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Summary
Botrytis cinerea is a filamentous fungal pathogen able to infect more than 1400 plant

species, causing the grey mould disease. For successful infection, B. cinerea small RNA

effectors (BcsRNAs) are transported from the fungal cells to the host plant cells where they

hijack the host RNA interference (RNAi) pathway, a strategy called cross-kingdom RNAi

(ckRNAi). Remarkably, the majority of BcsRNA effectors are produced from long terminal

repeat (LTR) retrotransposons.

The first part of this study focused on understanding the relationship between LTR

retrotransposons and B. cinerea pathogenicity. By using a set of 6 different wild-type (wt) B.

cinerea strains, we highlighted a positive relationship between the presence of LTR

retrotransposons, the production of BcsRNAs, and aggressiveness. It appeared that, in the

wild, some B. cinerea strains only carried silenced LTR retrotransposon copies which were

mutated by the fungal defence mechanism called repeat-induced point mutation (RIP). This

led to the silencing of LTR retrotransposon expression, thus an inhibition of the production of

BcsRNA effectors, and therefore decreased aggressiveness. In addition, insertion of a LTR

retrotransposon in a naturally occurring less aggressive strain resulted in the production of

BcsRNAs, enhanced aggressiveness and manipulation of the host transcriptome. Altogether,

we identified for the first time LTR retrotransposons as pathogenicity factors for B. cinerea.

The second part of this study focused on investigating a possible means of transport

for BcsRNA effectors from B. cinerea cells to host plant cells. Extracellular vesicles (EVs)

are secreted nanoparticles, containing various cargoes, which were shown to mediate

cross-kingdom communications. However, B. cinerea EVs (BcEVs) were never studied, and

we hypothesised they could transport BcsRNA effectors. After optimising a differential

ultracentrifugation (DUC) protocol, BcEVs were isolated and characterised by nanoparticle

tracking analysis (NTA). Electron microscopy imaging showed their spherical shape while

being released from B. cinerea hyphae. While nuclease protection assays suggested an

intravesicular location of BcsRNAs, small RNA sequencing (sRNAseq) analysis revealed a

BcsRNA depletion in BcEVs compared to mycelium, suggesting another means of transport

for BcsRNAs. Interestingly, we found tRNA-derived sRNAs to be enriched in BcEVs

compared to mycelium, raising fascinating new possibilities about other RNA species

involved in cross-kingdom communications.
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Introduction

Botrytis cinerea, a devastating plant pathogen
Botrytis cinerea, a fungal plant pathogen, is the causative agent of the grey mould

disease. Capable of infecting more than 1400 plant species, including prevalent agricultural

crops (many vegetables, fruits, flowers and trees), B. cinerea causes worldwide agricultural

yield losses of 10 to 100 billion dollars every year (Boddy, 2016). This filamentous fungus

belonging to the phylum of Ascomycota displays visible infection sites on host plants, with

symptoms varying from one host to another. Often recognisable by its grey and fluffy

mycelium covering the infected tissue, it can also display a more soaked and watery

appearance. Infection can occur pre- or post-harvest, on healthy or ripe tissues. B. cinerea is a

necrotrophic pathogen, which means the infection eventually leads to the death of the

attacked cells, with the pathogen feeding and growing thanks to their content in a

saprophyte-like manner (Nakajima & Akutsu, 2014). Scientists agree on placing B. cinerea in

the top 10 list of the most important plant pathogens, according to scientific and economic

importance (Dean et al., 2012). Because of its considerable economic and agricultural

impacts, B. cinerea gathers many interests and understanding its mechanisms of virulence is

relevant for field and resource protection. Therefore, it is one of the most studied

necrotrophic plant pathogens (Boddy, 2016). Despite its devastating impact in agriculture, B.

cinerea is sought after by winemakers as one way of making sweet wine. In this situation, the

infection is beneficial and called noble rot. One of B. cinerea’s symptoms is to decrease the

water content in grape berries, thus increasing sugar levels, allowing the production of wines

sweeter than usual. Reaching the right state of infection is extremely challenging as it greatly

depends on climatic conditions such as humidity or temperature, making these wines rare and

onerous.

Although approximately 35 Botrytis species are identified up to this day

(Valero-Jiménez et al., 2019), the current work focuses on Botrytis cinerea. B. cinerea is the

most extensively studied species within the genus and has a wider host range than other
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Botrytis species which are mainly restricted to a single or a small number of host plant

species (Staats, 2004).

