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General abbreviation index

Argonaute AGO

Botrytis cinerea B. cinerea

cross-kingdom RNA interference ckRNAi

double-stranded RNA dsRNA

effect-triggered immunity ETI
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knock-out ko

microRNA miRNA

meiotic silencing by unpaired DNA MSUD

pattern-triggered immunity PTI
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RNA-induced silencing complexes RISC
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small RNA sRNA
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Summary

Cross-kingdom RNA interference (ckRNAi) represents a novel and rapidly advancing frontier in 

the study of host–pathogen interactions. In previous studies, it was shown that the fungal 

pathogen Botrytis cinerea (B. cinerea) could deliver small RNAs (sRNAs) into plant host cells. It 

was observed that the fungal sRNAs were able to hijack the plant RNAi machinery, which 

resulted  in  the  suppression  of  immune-related  gene  expression  and  the  promotion  of 

infection (Wang et al., 2016; Weiberg et al., 2013). However, the fungal RNA interference 

(RNAi) components that mediate this cross-kingdom RNA trafficking have not yet been fully 

identified.

Me and my colleague developed a novel GFP-based "switch-on" reporter system to monitor 

ckRNAi  in  real-time during infection.  Based on this  reporter  tool,  I  identified key  fungal 

components  required  for  ckRNAi,  including  Botrytis  RNA-dependent  RNA  polymerase  1 

(BcRDR1), Argonaute 1 (BcAGO1), and Argonaute 2 (BcAGO2). BcRDR1 and BcAGO1 showed to 

be  involved  in  the  accumulation  of  B.  cinerea  sRNAs,  while  BcAGO2  is  crucial  for  the 

translocation of these sRNAs into host cells. I confirmed our candidate fungal sRNAs, which 

derived from fungal transposon elements, mediated silencing of plant defense-related genes.

Co-immunoprecipitation of BcAGOs and sRNA sequencing revealed a mutual RNA exchange, 

in  which  host-derived  sRNAs  are  transported  into  fungal  cells  and  loaded into  BcAGOs. 

Functional analysis has demonstrated that these plant sRNAs have the capacity to suppress 

fungal virulence gene expression. My findings supported that ckRNAi is a bidirectional process 

that influenced both fungal pathogenicity and plant defense.

My works offered a deeper insight into the significant roles of B. cinerea argonaute and RNA-

dependent RNA polymerase proteins in ckRNAi. I provided molecular evidence that suggested 

the RNA-based bidirectional communication between fungal pathogens and their plant hosts. 

These insights could potentially broaden our understanding of RNA-mediated host–pathogen 

interactions and may suggest new avenues for RNAi-based disease management strategies in 

agriculture.
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Introduction

Botrytis cinerea: overviews and impact to the global food resources

Botrytis cinerea, commonly called as "gray mold", is a devastating plant pathogen that affects 

numerous  of  economically  important  crops  worldwide  (Elmer  &  Reglinski,  2006).  The 

necrotrophic fungus has the remarkable ability to infect over 200 different plant species, 

including fruits and vegetables. This lead to a great significant economic losses, with estimated 

annual around $10 to $100 billion (Dean et al., 2012). However, developing effective control 

strategies  often  requires  a  comprehensive  understanding  of  the  complex  interactions 

between the pathogen and its various plant hosts growing under different environmental 

conditions.

Life cycle of B. cinerea involves the production of sclerotia, which are the structures that last in 

the soil or on plant debris overwinter. The sclerotia serve as a source of primary inoculum for 

new  infections.  During  the  growing  season,  sclerotia  will  germinate  and  produce 

conidiophores, which in turn release asexual spores (conidia) that can be spread by wind or 

water splash to another new host plant. Once a plant is infected, B. cinerea secretes a variety 

of chemical compounds and virulence factors that enable the pathogen to colonize and kill  

host tissues. This leads to the growth of grey, fuzzy fungal colonies on the infected plant tissue 

(van Kan, 2006; Williamson et al., 2007).

B. cinerea has evolved a multifaceted virulence factor that enable it to break through the 

plant's physical and chemical defenses, manipulate host cellular processes, and ultimately 

establish a successful infection (Amselem et al., 2011; Choquer et al., 2007).  Studies showed 

that B. cinerea produces cell wall-degrading enzymes which effectively break the physical 

barrier of the plant cell wall, allowing Botrytis for host tissue entry. Additionally, B. cinerea 

secretes phytotoxins and other effector molecules, making the fungus manipulate and affect 

host  cellular  signaling  pathways,  suppress  immune  responses,  and  create  an  suitable 

environment for fungal colonization and nutrient acquisition (Laluk & Mengiste, 2010; van 

Kan, 2006). This multifaceted virulence strategy enables B. cinerea to successfully infect and 

cause disease in a wide range of plant hosts, posing a significant challenge to agricultural 

disease management efforts.
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The plant immune response to Botrytis infection

