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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 sRNA 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 RNAi machinery. Additionally, sRNA sequencing 

of AGO1- and AGO2-bound sRNA recovered after IP identified 18 to 26 nt SisRNAs 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 Nährstoffaufnahme sowie die Stresstoleranz fördern. 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 nützliche 

Endophyt Serendipita indica (Si) mit seinem großen Wirtsspektrum eine sRNA-vermittelte 

cross-kingdom (ck) Kommunikation mit Pflanzenwirten nutzt. 

Die Sequenzierung von sRNA aus S. indica, die in axenischer Kultur als auch während 

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 während 

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 überexprimiert, und ihre Akkumulation wurde bestätigt. 

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 Immunität beteiligt sind.  

Die Immunpräzipitation (Immunoprecipitation, IP) von Argonaute 1 (AGO1) aus Si-

kolonisierten At-Wurzeln, gefolgt von Western-Blot-Analysen und Stem-Loop-PCR, 

bestätigte die Translokation von SisRNAs in At-Wurzeln sowie deren Beladung in die 

pflanzliche RNAi-Maschinerie. Zusätzlich 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.
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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.  

Extrazelluläre Vesikel (EV)-like Partikel von S.indica wurden aus flüssigen S.indica-

Kulturen isoliert. EV-like Strukturen mit becherförmiger 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 mögliche Rolle von S.indica-

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

Zusammenfassend zeigt diese Arbeit, dass mutualistische Pilze sRNAs nutzen können, 

um die Genexpression des Wirts durch Ausnutzung der pflanzlichen RNAi-Maschinerie 

zu regulieren, und liefert genomische und molekulare Hinweise für eine ck-RNA-

Kommunikation in mutualistischen Symbiosen. 

 



 

 

 

 

 

 

 

 

 

 

“Die Wissenschaft fängt eigentlich da an, interessant zu 
werden, wo sie aufhört” 
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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 (RNAi) was first discovered in the late 1990s in the nematode 

Caenorhabditis elegans (Fire et al., 1998) and later proved to be a widespread 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 
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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 PTI 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 Ca²⁺ influx, MAPK activation, ROS production, and the activation 

of defence genes. (II) NLRs recognise microbial effectors, triggering ETI, which also 

activates defence genes and causes hypersensitive responses. (III) 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. 



5 
 

While the discovery of PTI, ETI, 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 plant immune 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 nt in length and small interfering 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 sRNA 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, sRNAs 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 
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fungus Botrytis cinerea (Bc) and the two host plants Solanum lycopersicum and 

Arabidopsis thaliana (At). It was shown that the expression of Bc sRNAs, Bc-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 an increasing level of miRNAs in response to infection with the fungal pathogen 

Verticillium dahliae, introducing bidirectional ck-RNAi (Zhang et al., 2016).
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Table 1. Examples of cross-kingdom RNA communication studies between plants and interacting microbes between 2013 and 2025. 

Plant host(s) Microbe Direction of RNA 
transfer Key finding Citation 

Arabidopsis, 
tomato 

Botrytis cinerea (pathogen) Fungus → plant Fungal sRNAs translocate into plant cells, are 
loaded into AGO1, causing silencing of immunity 
genes (first ckRNAi example). 

(Weiberg et 
al., 2013)  

Cotton Verticillium dahliae (pathogen) Plant → fungus Cotton miR159 and miR166 move into Verticillium 
and silence fungal virulence genes. 

(Zhang et 
al., 2016) 

Arabidopsis Botrytis cinerea (pathogen) Fungus → plant Fungal sRNA effector Bc-siR37 targets several plant 
defence genes via ckRNAi. 

(Wang et 
al., 2017)  

Arabidopsis Botrytis cinerea (pathogen) Plant → fungus 
(mediated by 
extracellular 
vesicles, EVs) 

Arabidopsis secretes tetraspanin-EVs that deliver 
sRNAs into the fungus to silence virulence genes. 

(Cai et al., 
2018) 

Barley, wheat 
and other 
cereals 

Blumeria spp. (pathogen, 
Powdery mildew fungi) 

Fungus → plant 
(predicted) 

sRNA catalogue shows that many fungal sRNAs are 
predicted to target plant targets in cereal and 
powdery mildew interactions. 

(Kusch et 
al., 2018) 

Soybean Bradyrhizobium japonicum 
(rhizobium, symbiont) 

Bacterium → plant Rhizobial tRNA fragments are loaded into the host´s 
AGO1 and regulate genes that control nodule 
initiation. 

