diluted 1:100 to a final concentration of 1x10°
and 1x10' particles/ml. Particle size and concentration were determined using
nanoparticle tracking analysis with (ZetaView, Particle Metrix, Germany). NTA
measurements were performed at the Biozentrum, Faculty of Biology, Ludwig-

Maximilian-University (LMU), Munich.

Transmission electron microscopy (TEM)

For TEM analysis, imaging was performed using carbon-coated 400-mesh copper grids.
5 pl of the potential EVs sample was incubated for 3 min at room temperature and
negatively stained with 2% uranyl acetate. Microscopy was performed at 120 kV using a
ZEISS EM912a/b transmission electron microscope. Imaging was performed in
collaboration with the Department of Imaging at the Biomedical Research Centre

Seltersberg, Gie3en.

Results and discussion

Dual fluorescence staining suggests vesicle concentration at Arabidopsis-S. indica

contact zones

Double fluorescence staining with WGA and SynaptoRed revealed that S. indica hyphae
(green) colonise Arabidopsis thaliana root cells (red), with fungal structures extending
intracellularly and maintaining close contact with host tissues (Figure 1). Discrete red
fluorescent spots were detected at multiple interaction sites, either alongside or
surrounding hyphae (indicated by white arrows). These spots appeared as localised
aggregates, distinguishable from the diffuse background signal of the host tissue and
were consistently concentrated at the hyphal-host interaction point. The close proximity
of these structures to intracellular hyphae suggests that colonisation triggers localised

host responses, possibly involving vesicle trafficking.
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Such interaction zones could represent an accumulation of Arabidopsis vesicles moving
toward the Si hyphae. This result is in line with previously reported observations of
cellular reorganisation and activation of membrane trafficking pathways during Si root
colonisation (Jacobs et al., 2011; Sedi¢ et al., 2021). Moreover, these same interaction
points suggest Si secretory activity, with Sj vesicles being potentially released into the
surrounding Arabidopsis tissue. Although our staining cannot strictly identify the exact
origin of EVs, the strong association between these interaction points and colonisation

sites suggests that vesicle activity may contribute to symbiosis and possibly support

material exchange between partners.

Figure 1: Localised fluorescence signals in Arabidopsis roots colonised by S.indica.
Confocal microscopy of Arabidopsis thaliana root tissue colonised by Serendipita indica
using double fluorescence staining. Hyphae were visualised with wheat germ agglutinin
(WGA) conjugated to Alexa Fluor 488 (green; excitation 488 nm, emission 500-550 nm),
and host membranes with SynaptoRed (red; excitation 561 nm, emission 570-650 nm).
Hyphae extend along the root surface and penetrate host cells. Discrete red spots are
detected in close proximity to hyphae, marking localised interaction zones at the host-

fungus interface (indicated with white arrows).

Recovery and characterisation of extracellular vesicles from S. Indica

Crude EVs-like pellet was recovered from CM- culture of S. indica after
ultracentrifugation. NTA analysis showed that most particles were between 120 and 250
nm in size (Figure 2a), which corresponds to the expected sizes range for fungal EVs
(Palatinus et al., 2025). Particle concentration was 3.17 x 10° particles/ml, indicating the

presence of a large number of nanoparticles. The zeta potential of these particles ranged
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from -20 to -45 mV (Figure 2b), which is a negative surface charge typical for vesicles,

indicating their stability in the solution.
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Figure 2. Biophysical characterisation of S. indica-EVs.

Nanoparticle tracking analysis (NTA) of Si-EVs preparations showing (a) typical size
distribution of ca. 120-250 nm sized particles and corresponding concentration for three
independent replicates, and (b) Zeta potential measurements of the same Si-EVs
preparations presented as boxplots with individual data points. Negative -values

indicate the negative surface charge of the vesicles, consistent across replicates.

Next, we examined the morphology of the crude EVs sample using TEM. Although we
detected structures in the correct size range and with a vesicle-like appearance similar
to cup-shaped morphology, the presence of EVs could not be confirmed. However, the
majority of detected particles were protein aggregates and debris (Figure S2). This
outcome highlights both the technical challenges of fungal EV visualization and the

limitations of working with crude pellets.

A critical factor contributing to the inconclusive TEM results is the absence of a further
purification step in our workflow. Unlike density gradient centrifugation or EVs
purification columns, which separate vesicles from contaminants and improve
membrane preservation, simple ultracentrifugation produces heterogeneous pellets

containing both vesicles and non-vesicular particles (Jia et al., 2022.; Linares et al.,
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2015). Consequently, true EVs may be masked or structurally altered during preparation.
Moreover, negative staining in TEM presents an additional challenge for EVs analysis, as
this procedure can lead to membrane collapse and reduced structural clarity. Variations
in staining conditions may also affect contrast, making it difficult to reliably distinguish
EVs from artefacts (Cizmar & Yuana, 2017). Nevertheless, the inability to discern clear
vesicle morphology in TEM does not rule out EV secretion by S. indica but rather
emphasises the importance of additional purification steps for reliable structural

characterisation.

S. indica sRNAs were recovered from ultracentrifuged pellets

To determine whether the pelleted S. indica EV-like fraction from ultracentrifugation
contains any biological material, we analysed its RNA content. We previously identified
S. indica sRNAs during Si-Atinteraction with a potential role in cross-kingdom RNAI (Nasfi
etal., 2024). Therefore, we investigated whether SisRNA24 and SisRNA28, along with two
other SisRNAs previously detected in Si axenic culture, in At Si-colonised roots (Nasfi et
al., 2024) and from AGO1- and AGO2-IP sequencing (Chapter 5), could be detected in the
EV-like pellet. All four SisRNAs (SisRNA24, SisRNA28, SisRNA62 and SisRNA148), as well
as the Arabidopsis AtmiR159a, used as a negative control, showed a band after stem-
loop PCR and gel electrophoresis analysis (Figure 3). However, only the sequences of
SisRNA24 and SisRNA28 were detected by Sanger sequencing and confirmed to be
identical to those detected in the axenic culture, At-Si interaction, and AtAGO-IPs

(Supplemental Table 2).

Sanger sequencing of SisRNA62 and SisRNA148 yielded sequences different from those
previously detected in axenic culture and in At-Si interaction, suggesting the presence of
alternative SisRNA variants, a result previously observed in Nasfi et al. (2024). For
AtmiR159a, we observed unspecific amplification, likely due to multiplexing of hairpin
primers in Stem-loop PCR or to partial complementarity of the hairpin primer to a non-
target sequence. Our results highlight the technical challenges of working with crude EV-

like fractions and the need for a purified vesicle population for higher throughput analysis
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Figure 3: Stem-loop PCR detection of SisRNAs in Serendipita indica extracellular
vesicles. Gel electrophoresis of multiplexed stem-loop PCR products from EV pellets
isolated from 3 days growing S.indica in CM medium without sucrose confirmed the
presence of SisRNAs. A PCR product of the expected size of 62 bp (sum of the 21 bp of
the sRNA sequence, loop region, plus the forward primer and the reverse primer length)
is visualised in a 2% agarose gel. The plant AtmiR159a of 21 nt in length served as a
negative control. A non-specific amplification was detected for the AtmiR159a due to the
multiplexing of hairpin primers or a partial complementarity of the hairpin primer to a

non-target sequence.

SisRNA24 is an snRNA involved in spliceosomal assembly, and SisRNA28 is an rRNA
component of the ribosome. Even though the total RNA yield from the EVs-like pellet was
low, the detection of these SisRNAs shows that RNA molecules are presentinthe isolated

material.

Finding sRNAs after several isolation steps is important for our study. Free, unprotected
RNAs would neither pellet efficiently during ultracentrifugation nor remain intact without
protection. Naked RNAs are highly unstable and are susceptible to rapid degradation,
making it unlikely that they would survive the isolation process. sSRNA presence in the EVs
pellet, suggests that they are protected within vesicles or bound to RNA-binding proteins

or lipoprotein complexes that co-precipitate with EVs.

Taken together, the detection of SisRNA24 and SisRNA28 suggests that S. indica releases

vesicle-like particles that can carry RNA cargo. Purifying EVs using density gradient media
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such as OptiPrep and performing size-exclusion chromatography to separate various
EVs, are essential steps to exclude contaminants and confirm that these particles are
vesicles (Palatinus et al., 2025). Still, these findings provide afirstindication that S. indica

EVs may carry sRNAs, potentially facilitating communication with host plants

This study is the first investigation of whether S. indica releases extracellular vesicles in
axenic culture. Results from NTA, zeta potential measurements, and RNA analysis
indicate that vesicle-like particles are present and potentially carrying S. indica RNAs,
including sRNAs potentially involved in cross-kingdom interactions. However, the
absence of a clear cup-shaped morphology in TEM and the observation of aggregates
highlight the limitations of ultracentrifugation alone as an EVs isolation method and the

need for additional purification and imaging approaches.

Subsequent experiments should include enzymatic treatments and disruption assays to
confirm vesicle integrity and cargo protection. Proteinase K digestion, micrococcal
nuclease (MNase) treatment, and detergent disruption with Triton X-100 can indicate
whether SisRNAs are bound to the surface of the EVs or encapsulated within them.
Furthermore, protein profiling using Coomassie staining in combination with proteomic
analysis, such as liquid chromatography mass spectrometry, will facilitate the
identification of vesicle-associated proteins and thereby identify S. indica EVs

biomarkers (Thieron et al., 2024).
Conclusion

The recovery of S. indica sRNAs from isolate EVs-like particles supports the notion that
mutualists are highly probable to release vesicle-like particles that may serve as vehicles
for RNA stabilisation and delivery. Although the current dataset does not definitively
confirm vesicle secretion, our work provides a methodological framework with an open
window forimprovement. Methods such as density gradient centrifugation, an optimised
double-staining protocol, and complementary labelling of EV-associated proteins will be

essential for further understanding.

In conclusion, these findings lay a foundation for future studies on mutualistic fungal EVs

and suggest their potential role in cross-kingdom RNA communication.

123



Supplementary material

S.indica axenic
culture

40009 = Filter

Workflow for Extracellular Vesicles (EVs)
isolation from S.indica axenic liquid culture

Filter TFF 100,000 g

20 min 045 um

Cells

0,22 ym 5X 1h4°C

concentration
) -/ -4
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Supplementary Figure S1. Workflow for isolation of extracellular vesicles from

Serendipita indica axenic liquid culture. Schematic representation of the workflow used

to isolate extracellular vesicles (EVs) from S. indica grown in axenic liquid culture. After

removal of fungal biomass by filtration and centrifugation at 4000 x g for 20 min, the

culture supernatant was sequentially filtered through 0.45 pm and 0.22 um filters. The

filtrate was 5x concentrated using tangential flow filtration (TFF) and subjected to

ultracentrifugation at 100,000 x g for 1 h at 4 °C to pellet EVs. The EVs pellet was

subsequently resuspended in 200 ul of 1x PBS for downstream analyses.
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Supplementary Figure S2. Transmission Electron Microscopy with negative staining of

Serendipita indica EVs-like particles resuspended in 1x PBS. The left panel provides an

overview of vesicle sample, and the right panel shows a magnified area marked with a

white box. Yellow arrowheads point at potential EV-like structures, and black arrowheads

at protein or debris aggregates.

Supplementary Table 1: Primer list used in stem-loop PCR (hp=hairpin, Fwd= forward)

Primer name

Primer sequence

SisRNA21-hp GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACG
ACaggacc
SisRNA21-Fwd TCGCTaccttttggtttcaa

SisRNA24-hp

GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACG
ACgagaac

SisRNA24-Fwd

TCGCTttgaccaatttttct

SisRNA28-hp

GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACG
ACagatcc

SisRNA28-Fwd

TCGCTacaactttcaacaac

SisRNA148-hp

GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGAT
ACGACgccatt

SisRNA148-Fwd

TCGCTttaggacactggcat
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Universal Reverse

Primer

GTATCCAGTGCAGGGTCCGAGGT

Supplementary Table 2: Sequences of SisRNA detected in Si axenic, Si-Atinteraction, and

AtAGO-IP compared to the respective stem-loop PCR amplicons detected from pelleted

Si EVs-like particles.

SisRNA name SisRNA sequence in axenic SisRNA identified by Sanger
culture, At-Siinteraction or sequencing
AtAGO1-IP

SisRNA24 TTGACCAATTTTTCTGTTCTC TTGACCAATTTTTCTGTTCTC
SisRNA21 ACCTTTTGGTTTCAAGGTCCT ACCTTTTGGTTTCAATGGCGT
SisRNA28 ACAACTTTCAACAACGGATCT ACAACTTTCAACAACGGATCT
SisRNA148 TTAGGACACTGGCATAATGGC TTAGGACACTGGCATCGTATC
Atmir159a TTTGGATTGAAGGGA GCTCTA TTTGGATTGAAGGGAGCTCTA

Red letters indicate different nucleotides of SisRNAs detected in EVs-like pellet.
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CHAPTER 7 -

High Precision Quantification of small RNA Slicing Activity- Native Index Ligation-

based Targeted Degradome Sequencing (NIL-TDS)

(Equal Contribution as first Author)

Summary:

This chapter contains the publication “High Precision Quantification of small RNA
Slicing Activity- Native Index Ligation-based Targeted Degradome Sequencing (NIL-
TDS)”, under revision in RNA journal and preprint available on bioRxiv

(DOI:10.1101/2025.09.30.679503)

The use of small RNAs to target host mRNAs in a cross-kingdom interference concept
offers a promising strategy for controlling plant diseases and developing new plant
protection strategies. However, designing and identifying effective small RNAs requires
precise assessment of their slicing activities. Although existing degradome profiling
methods, such as PARE and RLM-RACE, have contributed to this field, they are often

labour-intensive, have low sensitivity, and lack quantitative precision.

To overcome these limitations, we developed Native Index Ligation-based Targeted
Degradome Sequencing (NIL-TDS), a novel and cost-effective method based on Oxford
Nanopore sequencing (ONT). NIL-TDS enables direct, high-resolution detection and

quantification of sSRNA-mediated slicing events.
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ABSTRACT

RNA interference (RNAI) is an effective and precise regulatory mechanism in eukaryotes in
which small RNAs mediate endonucleolytic slicing of complementary target mRNAs. Despite
the potential of RNAi for human therapeutics and crop bio-protection, analytical platforms to
quantitatively validate the slicing activities of small RNAs remain limited. Here, we present
NIL-TDS, a cost-effective method that combines RNA ligase-mediated PCR with Nanopore
Sequencing for direct, rapid, and high-resolution detection and quantification of SRNA-
mediated slicing events. Using NIL-TDS, we quantitatively detected minute changes in Ath-
mir400 mediated slicing of PPRI in heat and salt stressed Arabidopsis plants. We further
demonstrate the broader applicability of NIL-TDS by detecting rare slicing events in a
mammalian system. Of relevance for malignancy of certain cancers, and tumor progression
and metastasis, NIL-TDS further confirmed miR-196-HOXBS interactions in lung cancer cells
and discovered a novel miR-7162-HOXA10-AS slicing site. These findings demonstrate the
sensitivity of NIL-TDS for uncovering small RNA mediated regulatory mechanisms of gene

expression and disease progression in eukaryotes.
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INTRODUCTION

RNA interference (RNAI) is a conserved mechanism in eukaryotes in which small regulatory
RNAs (sRNA) guide the RNA-induced silencing complex (RISC) to slice and thus degrade
complementary mRNAs (Shabalina and Koonin 2008). sSRNAs are short (~18-30 nt), double-
stranded RNAs that regulate mRNA stability based on sequence complementarity to control
fundamental biological processes in eukaryotes. These functions range from growth,
development, stress adaptation, and immunity, to cellular processes such as genome stability
(Ketting 2011). Variations in this sequence-specific functionality that affect SRNA-mRNA
complementarity or accessibility can lead to diseases and developmental defects in animals
and plants. For example, a target site mutation in the B-cell activating factor gene, essential
for the survival and function of B lymphocytes (a type of white blood cells), abolishes RNAi-
mediated suppression, which correlates with an increased risk of autoimmune diseases (Steri
et al. 2017). Similarly, a synonymous polymorphism in the target site of microRNA-196 (miR-
196) in the immunity-related GTPase M is associated with Crohn’s disease (Brest et al. 2011).
In plants, miR164 suppresses the initiation of axillary shoot buds, and mutations in this miR

lead to significant morphological changes (Raman et al. 2008).
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Figure 1: Workflow of quantitative NIL-TDS in comparison to qualitative RLM-RACE.