In nature, plants are constantly exposed to a huge variety of biotic stresses, including fungi, 

bacteria, nematodes, viruses, and oomycetes. Plants have therefore through a long period of 

time developed complex and comprehensive immune systems to detect and defend against 

these  threats.  Plants  have  a  variety  of  strategies  to  defend  against  microbial  invasion, 

including physical barriers, synthesis of antimicrobial compounds, and activation of signaling 

pathways that trigger downstream defense responses. Defense mechanisms can be roughly 

divided into two main branches:  "pattern-triggered immunity (PTI)"  and "effect-triggered 

immunity  (ETI)".  PTI  is  activated  when  plant  pattern  recognition  receptors  recognize 

conserved microbial molecules, called pathogen-associated molecular patterns. On the other 

hand,  ETI  is  initiated when plants  recognize  pathogen-derived effector  proteins  that  are 

delivered into plant cells to suppress host defenses or manipulate host cellular processes. In 

addition to  these two major  classes  of  plant  immunity,  plants  have developed systemic 

acquired resistance, which is a long-lasting, broad-spectrum resistance response triggered by 

an initial local infection (Jones & Dangl, 2006; Jones et al., 2024).

For the case of plant infected by B. cinerea, plants actively try to prevent pathogen invasion by 

activating multiple defense pathways, including the production of antifungal metabolites and 

pathogenesis-related proteins. Plant-Botrytis interaction has been reported triggers oxidative 

burst, involving the production of hydrogen peroxide and nitric oxide, and the formation of 

proteolytic vesicles at the host–pathogen interface (Williamson et al., 2007). Plants utilize pre-

existing structural defenses, such as the cuticle and cell wall, to impede the initial stages of 

pathogen entry and colonization (Bi et al., 2023; Laluk & Mengiste, 2010). Upon recognition of 

pathogen-associated molecular patterns, plants activate pattern-triggered immunity, resulting 

in  the  production of  reactive oxygen species,  the expression  of  defense genes,  and the 

reinforcement of cell walls (Jeblick et al., 2023).

Furthermore, plants produce polygalacturonase-inhibiting proteins. These proteins have been 

shown to inhibit endopolygalacturonases of plant pathogenic fungi through a direct physical 

interaction between the two proteins. The endopolygalacturonases are leucine-rich repeat-

containing proteins. The outcome of the interaction between B. cinerea virulence factors and 

plant  defense  responses  determines  the  interaction's  result,  with  successful  infection 
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occurring when the pathogen overcomes or  suppresses  plant  immunity  (Bi et  al.,  2023; 

Williamson et al., 2007).

The pathogenicity of Botrytis cinerea

Fungal pathogens, in contrast, secrete various types of virulence molecules into host plants to 

manipulate plant immunity and promote colonization. These effectors can be proteins, RNAs, 

or metabolites that target different cellular processes in the host, including immune signaling, 

hormonal regulation, and gene expression. Fungal pathogens secrete a variety of "effector" 

proteins  that  are  able  to  overcome  host  defenses  to  enable  successful  colonization 

(Greenshields & Jones, 2008; Lovelace et al., 2023). Effector proteins produced by fungal 

pathogens play crucial  roles in manipulating plant immunity and promoting colonization. 

During  host-pathogen interactions,  studies  have  shown that  effector  proteins  can either 

suppress  the host  immune response or  reprogram the host’s  metabolism to benefit the 

pathogen. According to literatures, fungi secrete effectors into the apoplast region or to be 

transmitted directly into the cytoplasm of plant cells via endocytosis (Tanaka & Kahmann, 

2021; Wang et al., 2023). Effectors secreted into the apoplast interfere with plant defense 

signaling pathways or degrade the plant cell wall, while effectors delivered into the cytoplasm 

have  the  capacity  to  directly  target  host  proteins  involved  in  immunity  or  metabolism 

(Rocafort et al., 2020; Selin et al., 2016). 

Botrytis cinerea is a necrotrophic pathogen that produces many kinds of effectors to facilitate 

its infection process. During the early stages of infection, Botrytis secretes effector molecules 

which play key roles in regulating host cell death reaction, including inhibit the formation of 

autophagy, a key defense mechanism employed by plants (Veloso & van Kan, 2018). With the 

help of blocking this critical defense mechanism, B. cinerea can successfully infect and colonize 

into  plant  tissues  (Bi et  al.,  2023).  Despite  tons  of  the  research  have  been  conducted, 

conclusively identifying specific protein effectors in B. cinerea that can directly interact with 

and  counteract  the  plant's  complex  defense  machinery  remains  a  major  challenge.  The 

difficulties may be caused by technical  challenges associated with the isolation of  these 

elusive molecules or the extensive host range of this necrotrophic pathogen. The latter can 
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result in a reduction in the efficiency of classical effectors or mask their contribution due to the 

involvement of other complicating factors (Bi et al., 2023).