(Ren et al., 
2019) 

Medicago 
truncatula 

Rhizophagus irregularis 
(Arbuscular Mycorrhiza fungus, 
AMF, symbiont) 

Fungus → plant 
(predicted) 

AMF sRNAs are profiled and predicted to target 
multiple plant transcripts, suggesting ckRNAi in 
symbiosis. 

(Silvestri et 
al., 2019) 

Arabidopsis and 
downy mildew 
hosts 

Hyaloperonospora spp. (Downy 
mildew oomycete, pathogen) 

Oomycete → plant Oomycete sRNAs associate with plant AGO1 and 
act as virulence factors. 

(Dunker et 
al., 2020) 
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Wheat Fusarium graminearum (Fg, 
fungus, pathogen) 

Plant → fungus Spraying dsRNA targeting Fg AGOs and DCLs 
confers protection to barley leaves from Fg 
infection. 

(Werner et 
al., 2021) 

Nicotiana 
benthamiana 
(sensor line) 

Fusarium solani strain K (FsK, 
beneficial fungal, endophyte) 

Fungus → plant Fsk triggers systemic ckRNAi and DNA methylation 
of the host reporter gene, indicating long-distance 
RdDM. 

(Dalakouras 
et al., 2023) 

Arabidopsis Serendipita indica (root 
endophyte) 

Fungus → plant AGO1-IP and protoplast functional assays 
confirmed that S. indica sRNAs are translocated into 
Arabidopsis roots and can silence host genes during 
symbiosis. 

(Nasfi et al., 
2024) 

Nicotiana 
benthamiana 

Fusarium solani strain K (FsK, 
beneficial fungal, endophyte) 

Fungus → plant Endophyte-induced ckRNAi in the host requires 
RDR6-mediated amplification of silencing signals. 

(Kellari et 
al., 2025) 

Medicago 
truncatula (Mt) 

Rhizophagus irregularis (AMF) Fungus → plant Fungal sRNA Rir2216 loads into plant AGO1 and 
cleaves MtWRKY69, promoting mycorrhization. 

(Silvestri et 
al., 2025)  

 

 

 

 

 

 



9 
 

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 RNAi 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 III 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. 
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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 sRNA 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 I (AGO1/5/10), clade II (AGO2/3/7), and clade III (AGO4/6/8/9) 

(Mallory & Vaucheret, 2010; Rodríguez-Leal et al., 2016; Vaucheret, 2008). In clade I, 

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 

mRNA 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 

a redundancy between AGO1 and AGO10 (Ji et al., 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). AGO5 also contributes to antiviral defence (Brosseau & 

Moffett, 2015). 

AGO2 (AT1G31280), which belongs to clade II, 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, AGO3 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 

TAS3 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).  

AGO6, 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 

acts via distinct AGOs: miR393 with AGO1, and miR393b* with AGO2 (Zhang et al., 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 (Šečić 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; Schäfer 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 plant immune 

program and promoting the biotrophic lifestyle of AMF in roots (Kloppholz et al., 2011). 

More recently, expression of RiCRN1, a crinkler effector from Rhizophagus irregularis, 

was shown to be essential for successful symbiosis progression and arbuscule formation 

(Voß 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; Šečić 
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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 a three-year study (Sharma et al., 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 H2O2 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 et al., 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 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/rna-helicase
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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 

RNAi 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 RNAi 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, I contributed by performing stem-

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

 

 

 

 

 

 

 

 



46 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



47 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



48 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



49 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



50 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 



51 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 



52 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



53 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



54 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



55 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



56 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



57 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



58 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



59 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



60 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



61 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



62 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



63 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



64 
 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



65 
 

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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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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CHAPTER 5 – 

 

 

Interaction of Serendipita indica small RNAs with Arabidopsis Argonautes 

modulates mutualistic colonisation  
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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 (ago1, ago2, ago10) and 

double mutants (ago1ago2, 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 sRNA, 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 (Šečić 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 

AGO5 further inhibited nodule formation and altered the expression of symbiosis-related 

genes, identifying AGO5 as a regulator of legume–rhizobia interactions (Sánchez-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 ago10 mutants showed reduced colonisation by S.indica, 

while ago1 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 I 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 

4.5 g L⁻¹ 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 × 10⁵ spores mL⁻¹ 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, ago1, ago2, ago10, ago1ago2, and ago1ago10 

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  

https://www.arabidopsis.org/locus?key=39733
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For quantification of S. indica colonisation of Arabidopsis double mutant lines, ago1ago2 

and ago1ago10, genomic DNA was extracted using a Qiagen DNA extraction kit (QIAGEN, 