sRNAs trigger RNAI in eukaryotes and can protect plant and human health (A). RNAI

generates characteristic 5'-monophosphate RNA ends at RNAi-mediated slice sites that allow

specific adapter ligation and detection by RLM-RACE (B-C) or by NIL-TDS (B-D) )

resolution and indicated turnaround times for each method are based on our experience and
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published data (Wang and Fang 2015). Only NIL-TDS generates quantitative outputs. Created

with BioRender.com

Designing and engineering sSRNAs for RNAi application allows to specifically regulate gene
levels with the unique potential to develop customised bio-protective and therapeutic
agents for plant and human health (Cai et al. 2018) (Fig. 1A). However, this potential must
account for the complexity of SRNA-mRNA target interactions. Depending on the degree of
SRNA complementarity, the mRNA target is degraded or translationally inhibited by a
process that is still not fully understood (Kern et al. 2019). In addition to mRNA target
complementarity, abundance, as well as SRNA subcellular localisation, and interactions with
other RNAs or RNA binding proteins (e.g. sponging effect) shape SRNA-mRNA interactions
(Diener et al. 2023). Considering this complexity and the continuous progress in next
generation sequencing-based discovery of SRNA candidates (Benesova et al. 2021), the
development of rapid and highly sensitive methods for the quantification of SRNA-mediated
slicing activities is urgently needed. Currently RNA ligase-mediated rapid amplification of
¢DNA ends (RLM-RACE) (Fig. 1B-C) is the standard procedure for the detection and
validation of slicing-based RNAI activity of candidate sRNAs. It has, however, some
significant shortcomings. In RLM-RACE, an RNA adapter is ligated to the 5'-monophosphate
of the sliced RNA, and this adapter is used for reverse transcription Liave et al. (2002),
German et al. 2008). Subsequently, gene-specific primers amplify cDNA ends in a nested PCR
reaction. The resulting products are then cloned into a vector, followed by DNA sequencing
(Liave et al. 2002). Each clone represents only one RNA-end read, and because of the costly
and laborious nature of the procedure, only a few reads are commonly generated for a given
gene. As a results, RLM-RACE is a low-throughput approach for validating known candidates

that is prone to PCR amplification biases, and does not provide quantitative, statistically
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confirmable insights into cleavage efficiencies. High-throughput sequencing approaches,
such as parallel analysis of RNA ends (PARE) (Zhai et al. 2013) are also used for detection and
validation of SRNA slicing activity, where a type II restriction enzyme produces 20-nucleotide
long tags, which are further ligated to another 3'-adapter for a second PCR prior to
sequencing. Although PARE can potentially provide data on the entire degradome, the
detection of slicing events correlates with transcript copy numbers, resulting in insufficient
coverage for most, especially low abundant, transcripts (German et al. 2008. Currently, a
standard Illumina sequencer can produce billions of reads in the span of a single day, making
it compatible for PARE (Wetterstrand 2024; Kumar et al. 2024). However, this technique is not
cost-effective for validating single target genes, which are often required for the
development of RNAi-based therapeutics. The lack of read depth either in RLM-RACE or in
PARE generally results in qualitative data and prevents statistical validation of SRNA slicing
events making both methods limited in detecting rare cleavage products and potentially
leading to an underestimation of SRNA-mediated slicing events. Fortunately, advancements
in sequencing technologies supports the development of alternative approaches (Kumar et al.
2024). The ONT Flongle sequencing platform is an affordable hardware for direct DNA
sequencing, which significantly reduces library preparation time. Moreover, throughput and
run time are scalable, and single runs to analyse slicing of selected candidates can be

operated at competitive costs (De Cesare et al. 2024).

In this study, we utilized the latest sequencing features to develop an innovative workflow for
high resolution slice site detection in eukaryotes. We combined the ONT Flongle native
ligation-based barcoding platform with RNA adapter ligation-mediated PCR approaches to
establish Native Index Ligation-based Targeted Degradome Sequencing (NIL-TDS) for the

direct quantification of slicing activities of SRNA candidates (Fig. 1B-D). NIL-TDS offers higher
133
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127  sequencing depth as compared to RLM-RACE and PARE, which is most critical to detect

128  slicing events in lowly expressed mRNAs. In addition, NIL-TDS is scalable, more specific, cost-
129  effective, and offers a short turnaround time, while also being independent of tedious and
130  bias-prone cloning. The high-read coverage and long-read capability of ONT enable precise
131  detection of both high and low abundance slicing events. As a proof of concept, NIL-TDS
132 was validated by analysing miRNA-induced slicing in plant seedlings and human cell lines. It
133 revealed a previously unknown miRNA-mRNA cleavage-based interaction from a lowly

134  expressed, highly relevant transcripts. The generated unprecedentedly detailed degradome
135  profiles, quantified changes in SRNA slicing activity that improved our understanding of

136  miRNA-mediated gene regulation.

137  RESULTS

138  NIL-TDS procedure outline

139  As afirst step, an RNA adapter was ligated to the 5'-monophosphate ends of a sliced RNA,
140  ensuring selective amplification of sSRNA-effected cleavage products. This ligated RNA was
141 converted to cDNA by reverse transcription, followed by PCR amplification using adapter-
142 specific and target mRNA-specific primers to enrich for sliced mRNA amplicons. These

143 amplicons were subjected to ONT Flongle sequencing using the native ligation-based

144  barcoding platform, enabling multiplexing and parallel analysis on the same chip of samples
145  or replicates, yielding more than 0.5 million reads per run. Sequencing reads were aligned to
146  the reference transcriptome, and a bioinformatics pipeline was used to identify and quantify
147  sRNA slicing sites. We developed an R script (see Supplementary Methods) for rapid data
148  analysis. The script trims and aligns the base called and demultiplexed reads to the

149  respective RNA to create high-resolution t-plots.
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Quantitative validation of the miR-196-HOXBS slice site

Human microRNAs (mir) are involved in almost every cellular process and their
dysregulations have been shown to contribute to different human diseases including
neurodegenerative diseases and cancer. Mir-196 is a conserved miRNA-family encoded
within the HOX gene clusters and known to fine tune the expression of its target gene
HOMEOBOX B8 (HOX8B) and its aberrant expression is associated with tumerogenesis and
development of lung metastases (Chen et al. 2011). To benchmark NIL-TDS sensitivity, we
reanalysed the interaction of miR-196 with the HOXB8 gene as the first discovered cleavage-
mediated RNAi guide-target pair in mammals (Yekta et al. 2004). In their seminal study,
Yekta et al. (2004) showed HOXBS cleavage activity with 8 RLM-RACE reads from total mouse
RNA. Using NIL-TDS, we confirmed the expected mRNA cleavage at position 4918 as
dominant signal (Fig. 2A), with ?''/3 36 total reads in human lung carcinoma A549 cells which
robustly expressed HOXBS8 (Jiang et al. 2024). Interestingly, additional and previously
undescribed slicing signals were detected in both repetitions at positions 5,097, 5,123 and

5,144.

Identification of a formerly unknown miR-7162-HOXA10-AS slice site with relevance in

carcinogenesis

To test NIL-TDS capabilities to elucidate rare and potentially unknown slicing events, we
investigated the complex and convoluted regulation of the HOX-gene cluster and its
important regulator miR-196. One interesting precursor transcript of miR-196 is HOXA10-AS
(antisense). HOXA10-AS is emerging as an key player in cancer biology, frequently
overexpressed in several tumor types including glioma, breast, gastric and colorectal cancer.
Its role in promoting cancer progression suggests its potential as a diagnostic and
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prognostic biomarker, making it a promosing target for therapeutic interventions (Hu et al.
2025). We were particularly interested in a potential miR-196 target site in this transcript,
which would constitute a negative feedback loop to regulate miR-196 expression.
Additionally, we wanted to investigate a potential regulatory mechanism that could decouple
HOX gene expression from the suppressing influence of miR-196 which is co-transcribed
from the same gene cluster (Hu et al. 2025). Therefore, we generated three replicates of NIL-
TDS with a total of 64,350 reads from the HOXA10-AS transcript (Fig. 2B) in A549 cells.
Surprisingly, we identified one highly consistent degradation signal at position 623, with 647,
638 and 636 reads per 1000 reads (RPK). This position corresponded to the predicted slice
site of miR-7162, a yet undescribed interaction, indicating suitability of NIL-TDS for
discovering previously unknown miRNA activities (Fig. 2B). In the course of our studies, we
anticipated that NIL-TDS might introduce PCR duplication events in sSRNA targets resulting in
an overestimation of slicing. To quantify the extent of PCR duplication, HOXA10-AS was
reanalysed with the incorporation of unique molecular identifiers (UMIs). In a first step,
random RNA heptameres were ligated to RNAs, to serve as UMIs, followed by 5
phosphorylation and RNA adapter ligation. We observed that this UMI approach
incorporated unspecific 5' phosphorylation, leading to the amplification of all RNAs and
reducing the fraction of reads mapping to HOXA10-AS to 13 % (2472 / 18,460). However, the

obtained 2,472 reads represented 371 unique barcodes with a saturating sequencing depth
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192  and a dominant and statistically approvable slicing signal at position 623 (Fig. S1).
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Figure 2: Quantitative NIL-TDS output in human and plant cells. NIL-TDS-based
detection of HOXBS slicing by miR-196 in human cells (A), HOXA10-AS slicing by miR-7162
in human cells (B), and PPR1 slicing by miR400 in Arabidopsis thaliana seedlings (C). Plotted
positions are indicated on the genomic tracks, and blue lines mark respective miRNA target
sites. Each point shows the number of reads per 1000 total reads, that aligned with their 5'-
end to the respective mRNA base position indicating mRNA fragment ends. Arrows indicate
the respective slice sites in the plots. Legends show colour-coded stress treatments or
repetitions. The alignment between miRNA and target RNA is shown with a green line

indicating slice-sites.

Detection of climate stress-induced minute changes in miR400-mediated slicing of

PPR1

To validate the applicability and sensitivity of NIL-TDS across eukaryotes, we analysed the
slicing site of Arabidopsis thaliana miR400 (Ath-miR400) and its target PENTATRICOPEPTIDE
REPEAT 1 (PPRI; AT1G06580). Ath-miR400 is downregulated (Barciszewska-Pacak et al. 2015)
while PPR1 is upregulated during various stresses, such as salt and heat stress (Kilian et al.
2007). However, the hypothesised reduction in slicing activity has never been experimentally
validated. Therefore, we treated Ath seedlings with 250 mM NacCl (salt stress), without NaCl
(mock), exposed them to 37°C (heat stress), or subjected them to a combination of salt and
heat stress (combined stress). In total, we generated 214,087 reads, of which 154,786 fulfilled
the quality criteria to carry the ligated slicing-adapter and to align end-to-end with at least
100 nt to the target transcript (Tab. S1). NIL-TDS provided an unprecedented resolution of

the Ath-miR400 target site degradation profile on PPR1 (Fig. 2C). Confirming NIL-TDS
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216  quantitative sensitivity. We observed a slight reduction of slicing activity upon heat stress,

217  which was significantly attenuated upon combined stress treatments (Fig. 2C, Fig. S2).

218  NIL-TDS is precise and reproducible, but amplifies rare exosomal degradation events in

219  the absence of targeted slicing

220  To further evaluate the precision and reproducibility of NIL-TDS, we conducted two control
221  experiments. First, we measured NIL-TDS accuracy by amplifying a 590 bp long amplicon

222 (from outer amplicon of 691 bp) of PPR1 cDNA from each Ath sample. Over 80% of all reads
223 mapped to the respective inner primer binding site or 1 nt downstream, while 4% mapped to
224 the outer amplicon (Fig. 3). This demonstrated the precision (Fig. 3A) and the reproducibility

225  between replicates (Fig. 3B) across PCR, sequencing and bioinformatics.
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Figure 3: Precision of NIL-TDS on a cDNA amplicon. A nested PCR was conducted using A.
thaliana Col-0 cDNA for the amplification of PPRI amplicon from four different stress
treatments. Amplicons were sequenced on a nanopore Flongle cell. Start sites of alignments

(A). Fraction of reads within the primer start site +/-2 bp (B). Each point shows the number of
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reads per 1000 total reads, that aligned with their 5'-end to the respective mRNA base
position indicating mRNA fragment ends. Bars show the standard deviation between the
treatments. Plotted positions are indicated on the genomic tracks, and a blue line marks the

miRNA target site.

Secondly, we applied NIL-TDS to a region of PPR1 with no known slicing sites (Fig. 4). Some
positions showed a slicing signal independent of the different stress treatments, which we
interpreted as unspecific exonucleolytic degradation. In fact, these sites were clearly
distinguishable from true slicing events by analysing replicates of nested PCR reactions.
Accurate and specific slicing events typically exhibited consistent read patterns
corresponding to the known miRNA target sites, while unspecific degradation showed a

random distribution of read points, which were not detected in replicates.

Trecatment
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Figure 4: Comparative NIL-TDS readout of a non-target site of PPR1 under abiotic
stress. NIL-TDS readout of an untargeted site of PPR1. Each point shows the number of
reads per 1000 total reads, that aligned with their 5'-end to the respective mRNA base

position indicating mRNA fragment ends. Stress treatments are indicated by colour (mock

140



bioRXxiv preprint doi: https://doi.org/10.1101/2025.09.30.679503; this version posted October 4, 2025. The copyright holder for this preprint

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

251

252

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

(red), heat (green), salt (yellow), and combined (blue)). Plotted positions are indicated on the
genomic tracks, and blue lines mark respective miRNA target sites. Positions indicate the first

base after the slice-site, which is also the first base after the 5" RLM-adapter.

Consistent with this, in all experiments, the mean predicted sequencing error rate was below
0.001 (= Q30) as indicated by the base calling algorithm, and the median relative alignment

edit distance was below 3%.

DISCUSSION

Revisiting miR-196 slicing activity reveals high sensitivity of NIL-TDS

Our study indicated NIL-TDS as a highly sensitive and accurate tool for mapping sRNA slicing
sites and quantifying their activity. Integrating nanopore sequencing, NIL-TDS generated up
to 100,000 times more reads than current standard methods (RLM-RACE, PARE), facilitating
the detection and statistical validation of abundant to rare slicing events. Compared to RLM-
RACE, it offers higher scalability and precision while providing a streamlined, ready-to-use
workflow with broad applicability in basic and applied life sciences. As a validation for the
methodology, we quantified the degree of slicing in the first ever discovered RNA-guided
slicing event in mammalian systems. The detection of miR-196-mediated slicing of HOXBS8
had been a challenging task in past studies. Bracken et al. (2011) could not detect slicing of
HOXBS, despite using mouse embryonic tissue, as used by Yekta et al. (2004) in their seminal
study, via PARE. While Shin et al. (2010) were able to show HOXBS slicing with a PARE
approach in Hela cells, their approach produced only two reads of HOXB8 and only one read

was located at the expected slice site. This highlights the difficulty of detecting slicing events
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253  for genes with low expression, like HOXBS8 in Hela cells (Sjostedt et al. 2020), with current

254  methods.

255  We selected A549 cell lines, known for their more robust expression of HOXBS8. Due to the

256 inverse correlation of gene expression and slicing activity, the selection of a cell line with

257  robust HOXBS8 expression for our experiments carried the risk of undetectable slicing

258  activities. In contrast, the selection of Hela cell lines, by Shin et al. (2010), with a diminished
259  HOXBS expression generated barely sufficient reads. Therefore, we expected a lower fraction
260  of sliced HOXBS transcripts in A549 as compared to Hela cells. The low percentage of only 6%
261  (in contrast to 50% in Hela cells detected by Shin et al. (2010) of all reads at the slice site of
262  miR-196 confirmed this expectation. Due to the higher sensitivity of NIL-TDS, we were still

263  able to robustly detect the very rare slicing event.