RNA interference in plants

Plants produce two class of sRNAs, microRNAs (miRNAs) and short interfering RNAs (siRNA), 

with normally 20-27 nt in length. miRNAs are derived from long single-stranded RNA (pro-

miRNA) that carried stem-loop secondary structures. The sRNA precursors are processed by 

Dicer-like proteins and typically form 21 nt sRNAs (Bartel, 2004; Jones-Rhoades et al., 2006; 

Mallory & Vaucheret, 2006). Plant miRNAs regulate plant development, hormone signaling, 

and  environmental  stress  response.  They  bind  to  complementary  sequences  in  mRNAs, 

resulting in mRNA cleavage and translational repression (Mallory & Vaucheret, 2006; Voinnet, 

2009). On the other hand, siRNAs are typically derived from endogenous mRNA, viral RNA, or 

transposons.  The  templates  bind  to  RNA-dependent  RNA  polymerases  to  form  double-

stranded RNA (dsRNA) precursors and then processed by Dicer-like proteins. siRNAs in plants 

have been reported to function for genome defense and epigenetic regulation (Baulcombe, 

2004; Carthew & Sontheimer, 2009). Both miRNAs and siRNAs are loaded into Argonaute 

proteins, which form the core component of the RNA-induced silencing complex (Ender & 

Meister, 2010; Hutvagner & Simard, 2008).

Plant miRNAs and siRNAs regulate gene expression has been demonstrated to play a crucial 

role in the regulation of plant innate immune responses. For example, miRNAs modulate PTI 

and ETI by targeting hormone signaling pathway, reactive oxygen species production, and 

nucleotide-binding site-leucine-rich repeat (NBS-LRR) disease resistance genes (Luo et al., 

2024; Peláez & Sanchez, 2013; Tang et al., 2021). Similarly, siRNAs in plants can target to viral 

genome or reprogram endogenous genes involved in plant immunity (Katiyar-Agarwal et al., 

2006; Kong et al., 2022; Liu et al., 2021).

RNA interference in Fungi

Fungi have also developed complex RNAi machinery. The RNAi system in fungi plays important 

roles in regulating biology and interactions with other living organisms (Dang et al., 2011; 
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Nicolás & Garre, 2017). The RNAi machinery consists of several essential components, such as 

RNA-dependent RNA polymerases, Dicer-like proteins, and Argonaute proteins. These RNAi 

components are responsible for creating, processing, and regulating small regulatory RNA 

molecules. These sRNAs have different functions in fungi, including regulating genes involved 

in cell growth, pathogenicity, defense against viral infections, and the control of transposable 

elements  (Nicolás  &  Garre,  2017).  RNAi-mediated  regulation  of  these  different  cellular 

processes  can  have  a  significant  impact  on  the  growth,  development  and  ecological 

interactions of fungal organisms.

Fungi are distinct from plants in that they own unique biosynthesis and RNAi regulation 

pathways. One of the RNA interference pathways in fungi is known as "quelling". Quelling was 

first  discovered  in  the  filamentous  fungus  Neurospora crassa.  The  quelling  pathway  is 

triggered by the presence of dsRNAs, which can be derived from endogenous overlapping 

transcripts;  or  from  exogenous  sources,  such  as  viral  infections  or  the  introduction  of 

transgenes. Quelling typically regulates gene expression during the vegetative growth and 

developmental stages of fungi. The quelling pathway shows to suppress repetitive sequences 

or transgenes introduced into the genome, such as transposable genetic elements Quelling 

contributes  to  the  maintenance  of  genomic  stability  in  Neurospora crassa and  other 

filamentous fungi (Espino et al., 2014; Fulci & Macino, 2007; Galagan & Selker, 2004). Another 

RNAi pathway in fungi is known as “meiotic silencing by unpaired DNA (MSUD)”. MSUD was 

found mainly regulates during fungal sexual stage. It is triggered by unpaired DNA regions 

during homologous chromosome pairing which mainly function to protect genome integrity 

during meiosis (Chang et al., 2012; Dang et al., 2011; Honda et al., 2020).

Cross-Kingdom RNA Interference in Plant-Pathogen Interactions

In  recent  years,  a  fascinating  and  growing  field  called  cross-kingdom  RNA  interference 

(ckRNAi) has gained attention to scientists who study plant-microbe interactions. The process 

refers to sRNAs moving between two different species, including plants and their associated 

pathogens or beneficial microbes, and regulate the gene expression in the recipient species. B.  

cinerea has revealed as a pioneering model in the field of ckRNAi, that it evolved the capacity 

to deliver fungal sRNAs into host cells and hijack the plant RNAi machinery, especially plant 
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AGOs, to suppress plant immune genes, promoting fungal infection. Among the identified 

sRNAs, BcsRNA3.1, BcsRNA3.2, BcsRNA5, and BcsRNA20 have been functionally characterized 

as virulence effectors. These Botrytis sRNAs were derived from retrotransposon-rich genomic 

loci and were delivered into Arabidopsis cells during infection. These BcsRNAs selectively 

loaded into plant AGO1 and guided the silencing critically against Arabidopsis defense-related 

genes  such  as  AtMPK1,  AtMPK2,  AtPERK1,  AtWAK,  and  AtPRXIIF (Porquier et  al.,  2021; 

Weiberg et al., 2013). Plants on the other site sent plant-derived miRNAs and siRNAs into B.  

cinerea’s cells. These plant sRNAs targeted and silenced virulence genes such as Bcvps51D, 

Bcdctn1D, and Bcsac1D, which led to the reduction of fungal infection (Cai et al., 2018a; Cai et  

al., 2018b; Wang et al., 2016; Weiberg et al., 2013).