B. cinerea life style & morphology

B. cinerea (Persoon: Fries) is the name of the anamorph stage (asexual stage) while

the teleomorph stage (sexual stage) name is Botryotinia fuckeliana (Williamson et al., 2007).

This second stage is rarer. Most of the time, B. cinerea reproduces asexually (Fig. 1). To this

end, it produces macroconidia (commonly referred as spores) which are held by

conidiophores arising from the mycelia, in a process called sporulation. When the

macroconidia are released in the environment and find a support for growth (i.e. host plants)

they germinate and generate new hyphae on which will develop primary appressoria

(penetrating structures) for feeding (Romanazzi & Feliziani, 2014). B. cinerea hyphae are

septate (i.e. divided in sections by internal cross-walls) and the cells are multinucleated (i.e.

carrying several nuclei). In unfavourable conditions, B. cinerea survives by producing

dormant structures called sclerotia, which are needed for sexual reproduction. In this later

process, fruiting bodies called apothecia are formed by fertilisation of the sclerotia (maternal

parent) by microconidia (paternal parent) (Rodenburg et al., 2018). Apothecia produce

ascospores which germinate in mycelium. Asexual reproduction mainly takes place during

summer when numerous hosts are present, making the propagation fast and easy; while

sclerotia structures can undergo winter and will lead to sexual reproduction during spring

(Williamson et al., 2007). Interestingly, light has an important role in B. cinerea reproduction,

as conidia are developed in the light while sclerotia in the dark (Cohrs et al., 2016). In

addition, it was shown that the fungus circadian clock impacts its efficiency to induce lesions

on Arabidopsis thaliana leaves (Hevia et al., 2015), thus making light intensity a factor

regulating life cycle and virulence (Schumacher, 2017).
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Figure 1: B. cinerea life cycle has two subcycles, the asexual reproduction cycle and the sexual
reproduction cycle.
B. cinerea life cycle is divided in two, sexual and asexual reproduction. During sporulation, tree-like
structures called conidiophores arise from the grey mycelium and contain the macroconidia (often
miscalled spores or simply conidia). Macroconidia are small egg-shaped structures of 10 to 20 mm. In
the wild, macroconidia are released in the environment, for example by the wind, and land on plant
hosts (or plate with growth medium in the laboratory). The macroconidia attach and germinate,
generating new hyphae, which first develop at the tip of the feeding structures called primary
appressoria (Romanazzi & Feliziani, 2014), then B. cinerea mycelium grows. This completes the
asexual reproduction. B. cinerea can survive in unfavourable conditions thanks to the formation of
dormant structures called sclerotia. Sclerotia are dark and irregular with a discoid shape, and a size
ranging from 1 to 10 mm. To achieve sexual reproduction, the sclerotia (maternal parent) are fertilised
by the microconidia (paternal parent), resulting in the formation a fruiting bodies called apothecia
(Rodenburg et al., 2018). Apothecia are yellowish and shaped like what we commonly call
mushrooms. They can reach around 12 mm high. Apothecia produce ascospores which germinate in
mycelium.

B. cinerea, a plant infection mastermind

B. cinerea is a necrotrophic fungus (i.e. the infection leads to host cell death) and

possesses many tools for host infection, a process happening in several steps. At the very

beginning, microconidia are dispersed by natural elements such as the wind and land on host

plants where they attach if the conditions are favourable (such as high humidity).

Germination is triggered and a germ tube is produced with an appressorium which penetrates

the host surface. B. cinerea is an opportunistic pathogen and takes advantage of already

present wounds or infection sites to penetrate the host. Nevertheless, without any pre-entry
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site present, B. cinerea is well equipped to penetrate intact and healthy hosts. The first barrier

layer that B. cinerea encounters is the plant cuticle (consisting of cutin), often covered by a

layer of hydrophobic wax. Both might be degraded by a mixture of B. cinerea-secreted

enzymes such as lipases and cutinases, although these mechanisms are still poorly understood

(Kars & van Kan, 2007). The next obstacle to overcome is the plant cell wall, made of

different types of polysaccharides and pectin. To this end, B. cinerea secretes a set of cell

wall degrading enzymes (CWDEs) such as pectinases, cellulases and hemicellulases (Boddy,

2016).