264  Significance of a new slice site in a miR-196-precursor

265  HOX genes have pro-oncogenic functions in many types of cancers (Bhatlekar et al. 2014;
266  Morgan et al. 2022). Surprisingly, miR-196, which can downregulate a fourth of all HOX

267  genes, also has pro-oncogenic effects and is regarded as a potential cancer biomarker

268  (Khalilian et al. 2024). This motivated us to analyse the biogenesis of miR-196b, which

269  originates from the HOXA10-AS transcript, and we found that it involves miR-7162. The

270  expression of miR-7162 is undetectable in all cell lines in miRmine (a database of human
271 miRNA expression profiles) (Panwar et al. 2017), and therefore, miR-7162 activity remained
272 elusive. The previously unknown slicing activity of miR-7162-5p detected in our study might
273 explain reduced miR-196 expression in the A549 cell and other cell lines or tissues.

274  Importantly, our findings represent a promising starting point for future functional analyses

275  of miR-196 and miR-7162. The sensitivity and accuracy of NIL-TDS can be particularly
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valuable in such studies. Recent studies suggested that miR-7162-3p, delivered via exosomes
from human umbilical cord mesenchymal stem cells, plays an important role in repairing
endometrial stromal cell injuries by targeting and restricting Apolipoprotein L6 (APOL6), a
protein associated with tumour aggressiveness, thereby reducing cell death and
inflammation (Shi et al. 2021). Furthermore, Chakraborty and Nath (2022) reported miR-
7162-5p to potentially target COL5A1, a gene encoding the alpha-1 chain of type V collagen,
which is associated with malignancy of certain cancers, including lung cancer, promoting
tumour progression and metastasis. The latter study suggested that the absence of miR-
7162-5p may contribute to oncogenic processes by regulating COL5A1 expression, thereby
potentially enhancing cancer cell proliferation and metastasis. NIL-TDS could validate this
role of miR-7162-5p in healthy tissues. Therefore, further analyses of miR-7162 mimics
(synthetic miRNAs behaving similarly to endogenous miRNAs) and NIL-TDS based analyses
may elucidate the role of miR-196 in cancer development and potentially open new avenues

for miRNA-based drugs and therapeutics.

Stress-induced changes of Ath-miR400 slicing activity explain PPRI induction

Different studies have analysed the expression of Ath-miR400 and its target gene PPR1 upon
abiotic stress in A. thaliana (Barciszewska-Pacak et al. 2015; Kilian et al. 2007). Overexpression
of Ath-miR400 results in an increased susceptibility of A. thaliana plants to bacterial and
fungal pathogens (Park et al. 2014). Commonly, these studies rely on multi-omics
approaches, correlating SRNA and mRNA expression patterns and determining target
cleavage via RLM-RACE. To validate the causative relation between sSRNA and mRNA
expression, SRNA overexpression lines along with mRNA knockout mutants are often

analysed by RLM-RACE. To demonstrate that this tedious endeavour can be circumvented
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299  with NIL-TDS on stressed plants, we analysed the slice site of Ath-miR400 under various

300 stress conditions. Our analysis generated, for the first time, quantitative data that confirmed
301  previous qualitative results. Importantly, this quantitative NIL-TDS read-out of Ath-miR400
302  activity might elucidate the significance of target transcript abundances and turnover in plant
303  adaptative signalling to climate stress. It suggests a regularity model in which RNAi-based
304  slicing finetunes transcript levels at high spatio-temporal tissue resolution and compensate

305 for the regulatory less dynamic mRNA biogenesis machinery.

306  Potential of NIL-TDS for quantitative slicing measurements

307  Several poorly understood parameters can influence the effectiveness of SRNAs (Diener et al.
308  2023), while off-target effects pose significant challenges in mode-of-action studies of

309 therapeutics and plant protectants. At the same time, computational target prediction

310 algorithms can identify a plethora of potential off-targets (Kern et al.2019), and bioinformatic
311  dsRNA design tools can minimize but not completely avoid off-target activities (Ahmed et al.
312 2020). Off-target alleviation is often attempted by using SRNA pools, either through the

313 usage of long dsRNA, which can produce an array of siRNAs, or by the design of up to 30
314  different SRNAs as an effort to “dilute” off-target effects (Ahmed et al. 2020; Neumeier and
315  Meister 2021). The so called "too many targets for miRNA effect” (TMTME) highlights the
316  prevalence of these issues (Zhang et al. 2021). NIL-TDS can address underlying challenges by
317  detecting even rare off-target events. The generated data sets can be used to further

318  improve target prediction algorithms. In terms of application, NIL-TDS can assist in the

319  development of RNA-based therapeutics and plant protection products by assessing the

320 efficiency of multiple formulations and different degrees of SRNA-target complementarity.

321  Excessive PCR cycles overamplify exonuclease degradation
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The application of NIL-TDS to an untargeted region of PPR1 revealed seemingly random
peaks in the degradomes of different samples, despite the demonstrated precision of the
technique. Such incidences are, to our opinion, the result of the amplification of undirected
exonuclease degradation products, which also carry monophosphate-ends. In our efforts to
distinguish between true and false signals we successfully developed several strategies. For
the de-novo discovery of miR-7162-mediated slicing, we conducted multiple independent
replicates, which showed a consistent slicing signal, confirming targeted slicing activity.
Additionally, in the case of miR400 and miR-7162, target genes showed a dominant slice site,
indicating targeted exonucleolytic cleavage. In the cases of miR-196- and miR400-mediated
slicing we could found our conclusions, additionally to the independent replications, on prior
knowledge. The most reliable strategy to distinguish true slicing events from random
exonuclease products is to perform biological replicates, ensuring that reproducible cleavage
sites reflect directed endonuclease activity. Repeating nested PCR reactions across
independent samples helps confirm the consistency of true slice sites. While the directed
endonuclease slice sites are reproducible, undirected exonuclease products are not. For
instance, German et al. (2008) alleviated a similar challenge by knocking-out the responsible

nuclease XRN1 in A. thaliana (Benesova et al. 2021).

Flongle provides optimal throughput and read lengths for targeted degradome

sequencing

Dynamic development of sequencing technologies provided platforms varying in cost
efficiency and throughput. For NIL-TDS, we considered different approaches on different
sequencing platforms. We aimed at 50,000 reads per sample to obtain sufficient read-depth

saturation for individual targets. Compared to the ONT Flongle, other platforms have critical
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345  drawbacks. While Illumina sequencing by synthesis technology reads are cost competitive on
346  the highest throughput devices (Tab. S2), it faces limitations with long templates. In addition,
347  obtaining short read depths of 50K reads per sample at competitive costs using high

348  throughput NextSeq2000 flow cells would involve the almost infeasible multiplexing of 36K
349  samples (Tab. S2). Additionally, NIL-TDS on Flongle is twice as fast as the iSeq100, and the
350 low cost of the sequencer device makes in-house sequencing affordable and convenient.
351  Together with a simpler and faster library preparation the NIL-TDS workflow is currently the
352  most time and cost-effective solution for targeted slice site analyses in specific transcripts

353  (Fig. 1).

354

355  To conclude, NIL-TDS represents notable progress in quantifying SRNA slicing activity and
356  offers an unprecedented increase in read depth compared to traditional methods like RLM-
357  RACE. This increased sensitivity enables the identification of rare slicing events, as

358  demonstrated in the identification of miR-7162-HOXA10-AS slice-site, and confirming miR-
359  196-HOXBS interactions in human lung carcinoma cells. The accuracy and sensitivity of the
360 method in different eukaryotes was also confirmed by validating minute changes in stress-
361 induced miRNA-mRNA interactions in Arabidopsis thaliana quantifying Ath-mir400 slicing of
362  PPR1. By utilising the ONT flongle flow cell, NIL-TDS offers a fast, accurate and cost-effective
363  solution for in-house transcript-specific degradation analyses, making it a scalable and

364  competitive alternative to conventional methods.

365 MATERIAL AND METHODS

366 Plant material and stress treatment
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Arabidopsis thaliana Columbia-0 (Col-0) seeds were grown on vertical square Petri dishes on
Y2 MS (Murashige and Skoog) media for 14 days in a 22°C day/18°C night cycle (8 h of light)
preceded by 2 days stratification at 4°C. Complete seedlings were harvested and placed in a
flask with ¥ MS liquid media. Heat-treated plants were subject to 37°C temperature for two
hours. For salt stress treatment, NaCl concentration was adjusted to 250 mM. Seedlings
exposed to a combination of heat and salt stress contained 250 mM NaCl and were subject
to 2 h heat at 37°C. Mock seedlings were incubated for 2 h in ¥2 MS liquid culture and put

back in the growth chamber.

Human cell line

A549 (ECACC86012804) cells were grown in DMEM containing Glucose, GlutaMAX and
pyruvate supplemented with 100 U/ml penicillin, 100 pg/ml streptomycin and 10% (v/v) fetal
bovine serum (all from Thermo Fisher Scientific, USA). The cells were cultured at 37°C and 5%

COz in a humidified atmosphere.

RNA extraction from plant material

Whole Arabidopsis seedlings were harvested from ¥ MS liquid medium, briefly dried on a
soft tissue, shock-frozen in liquid nitrogen, and processed to powder using a tissue lyser
(Qiagen Retsch TissuelLyser II). Total RNA was extracted using Direct-zol RNA Miniprep
(Zymo Research, R2051) according to the manufacturer's instructions with on-column DNase
I treatment. RNA concentration was determined using NanoDrop ND-1000
spectrophotometer (Thermo Fisher Scientific, USA), and purity was determined by measuring

A260/280 and A260/230 ratios. RNAs were stored at -80°C until further use.

RNA extraction from human cells
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For cell lysis, 5 ml of Trizol was added to the human cell line (A549) pellet (50x10° cells), and
1 ml was taken for forward RNA extraction. The lysed cells were incubated at room
temperature for 5 minutes and then centrifuged at 16,000x g for 1 minute to remove cell
debris. The supernatant was transferred to a new tube. 200 pl of chloroform was added, and
the cells were vortexed vigorously for 15 seconds, incubated at room temperature for 3
minutes, then centrifuged at 12,000x g for 15 minutes at 4°C. The upper aqueous phase
containing RNA was transferred to a new tube. 2x volume of cold 100% ethanol was added,
and the sample was incubated overnight at -20°C and then centrifuged at 12,000x g for 10
minutes at 4°C. The supernatant was removed, and RNA pellet was washed with 1 ml of 75%
ethanol. The sample was mixed by vortexing and centrifuged at 7500x g for 5 min at 4°C. The
washing step was repeated, and all ethanol residues were removed. The pellet was air-dried,

and the RNA was dissolved in 50 ul DEPC water.

RNA adapter ligation

Two ug of RNA isolated from both Ath plants and A549 human cells were used as a template
for ligation with 2 yl 5’RLM-RACE adapter (5'-
GCUGAUGGCGAUGAAUGAACACUGCGUUUGCUGGCUUUGAUGAAA-3") [0.3ug/ul] (Eurofins
Genomics, Germany). The ligation was performed using T4 RNA Ligase [10 U/pL] and its
accompanying reagents (Thermo Fisher Scientific, USA). The reaction mixture contained 1 pl
of 10X Reaction buffer, 1 pl BSA [1 mg/ml], 1 pl of T4 RNA ligase, and DEPC water, adjusted
to a final volume of 10 pl. The reaction mixture was incubated for 60 min at 37°C in a
thermocycler, following Wang et al. (2015). All components were added individually and not

in a master mix, with the RNA and the RLM adapter being added last.
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412  Reverse transcription

413  The total ligated RNA (10 ul) was used directly to generate the first cDNA strand using the
414  RevertAid Reverse Transcriptase (Thermo Fisher Scientific, USA). A master mix was prepared
415  for cDNA generation containing 1 pl of random hexamers [100 pmol/ul], 4 pl of 5X Reaction
416  buffer, 0.5 pl of Ribolock RNase inhibitor, 2 pl of dNTP mix [10 mM], and 1 pl of RevertAid
417  reverse transcriptase (Thermo Fisher Scientific, USA). The volume was adjusted to 20 ul with

418  water. The reaction was run at 25°C for 10 min, 42°C for 60 min, and 70°C for 10 min.

419 UMI-RLM adapter ligation and reverse transcription

420 2 pg RNA from A549 human cells were first ligated to a Unique Molecular Identifiers (UMI)
421  adapter (Random RNA Heptamer: 5-NNNNNNN-3) [0.3 ug/pl] (Integrated DNA
422  Technologies, USA) in a 10 ul reaction using T4 RNA ligase following the protocol previously
423  described for the RLM adapter ligation. The total UMI ligated RNA product was
424  phosphorylated using 1 pl [10 U/ul] T4 Polynucleotide Kinase Ligation (T4 PNK, New England
425  Biolabs, M0201S), 4 ul PKN Buffer and 5 pl dATPs [10 mM] in a total volume of 10 pl. The
426  mixture was incubated at 37°C for 30 min, followed by an inactivation step at 65°C for 20 min.
427  The phosphorylated UMI-ligated RNA was purified using the RNA clean and concentration
428 kit (Zymo Research, R1017) and eluted in 10 pl nuclease-free water. The entire eluate was
429  then used for RLM-adapter ligation using T4 RNA ligase as previously described in a 15 pl
430  reaction. The resulting UMI-RNA-RLM adapter product was subsequently used to generate
431  the first cDNA strand. Reverse transcription was carried out in a total volume of 25 pl,
432 replacing random hexamers with Oligo dT (16x, 18x, 20x) primer [100 pmol/ul] and in a total

433  volume of 25ul.
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434 Nested PCR

435  Two rounds of nested hot-start touch-down PCR were performed using outer (first) and

436  inner (second) 5-RLM-RACE universal primers in combination consecutively with gene outer
437  specific (e.g., PPR1_Target_Outer) and gene inner specific (e.g. PPR1_Target_Inner) primers.
438  GoTaq® G2 Hot Start Master Mix (Promega, M7432) was used for the nested PCR. A master-
439  mix was prepared for both outer and inner PCRs, containing 25 pl of 2X GoTaq® G2 Hot
440  Start Master Mix, 1.5 pl of RLM-Universal Outer/Inner Primer [10 pmol/pl], 1.5 pl of RLM-
441 Outer/Inner-Specific Primer [10 pmol/pl], and 2.5 ul of cDNA or prior PCR product, with the
442  total volume adjusted to 50 pl with water. As a control, PPR1_Non-Target_Outer and

443  PPR1_Non-Target_Inner primers were used for amplification of a non-target site of PPR1,
444  replacing PPR1_Target_Outer and PPR1_Target_Inner primers in the reaction. The

445  thermocycler was preheated at 95° C and samples were denatured at 95°C for 5 minutes

446  followed by 18 touch-down cycles of denaturation at 95°C for 30 sec, annealing at 68°C

447  (incrementally decreased by 0.5°C per cycle) for 30 sec, and extension at 72°C for

448 30 sec. After the first 18 cycles, 20 additional cycles of 30 sec denaturation at 95°C for 30
449  seconds is performed, followed by annealing at 62°C for 30 seconds and extension at 72°C
450  for 30 seconds. The final extension step is 72°C for 5 minutes, and the reaction is then held at

451 4°C.

452  For the human cell line (A549), 3.5 ul cDNA or PCR product from the prior outer PCR reaction
453  was used as a template for the nested PCR. For the human cell line (A549) initial annealing
454  temperature for the touchdown PCR was optimised for 66°C. Inner and outer PCR products
455  were evaluated in a 1% agarose gel and bands from 100 to 1000 bp were excised. Products

456  were cleaned with the Wizard® SV Gel and PCR Clean-Up System (Promega). DNA
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concentration was measured using Qubit™ dsDNA HS Assay Kit (ThermoFisher Scientific,
USA; Invitrogen, USA) and purified PCR products were stored at -20°C until further use. All

used oligonucleotides are listed in Table 1.