It is notable that ckRNAi has been observed to be a common natural phenomenon in diverse  

plant-biotic interactions. Additional examples have been observed not only in interactions 

with Botrytis but also with other fungal pathogens such as  Sclerotinia sclerotium,  Puccinia  

striiformis f.  sp.  tritici,  Verticilium dahliae,  Fusarium graminearum (Cheng et  al.,  2023a; 

Derbyshire et al., 2019; Jian & Liang, 2019; Weiberg et al., 2015). Studies suggested other 

biological systems, including oomycetes, beneficial fungal, as well as bacteria, have evolved 

the ckRNAi process during the host-microbe interaction (Dunker et al., 2020; Ren et al., 2019; 

Silvestri et al., 2025; Wong-Bajracharya et al., 2022). 

A major  topic  in  recent studies  focus on how sRNAs are transported between host  and 

microbe. Extracellular vesicles (EVs) at this stage draw a widespread of attention. EVs are lipid-

bilayer nanoparticles which carry cytoplasmic molecules such as proteins, compounds, DNAs, 

RNAs (Colombo et  al.,  2014;  Van Niel et  al.,  2018).  In  plants,  EVs  have  been shown to 

participate in defense responses by delivering small RNAs to pathogens (Cai et al., 2018b; He 

et al., 2021; Rutter & Innes, 2017). Conversely, fungi release EVs with effectors or RNAs to 

modulate host immunity for promoting colonization or suppressing defense mechanisms (He 

et al., 2023; Kwon et al., 2021; Oliveira-Garcia et al., 2023). An increasing number of studies 

analyzing EVs released by both plants and microbes suggesting there potential for the future 

agricultural application. Understanding their content and function offers promising insights 

into plant health and disease resistance strategies (Cheng et al., 2023a).

The  discovery  of  ckRNAi  opened  an  era  for  understanding  the  complicated  molecular 

communication between plants and microbes. However, the roles of fungal RNAi component 

19



in ckRNAi regulation remain unclear.  Uncover the knowledge may help develop new strategies 

for disease control that could benefit agricultural production and food security (Cheng  et al., 

2023a).
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Aim of the thesis

My doctoral study elucidated the molecular mechanisms of cross-kingdom RNA interference 

(ckRNAi) between the fungal pathogen Botrytis cinerea and its plant hosts. Although previous 

studies have shown that B. cinerea delivers sRNAs into host plant cells to suppress immunity-

related genes, the roles of the fungal factors mediating this process have remained unclear. To 

address the knowledge gap, I evaluated in my study whether fungal RNAi components are 

involved in ckRNAi and what active functions do they regulate in the target species.

I focused on B. cinerea RNA-dependent RNA polymerase (RDR) and Argonaute proteins. My 

study first validated how the two proteins contributed to fungal sRNA production. I  next 

investigated whether plants uptake B. cinerea sRNAs. To make this ckRNAi activity visual and 

trackable, me and my colleagues established a reporter system in transgenic plants, enabling 

real-time live tracking of sRNA-mediated gene silencing during fungal invasion. On top of the 

reporter plants, I studied how the fungal sRNAs functioned in host cells, particularly focused 

on the suppression of plant immunity during infection.

In the direction from plant host to fungus, I explored whether host sRNAs could be taken up by 

fungal cells and hijacked B. cinerea Argonaute proteins. I wanted to uncover if host sRNAs 

downregulate fungal virulence genes. In parallel, the functional divergence between Botrytis 

Argonaute proteins was investigated. I wanted to further evaluate the feasibility of strategies 

to block ckRNAi. The goal is to find new possibilities to enhance crop protection against fungal 

pathogens.

My doctoral study aimed to provide a comprehensive view of bidirectional sRNA-mediated 

communication  between  fungal  pathogens  and  their  plant  hosts.  By  revealing  the  key 

molecular  players  in  ckRNAi  and  their  roles,  this  work  contributed  to  the  broader 

understanding of host-pathogen interactions and provides a promising route for developing 

RNA-based disease control strategies in agriculture.
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Discussion

This  thesis  investigates  the  molecular  mechanisms  of  cross-kingdom  RNA  interference 

(ckRNAi) interaction between the necrotrophic fungal pathogen Botrytis cinerea and its plant 

hosts. According to the two complementary studies, I elucidated the distinct and cooperative 

roles of fungal RNA interference components, specifically RNA-dependent RNA polymerase 1 

(BcRDR1) and Argonaute proteins (BcAGO1 and BcAGO2), in facilitating pathogenicity through 

small  RNA  (sRNA)-mediated  gene  silencing  across  species.  These  findings  contribute 

substantially to the understanding of fungal virulence strategies and establish ckRNAi as a 

central mechanism of pathogenic success of  B. cinerea (Cheng et al., 2025; Cheng et al.,  

2023b).