69504). DNA concentration was measured using a NanoDrop ND-1000 

Spectrophotometer (Thermo Fisher Scientific, USA), and quantification of S.indica 

colonisation was performed via qPCR 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 Nasfi et al. 2024. For western blot, 20 μl or 10µl 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 

gel and 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 on ice (~50 min) in 10 ml of IP extraction 

buffer, centrifuged at 3200 × g for 15 min at 4 °C, and supernatants were filtered through 

two layers of Miracloth. A 200 µl 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 µL of anti-HA 

MicroBeads (Miltenyi Biotec) was added, and the mixture was incubated for 2 h at 4 °C on 

a rotation wheel. After centrifugation at 500 × g for 5 min at 4 °C, 200 µL 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 µL of IP wash buffer mixed with 150 

µL of RNA release buffer and incubated at 65 °C for 15 min with gentle agitation (300 rpm). 

RNA was recovered by extraction with 450 µL 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 µL 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 µg 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 µl 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 sRNAs  

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 Illumina NextSeq500 platform. AGO2-sRNAs from a 

first replicate were sequenced at BMK (Biomarker Technologies, Beijing, China) on an 

Illumina 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 (Ensembl release 50, TAIR10), the Serendipita 

indica genome (Šečić 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 I treatment and concentration was measured using a 

NanoDrop ND-1000 Spectrophotometer (Thermo Fisher Scientific, USA). cDNA for qPCR 

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

qPCR for PTGS 
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The standard curve method was used to test the efficiency of the qPCR transcript primers 

(0.4 µM) using non transformed At protoplasts and 5 μl of SybrGreen (Sigma-Aldrich). The 

total volume of 10 μl and three technical replicates are considered for each reaction. 

Prior to master mix preparation, 2 μl 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 ΔΔCt method(Livak & Schmittgen, 2001) and normalised to the geometric mean 

of two endogenous housekeeping genes, Ubiquitin (UBQ5, AT3G62250) and Elongation 

Factor-1 alpha (ef1α, AT5G60390) and Ct values of target genes were normalised to the 

RFP Ct values. 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 ago1-27ago2-1 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 ago1ago10 

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 

ago1ago2 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. 

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 ago1ago2 and 

ago1ago10 compared to Col-0 at (a) 3 dpi and (b) 7 dpi. Colonisation levels were 

determined by qPCR 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; α = .05 p-values * < .05, ** < .01, *** < .001, 

**** < .0001). 

AGO'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 AGO1, AGO2, and AGO10 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 ago1 single and in ago1ago10 double mutants and 

remained elevated in the ago1 mutant at 7 dpi, indicating a persistent effect over time 

https://www.arabidopsis.org/locus?key=39733
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(Figure 2b). AGO10 expression was increased in the ago2 but not in the ago1ago2 double 

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

AGO1, AGO2 and AGO10. 
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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 (c) AGO10 in 

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, 

*** p < 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 (Šečić et al., 2021; Nasfi et al., 2024), we performed multiplexed 

stem-loop PCR on sRNA recovered from AGO2-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. 

 

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 µL or 10 µL 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 

typical distribution 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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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 sRNA 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. 

 

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 sRNAs 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 5c) (Mi et al., 2008). 
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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 sRNAs 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 present in 

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-IP 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 (Šečić 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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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 (Šečić 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 (Šečić 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: SisRNA-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 AT4G09160 (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 SisRNA-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. qPCR 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 (ef1α, AT5G60390) and Ct 

values of target genes were normalised to the RFP Ct values. 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 ago1ago2 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′-A in the IP fractions (Figures 

4c and 5c) (Mi et al., 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 (González Ortega-Villaizán 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 



105 
 

predicted Arabidopsis genes are highly expressed in leaves and roots (Rich-Griffin et al., 

2020), however, no downregulation was observed for CPK1 (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 sRNA 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 sRNAs, 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. 

Supplementary material 

 

 

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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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. 