Table 1: Primer list

Primer name

Primer sequence

Hoxb8 Inner GCGCAGACAACAGAACAAAGT
Hoxb8_Outer AACTCTTCCGCCCTTTTCAGG
HoxA10_Inner TGGAGTGCTGTGCTGTGTTTA
HoxA10_Outer AAATGGCCCCTGTCTTCGG

PPR1_Target_Inner

TAGAAGACCGTGAATGCAAAGC

PPR1_Target_Outer

PPR1_Non-Target_Inner

ATTGTAAGTGAATGTGTCACCATCC

CAGAGCAAGAGAGAGTCGAGC

PPR1_Non-Target_Outer

ACTATGCTGGGCTCAAAACCA

PPR1-DNA-Inner-Fwd CAGAGCAAGAGAGAGTCGAGC
PPR1-DNA-Outer-Fwd ACTATGCTGGGCTCAAAACCA
PPR1-DNA-Inner-Rev ACCCATTTGCCAAAAACGTCG

PPR1-DNA-Outer-Rev

GAGCATGTGAAACAACAGACAAAGA

RLM-Universal_Outer

GCTGATGGCGATGAATGAACACTG
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RLM-Universal_Inner GAACACTGCGTTTGCTGGCTTTGATG

PCR amplification for cDNA control

Two ug of the RNA extracted from Ath plants (mock and stress treated) were used for
reverse transcription (as previously described) without an adapter ligation step. As a control,
two rounds of hot-start touch-down PCR were performed using PPR1_DNA-outer-Fwd and
Rev primers (first round) and PPR1_DNA-Inner-Fwd and Rev primers (second round) for the
amplification of a PPR1 amplicon. The GoTaq® G2 Hot Start Master Mix (Promega, M7432)
was used for the nested PCR. A master mix was prepared for both outer and inner PCRs. The
assembled reaction and the thermocycler program are as described in the nested-PCR

section using the mentioned primers (Tab. 1).

Sequencing

Libraries were prepared for 12 - 16 PCR products according to the Ligation sequencing

amplicons - Native Barcoding Kit 24 V14 protocol (SQK-NBD114.24)

(https://community.nanoporetech.com/docs/prepare/library prep protocols/ligation-

seqguencing-amplicons-native-barcoding-v14-sgk-nbd114-24/) of Oxford Nanopore

Technologies (ONT). Libraries were run on an ONT MinION Mk1B device with a flongle
adapter on a Flongle Flow Cell (R10.4.1). Libraries were loaded according to Russel (2023).

Sequencing data was recorded for 24h with a length cut-off of 20bp as pod5 data.

Bioinformatics
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Sequencing, trimming & alignment. Sequencing raw data was basecalled via the ONT dorado
(v0.5.2+7969fab) with a minimal g-score of 12, the kit option SQK-NBD114-24 and the Super
Accuracy (“sup”) basecalling algorithm. Reads were not trimmed, and a fastq-file was emitted
which was subsequently demultiplexed. Quality control was conducted via FastQC v0.12.1
(Andrews 2010). To remove adapters and orient the reads, the RLM-adapter sequence from
inner primer binding site to adapter-3'-end (TTTCATCAAAGCCAGCAAACGCA) was used to
trim reads with cutadapt v4.2 (Martin 2011) with Python 3.11.6 (Van Rossum and Drake 2018).
Correct orientation of reads was ensured by options “--rc” and "--trimmed-only”. Trimmed
reads were aligned with bowtie2 v2.5.0 (Langmead and Salzberg 2012) in end-to-end mode
and score-min set to “L,0,-0.6". Unique molecular identifiers (UMIs) were extracted before

alignment and alignments were deduplicated with umi_tools v1.1.6 (Smith et al. 2017).

Analysis & plotting. To analyse the alignments, the bowtie pseudo sam-files were read into R
(Team 2014) v4.3.1 via read.delim. Alignments were filtered by flag 16 and afterwards, the
alignment start position indicates the slice site. Results were plotted with ggplot2 (Wickham
2024) v3.4.3, ggpubr (Kassambara 2024) v0.6.0 using the palettes of wesanderson (Ram et al.
2024) v0.3.6. An example script is provided as R-Script S1. Genomic tracks were created with
Gviz (Hahne and Ivanek 2016) v1.46.1. Track information was either downloaded from UCSC
genome browser (Lee et al. 2019) for the human chromosomes (hg38, GCF_000001405.40)
via the UcscTrack function or from NCBI RefSeq (O’Leary et al. 2015) for the A. thaliana
chromosome (GCF_000001735.4) via the makeTxDbFromGFF function from GenomicFeatures

(Lawrence et al. 2013) v.1.54.4.

ABBREVIATIONS

NIL-TDS: Native index ligation-based targete degradome sequencing
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503  RLM-RACE: RNA ligase-mediated rapid amplification of cDNA ends

504  PARE: parallel analysis of RNA ends

505 HOX: HOMEOBOX

506  ONT: Oxford Nanopore Technology

507  A549: Human lung carcinoma cells
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sites. Each point shows the number of reads per 1000 total reads, that aligned with their 5'-
end to the respective mRNA base position indicating mRNA fragment ends. Arrows indicate
the respective slice sites in the plots. Legends show colour-coded stress treatments or
repetitions. The alignment between miRNA and target RNA is shown with a green line

indicating slice-sites.

Figure 3. Precision of NIL-TDS on a cDNA amplicon. A nested PCR was conducted using A.
thaliana Col-0 cDNA for the amplification of PPRI amplicon from four different stress
treatments. Amplicons were sequenced on a nanopore Flongle cell. Start sites of alignments
(A). Fraction of reads within the primer start site +/-2 bp (B). Each points shows the number
of reads per 1000 total reads, that aligned with their 5'-end to the respective mRNA base
position indicating mRNA fragment ends. Bars show the standard deviation between the
treatments. Plotted positions are indicated on the genomic tracks, and a blue line marks the

miRNA target site.

Figure 4. Comparative NIL-TDS readout of a non-target site of PPRI under abiotic
stress. NIL-TDS readout of an untargeted site of PPRI1. Each point shows the number of
reads per 1000 total reads, that aligned with their 5'-end to the respective mRNA base
position indicating mRNA fragment ends. Stress treatments are indicated by colour (mock
(red), heat (green), salt (yellow), and combined (blue)). Plotted positions are indicated on the
genomic tracks, and blue lines mark respective miRNA target sites. Positions indicate the first

base after the slice-site, which is also the first base after the 5' RLM-adapter.

Figure S1. Effect of deduplication via UMIs. To assess the effect of PCR duplicates on NIL-TDS
UMIs were incorporated in the workflow and reads were deduplicated with UMI_tools. Due

to PNK1 phosphorylation during library prep, 2,147 reads of the 18,460 generated reads
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aligned to HOXA10-AS. After deduplication 241 reads remained, confirming prior results.
Each point shows the number of reads per 1000 total reads, that aligned with their 5'-end to
the respective mRNA base position indicating mRNA fragment ends. The arrow indicates the
respective slice site of miR-7162. Colour indicates results before (yellow) and after (blue)

deduplication.

Figure S2. NIL-TDS-based detection of slicing by miR400 in PPR1 (Repetition). Plotted
positions are indicated on the genomic tracks and a blue line marks the miRNA target site.
The number of reads per 1000 total reads (RPK) of total reads corresponding to the
respective position of the target RNA are shown. The respective slice sites are indicated by
arrows and text. Stress treatments are indicated by colour. The alignment between miRNA

and target RNA is shown and a blue line indicates the slice-site.

Table S1: Sequencing statistics related to the samples, their quality, read lengths, sequencing
depth and the ENA accessions. The table gives information for each library. Total reads are
reads for the respective library after demultiplexing. Mean Q is the mean of means of -
logio(error rate). SD stands for standard deviation and L for read length. Filtered reads shows

the number of reads with a proper RNA adapter.

Table S2: Cost and throughput of different sequencing platforms. The here presented costs

are the list prices from the manufacturers homepages (January 2025).

RScript S1. A script to easily evaluate NIL-TDS data and to produce t-plots.

163



Conclusion:

This study establishes NIL-TDS as a precise and reliable tool for investigating RNAI-
mediated regulation. In stressed Arabidopsis plants, NIL-TDS confirmed and quantified
the reduction in slicing activity of PPR1 by Ath-miR400, demonstrating its accuracy in
detecting sSRNA activity. NIL-TDS improves degradome analyses, facilitating the discovery
of silencing events and supporting the development of RNA-based crop protection
strategies. Beyond plant systems, its applicability extends to human medicine, as
demonstrated by the detection of a previously non-quantifiable slicing event such as
miR-196-HOXB8 in lung cancer, as well as the identification of a rare undiscovered miR-
7162-HOX10A-AS interaction, highlighting the method's potential for studying gene

regulation and disease control.
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CHAPTER 8 -

Packaged or unpackaged: appearance and transport of extracellular noncoding

RNAs in the plant apoplast

(Contribution as first author)

Summary:

This chapter contains the publication “Packaged or unpackaged: appearance and
transport of extracellular noncoding RNAs in the plant apoplast”, a peer-reviewed
comment article on the publication of Zand Karimi H, Baldrich P, Rutter BD, et al. 2022
“Arabidopsis apoplastic fluid contains sRNA- and circular RNA-protein complexes that
are located outside extracellular vesicles” (Plant Cell 2022;34:1863-81). The publication
was accepted by ExXRNA journal on May 19, 2022, and published online on May 31, 2022
(DOI:10.21037/exrna-22-11).

Extracellular vesicles continue to attract increasing interest not only in medicine as
delivery carriers for drug and RNA-based therapeutics in cancer treatments but also in
agriculture, particularly for RNA delivery approaches such as Spray-induced-Gene-
Silencing to enhance plant protection. Here, we critically assess the ongoing debate
regarding the localisation, transport, molecular interactions, and functional roles of
extracellular RNAs, with a focus on how different RNA biotypes are delivered, both inside

and/or outside of Extracellular vesicles (EVs).
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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
RNAs as highlighted by a new publication (1) of the group of
Roges Innes, Indiana University, on RNAs in the apoplastic
intercellular washing fluid AWYF) 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

© ExRNA. All rights reserved.

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 dabline 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 sRNA
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 dsRNA targeting
the 16D10 gene that encodes a conserved secretory root
growth-stimulating RKN peptide involved in parasitism.
That sSRNA 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

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

© ExRNA. All rights reserved.
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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 sSRNAs, 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 IWFE. 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 /. (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 RNAs vs.
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
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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
(T) as a free molecule or bound to RNA-binding proteins (RBPs) that form RNA-protein complexes; (II) 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 RNAs 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: ) 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 Taslc_16_461 and Tas2_0_56, that are

© ExRNA. All rights reserved.

believed to be involved in cross-kingdom RNAIi (22).
Consistent with their reasoning, Zand Karimi ez a/. (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; (ITI) the differences in the
methods used to isolate EVs and other RNA 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 RNAs were
highly enriched in the posttranscriptional modification N6-
methyladenine (m6A) (1). Consistent with this, the putative
m6A-binding protein GLYCINE-RICH RNA-BINDING
PROTEIN 7 (GRP7) as well as the sSRNA-binding
protein AGO2 was found in the IWE. These two proteins
coimmunoprecipitated with IncRNAs, including circRNAs.
Mutation of GRP7 or AGO2 caused changes in both the
sRNA 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, ANNEXINI and 2, and RNA
HELICASEI11 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 miRINA
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

© ExRNA. All rights reserved.
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mo6A, 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, circRNAs 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 RINAi-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 RINA 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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Conclusion:

In this commentary, we discuss the challenges associated with the use of exRNAs in
plant protection, focusing on their instability under environmental stress. Rapid RNA
degradation in soil, mainly by microbial nucleases and environmental factors (UV, rain,
heat...), poses a major barrier. Recent findings reveal that many apoplastic RNAs,
including sRNAs and circRNAs, exist outside vesicles but are bound to proteins,
suggesting further investigation of alternative stabilisation strategies. Packaging and
formulation approaches such as lipid encapsulation, along with the use of circRNAs and
optimised RNA structures, could improve the stability, delivery, and efficacy of RNA-

based applications in agriculture.
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CHAPTER 9 -

Practical advice for extracellular vesicle isolation in plant-microbe interactions:

Concerns, considerations, and conclusions

(Contribution as Co-author)

Summary:

This chapter contains the publication “Practical advice for extracellular vesicle
isolation in plant-microbe interactions: Concerns, considerations, and
conclusions” accepted by the journal of Extracellular Vesicles on November 24, 2024,

and published online on December 12, 2024 (DOI:10.1002/jev2.70022).

As research interest in plant-microbe EVs grows, researchers often rely on mammalian-
developed guidelines (e.g. MISEV), that only partially address plant-specific challenges.
Based on current studies and the expertise of the exRNA consortium (RU5116), this
guideline provides step-by-step recommendations including experimental design,
optimization, quality control, improving yield and purity, and reproducibility of EV

isolation from plants and associated microbes.
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Abstract

In recent years, extracellular vesicles (EVs) have emerged as novel key players in
plant-microbe interactions. While it is immensely useful to draw on the established
“minimal information for studies of extracellular vesicles” (MISEV) guidelines and
precedents in mammalian systems, working with plants and their associated microbes
poses specific challenges. To navigate researchers through these obstacles, we offer
detailed step-by-step suggestions for those embarking on EV research in the con-
text of plant-microbe interactions. The advice is based on recent publications and
our collective experience from the diverse plant and microbe systems studied in a
dedicated research consortium. We provide considerations for experimental design,
optimization, quality control, and recommendations on how to increase yield, purity,
and reproducibility of EV isolation. With this perspective article, we aim not only to
assist researchers in our field but also to promote discussions on plant and microbe
EVs in the broader EV community.

KEYWORDS
plant-microbe interactions, EV isolation, EV size profile, EV marker, EV quality control, biological fluid,
axenic culture, apoplastic wash fluid

Extracellular vesicles (EVs) are central mediators in inter-cellular and inter-organismal communication across diverse biological
systems. These membranous structures can be generated and released via different cellular pathways and cell types to the extra-
cellular space (Box 1; Colombo et al., 2014). In the interaction of plants with both pathogenic and beneficial microbes, EVs have
garnered significant interest owing to their potential to modulate the relationship between both partners (Cai, Qiao, et al., 2018;
Chalupowicz et al., 2023; Wang et al., 2016).
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Particle types defined by the minimal information for studies of extracellular vesicles (MISEV) guideline and
examples thereof from the field of plant-microbe interactions

Extracellular vesicles (EVs): “Particles that are released from cells, are delimited by a lipid bilayer, and cannot replicate
on their own” (Welsh et al., 2024). Example: In samples derived from colonized plants, these can be of plant or microbe
origin.

Non-vesicular extracellular particles (NVEPs): “Multimolecular assemblies that are released from cells and do not have
a lipid bilayer (non-vesicular extracellular particle fraction” (Welsh et al., 2024). Example: If working with plant samples
one might look out for RuBisCo complexes or lipoproteins. For samples originating from liquid cultures, particles from
the medium might be contaminants.

Extracellular particles (EPs): “Umbrella term for all particles outside the cell, including EVs and NVEPs” (Welsh et al.,
2024). Example: See above as for EVs and NVEPs.

EV mimetic: “EV-like particles that are produced through direct artificial manipulation” (Welsh et al., 2024). Example:
Unintentionally generated vesicles derived from cell lysis, for example, by infiltration or centrifugation during apoplastic
wash fluid (AWF) isolation.

Artificial cell-derived vesicles (ACDVs): “EV mimetics that are produced in the laboratory under conditions of induced
cell disruption, such as extrusion” (Welsh et al., 2024). Example: In the plant field, vesicles sourced from juices or
disrupted tissue have also been termed “plant-derived nanovesicles” (PDNVs; Pinedo et al., 2021).