Botrytis RDR1 serves as a central regulator of small RNA biogenesis and pathogenicity

The RNA interference (RNAi) pathway plays a fundamental role in regulating gene expression 

and maintaining genomic stability in eukaryotes. Across a variety of fungal species, RNAi has 

been  involved  in  the  silencing  of  transposable  elements,  defense  against  viruses,  and 

developmental  regulation (Dang et  al.,  2011;  Nicolás  & Garre,  2017).  However,  in  plant 

pathogenic fungi, the role of RDRs in virulence remained unknown until recent discoveries 

demonstrated  that  pathogens  exploit  sRNAs  for  cross-kingdom  communication.  Botrytis  

cinerea is one of the best models for studying these interactions due to its ability to infect a  

broad range of plant species and to produce sRNAs that target host immunity genes (Weiberg 

et al., 2013).

The identification of BcRDR1 as a key component in cross-kingdom communication was a 

substantial breakthrough. My work pointed out that bcrdr1 knockout mutants were not only 

deficient in producing key classes of  Botrytis small  RNAs but also showed a reduction in 

virulence. This finding builds on and expands on previous studies on RDRs in fungi, such as 

SAD-1 in  Neurospora crassa,  which is involved in meiotic silencing of unpaired DNA, and 

QDE-1, which regulates transgene-induced gene silencing (Catalanotto et al., 2002; Shiu et al., 

2001). In contrast to these more traditional roles in endogenous genome defense, BcRDR1 

functions at the host-pathogen interface, converting retrotransposon transcripts into double-
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stranded  RNA  (dsRNA)  precursors  for  small  interfering  RNAs  (siRNAs)  that  target  host 

transcripts.

The sRNA sequencing results revealed that BcRDR1 mainly governs the generation of 21–22 nt 

sRNAs, especially those with a 5' uracil bias, a signature feature of functional siRNAs that are 

preferentially loaded into Argonaute proteins (Mi et al., 2008). This complements findings 

from Weiberg et al. (2013), which showed that such sRNAs from B. cinerea target host genes 

like MPK1 and WAK, impairing plant defense signaling pathway. Notably, in the absence of 

BcRDR1,  these  key  virulence-associated  sRNAs  are  drastically  depleted,  and  target  gene 

silencing is abolished, confirming the upstream roles of BcRDR1 in ckRNAi. 

Functionally, these fungal siRNAs hijack the host RNAi machinery by loading into host AGO1. 

They form RNA-induced silencing complexes (RISCs) that cleave the plant immunity-related 

mRNAs.  Our  GFP-based  switch-on  reporter  system,  adapted  from  earlier  work  with 

Hyaloperonospora arabidopsidis, offered a powerful visual tool to monitor this interaction in 

vivo (Dunker et al., 2020). In plants infected with B. cinerea WT, GFP expression was strongly 

activated, whereas in bcrdr1 mutants, this activation was absent. The reporter plants provided 

direct evidence that BcRDR1-generated sRNAs are necessary for effective ckRNAi in real-time. 

The  findings  extend  to  the  epigenetic  regulation  of  retrotransposons  within  the  fungal 

genome. Previous study showed RDRs act to silence transposons in many species (Ghildiyal & 

Zamore, 2009), in B. cinerea these elements are additionally function as a source of sRNAs to 

target the host genes. This improves our understanding of transposon utility, aligning with 

evolutionary models that posit the co-option of mobile genetic elements in host-pathogen co-

evolution.

My  results  on  the  other  hand  highlighted  the  potential  of  BcRDR1  for  disease  control. 

Transgenic Arabidopsis plants expressing STTMs (short tandem target mimics) were found to 

be effectively neutralizing Botrytis sRNAs, resulting in the de-silenced of host immunity genes 

and reduced fungal colonization. This approach was first validated in plants for endogenous 

microRNA knockdown and evolved into a strategy for pathogen resistance validation (Cai et  

al., 2018b; Tang et al., 2012). The capacities of BcRDR1 to biosynthesize pathogenic sRNA, 

coupled with its non-essential role in vegetative growth, makes it a high-value target for future 

host induced gene silencing-based studies.
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To conclude, my study identified BcRDR1 as a central node in the ckRNAi pathway of B. cinerea. 

BcRDR1 is involved in the production of sRNAs from transposons which silence host immune 

response genes. My study provides new insights between plants and pathogens and identifies 

practical potentials for controlling disease.