Once the cell wall is damaged, the first cells B. cinerea attacks are the underlying

epidermal cells. Host cells are killed prior to invasion by the hypha. For this, B. cinerea

secretes numerous low molecular weight diffusible proteins and metabolites, including

apoptosis-inducing compounds, triggering host cell death and allowing B. cinerea mycelium

to then feed on it. The best-known phytotoxic metabolites are botrydial, botcinolide or oxalic

acid. As another tool for successful infection, B. cinerea exploits the plant immune response

linked to reactive oxygen species (ROS) by producing its own ROS and enhancing the plant

apoptotic response called hypersensitive response (HR) (Kars & van Kan, 2007). The primary

lesions are only a few millimetres wide and expand into spreading lesions; later, the

necrotrophic plant tissues are covered by conidiating fungal mycelium.

This typical necrotrophic pattern of infection is questioned, however. It was suggested

that during the earliest time of infection, B. cinerea displays a biotrophic stage, therefore

making B. cinerea a hemibiotroph pathogen (Veloso & van Kan, 2018) needing the host plant

to stay alive for successful establishment of the infection. Programmed cell death can be

achieved in two ways: apoptosis or autophagy, which are considered as two mutually

antagonistic mechanisms and both pathways are on a permanent equilibrium. The fungus

Sclerotinia slcerotiorum suppresses autophagy and induces apoptosis in its plant hosts, and

both mechanisms are crucial for successful infection (Veloso & van Kan, 2018). Similarly, B.

cinerea germination on the plant would induce autophagy, however, a direct autophagic

response from the plant would lead to resistance against B. cinerea and this was never

reported. Indeed, death of the plant cell in which B. cinerea conidium has freshly germinated

would lead to the abortion of the infection process as the mycelium could not develop further.

If B. cinerea can suppress this early response, the mycelium can grow further on the plant,

allowing the production of enough biomass to ensure a strong start to the infection.
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Therefore, it seems B. cinerea has found a way to manipulate the plant's early immune

response by first suppressing autophagy and then inducing apoptosis.

The idea of a hemibiotrophic lifestyle for B. cinerea is supported by observations of

endophytic (i.e. symptomless) B. cinerea infections. Remarkably, in some cases B. cinerea

lesions do not appear as quickly as said before. Infected strawberries (Fragaria spp.) are first

invaded in their flowers where B. cinerea stays quiescent for several weeks until the fruit

develops and is close to ripening (van Kan, 2005). Internally infected seeds of Primula

polyantha lead to plants growing normally at first and showing systemic infections afterwards

(Barnes & Shaw, 2003). In addition, B. cinerea hyphae were observed within roots and leaves

in lettuce (Lactuca sativa) without showing any external lesions (Sowley et al., 2010).

B. cinerea is a multifaceted pathogen with a variety of infection patterns, from

biotrophic to necrotrophic or even endophyte. Moreover, it can penetrate healthy or damaged

plants, on any tissue or organ. For some plant species, the fungus can only be found on fruits

or flowering parts, while in others it can affect various plant organs (van Kan et al., 2014).

Altogether it shows how complex the infection processes and host-pathogen relations can be.

The plant immune system defending against pathogens

To defend themselves against the permanent threats of pathogens, plants have

developed an efficient immune system. However, unlike animals, plants do not possess an

adaptive immune system with mobile defender cells. Instead, plant immunity solely depends

on cell-autonomous responses, comparable to the animal innate system. The common vision

of the plant immune system is that it relies on two major branches, and is called the “zig-zag

model” (Jones & Dangl, 2006).

The first branch of the response is initiated by the recognition of slowly-evolving

pathogens, at the plant's external surface. Pathogens from various kingdoms, such as bacteria,

fungi, nematodes or aphids, carry molecular elicitors called pathogen-associated molecular

patterns (PAMPs). PAMPs are conserved among species of a microbial group, for example

the flagellin of bacteria or cell wall components of fungi. PAMPs are recognised by plant

transmembrane pattern recognition receptors (PRRs) (Zipfel & Felix, 2005). PRRs activation

by PAMP recognition induces the first layer of immune response, the PAMP-triggered

immunity (PTI) (Zipfel, 2014). The signalling cascade following PRRs stimulation triggers
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early immune responses such as synthesis of reactive oxygenated species (ROS), a rapid

increase of cytoplasmic Ca2+, the activation of a MAP-kinase (MAPK) pathway and

phytohormone signalling (Bigeard et al., 2015). This response provides a basal immunity and

stops pathogens from further colonising the host. However, PTI is only effective against

non-adapted pathogens (Jones & Dangl, 2006).