Examples of known and suggested EV markers for plants and plant-colonizing microbes

Plants

- Arabidopsis thaliana: PENETRATIONI (PEN1) and PATELLINI (PATLI) (Rutter & Innes, 2017), TETRASPANINS
(TETS8) (Cai, Qiao, et al., 2018), EXOCYST COMPONENT OF 70 kDa PROTEIN E2 (EXO70E2) (Wang et al., 2010)

- Sorghum bicolor: A. thaliana PENETRATION (PENI) orthologs (Chaya et al., 2024)

Phytopathogenic fungi

- Botrytis cinerea: PUNCHLESSI (PLS1) (He et al., 2023)

- Colletotrichum higginsianum: Brain modulosignalin homologl (Bmhl) (Rutter et al., 2022)

- Fusarium graminearum: Suppressor of Rvs167 mutation (Sur7) (Garcia-Ceron et al., 2021)

- Fusarium oxysporum f.sp. vasinfectum: Heat shock protein of 70 kDa (Hsp70) (Bleackley et al., 2020)

- Zymoseptoria tritici: Suppressor of Rvs167 mutation (Sur7) (Hill & Solomon, 2020)

Phytopathogenic oomycetes

- Phytophthora sojae: TETRASPANINI (TET1), TETRASPANIN3 (TET3) (Zhu et al., 2023)

Phytopathogenic bacteria

- Pseudomonas syringae pv. tomato DC3000: Outer membrane protein F (OprF), Ampicillin C (AmpC) (Janda et al.,
2023)

- Xanthomonas oryzae: ELONGATION FACTOR-Thermo unstable (EF-Tu) (Bahar et al., 2016)

- Xylella fastidiosa: Lipase/esterase A (LesA), Motility protein B (MopB) (Nascimento et al., 2016)

Research efforts discerning the composition of EV cargos of plants and associated microbes, at present, typically focus on
proteins and various RNA classes, including small RNAs, messenger RNAs, long non-coding RNAs, circular RNAs, and fragments
of transfer as well as ribosomal RNAs (Kusch et al., 2023; Kwon et al., 2021; Ruf et al., 2022; Wang et al., 2023). In particular, the
bidirectional RNA exchange between plants and microbes has been suggested to tune the interaction in several systems (Cai,
Qiao, et al., 2018; Cheng et al., 2023; Dunker et al., 2020; Wang et al., 2016; Weiberg et al., 2013; Wong-Bajracharya et al., 2022)
and is serving as a blueprint for the development of novel types of pesticides (Cai, He, et al., 2018). Accordingly, there is an
increasing interest in studying EV's and their cargos in the context of plant-microbe interactions, which necessitates suitable EV
isolation protocols.

However, EV isolation procedures in plant, microbial, and mammalian systems vary due to differences in physiology (e.g.,
the presence/absence of a cell wall; Brown et al., 2015) and cultivation. The current lack of recommendations for experimental
procedures and documentation standards regarding plant(-microbe) systems in the MISEV (minimal information for studies of
extracellular vesicles) guideline hinders reproducibility and comparability across such studies (Welsh et al., 2024). Consequently,
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the importance of well-documented and reproducible workflows cannot be overstated, serving as the foundation for robust
scientific conclusions. Previous reviews have sought to address these issues for EV isolations from (healthy) plants (Pinedo et al.,
2021; Rutter & Innes, 2020). Nonetheless, further refinements and tailored protocols specific to this field are urgently needed,
especially for scientists studying plant-microbe interactions.

In this perspective article, we attempt to provide comprehensive support for the establishment and optimization of EV iso-
lation procedures in the context of plant-microbe interactions. Drawing upon recent advancements and novel insights from
first-hand experience gained in the context of a dedicated research consortium (Research Unit FOR5116 “exRNA” funded by
the Deutsche Forschungsgemeinschaft [DFG]; https://www.biologie.uni-hamburg.de/en/forschung/forschungsverbuende/dfg-
ru5116.html), we wish to supply researchers new to this burgeoning field with practical advice to master the complexities of
EV isolation. These include hints regarding the cultivation of organisms and the retrieval of biological fluids for EV isolation,
the actual EV isolation procedure, and measures for EV quality control. By this, we aim to empower scientists to elucidate the
nuanced mechanisms governing potential cross-kingdom plant-microbe communication mediated by EV's or to discover novel
potential colonization strategies enabled by EVs.

2 | CULTIVATION AND RETRIEVAL OF BIOLOGICAL FLUIDS FOR EV ISOLATION

Living cells can release EVs into their environment. Depending on the cell type and organism of interest, this environment can be
very diverse in the plant-microbe field. Appropriate cultivation of the source organisms significantly influences the experimental
EV isolation success. Isolation of EV's typically requires some kind of biological fluid as starting material, which is ideally fully
devoid of cells and cellular debris. The latter is usually achieved through filtration (0.22 or 0.45 um pore size) and low-speed
centrifugation of EV-containing samples (reviewed in Pinedo et al.,, 2021; Rutter & Innes, 2020). Plant samples are typically
centrifuged at 10,000 X g (Cai, He, et al. 2018; Cai, Qiao, et al., 2018; Regente et al., 2009; Rutter & Innes, 2017), fungal samples
between 4000 X g and 15,000 X g (in some instances by two consecutive cleaning steps; Bleackley et al., 2020; Hill & Solomon,
2020; Kwon et al., 2021; Rutter et al., 2022), and bacterial samples between 4500 X g and 10,000 X g (Bahar et al., 2016; Janda
et al., 2023; McMillan & Kuehn, 2023; Nascimento et al., 2016). In cases involving microbial or liquid plant cultures (e.g., plant
cell suspension cultures, plant tissue cultures, or hydroponic systems), EVs can be directly isolated from culture supernatants
(De Palma et al., 2020; Janda et al., 2023; Kocholata et al., 2022; Kwon et al., 2021). For whole plants grown in soil or other
solid substrates (e.g., mineral composites such as vermiculite or solid media for in vitro cultivation), growth conditions need to
be optimized to isolate apoplastic wash fluid (AWF)—a frequently used source for EV isolation from plants approximating the
full repertoire of naturally secreted EVs. AWF is a liquid commonly obtained by infiltrating buffer into the intercellular space
(apoplast) and subsequent centrifugation of the infiltrated plant specimens to collect the buffer along with (nano-)particles and
molecules present in the apoplast (O’Leary et al., 2014).

2.1 | Plants

For plants grown on solid substrates, AWF can be isolated from entire seedlings or adult plants, isolated leaves, and potentially
roots, as accomplished in many different plant species (Chen et al., 2022; Kusch et al., 2023; Regente et al., 2017; Rutter & Innes,
2017). Preceding growth conditions notably affect buffer infiltration. For instance, high humidity supports infiltration efficiency,
because stomata are wide open (Chincinska, 2021; Rumyantseva et al., 2023). We, therefore, reccommend increasing the humidity
at least several hours before buffer infiltration by covering plants with a lid. However, it is crucial to note that adjusting humidity
levels may alter plant gene expression and hence affect the interaction with any microbes under study (Yao et al., 2023).

Apart from AWE EVs have also been isolated from the liquid medium of plant cell or tissue cultures (Boccia et al., 2022;
Kocholata et al., 2022). On the one hand, this approach reduces potential contaminations due to cell damage through infiltration-
centrifugation steps during AWF isolation, and a direct comparison could be used to identify these in AWF samples. On the other
hand, plant liquid culture experiments neglect the systemic context and are restricted to systems for which the microbe of study
can be co-cultivated. Hydroponic plant systems also offer the possibility to retrieve EVs from the medium but are not necessarily
suitable for all types of plant-microbe interactions (De Palma et al., 2020).

Disruptive methods such as tissue blending are unsuitable for EV isolation due to associated contamination from cellular
debris. This can lead to the generation of artificial cell-derived vesicles, EV mimetics, which in the plant field, have been termed
“plant-derived nanovesicles” (Box I; Pinedo et al., 2021). In general, the generation of such plant-derived nanovesicles is unde-
sirable in the context of EV isolation. However, comparing their characteristics with those of EVs can support the existence of
unique EV profiles. Depending on the plant species, obtaining sufficient AWF volume for EV isolation can be challenging. To
enhance AWF yield, we suggest employing young(er) plants with soft(er) tissue and optimising buffer infiltration with an efficient
vacuum pump (employed vacuum typically between 25 and 45 kPa; Figueir et al., 2018; Regente et al., 2008). Vacuum infiltration
is followed by a very low-speed centrifugation step. Applied centrifugation forces range between 400 and 900 X g depending on

176

ASTUAITT SUOUNIIO)) aanjear) Aqesndde a £q patIaA0F aIe S3[IMIE YO 2SN JO SN 10} ATRIQIT SUUQ AT UO (STOIPUOd-PUR-SULIa)/ oY Ka ATeIquiautuo,/:sd)) SuonIpuo)) pue suLa I 3y} 23S "[$Z0Z/Z1/S1] uo Areiqry amuo L[1a\ “lensiaatun-S1qarT-smsng £q ZZ00L TARM/Z001 01/10p/wod Kaiay ATeIquauruo’sjeimolaasyy:sdiy woxy papeo[umod ‘ZT +Z0T 'SLOE 00T



ws | HISEV

the plant species (Cai, Qiao, et al., 2018; Regente et al., 2008; Rutter & Innes, 2017). We do not recommend exceeding 900 X g
unless a higher force is necessary to obtain the fluid (Lohaus et al., 2001). Further, customized growth conditions are proposed to
find the best balance between plant age and leaf size—larger and younger leaves will yield more AWF than smaller or older leaves
(Chen et al., 2022). Significant scale-up may be necessary for sufficient AWF (and thus EV) yield, especially when microbial EVs
should be co-enriched. In cases where infiltration is aggravated due to high lignin content or cuticular waxes, one might con-
sider using low amounts of a non-ionic detergent (e.g., Tween 20) in the infiltration buffer to break surface tension (Nouchi et al.,
2012). If the EVs are stable, this treatment is unlikely to affect their integrity and might aid their stability during storage (van de
Wakker et al., 2022). However, attention should be paid when performing measurements of the zeta potential (an indicator of
particle surface charge) as it might be altered (Midekessa et al., 2020).

We further advise assessing cell viability of infiltrated plant tissue post-AWF isolation, for example, using trypan blue staining
to visualize potential damage (e.g., dead cells; Mulaosmanovic et al., 2020) and/or inspect the retrieved AWF by microscopy for
organelle debris potentially released because of cell injury during its isolation. At the molecular level, immunoblotting of AWF
samples with antibodies targeting abundant intracellular proteins (e.g., of endomembrane or cytoplasmic origin, e.g., chloroplast
components) should complement these efforts to validate proper AWF isolation. In principle, such cellular content could also
result from organelle secretion, which has been described recently for animal cells (Suh & Lee, 2024). However, although we can-
not exclude the possibility that certain plant species or cell types may secrete organelles, this has not been reported to the best of
our knowledge. Hence, we consider any organelle debris detected in AWF samples rather a putative byproduct of the unavoidably
harsh conditions of the isolation process. Recurring cytoplasmic contamination is often indicated by green (chlorophyll-based)
coloration in the case of leaf-derived AWF. In such instances, we recommend streamlining the AWF isolation to minimize the
damage to the plant material. This may include selecting an infiltration buffer that does not compromise cell integrity, as do high
detergent or non-isotonic salt concentrations; opting for the lowest effective infiltration time; centrifuging as slowly and shortly
as possible; and handling the plant samples with great care (avoid agitation and tissue damage). Special attention is warranted
when working with plants infected by necrotrophic or hemibiotrophic pathogens, which cause cell damage and tissue lesions
during pathogenesis. In these instances, AWF should be preferably collected at the early infection stage before necrotic lesions
occur. The above-outlined methods can be used to confirm that pathogen growth has not yet compromised plant cell integrity.

2.2 | Culturable microorganisms

Several plant-associated microbes can be cultivated in vitro. While EVs from microbial axenic cultures (i.e., cultures in the
absence of the plant) are most likely not equivalent to those produced during interaction with their plant hosts, the relative
ease of handling and scalability are advantageous for an initial survey of EV characteristics and EV-associated molecules.

As outlined above for plants, the first step is choosing appropriate growth conditions since these can impact EV production and
EV cargo (Jonca et al., 2021; McMillan & Kuehn, 2023; Welsh et al., 2024). It is further important to consider the microbial growth
or developmental stage at the time point of EV isolation and any potential factor that may impinge on the physiology and cellular
activities. EV biogenesis and the permeability of cellular barriers, such as the microbial cell wall, can vary greatly depending on
the cellular morphology influenced by the growth conditions. Furthermore, the biological functions of EV's can differ depending
on the microbial growth stage (Saad et al., 2024) and lifestyle (Johnston et al., 2023). The latter can be influenced by growing
the microbes in liquid media or on agar plates for biofilm formation, and EVs can be isolated from both conditions (Janda et al.,
2023). Multicellular growth forms such as bacterial biofilms or mycelia of fungi and oomycetes may increase the heterogeneity of
EVs. For mycelia, EV diffusion into the medium can be hindered, for example, by the cell wall (Rutter et al., 2022). Because of the
aforementioned variability, experimental details such as nutrient composition and pH of the culture medium, aeration/rotation,
cultivation time, growth phase, and temperature should be well documented and reported to increase reproducibility (Welsh
et al., 2024).

Opting for liquid culture over colonized plant materials is usually a compromise between relevance to the biological question
and EV yield. In some systems, culture conditions can be adjusted to allow the microbial cells to simulate developmentally and
transcriptionally certain stages of plant colonization, for example, by the addition of plant extracts or dedicated salts (Kwon et al.,
2021; Li et al., 2022). Moreover, there are media known that resemble specific plant locations, such as the apoplast (Rico & Preston,
2008) or xylem (Hiery et al., 2013; Neumann & Dobinson, 2003), or that trigger virulence in phytobacteria (Wengelnik et al.,
1996) or mimic symbiotic conditions (Li et al., 2022). It is helpful to understand, for example, based on existing transcriptomics
or proteomics data, to what extent a given culture condition simulates the situation in planta. If -omics resources are limited for
testing different conditions, one could use expression levels of hallmark genes for colonization that are specifically upregulated
during certain infection stages as an indicator of whether the growth conditions mimic the in planta situation. We propose using
defined media composition for microbial cultures instead of complex media with ill-defined components of natural origin, such
as yeast extract, which may contain EV-like nanoparticles. Contamination from such components can be reduced by filtration
or ultracentrifugation, similar to how blood sera are particle-depleted before their addition to mammalian cell cultures (Lehrich
et al., 2021). The potential effect of this procedure on the growth of the microorganisms should be, however, assessed carefully.
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If unavoidable, the unconditioned complex medium should be included in all experiments as an important negative control for
comparison (Welsh et al., 2024).

Any optimization to increase the viability and the intactness of the EV-secreting microbes during culture and harvesting of
conditioned media would reduce the contamination by EV mimetics (Box 1). In general, high cell viability (commonly >95%,
certified by vital staining) at the time point of EV isolation is advised (Shekari et al., 2023). However, a compromise may be
necessary to increase the EV yield. For example, starvation (Debbi et al., 2022) or cell wall stress (Olicon-Hernandez et al., 2015)
may increase the release of EV-like particles (Box 1). In some fungi, such as Colletotrichum higginsianum, it may be necessary to
use cell wall-degrading enzymes to break apart the mycelium partially and to release EV's from the paramural space (Rutter et al.,
2022). We recommend taking such steps with caution, because several studies have demonstrated that the vesicle cargo of some
bacterial and fungal species is influenced by nutrient availability (Bahar et al., 2016; Dauros Hill & Solomon, 2020; Hong et al.,
2019; McMillan & Kuehn, 2023; Singorenko et al., 2017). It must also be noted that many commercially available protoplasting
enzyme preparations tend to be crude mixtures with additional proteinase and RNase activities and are often derived from fungi,
which may confound any -omics analyses of fungal EVs. While such organism-specific treatments may be necessary to yield
sufficient EV quantities, it is important to address the potential consequences on the cellular status, the occurrence of putative
contaminants, and the biological relevance of the EV's obtained.

Prior to EV isolation, microbial cells must be removed from the culture medium. This can be achieved by centrifugation and/or
filtration. Centrifugation time and force, as well as filtration pressure, should be reduced as much as possible to prevent cell lysis
and minimize changes in cell physiology. At this point, defined aliquots of the cells should be snap-frozen for later comparison
with the isolated EVs. This can be done by an immunoblot or gene expression analysis via quantitative reverse transcriptase-
polymerase chain reaction (QRT-PCR), for example. To address any putative contamination of the EV preparations with living
cells, it is suggested to introduce streak controls of the samples on a solid medium. These should take place instantly after the
removal of microbial cells from the liquid culture and after obtaining the crude EV suspension. A quick quality control via
microscopy and, optionally, organelle staining, would be beneficial to address contamination from dead or lysed cells before
proceeding with EV isolation. It should be noted, though, that certain organisms may secrete organelles, similar to various animal
cell types that recently have been reported to secrete mitochondria (Suh & Lee, 2024), which would render such organelles
unsuitable as markers for cell lysis. If cellular, non-EV marker proteins are already known, an aliquot from each step in preparing
the biological fluid and EV isolation can be tested for cellular contamination by immunoblotting.