Functional diversification of Botrytis Argonautes in bidirectional cross-kingdom RNAi

Apart from BcRDR1 that initiates small RNA biogenesis, the delivery and functionality of these 

small RNAs depend critically on AGO proteins in both fungal and plant systems. My study 

present detailed functional analyses of the AGO proteins in B. cinerea, particularly BcAGO1 

and BcAGO2, demonstrating their distinct but complementary roles in ckRNAi during plant 

infection. I found that BcAGO1 primarily promotes sRNA stabilization and loading within the 

fungal  cytoplasm,  consistent  with  typical  AGO  functions  seen  in  other  eukaryotes.  For 

instance, AGO1 in Neurospora crassa (QDE-2), is essential for quelling and transgene-induced 

RNAi  (Catalanotto et  al.,  2002).  I  discovered  BcAGO1  facilitates  21–22  nt  small  RNAs 

accumulation, which many of which are derived from transposons. Interestingly, although 

these functional small RNAs were drastically reduced in bcago1 mutants, they did not exhibit 

reduced virulence. This indicates that fungal sRNA accumulation, may not be the only factor 

for pathogenicity.

On the other hand, BcAGO2 appears to be specifically responsible for the translocation of 

small RNAs. My study showed that although  bcago2 mutants maintained a normal sRNA 

profile,  they were significantly reduced in virulence and were unable to trigger our GFP 

reporter plants as well as WT. The results showed that Bc-sRNAs have difficulties being loaded 

into tomato AGO1 in the absence of BcAGO2, indicating that BcAGO2 is essential for the 

delivery  of  fungal  sRNAs  into  the  host  AGO/RISC  complex.  This  supports  findings  in 

Magnaporthe oryzae,  where AGO3 is involved in small RNA export and targeting to host 

components (Raman et al., 2017).

BcAGO2 as a virulence factor may reflect an AGO evolution among fungal pathogens for 

infection. While the majority of the AGO functions are intracellular silencing and stabilization, 

certain  members,  such  as  BcAGO2,  have  evolved  to  directly  mediate  host-pathogen 

communication.  This  difference  was  confirmed by  phylogenetic  analysis,  which  assigned 
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BcAGO1 to a repression-related clade, whereas BcAGO2 was consistent with AGOs involved in 

the meiotic silencing process (Cheng et al., 2025; Shiu et al., 2001).

Importantly, my infection assays showed that bcago2 mutants produced smaller lesions and 

reduced  fungal  biomass,  revealing  the  impact  of  sRNA  delivery  on  disease  progression. 

Furthermore, while  bcago1 mutants failed to accumulate specific virulence-associated Bc-

sRNAs (e.g., BcsRNA3.1, BcsRNA3.2 and BcsRNA20),  bcago2 mutants failed to translocate 

them into the host. This resulted in the silencing of target genes such as SlMPKKK4 and SlVPS, 

which are central to defense signalling and vacuolar trafficking (Wang et al., 2016; Weiberg et  

al., 2013). 

The discovery of the bidirectional sRNA communication is not unique to B. cinerea. Recent 

study  in  Fusarium  oxysporum demonstrated  the  uptake  of  host-derived  miRNAs  which 

silenced fungal virulence factors (Zhou et al., 2022). Similarly, report showed  plants  send 

sRNAs through extracellular vesicles to silence target fungal mRNAs, which are mediated by 

Botrytis AGOs (Cai et al., 2018b). Together, these studies suggest that AGOs play a key role not 

only in intracellular silencing but also in ckRNAi. 

Furthermore, BcAGOs appear to be limited in functional redundancy. Interestingly, we found 

BcAGO4 contains a premature stop codon in the B05.10 strain, which may reflect strain-

specific evolution or pseudogenization.  This  genetic variation can be further explored to 

understand the evolutionary pressures on AGO diversification in pathogenic fungi.

In summary, my study shows the functional differences of fungal AGOs in ckRNAi. BcAGO1 

promotes  sRNA  biogenesis  and  stabilization  within  fungal  cells,  whereas  BcAGO2  acts 

downstream to mediate sRNA translocation and host gene silencing. BcAGO1 and BcAGO2 

form a  coordinated  system that  helps  B.  cinerea suppress  plant  immunity  and enhance 

colonization. My study expands the understanding of ckRNAi and highlights the potential of 

targeting Argonautes to treat fungal diseases.

Implications for host immunity and cross-kingdom communication

My studies identified BcRDR1, BcAGO1, and BcAGO2 as components of the fungal ckRNAi 

machinery. I not only revealed the intracellular regulation in B. cinerea but also highlighted the 
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molecular  interactions  with  its  plant  host.  The  interaction  is  mediated  through  the 

bidirectional movement and functional activities of small RNAs. The findings in my two papers 

build on the growing number of literatures, showing that hosts and pathogens exchange RNA-

based signals that affect host-pathogen dynamics.  These findings confirm that  B. cinerea 

delivers fungal sRNAs into host plant cells, where they hijack host RNAi machinery to silence 

defense-related  genes.  We  believe  this  is  a  targeted  manipulation  that  results  in  the 

suppression of  plant immune pathways.  In tomato, genes such as  SlMPKKK4,  SlVPS,  and 

SlBhlh63 are downregulated after infection with wild-type B. cinerea. The missing suppression 

in bcago2 and bcrdr1 mutants emphasizes the pathogen’s reliance on its own RNAi machinery 

for successful infection (Cheng et al., 2025; Cheng et al., 2023b).