 

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 CPK1 (AT1G18890), ORG1 (AT5G53450) 

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

Ubiquitin (UBQ5, AT3G62250) and Elongation Factor-1 alpha (ef1α, 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  

ef1α-Fwd CTGTTGTAACAAGATGGATGCC 

ef1α-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 

SisRNA62-hp GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATAC

GACcagagt 

SisRNA62-Fwd TCGCTatccacggccatagg 

SisRNA269-hp GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATAC

GACggccat 

SisRNA269-Fwd TCGCTaacttctcgaatcgc 

AtmiR159a-hp  GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGAT 

ACGACtagagc 

AtmiR159-Fwd TCGCTtttggattgaaggga 

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-
Fwd 

TGTAACCTTTTGGTTTCAAGGTCCTATGATGATCACATTCGTTATCTATTT

TTTAGGACCTTGACACCAAAAGGT 



110 
 

SisRNA-IP-11-75-

Rev 

AATGACCTTTTGGTGTCAAGGTCCTAAAAAATAGATAACGAATGTGATC

AT CATAGGACCTTGAAACCAAAAGGT 

SisRNA-IP-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-IP-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 (Šečić et al., 2021) used in 

this study. 

sRNA name sRNA sequence 5´ terminal 

nucleotides 

Raw reads 

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) 

5 (rep 2) 

2 (rep 1) 

4 (rep2) 

AT4G09160

  

Member of the Patellin 

family. Participates in 

membrane lipid binding, 

vesicle trafficking and 

membrane signalling 

2.5 Cleavage 

SisRNA-IP-148 TTAGGACACTGGCATAATGGC 15 (rep 1) 

9 (rep 2) 

1 (rep 1) 

4 (rep 2) 

AT1G18890 Encodes a calcium-

dependent protein 

kinase (CPK1), involved 

in regulation of stress 

and immune responses. 

4.5 Cleavage 

SisRNA-IP-

1603 

TAACTTCTCGAATCGCATGGC 21 (rep 1) 

7 (rep2) 

14 (rep 1) 

11 (rep 2) 

AT5G53450 FBN11 or ORG1 a 

member of the fibrillin 

3.5 Cleavage 
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protein family associated 

with oxidative stress. 

SisRNA-IP-

1342 

TCAGTGGTAGAATGGGTCGTT 9 (rep1) 

1 (rep 2) 

3 (rep 1) 

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 et al., 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 sRNAs 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. Indica 

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 µg/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 µM 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 × g for 20 min at 

room temperature to remove any remaining mycelium debris. The supernatant was then 

sequentially filtered using 0.45 µm and 0.22 µm 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 × 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 µl of 1× 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 1×10⁶ 

and 1×10¹⁰ 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 µl 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, Gießen. 

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; Šečić et al., 2021). Moreover, these same interaction 

points suggest Si secretory activity, with Si 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 × 10⁹ 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. 

 

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 ζ-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-At interaction with a potential role in cross-kingdom RNAi (Nasfi 

et al., 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 



122 
 

 

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 present in the 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. sRNA 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 a first indication 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 for improvement. 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. 
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Supplementary material 

 

 

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 × g for 20 min, the 

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

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

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

subsequently resuspended in 200 μl of 1× 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-At interaction, and 

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

Si EVs-like particles. 

SisRNA name SisRNA sequence in axenic 

culture, At-Si interaction or 

AtAGO1-IP 

SisRNA identified by Sanger 

sequencing 

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. 

 



127 
 

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 sRNA-mediated slicing events. 
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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 sRNA 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 ExRNA 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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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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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. 
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CHAPTER 10 – General discussion 

10.1 Cross-kingdom RNAi: 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, Šečić 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, Šečić et al., 2021).  

To further investigate the functional role 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, Šečić 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 RNAi 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 ago10 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 ago1ago10 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 ago1 and in 

ago1ago10 mutant roots (Figure 2b, Chapter 5). In turn, AGO10 was upregulated in ago2 

mutant but not in the ago1ago2 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 I 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. 

 

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 ago1ago10 mutant and reduced colonisation in ago2, ago10 and 

ago1ago2 mutants. AGO's expression analysis revealed upregulation of AGO10 in ago2 

and of AGO2 in ago1 and ago1ago10 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 sRNAs is the first step that determines their regulatory role in plants. 

miRNAs are transcribed by RNA polymerase II, 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 sRNAs are critical 

criteria for their sorting and loading onto AGOs.  

Early research in Arabidopsis identified 5′-nt of the sRNA 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 sRNA sorting and the RNA silencing pathway (Zhang et al., 2014). 

Computational studies using machine learning on AGO-IP datasets suggested that sRNA 

k-mer (a sequence of k consecutive nucleotides) composition and both 5′ and 3′ ends 

influence AGO association (Morgado et al., 2017). Moreover, sRNA 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 9 to 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 sRNA 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 (Grešová 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 

biomedical focus, 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, 

mRNA, 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 

mRNA 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 II and III 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 cultivation in 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 



199 
 

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 a result, 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 (Hernández-Soto & Chacón-

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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