3 | EVISOLATION

Once the biological source fluid (e.g., AWF or culture medium) has been obtained and cleared of cellular material, EV isola-
tion can proceed. The methods published for the isolation of EV's from plants, plant-colonizing microbes, and colonized plants
include a combination of differential ultracentrifugation, ultrafiltration, size exclusion chromatography, and density gradient
centrifugation (Bleackley et al., 2020; Cai, Qiao, et al., 2018; Janda et al., 2023; Kwon et al., 2021; Regente et al., 2017; Rutter
& Innes, 2017). We encourage researchers to explore diverse methods used in the plant-microbe field, especially if generating
sufficient quantities of biological source fluid is critical (Rutter et al., 2022). In these instances, scientists might consider a low
specificity/high recovery approach such as a precipitation (polymer)-based method to obtain more EVs in the crude pellet (Welsh
etal., 2024). For detailed considerations on designing a suitable differential ultracentrifugation protocol, we refer to the review by
Rutter & Innes (2020). It should be noted that the appropriate procedure depends on the size and density of EVs of the targeted
organism(s), which may differ between biological fluids obtained from uncolonized and colonized plants. Thus, centrifugation
force and rotors should be selected with great care as this might influence the accumulation of different EV subclasses or even
contaminants (Box 1), making it necessary to establish the ideal rotor type for the given system. Fixed angle rotors have a higher
pelleting efficiency (lower k-factor) compared to swing-out rotors that hold equivalent sample tube volumes and, therefore, may
be more suitable for obtaining the crude EV pellets from a larger volume of starting biological fluid, while swing-out rotors are
essential for density gradients. For a detailed overview of the effect of rotor types on EV isolation, we refer the readers to a previ-
ous study (Cvjetkovic et al., 2014). Common centrifugation forces are between 40,000 and 100,000 X g in the case of plants and
fungi (Bleackley et al., 2020; Cai, Qiao, et al., 2018; Hill & Solomon, 2020; Kwon et al., 2021; Regente et al., 2009; Rutter & Innes,
2017; Rutter et al., 2022), and between 31,000 and 150,000 X g in case of bacteria (Bahar et al., 2016; Janda et al., 2023; McMillan
& Kuehn, 2023; Nascimento et al., 2016). In general, centrifugation time should be minimized as prolonged centrifugation time
can lead to the accumulation of impurities (Box 1), cause artifacts, and might affect EV integrity (Cvjetkovic et al., 2014). Typical
centrifugation times for an EV pelleting step (in some instances several runs are performed) are usually 60 min for plant AWF
(Cai, Qiao, et al., 2018; Regente et al., 2009; Rutter & Innes, 2017), between 60 and 90 min for fungal cultures (Bleackley et al.,
2020; Hill & Solomon, 2020; Kwon et al., 2021; Rutter et al., 2022), and between 90 and 180 min for bacterial cultures (Bahar et al.,
2016; Janda et al., 2023; McMillan & Kuehn, 2023; Nascimento et al., 2016). Purification of crude EV pellets obtained by any of
the abovementioned methods is recommended, particularly for explorative downstream analyses such as any -omics approaches
and should exploit different physical and biochemical properties than the initial EV isolation procedure (Welsh et al., 2024).

178

3SUADIT suounmno) aanear) ajqedrdde a) Aq pawIaA0S are SA[IMIR YO 2SN JO SN 10§ ATRIQUT AWMU A3[TA U0 (SUOIPUOD-PUE-SULIA}MOd" 3[1ar ATRIqIauT[uo,//:sdjT) suonIpuo) pue SULa I ) 23S “[F70Z/71/ST] w0 AmIqry amuQ 314\ “eistaamn-31qar-smsng £q Z00L 74207001 01 /10pamod K3 Krequauruo’spermolaast;:sdiy uroy papeoqumo( ‘1 ‘+70T ‘SLOE100T



s | ISEV

A specific challenge when isolating EVs in the context of plant-microbe interactions is distinguishing between the EVs origi-
nating from the different organisms or even separating them physically. In the case of bacterial OMVs, researchers might benefit
from recent advancements. For example, a fluorescent probe sensitive to outer membrane vesicles (OMV's) with aggregation-
induced emission (AIE) characteristics that could aid in distinguishing between plant and bacterial EVs has been reported
lately (Wang et al., 2023). Alternatively, the separation of OMV's from plant EVs in a mixture could, at some point, be facili-
tated by targeting bacterial lipopolysaccharides exploiting a secreted effector protein of the bacterial species Cupriavidus necator
(Hofer, 2021). If technically possible, the separate characterization of plant- and microbe-derived EVs enables the assessment
of changes that occur during plant colonization. This can be, for example, achieved by measuring the zeta potential, which
in addition to EV size, can reveal differences in EV surface charge (see below; Janda et al., 2023). It is important to note that
isolating EVs from the natural interaction site rather than from (co-)cultivated plants and microbes may allow for conclu-
sions with higher biological relevance. Allocation of EV-associated molecules is possible if reference datasets are available for
each organism, even when no specific EV markers (see below) have been identified yet. If desired, plant- and microbe-derived
EVs may be separated by immunoaffinity capture or fluorescence-activated cell sorting (He et al., 2021; Kondratov et al., 2020).
However, for these procedures, reliable EV biomarkers and suitable antibodies are required, which remain an exception for
many species (as discussed below). Particularly for obligate biotrophic microbes, which cannot be cultivated without their host
plant, the establishment of EV biomarkers would be highly desired to capture microbe-derived EVs from the colonized plant
tissue.

4 | EV QUALITY CONTROL PARAMETERS

To characterize isolated particles and to verify if these are genuine EVs (see Box 1 for alternative particle categories), we
recommend three types of analysis: (1) an estimation of EV particle size and concentration measurements, (2) visual inspec-
tion by electron microscopy, and (3) molecular analysis for the presence of EV biomarker proteins. In agreement with
the MISEV guideline, we advise to use at least two of these independent yet complementing methods (Théry et al., 2018;
Welsh et al., 2024).

4.1 | EV size profiles and concentration

Common single particle-based methods to analyse the size and concentration of nanoparticles in plant EV samples are nanopar-
ticle tracking analysis (NTA) and dynamic light scattering (Welsh et al., 2024). To measure the sample concentration, NTA is
a popular method since besides the concentration, it determines the size profile and, depending on the manufacturer, the zeta
potential, which represents the overall electric charge of the EV’s surface (Varga et al., 2020; Welsh et al., 2024). Both, changes
in the zeta potential and the size profile in EV samples derived from infected plants as compared to uncolonized plants and
microbial EVs can be a hint for the co-presence of plant and microbial EVs (Janda et al., 2023). Nonetheless, NTA does not
distinguish between EVs and other spherical particles (Box 1) such as bigger protein complexes. Further, the concentration of
smaller particles such as EVs in polydisperse samples might be underrepresented due to the intense light scattering of larger
particles, preventing smaller particles from being tracked (Filipe et al., 2010). Newer NTA generations include lasers to detect
EV particles via a fluorescence light detector. If available, measuring EV's with fluorescently labelled biomarkers (see below)
or staining of EVs with lipophilic dyes or probes prior to the measurement can enable a more precise estimation of the EV
size profile and concentration, as fewer non-EV or non-lipid contaminants, respectively, will be measured. However, it is cru-
cial to include appropriate controls, such as buffer only, to demonstrate that unbound dye has been removed from the sample.
Of note, the binding of antibodies or the intercalation of membrane dyes could lead to a distortion of the actual particle size
(Varga et al., 2020). One also has to consider that NTA and dynamic light scattering measure, in fact, the hydrodynamic diam-
eter and provide an overestimation of the actual EV diameter, which has to be taken into account when comparing it with size
estimates from electron micrographs (Varga et al., 2020). We, therefore, encourage researchers to explore also advanced single-
particle analysers (e.g. nanoflow cytometry or microfluidic resistive pulse sensing) that at present are not commonly used in the
field.

The EV quantity can also be derived based on the total lipid, protein, or nucleic acid content (Bahar et al., 2016; McMillan &
Kuehn, 2023; McMillan et al., 2021). For protein concentration measurements, commonly used methods are the Bradford assay
or staining with bicinchoninic acid (BCA). However, the respective substances also react with reducing sugars and phospholipids
and do not discriminate contaminants from EVs (Théry et al., 2018). The total lipid content is typically quantified by staining EV's
with lipid dyes such as FM4-64, DiOC6, and DiR, followed by fluorescence intensity measurements (Rutter & Innes, 2017). Some
dyes stain nucleic acids, such as RiboGreen, or the RNA dye SYTOTM RNASelectTM (Fortunato et al., 2021). While the single-
particle-based techniques can give further information on different EV (sub-)populations by measuring size, such differences
cannot be revealed by quantifying total lipid, nucleic acid, or protein concentrations (Welsh et al., 2024).
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4.2 | Morphology

Electron microscopic techniques are the method of choice to characterize the morphological features of EVs. In addition,
electron microscopy can provide information about the purity of EV samples and the potential occurrence of different EV (sub-
)populations (Bahar et al., 2016; Janda et al., 2023; McMillan et al., 2021; Rutter & Innes, 2017). Currently, the most precise
albeit tedious approach is cryo-electron microscopy (Chernyshev et al., 2015; Skliar et al., 2018). Other frequently used electron
microscopic techniques like transmission or scanning electron microscopy will underestimate the diameter of EV's as these will
desiccate in the process of sample preparation (Bachurski et al., 2019; Chuo et al., 2018). In transmission electron micrographs,
EVs typically appear as cup-shaped structures (Panagopoulou et al., 2020; Rutter et al., 2020), whereas in scanning electron micro-
graphs, EVs are usually spherical blebs (Chernyshev et al., 2015; Janda et al., 2023). Attention should be given when the electron
micrographs reveal impurities such as flagellar structures when working with bacterial EVs (Janda et al., 2023) or organellar
structures when working with plant or fungal samples as they are indicators of impurities. These contaminants can have severe
effects on any downstream experiments and it might be necessary to optimize the purification process before proceeding with
further analyses.

4.3 | EV biomarkers and molecular cargo

There are ongoing efforts to establish suitable EV markers in the plant(-microbe) field. EV biomarkers are molecules (in par-
ticular proteins) that are characteristic of EVs or EV sub-types of a given organism (Welsh et al., 2024). They can significantly
improve the EV quality and quantity assessment, might allow for EV purification via immunoaffinity capture, and increase the
portfolio for experimental downstream analyses (He et al., 2021). We encourage following the MISEV guidelines regarding the
recommendation to establish at least two different positive EV biomarkers. Ideally, one of these should be an integral mem-
brane or glycosylphosphatidylinositol (GPI)-anchored protein (or outer membrane for Gram-negative bacteria) and the other
a cytosolic (or periplasmic for Gram-negative bacteria) protein with lipid- or membrane protein-binding ability. It is advised
to establish additionally one negative marker, which could be a common co-isolated contaminant, for example, a constituent of
non-vesicular extracellular particles (Théry et al., 2018; Box 1). Moreover, a proper EV biomarker should be abundant in the EV
fractions for easy and reliable detection.

For finding organism-specific EV markers, there is a benefit in using organisms that can be grown in liquid culture, as EVs
are obtained from a single species and it is easier to avoid contaminations from lysed cells due to handling. For obligate parasites
or symbionts, the mixture of EVs obtained and the potential homology of proteins and nucleic acids in mixed samples may
complicate the analyses. A first step to establish a new EV biomarker might be a proteomic survey, which can provide a list
of candidate proteins. Such data can be used to select candidates that show potential relevance for plant-microbe interactions
(e.g., association of a protein with a nucleic acid of interest; Cai, Qiao, et al., 2018), or that have homology to established marker
proteins in other biological systems. Currently, there are only a handful of commonly tested EV markers in the field, including a
homolog of human tetraspanin CD63 in the dicotyledonous reference plant Arabidopsis thaliana (TET8; Cai, He, et al., 2018; Cai,
Qiao, et al., 2018; Box 2). Orthologs of well-established mammalian EV markers such as tetraspanins are absent in certain fungi
and bacteria, but other biomarker proteins have been suggested for these organisms (Box 2). Larger collections of EV proteomics
data such as Vesiclepedia or EVpedia (Chitti et al., 2024; Kim et al., 2015), which also include established EV biomarkers, can
help deciding which candidate protein(s) to select.

If specific antibodies are available or epitope-tagged protein variants can be expressed, the candidate list can be further
narrowed down based on protease protection or immunoaffinity capture assays to gain information on which proteins are
rather inside the EV lumen than only loosely associated with the EV surface (forming the so-called EV corona; Heidarzadeh
et al, 2023). Particularly useful would be an EV-associated integral membrane protein with both an “extracellular” and
“cytosolic” terminus. These termini could be labelled by genetic engineering with a reporter tag on the luminal side (e.g., for
EV quantification) and with an epitope tag on the extra-vesicular side (e.g. for immunoaffinity capture). However, such an
approach requires the genetic manipulation of the organism(s) of interest to express labelled EV markers, which is not always
possible.

Protease protection assays are commonly used to determine the localization of EV-associated proteins. They are based on the
proteolytic digestion of EV-associated proteins in the presence or the absence of an EV-disrupting detergent (Cvjetkovic et al.,
2016). A typical protease protection assay would include EVs treated with buffer-only, protease-only, detergent-only, and pro-
tease with detergent. Harsh protease treatments may compromise the integrity of EVs and could lead to false results where even
intraluminal proteins are degraded (Foers et al., 2018). Therefore, we highly recommend including the detergent-only control. If,
for example, luminescence originating from EV's with luciferase-tagged intraluminal proteins increases with the detergent-only
control but disappears upon protease treatment, the protease concentration should be reduced (Bonsergent et al., 2021). If there
is already evidence suggesting that the protein of interest is a cargo, a less invasive alternative to determine the localization might
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be immunoaffinity capture or immunogold labelling. However, EVs will only be able to bind to the solid phase or be markable if
the epitope for the antibody is present on the outside of the EV.

A similar approach could be used for EV-associated nucleic acids (nuclease protection assay). Many EV-associated nucleic
acids are protected by proteins (He et al., 2021). Hence, addition of a protease might be necessary in addition to the nuclease to
access the nucleic acid for digestion (Zand Karimi et al., 2022). This setup increases the complexity of required controls further.
Protease and nuclease treatments should be carried out on fresh EVs and may require a washing step to remove the respective
hydrolytic enzyme sufficiently. Therefore, these would be performed immediately after obtaining a crude EV preparation, before
further purification. As some proteins can be associated with the EV corona but still be relevant for the plant-microbe interac-
tion, it may be important to optimize protease treatment to suit the biological question at hand. If it is not possible to generate
transgenic organisms that express tagged EV markers, surface labelling with membrane-impermeant biotinylation reagents may
help distinguishing internal and external cargo (Cvjetkovic et al., 2016).

4.4 | Controls

Stepwise quality checks are necessary during optimization and troubleshooting of an EV isolation protocol. The effect of alter-
ing each step in the protocol should be assessed by the above-mentioned approaches. While this may be a tedious process, it
is necessary for maximising the EV yield (as opposed to other EV-like particles, Box 1), assessing suitable storage conditions,
or decreasing intracellular and other contaminants. During initial method establishment and troubleshooting for sources of
contamination, it is useful to include the liquid medium (if any), buffers, or even filtered distilled water as negative controls to
determine the extent of nanoparticle contamination derived from the materials, equipment, and handling. It is further impor-
tant to assess for contaminants following the removal of cells from the medium or AWE, and also after subsequent centrifugation
or filtration steps. If ultracentrifugation is used to pellet EVs, then it may be informative to examine the supernatant for EVs,
especially if the EV pellet is loose or difficult to see. It is not uncommon to deal with EV pellets that are not visible to the naked
eye. If ultrafiltration is used to concentrate the samples, it is worth testing for EVs bound to the membrane or eluting with the
filtrate. The same ideas apply to immunoaffinity capture, where one would compare the input crude EVs, the supernatant after
each wash step, the eluate, and the beads after elution.