The phenomenon of cross-kingdom gene silencing is  not unique to  Botrytis.  It  has been 

demonstrated that analogous patterns have been observed in other pathosystem. Fusarium 

graminearum has been observed to deliver a specific sRNA into wheat, thereby targeting a 

resistance-related gene (Jian & Liang, 2019). In contrast,  Sclerotinia sclerotiorum has been 

demonstrated to induce host miRNAs, leading to their misregulation and facilitating infection 

(Derbyshire et al., 2019). In contrast, plants do not merely passively receive these interactions. 

Recent studies have demonstrated that both Arabidopsis and cotton secrete extracellular 

vesicles  (EVs)  containing endogenous small  RNAs (sRNAs)  into fungal  pathogens such as 

Verticillium dahliae. These EVs have been found to target fungal virulence genes and suppress 

infection (Cai et al., 2018b; Zhang et al., 2022).

Cross-kingdom communication is an exciting new frontier. It opens the door to a new layer of 

host-pathogen co-evolution. It is indeed surprising that both pathogens and hosts engage in a 

molecular dialogue mediated by mobile sRNAs. The host's  ability to produce and export 

antifungal sRNAs constitutes a layer of innate immunity. In contrast, pathogens have the 

ability to evolve mechanisms to deliver and protect their own sRNAs during infection. This 

interaction exerts strong selective pressure on both partners, influencing the evolution of RDR 

and AGO proteins, RNA loading preference, and even EV biogenesis.

Traditionally, plant defense has been studied conceptually through the lens of recognition 

(PAMP-triggered immunity and effector-triggered immunity) and response (reactive oxygen 

species, pathogenesis-associated proteins). The role of RNA-based regulation has introduced 

a new category, sRNA-mediated immunity, in which gene silencing is not just a downstream 
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effect  but  also  a  front-line  defense  and offense  strategy.  This  development  reveals  new 

prospects for disease resistance engineering beyond the traditional paradigms that rely on R 

genes or chemical interventions.

In my study, I showed that plants expressing STTM, which is designed to reduce the impact of 

fungal sRNAs, exhibited less disease symptoms. The phenotypes validate the importance of 

certain Bc-sRNAs in virulence and suggest that resistance can be engineered by disabling the 

pathogen from suppressing host immunity.  Similarly,  it  is possible that targeting BcAGO2 

through host-induced gene silencing (HIGS) could defect sRNA delivery, making pathogens 

unable to suppress host genes even when the pathogen sRNAs are present. The strategy could 

be extended to target conserved AGO or RDR components in multiple fungal pathogens, which 

could potentially lead to broad-spectrum of plant resistance.

From a practical standpoint, the translation of these findings into crop improvement must 

contend with delivery efficiency, expression stability, and regulatory considerations. The use of 

endogenous  plant  promoters,  tissue-specific  expression  systems,  or  synthetic  biology 

approaches could improve the specificity and efficacy of sRNA-based resistance. Furthermore, 

environmental RNAi (exogenously applied RNA molecules) provides a non-genetic approach 

for RNA-based plant protection. Spraying of double-stranded RNAs has been successfully 

demonstrated against Botrytis cinerea and Fusarium graminearum, thereby reducing infection 

severity (Cai et al., 2018a; Koch et al., 2016; Wang et al., 2016).

It  is  interesting  to  note  that  the  evolutionary  convergence  in  sRNA  transport  between 

pathogens and hosts suggests the presence of conserved transport mechanisms. It is believed 

that  EVs  could  be  prime  candidates.  Recent  studies  in  plant  biology  have  identified 

tetraspanin-like proteins and PATELLIN proteins as important mediators of vesicle formation 

and RNA cargo loading (Cai et al., 2018b; Rutter & Innes, 2017). It would be interesting to know 

whether B. cinerea and other fungi use similar systems and, if so, whether these systems could 

be targeted to block sRNA export or import.

For the ecological and evolutionary aspects, RNA trafficking has a dual impact: it influences the 

outcome  of  a  single  infection  and  affects  interactions  within  the  wider  microbiota.  For 

example, plants colonized by beneficial microorganisms may modulate their sRNA output to 

selectively  suppress  pathogens while  maintaining symbiosis.  Additionally,  pathogens may 
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evolve strategies to intercept or degrade host sRNAs, similar to the case with viral  RNAi 

inhibitors in animal and plant system. 

In conclusion, the impact of cross-kingdom RNA interference goes way beyond molecular 

plant pathology. They challenge long-standing assumptions about how genes are controlled, 

redefine the relationship between host and pathogen, and provide new ways to protect crops. 

The results of my doctoral study show that sRNA-based communication is an important and 

useful  part  of  how  plants  and  microbes  interact.  This  has  applications  in  agriculture, 

biotechnology and basic science.

Potential and Future Directions

The project in this thesis breaks new ground for translational applications in permaculture by 

exploiting  the  molecular  mechanism  of  cross-kingdom  RNA  interference  (ckRNAi).  The 

identification and characterization of fungal RNAi components, including BcRDR1, BcAGO1, 

and  BcAGO2  strengthen  our  understanding  of  the  mechanisms  of  host-pathogen 

communication. They also provide a potential avenue for disease management that differs 

from traditional pesticides and transgenic resistance genes.