In the mammalian field, EVs are typically stored for longer periods at —80°C; however, preserving EV integrity during storage
remains a matter of debate (Gorgens et al., 2022). Similarly, experience within the Research Unit FOR5116 has revealed that the
suitability for EV storage greatly depends on the source organism and is generally improved when so-called low-bind tubes are
used (Evtushenko et al., 2020). We recommend initially comparing stored EVs that have undergone freeze-thawing and fresh
EVs for their intactness (e.g., by transmission electron microscopy or NTA), content (e.g., by Bioanalyzer-based nucleic acid
profiling), and biological activity (e.g., by enzymatic or other functional assays). EV storage conditions are dependent on the
purpose and the biological question at hand. Generally, measurements of morphology, biophysical size and concentration, for
example, by NTA or electron microscopy, should be performed with fresh EVs, which we propose to store short-term (e.g.,
overnight) at 4°C with gentle rotation, if necessary. However, it may be possible to snap-freeze freshly prepared EV samples for
subsequent protein and nucleic acid analyses, for example, in case it is challenging to extract EV content on the same day that
the EV's are obtained. Ideally, freshly prepared EVs are directly used for protein or nucleic acid extraction up to a point where
the samples are safe for storage.

5 | CONCLUDING REMARKS

Here we present a practical proposal for establishing EV work in the field of plant-microbe interactions (see Figure 1 for a
proposed workflow and Table 1 for a synopsis of questions and recommendations). While the existing MISEV guidelines and
resources from the mammalian field are highly informative, the diversity and complexity of our systems, comprising two inter-
acting organisms, present specific challenges. There are no one-size-fits-all solutions for striking a balance between sufficient EV
yield and purity and identifying specific molecular markers. We encourage scientists to be creative to bypass these obstacles. At
the same time, adapting protocols to the EV research in the context of plant-microbe interactions, the thorough use of controls,
and precise documentation are essential for creating new field-specific standards. An open exchange of challenges and solutions
can help the plant-microbe EV field to grow in the future.
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TABLE 1

Synopsis of questions and recommendations for EV isolation in plant-microbe interactions.

1) Cultivation

a) How to obtain microbial EVs
from axenic cultures that are
biologically relevant for
plant-microbe interactions?

b) How to cultivate my organism
for good EV yield?

¢) How to choose the right
cultivation time?

- Try different media mimicking in planta conditions.

e.g., apoplast or xylem

- Compare the transcriptome and proteome of cultured cells to those from
colonised plant material to determine how representative the cultures are.
e.g., are the so-called “plant-specific” genes, or those important for plant
colonization up-regulated? Are the developmental stage, morphology, and
physiology of the cultured cells matching the colonization stage of interest?

- Scale up

It may be too laborious to harvest the biological fluid, isolate the EVs, and
perform quality controls and extractions on the same day. To determine a
stopping point, test for stability of the biological material from suitable steps in
the procedure, when stored, e.g., biological fluid, EV pellet, or suspension

- Adjust conditions to open stomata to improve infiltration
e.g., humidity or light conditions
- Use younger plants

- Optimise conditions for cultivation

e.g., rich vs. minimal medium, pH etc.

- Increase surface area exposed to medium e.g., smaller mycelial clumps for
fungi

- Degrade the cell wall to release paramural vesicles

Stress conditions may increase vesiculation but can compromise the biological
relevance of the EV cargos

- Perform vesicle isolation in a time series to check for EV yield and relevant
EV cargos if known
- Check for cell viability by staining (ideally >95%; see below)

2) Obtaining biological fluid and EV isolation

a) How to increase apoplastic
fluid yield?

b) How and when to check for
contamination with cells/cell
debris?

- Optimise vacuum pressure for infiltration

- Optimise centrifugation time and force

The goal is to find a balance between infiltration/extraction efficiency and cell
integrity (see 2b)

- Use surfactants to decrease the leaf hydrophobicity

Should only be considered in extreme cases when no AWF can be obtained
otherwise

- Use more plants

- Immunoblotting with antibodies directed against
endomembrane/cytoplasmic contaminants

- Perform (light) microscopy (check for organelle contamination)
Consider the possibility of bona fide secretion of organelles, especially for
organisms other than plants

After infiltration/centrifugation:
- Green AWF and pellets indicate cell lysis
- Trypan blue staining

- Viability staining (e.g., propidium iodide) staining of cultures just prior to
EV isolation (ideally >95% viable)

- Check via microscopy:

- Cell morphology and signs of lysis before and after removing them from
culture supernatant

- Cell-free culture supernatant for carried over cells and debris

- Streak cell-free culture supernatant and EV suspension on agar plate to
check for contamination with living cells

It is possible to work as sterile as possible under the clean bench, with sterile
filtered solutions and sterilised ultracentrifuge tubes

Liquid culture

All

Plants grown
on soil

Liquid culture

Liquid culture

Plants grown
on soil

All

Plants grown
on soil

Liquid culture

(Hiery et al., 2013;
Jonca et al., 2021;
Kwon et al., 2021;
Lietal., 2022;
McMillan &
Kuehn, 2023; Rico
& Preston, 2008;
Wengelnik et al.,
1996)

(Chincinska, 2021;
Nouchi et al., 2012;
Rumyantseva

et al., 2023)

(McMillan &
Kuehn, 2023;
Rutter et al., 2022)

(Janda et al., 2023;
Shekari et al.,
2023)

RU5116 (own
experience)
(Nouchi et al.,
2012)

(Delaunois et al.,
2013)

(Mulaosmanovic
et al., 2020)
RU5116 (own
experience)

RU5116 (own
experience)
(Janda et al., 2023;
Shekari et al.,
2023)

(Continues)
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TABLE 1 (Continued)

2) Obtaining biological fluid and EV isolation

c) How to reduce contamination
from cell lysis?

d) How to determine which EV
subpopulations are relevant for
my biological question?

€) What is the best
ultracentrifugation
force/duration for isolating my
vesicles?

f) How to distinguish between
plant vesicles and microbe
vesicles?

3) Quality check

a) How to determine if a protein
or nucleic acid of interest is EV
cargo?

b) How to identify the correct
storage conditions?

¢) How to differentiate EV's from
other particles?

Abbreviation: EV, extracellular vesicles.

- Settle with the lowest possible time for infiltration; find a balance between
yield and purity (see above)

- Handle the leaves with great care when blotting dry and otherwise

- Choose infiltration buffer that does not compromise cell integrity

- Minimise centrifugation force and time
- Apply gentle vacuum when filtering

- Further purify and fractionate crude EV preparation according to their
biophysical properties or known markers, e.g., size exclusion
chromatography, density gradients, immunoaffinity capture,
fluorescence-activated cell sorting, or advanced single-particle analysers
- Check resulting fractions for molecules of interest

- Dependent on the size and density of the EVs, of the organism(s), and of
the density of the used media/buffer

- Different pellets have to be compared if not much is known about the
organism

- Centrifuge as short as possible

- Take advantage of specific plant and microbial vesicle markers if available
- Comparison of properties from EVs isolated from microbe, plant, and
colonised plant

- Carry out immunoaffinity capture assay

- Carry out nuclease or protease protection assays:

- Check if luminal cargo is removed after treatment with detergent (Triton
X-100 etc.) and hydrolytic enzyme (e.g., protease or nuclease)

One might check for sufficient EV disruption under the electron microscope

- Check EVs in NTA/transmission electron microscopy for aggregate
formation

- Perform immunoblot analysis with antibodies directed against
intraluminal cargo

Protein integrity is used as a proxy for EV integrity

- Perform immunoaffinity capture

Signal intensity in subsequent immunoblot analysis should decrease if EVs
were disrupted and membrane fragments fused in random orientation

- Use low-bind tubes

- Some EV's cannot be frozen

In some cases, freezing can have a negative effect on the properties of the EVs.
In these cases, short-term storage of the EVs at 4° C with slight rotation can be
considered.

- Perform NTA (size profile and zeta potential)
- Stain with a lipophilic dye (e.g., FM4-64, DiOC6, DiR)
- Transmission electron microscopy (TEM)

- Comparison of the results obtained using the above methods with literature

- Use of advanced single-particle analysers such as nanoflow cytometry or
microfluidic resistive pulse sensing

Try to compare recorded EV properties with the ones of closely related species
or universal EV properties where applicable, e.g., NTA size profiles and zeta

potentials or cup-shaped structures in TEM micrographs, respectively. Consider

testing differing experimental conditions until the ideal cultivation/isolation
procedure is found.

Plants grown

on soil

All

All

All

All

All

All

All

dISEV L=

(O’Leary et al.,
2014)

RU5116 (own
experience)

(Bleackley et al.,
2020; Cai, Qiao,
et al., 2018;
Garcia-Ceron

et al., 2021; Rutter
& Innes, 2017)

(Rutter & Innes,
2020)

(Janda et al., 2023)

(Bonsergent et al.,
2021; Huang et al.,
2021; Kwon et al.,
2021; Zand Karimi
et al., 2022)
FOR5116 (own
experience)
(Evtushenko et al.,
2020; Gorgens et
al,, 2022)

(Welsh et al., 2024)
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Conclusion:

This guideline addresses a key methodological gap by adapting EV isolation protocols to
the plant-microbe context, where contamination, low yield, and heterogeneity present
significant challenges. We build on established MISEV standards but adapt the
recommendations to plant-microbe systems, including detailed quality controls (e.g.
marker panels, size profiling), optimised centrifugation steps, and validation methods.
Our motivation came from studying EVs' isolation from Serendipita indica during our
research on cross-kingdom communication between Si and At, as described in chapter

6.

189



CHAPTER 10 - General discussion

10.1 Cross-kingdom RNAIi: Exploring a new layer of gene regulation

Ck RNAI, originally discovered in plant-pathogen interactions (Wang et al., 2016; Weiberg
et al., 2013), is nowadays a widely explored and recognised RNA-based regulatory
mechanism. sRNAs, major players in this mechanism, were attributed multiple gene-

modulation functions within and between both interacting organisms.

This thesis investigates whether mutualistic interactions, one of the earliest and oldest

plant associations on earth, also employ the ck RNAi mechanism.

Early evidence of ck-RNAi in mutualism was observed during the interaction between the
monocot model plant Brachypodium distachyon and the endophyte fungus Serendipita
indica. The study showed that early colonisation of Brachypodium roots by S. indica
induces changes in gene expression and transcriptional reprogramming in both
organisms (Figure 3, Table 1 and Table 2, Chapter 2, Segié et al., 2021). These molecular
changes support the previous observations that the host immune system is modulated
during mutualism (Deshmukh et al., 2006; Jacobs et al., 2011), with similar patterns
observed in arbuscular mycorrhizal symbiosis (Plett et al., 2024; Plett & Martin, 2018;
Qiao et al.,, 2023). Profiling and sequencing of sRNAs during the interaction of
Brachypodium with S. indica confirmed the involvement of sRNAs in symbiotic

interactions (Figure 5, Chapter 2, Secié et al., 2021).

To further investigate the functionalrole of S. indica sRNAs (SisRNA) in manipulating host
genes, a pipeline was developed in Nasfi et al., 2024 (Chapter 3) to identify and validate
SisRNAs function during their interaction with the dicot model plant Arabidopsis

thaliana.

A set of SisRNAs from S. indica sRNA sequencing (available in the Array Express
database under accession number E-MTAB-10650, Chapter 2, Sedié et al., 2021) were
first confirmed to be expressed in S. indica axenic culture and in S. indica inoculated
Arabidopsis roots, indicating their potential transfer from the endophyte to the host plant
(Figures 2 and 3, Chapter 3). Using a transient expression system, the accumulation of

SisRNAs overexpressed in Arabidopsis protoplasts was confirmed, as was the
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downregulation of their corresponding predicted host target transcripts. Downregulated
transcripts were involved in cell wall organisation, hormonal signalling, immunity, and
gene regulation (Figure 8, Chapter 3, Nasfi et al., 2024). Interestingly, the downregulation
of some of the predicted target transcripts in S. indica colonised Arabidopsis roots was
also confirmed (Figure 9, Chapter 3, Nasfi et al., 2024). To further answer whether
SisRNAs exploit the host RNAiI machinery, we confirmed their binding to the canonical
AGO1 protein (Figures 10 and 11, Chapter 3, Nasfi et al., 2024). Together with the

functional assay, this provides evidence of ck-RNAi between Arabidopsis and S. indica.

10.2 Argonaute-mediated regulation of S. indica colonisation

Argonautes are core to the plant RNAi machinery and primary executors of RNA-guided
gene silencing (Carbonell, 2017; Fang & Qi, 2016). Transcriptional analysis of AGO and
DCL gene expression in Col-0 Arabidopsis roots inoculated with S. indica showed a
downregulation of AGO4 expression, while the expression levels of other AGOs and DCLs
remained unchanged (Figure 5a, Chapter 4, Ruf, Thieron, Nasfi et al., 2024). Further
analysis of Arabidopsis ago and dcl mutant roots inoculated with S. indica showed
reduced root colonisation in single ago2 and ago70 mutants, whereas ago1, ago4, and
the triple mutant dcl2/3/4 exhibited wild-type colonisation levels (Figure 5b, Chapter 4,
Ruf, Thieron, Nasfi et al., 2024). These findings suggest that AGO2 and AGO10 positively
regulate the symbiotic interaction between Arabidopsis and S. indica (Chapter 4, Ruf,

Thieron, Nasfi et al., 2024).

Analysis of higher-order mutants further refined this model and clarified functional
interactions among AGO proteins. The ago7ago10 double mutant showed an increased
S.indica colonisation at both early and later stages; in contrast, S. indica colonisation
was reduced in the ago1ago2 double mutant (Figure 1, Chapter 5). These results support
the previous observation that AGO2 and AGO10 promote S. indica mutualism (Figure 5b,
Chapter 4, Ruf, Thieron, Nasfi et al., 2024). Single- and double-ago mutant data further
suggest a potential functional interaction between AGO1, AGO2, and AGO10. In the
absence of AGO1 alone, S. indica exhibited a wild-type colonisation pattern. However,
simultaneous loss of AGO1 and AGO10 resulted in increased colonisation. This
observation suggests a possible compensatory mechanism, likely between AGO1 and
AGO2, as the absence of AGO10 alone showed a reduced colonisation. Moreover, AGO
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expression analysis in single and double mutants showed that Arabidopsis regulates
AGO expression during S. indica colonisation. AGO2 was highly expressed in ago? and in
agolago10 mutant roots (Figure 2b, Chapter 5). In turn, AGO10 was upregulated in ago2
mutant but not in the ago7ago2 mutant (Figure 2c, Chapter 5). These findings further
highlight the compensatory role of AGO1 and AGO2 during Arabidopsis S. indica
interaction and suggest a more complex regulation among clade | AGOs, particularly
AGO1 and AGO10. Overall, these results support a model in which AGO1, AGO2, and
AGO10 are functionally interconnected and act together during S. indica colonisation of
Arabidopsis roots. This model suggests that AGO2 and AGO10 promote S. indica
colonisation, whereas AGO1 counteracts this effect, depending on the genetic

background.

In pathosystems, AGO1 and AGO2 are known for their role in the plant defence responses
(Carbonell & Carrington, 2015; Harvey et al., 2011; Mallory et al., 2009) whereas AGO10
is primarily associated with plant development and regulation of meristem activity
through sequestration of miR165/166, thereby indirectly influencing AGO1 activity (Ji et
al., 2011; Zhu et al., 2011). While AGO protein activities are mainly related to responses
against pathogen attack and triggering a robust immune response, their function in
mutualistic interactions appears to involve an adaptable regulatory network that
promotes symbiosis and molecular exchange. This finding is supported by mechanistic
evidence. AGO1 and AGO2 immunoprecipitation of Arabidopsis roots colonised by S.
indica, followed by sRNA sequencing, demonstrated that S. indica sRNAs are bound to
AGO1 and AGO2, confirming their loading into the Arabidopsis RNAi complex (Figures 6
and 7, Chapter 5). Comparable argonaute binding has been observed for pathogenic
sRNAs, proving their gene silencing activity and the existence of ck-RNAi (Dunker et al.,

2020, 2021; Weiberg et al., 2013).