One of the developed strategies is host-induced gene silencing (HIGS), a technique that using 

transgenic plants to express double-stranded RNA (dsRNA) which target specific pathogen 

genes. HIGS has been shown to successfully silence fungal effectors in Fusarium graminearum, 

Verticillium dahliae and Blumeria graminis (Koch et al., 2013; Nowara et al., 2010; Song & 

Thomma, 2018). In my study, transgenic Arabidopsis expressing STTM in sequestering Bc-sRNA 

and reducing B. cinerea virulence suggests that HIGS can be adapted to specifically disrupt the 

ckRNAi pathway. Targeting genes such as BcRDR1 or BcAGO2 may make pathogens unable to 

deliver sRNA effectors efficiently into the plant, allowing host immunity to remain active.

Apart from transgenic approaches, direct application of RNA-based molecules is a non-GMO 

alternative.  It has been demonstrated that the direct application of dsRNAs or small RNA, 

known as spray-induced gene silencing (SIGS), has the potential to enhance plants' resistance 

to  pathogens  such  as  Botrytis cinerea,  Fusarium spp.,  and  Sclerotinia sclerotiorum 

(McLoughlin et al., 2018; Qiao et al., 2021; Wang et al., 2016). This strategy has the added 

advantage of being temporally controllable and potentially specific to pathogens if the RNA 
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sequences  are  well-designed.  My  findings  indicate  that  selecting  RNA targets  with  high 

specificity  to pathogen virulence genes,  such as  Bc-sRNAs associated with ckRNAi,  while 

minimizing  off-target  effects  in  the  host  plant  or  non-target  organisms,  could  be 

advantageous.

The modular nature of the ckRNAi machinery in  B. cinerea also presents opportunities to 

develop multi-targeted control strategies. It is possible that by combining STTM constructs or 

RNA sprays that neutralize multiple components (e.g., BcRDR1, BcAGO1, and BcAGO2), we 

could construct a layered defense that prevents both sRNA biogenesis and delivery. Such 

multiplexed approaches might help mitigate the risk of pathogen adaptation or resistance 

development, which is a common concern with single-gene resistance strategies.

Synthetic  biology  tools  may  further  enhance  these  RNA-based  interventions.  The 

development  of  promoter  engineering,  inducible  expression  systems,  and  tissue-specific 

expression allow for precise delivery of HIGS or STTM. The methods can reduce the metabolic 

burden on the plants and ensuring targeted and precise timing of defense activation. The use 

of synthetic RNA aptamers can also be considered for binding and inhibiting pathogen sRNAs 

in plants without the need to express full-length transgenes.

Although many promising strategies have been developed in present days, several challenges 

remain before they can be applied in the field. First of all, the stability of applied RNA under 

environmental  conditions  (e.g.  UV  irradiation,  rain,  temperature,  microbial  degradation) 

needs to be improved. Research is currently underway to explore the use of nanoparticle 

encapsulation and formulation additives to extend the shelf life and absorption efficiency of 

RNA-based sprays (Mitter et al., 2017; Rank & Koch, 2021). Secondly, the legal rules for RNA 

bio-pesticides are different in each country and are still  being discussed and developed. 

People have a more positive view of RNA technology than they do of GMO crops. This view 

must be addressed through education and clear communication.

More  studies  are  needed  to  understand  how  ckRNAi  mechanisms  function  in  fungal 

pathogens. If RDR and AGO proteins have similar roles in different species, we may be able to 

design universal or clade-specific RNA-based interventions. To find conserved sRNA effectors 

and mechanistic components that can be used against a wide range of targets, it's crucial to 

compare genomes and analyze all RNA from different pathogens.
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Another frontier in the field that may be worth exploring is the diagnostic and predictive 

potential of ckRNAi. It has been suggested by several studies that sRNAs accumulated in plant 

tissues  during  the  early  stages  of  infection  may  serve  as  biomarkers  of  the  pathogen's 

presence or its virulence potential. It is possible that by combining RNA analysis with machine 

learning, we could create predictive models of infection severity or disruption to resistance 

that could inform precision agriculture interventions.

Last but not the least, it is important to carefully consider the ecological consequences of 

manipulating sRNA communication. While our research is primarily focused on pathogenic 

fungi, scientists also looked into the communication between beneficial microorganisms and 

plants via small RNAs (Silvestri et al., 2025). It is essential to understand the specificity and 

collateral effects of RNA-based treatment. The understanding is crucial to avoid accidental 

breakage of beneficial microbiota or plant symbionts.

Together,  the  mechanistic  insights  gained  in  this  thesis  redefine  the  molecular  dialogue 

between B. cinerea and its host and point the way forward for innovative and sustainable crop 

protection strategies. From my understanding, the targeting of ckRNAi offers a promising 

framework for precise, durable, and ecologically safe control of fungal diseases.
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