These mechanistic and functional studies confirm the existence of cross-kingdom
communication during the interaction between Arabidopsis thaliana and Serendipita
indica, and potentially in mutualistic interactions more broadly. Furthermore, these
results indicate that Arabidopsis RNAi machinery does not function strictly as a defence
barrier during mutualism but rather fine-tunes its machinery to accommodate the

specific outcome of the interaction and the identity of the microorganism interacting with
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it, enabling it as a host to distinguish friends from foes at the molecular level. Figure 1 of

this discussion chapter is a suggested model of S.indica Arabidopsis interaction based

on the results and the outcome of this thesis.
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Figure 1. Graphical summary of a proposed model describing the outcome of the

interaction between Serendipita indica and Arabidopsis thaliana. (A) The endophytic

fungus S.indica colonises Arabidopsis roots, specifically the root hairs, epidermis and
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cortex, where it forms intercellular hyphae and coils. (B) Variation in colonisation is
observed in Arabidopsis argonaute (ago) mutant backgrounds with higher S.indica
colonisation in ago7ago10 mutant and reduced colonisation in ago2, ago70 and
ago1ago2 mutants. AGO's expression analysis revealed upregulation of AGO10 in ago2
and of AGO2 in ago1 and ago7ago10 mutants. AGO1- and AGO2- immunoprecipitation
identified SisRNAs with a potential cross-kingdom communication function. SisRNAs are
transferred into Arabidopsis root cells, where they are bound and loaded into AGO1 and
AGO2, resulting in PTGS and downregulation of Arabidopsis target genes such as
GLUTAMINE SYNTHASE1 (GS1) and PECTIN ACETYLESTERASE 2 (PAD2). NIL-TDS, a novel
method, is required to detect and quantify precise and real SisRNA cleavage events. The
mechanism by which SisRNAs are transferred into Arabidopsis roots, e.g. extracellular
vesicles, and whether Arabidopsis also send RNA molecules to S.indica via vesicles
remains hypothetical. (C) Functional validation of SisRNAs was performed using the
Arabidopsis protoplast transformation assay, where they induced PTGS in predicted

Arabidopsis target genes.

10.3 Biogenesis, sorting and loading of SRNAs in Argonaute: known principles and

new insights

The biogenesis of sSRNAs is the first step that determines their regulatory role in plants.
miRNAs are transcribed by RNA polymerase Il, capped and polyadenylated, then folded
into hairpin structures. Subsequently, they are processed in the nucleus by DCL1, with
Hyopnastic leaves 1 (HYL1) and Serrate (SE), into 21nt miRNA/miRNA* duplexes (Bologna
& Voinnet, 2014; Vaucheret, 2008; Vaucheret et al., 2004). In contrast, siRNAs are
generated from double-stranded RNA precursors produced by RNA-dependent RNA
Polymerase (RdRP), processed by different DCLs into sRNA of distinct sizes, methylated
by Hua Enhancer 1 (HEN1), and exported to the cytoplasm (Axtell et al., 2006; Carthew &
Sontheimer, 2009b). The length, structure, and duplex configuration of sSRNAs are critical

criteria for their sorting and loading onto AGOs.

Early research in Arabidopsis identified 5'-nt of the sSRNA is the primary determinant of

sRNA sorting and loading into AGOs. sRNAs with 5'- U are preferentially bound and
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loaded into AGO1, while 5'-A sRNAs are more commonly associated with AGO2 and
AGO4 (Mi et al.,, 2008; Takeda et al., 2008). However, further studies from AGOs'
immunoprecipitation and high-throughput sequencing showed that AGOs can bind and
load sRNA with different 5'-nt, confirming that the 5'-nt sorting criterion is highly
dependent on experimental conditions, and the nature of the plant-microbe interactions,
including stress and environmental factors (Czech & Hannon, 2011; Morgado et al,,
2017). Besides the 5'-nt, studies showed that the stability, the thermodynamic, the
sequence and the secondary structure of the sRNA duplex influence the selection of the
guide strand for AGO loading, although these aspects require further investigation (Czech
& Hannon, 2011; Eamens et al., 2009). Zang et al. (2014) concluded that the structure of
miRNA duplexes, the presence of a mismatch at position 15, and the QF-V motif within
the conserved PIWI domain of Arabidopsis AGO1 and AGO2 are essential for AGO
function and are involved in base pairing at position 15. These criteria play a fundamental

role in sSRNA sorting and the RNA silencing pathway (Zhang et al., 2014).

Computational studies using machine learning on AGO-IP datasets suggested that sSRNA
k-mer (a sequence of k consecutive nucleotides) composition and both 5' and 3' ends
influence AGO association (Morgado et al., 2017). Moreover, sSRNA sorting is significantly
affected by biological context. Factors such as AGO expression patterns, feedback
regulation, and cell specificity reshape the standard sRNA sorting rules. AGO availability
and competition among miRNAs, siRNAs, and potentially other sRNA species further
impact sRNA-AGO interactions. Interactions among different AGO-sRNA complexes
during plant-microbe interactions can also influence gene silencing activity, suggesting
that RNAi machinery cross-talk may reshape plant regulatory mechanisms (Liang et al.,

2023).

Altogether, the interaction between sRNA and AGOs is not based on a single strict
criterion. From sRNA biogenesis establishing the sRNA duplex pool and their structures
to the sorting guided by 5'-nt, size, mismatches and thermodynamic, to the loading that
focuses on AGOs regulation, expression and biological context explain the immense
permissivity of AGOs and give a hint why AGOs can bind both endogenous and foreign
sRNAs allowing them to enter the plant RNAi machinery either to fine -tune its defence

mechanism and regulation of to take it over.
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10.4 sRNA slicing activity from target prediction to cleavage detection

In eucaryotic RNAI, RNA slicing or cleavage is a catalytic process in which an sRNA binds
to an AGO protein, guided to a target mRNA, which is subsequently cleaved by the PIWI
domain of the catalytic AGO (Baulcombe, 2004; Iwakawa & Tomari, 2022). For cleavage
to occur, the 5' end of the sRNA must be anchored in the AGO MID domain, and
nucleotides 2 to 8 of the sRNA initiate binding. An almost perfect match between the
sRNA and the mRNA at positions 9to 12 is required for cleavage. Then, mRNA cleavage
occurs between the nucleotides paired to sRNA positions 10 and 11 (Mallory &

Vaucheret, 2010).

In humans, there are 4 Argonaute proteins, with AGO2 being the main and only slicer
(Meister, 2013). Meanwhile, all 10 Argonaute proteins in Arabidopsis have a conserved

catalytic motif, with AGO1 functioning as the main slicer in plants (Carbonell, 2017).

In silico prediction of sRNA targets across multiple organisms or microorganisms is
typically based on standardised algorithms relying on the previously mentioned rules of
complementarity and positioning. However, experimental and computational studies
indicate that RNA silencing mechanisms are kingdom dependent. In plants, tools like
TargetFinder and psRNATarget apply strict complementarity rules (Dai et al., 2018;
Schwab et al., 2006), whereas tools like TargetScan and miRanda allow for more
mismatches in animals (Agarwal et al., 2015; John et al., 2005). In the fungal system,
these predictive rules do not fully align with those in mammals or plants due to the
distinct phylogenetic differences, highlighting that accurate kingdom specific target
prediction is essential to understand gene regulation across kingdoms. Although most
prediction tools are based on common principles such as complementarity and
interaction-site accessibility, their predictions often show limited overlap. This limitation
can lead to missed true targets, increased off-target detection, and failure to identify non-
canonical target sites or targets of sSRNA types other than miRNAs or siRNAs that also
associate with AGO proteins. These challenges underscore the need for whole
transcriptome sequencing, integration of expression data, experimental validation, and
the development of kingdom specific prediction and tailored prediction tools for effective
study of RNAi and cross-kingdom communication (GreSova et al., 2022; Neumeier &

Meister, 2021; Riolo et al., 2020).
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Besides sRNA-target prediction, RNAI silencing investigation requires reliable detection
and validation methods that can i) identify cleavage sites at single nucleotide resolution,
ii) distinguish a real functional cleavage signal from random and or aberrant degradation,
and iii) quantify these events within a biological context. A classical approach for
mapping cleavage sites is RNA-ligase mediated 5'-RACE (RLM-RACE) in which an adapter
is ligated to the cleaved RNA 5'-monophosphate, followed by fragment amplification and
sequencing. While this method is able to detect a true functional slicing event and is
cost-effective, it is low-throughput, cloning-biased, and often yields a very low number
of sequencing reads (Liave et al., 2002). Another cleavage detection method is
degradome sequencing (Addo-Quaye et al., 2008), also known as PARE (Parallel Analysis
of RNA Ends) (German et al., 2008), and its low RNA input version NanoPARE (Schon et
al., 2018). In this method, an adapter is also ligated to the 5'-monophosphate, followed
by reverse transcription and high-throughput sequencing. Even though PARE provides
genome-wide coverage and generates a substantial number of reads, it remains costly,
requires advanced bioinformatics and statistical analysis, and is affected by strong
background noise, leading to missing cleavage signal in highly degraded transcripts. To
improve quantification and cleavage site detection precision, Werner and Nasfi et al.
(2025) developed NIL-TDS, a method that integrates the principles of 5' RLM-RACE and
nanopore sequencing. This method achieved high read depth at predicted sites and, with
greater sensitivity compared to existing methods, quantified cleavage abundance,
including low-abundant events, and effectively distinguished dominant biological signals
from random degradation noise (Werner and Nasfi et al., 2025). Accurate prediction and
detection of sRNA targets in RNA-based regulatory systems will deepen our
understanding of sRNAomics field and facilitate the translation of fundamental

knowledge into applied strategies for both human health and crop improvement.

10.5 RNA application between medicine and plant biology

Although RNAomics research is gaining interest, it has not yet achieved the breadth or
impact of proteomics or genomics. A PubMed search using the terms "proteomic" vs.
"small RNA" revealed that studies and publications on proteomics greatly outnumber
those on small RNAs, both globally and in Arabidopsis thaliana-focused studies. This

disparity confirms that sRNAomics, the study of sRNAs, remains a less developed
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discipline. A similar imbalance is evident when comparing sRNA publications in human
and mammalian research to those in plant and crop science, reflecting a predominant
biomedicalfocus, particularly in cancer and disease studies. In contrast, studies of plant
and crop sRNAs remain limited in number and often focus on model species or a few
major crops. Various RNA-based technologies, including sRNAs, miRNAs, dsRNAs,
mMRNA, and the emerging circular RNAs (circRNAs), are increasingly used for targeted
gene silencing in both medicine and crop protection. Patisiran, sold under the name
Onpattro, is the first siRNA-based therapeutic approved by the US Food and Drug
Administration (FDA). It is used for the treatment of hereditary Tranthyretin-Mediated
Amyloidosis (hATTR), a rare and severe disease in which a mutated protein transthyretin
(TTR) causes nerve damage and heart failure. The administrated siRNA, encapsulated in
a lipid nanoparticle, binds to the TTR mRNA and uses the endogenous RNAi mechanism
to degrade the transcript, thereby reducing production of the mutated protein (Adams et
al., 2018; Research, 2024). Another famous RNA-based clinical success is the use of
mMRNA technology in COVID-19 vaccines, which were also delivered using lipid
nanoparticles (Polack et al., 2020). Similar technologies are under development for
cancer vaccines, with several treatments advancing to phase Il and lll clinical trials,
demonstrating the growing success of RNA therapeutics in human medicine (Ho et al.,
2022; Rupaimoole & Slack, 2017). On the other hand, only two RNAi-based products are
currently commercialised in agriculture. Genetically modified maize MON 87411
expresses dsRNA targeting the Snf7 gene in corn rootworm essential for intracellular
trafficking and membrane recycling together with three insecticidal proteins from
Bacillus thuringiensis (Cry3Bb1 and Cry34Ab1/Cry35Ab1). Insects feeding on this maize
ingest the dsRNA, which is processed into siRNAs that hijack the insect RNAi machinery,
leading to gene silencing and mortality (Darlington et al., 2022). This product has been
approved and considered safe in multiple countries, including the European Union, but
excludes cultivationin the EU (EFSA GMO Panel, 2018). Another example is Calantha, the
first and only dsRNA-based foliar bio-insecticide for crop protection. Calantha is
effective against Colorado potato beetles, and its efficacy has been proven in laboratory,
greenhouse, and field trials. When beetles feed on sprayed plants, they ingest dsRNA
targeting PSMB5 (Proteasome subunit beta 5) gene. Impairing this protein is lethal.

Calantha acts at the mRNA level, leading to transcript degradation, disruption of protein
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synthesis, accumulation of defective proteins, cellular dysfunction, the beetle stops

eating and dies within days (T. B. Rodrigues et al.,2021).

Although the potential of RNA products and RNA-based technologies, such as host-
induced gene silencing (HIGS) and spray-induced gene silencing (SIGS), has been
demonstrated through multiple proof-of-concept studies, significant challenges related
to delivery, stability, cost, and biological variability remain to be addressed. Naked RNA
degrades rapidly under environmental conditions, reducing its effectiveness in field
applications. As aresult, the development of effective formulations is ongoing. Efficiency
also varies across microorganisms and species, mainly due to differences in uptake,
systemic distribution, and RNAi machinery. Moreover, large-scale production of RNA
products for field application is costly and requires continuous optimisation, particularly
when produced in microbial or viral systems. Public acceptance presents an additional
challenge. Regulatory issues and public confusion surrounding SIGS and genetically
modified organisms (GMOs) further impede the transition from research to practical
application of RNAi-based crop protection strategies (Hernandez-Soto & Chacédn-

Cerdas, 2021; Zhao et al., 2024).

10.6 Application of S. indica in agriculture

The increasing demand for biological crop protection strategies and sustainable
agriculture has highlighted the advantage of using beneficial microbes as eco-friendly
and robust solution. Serendipita indica has a wide host range and is known for its
numerous beneficial effects, including promoting plant growth, enhancing nutrient
uptake, and increasing tolerance to biotic and abiotic stresses. Since its discovery, S.
indica has been studied as a promising microorganism for agriculture. Lately, S. indica
has been formulated as a “Rootonic” by combining fungal inoculum with nanoparticles
such as copper (Rajak et al., 2017), zinc oxide, and carbon nanotubes (Varma et al,,
2017), and applied to plant roots demonstrating its potential as a nanofertilizer. However,
the use of chemical nanoparticles for agriculture is not widely accepted and may pose a
risk to human health. In a recent study, dip-inoculated winter wheat roots in S. indica
conidia suspension investigated the priming effect of S.indica against Blumeria
graminis f. sp. tritici. In this study, fifteen, eight, and two quantitative trait loci (QTLs) were
associated with resistance to Blumeria, shoot growth response, and root fresh growth
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response, respectively. Additionally, thirty genes were identified as potentially involved in
S. indica-induced priming, providing a basis for further investigation into the underlying

mechanisms and the utility of S.indica in agriculture (Thielmann et al., 2026).

1.7 Conclusion and outlook

This project demonstrated that S.indica produces sRNA during interactions with
Brachypodium and Arabidopsis. A pipeline was developed to study and validate the role
of SisRNAs in PTGS of Arabidopsis predicted target genes. Our results indicated that
SisRNAs are loaded into Arabidopsis AGO1 and AGO2, leading to mRNA degradation of
Arabidopsis target genes. Moreover, a large pool of SisRNAs is likely to be directly involved
in cross-kingdom communication. We also showed that the Arabidopsis RNAi machinery
is regulated upon S.indica colonisation and certain AGOs are required for promoting
colonisation in a genotype-dependent manner with a potential functional redundancy

between AGO1, AGO2 and AGO10.

This work, along with future functional analyses of SisRNAs, will expand our
understanding of plant-mutualistic interactions and the roles of sRNAs and potentially
other RNA molecules in establishing mutualism. Given that S. indica colonises a wide
range of crops and plants, comparative analysis across different S.indica crop species

will answer whether these ck SisRNAs are conserved or species-specific.

From an applied perspective, identifying functionally conserved SisRNAs could facilitate
the development and formulation of SisRNAs-based products to enhance crop yield,
either by priming crop protection against pathogens or by promoting growth and yield.
More broadly, sRNAs are promising tools for innovative crop protection methods and

technologies.
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