On the other hand, adapted pathogens or successful pathogens can overcome PTI with

the help of secreted proteins, called effectors, which are important for virulence. Effectors are

encoded by avirulence genes (Avr genes) (De Wit et al., 2009) and trigger the second layer of

immunity called effector-triggered immunity (ETI), which acts inside the host cells, strongly

and locally. ETI is activated by the specific recognition of effectors by nucleotide-binding

and leucine-rich repeat (NB-LRR) proteins (also called NOD-like receptors or NLRs),

leading to a strong immune response. NB-LRR proteins are encoded by resistance genes

(Dangl & Jones, 2001). Successful ETI rapidly leads to similar responses to PTI (e.g. ROS

production) but also triggers a hypersensitive cell death response (HR) of infected cells (Cui

et al., 2015), preventing the pathogen from expanding further. This confers resistance against

pathogens except necrotrophs, as they feed on dead cells, therefore profiting from apoptosis

(Jones & Dangl, 2006). Pathogens and plants permanently co-evolve in an arms race to

possess new effector proteins to bypass ETI response, and adapted NB-LRR proteins to

trigger ETI (Anderson et al., 2010). At population levels, this pathogen-host coevolution is

illustrated by high polymorphisms in resistance genes (i.e. NB-LRR-coding genes)

(Stukenbrock & McDonald, 2009).

As previously mentioned, PTI and ETI are triggered by distinct mechanisms but can

lead to similar downstream responses, and both pathways were considered as independent in

the “zigzag” model. However, recent studies show interactions between both layers as

activating ETI in the absence of PTI does not confer immunity (Ngou et al., 2021; Yuan,

Jiang, et al., 2021). Hence, ETI can be seen as an amplification module depending on the

previous PTI response (Yuan, Ngou, et al., 2021). This suggests that neither of them is

sufficient for effective immunity and they should rather be considered as a whole because of

their complex interplay.

As a consequence of their different attack strategies, the immune responses to

biotrophs and necrotrophs have to differ. While biotrophs need to keep the host plant alive

and do not survive the plant HR response, necrotrophs would profit from host cell death.
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Thus, a fine-tuning of the immune response is necessary and mediated by three

phytohormones: salicylic acid, jasmonic acid and ethylene. While salicylic acid-dependent

signalling pathways would be involved against biotrophs, jasmonic acid-ethylene-dependent

signalling pathways would be involved against necrotrophs (Glazebrook, 2005; McDowell &

Dangl, 2000). However, some studies tend to show that jasmonic acid-dependent signalling

pathways play a role in defence against the obligate biotroph powdery mildews (Antico et al.,

2012), thus going against the previous suggestions. While the molecular mechanisms remain

to be elucidated, it suggests a cross-talk between these three phytohormone-dependent

pathways, and more complex pathways than initially thought.

Because of their central role in plant-pathogen interactions, protein effectors were

extensively studied over the last decades. However, small RNAs (sRNAs) have been

completely overlooked and ignored. Recently, studies have shown the role of sRNAs in

plant-pathogen interactions as well and have identified them as a new class of effector, as

they are the core of a process called cross-kingdom RNA interference (ckRNAi), which is

explained in the following paragraph. In this doctoral thesis, the two main research axes focus

around sRNA effectors from the plant pathogen B. cinerea.

Cross-kingdom RNA interference, B. cinerea’s special weapon
B. cinerea complex infection processes, especially the balance between early

biotrophic stage and later necrotrophic stage, support the use of cross-kingdom RNA

interference (ckRNAi) as a pertinent strategy for infection. ckRNAi is a means of

communication between two species of different kingdoms with sRNAs as messengers. It

involves the exchange of sRNAs from one species to another, in order to hijack the RNA

interference (RNAi) pathway and silence mRNA genes of the recipient species. In our study

case, B. cinerea aims to silence host plant immunity related genes (Weiberg et al., 2013),

hence finding a way to escape the plant’s early immune response and ensuring a successful

infection. This places sRNAs in the front scene during plant-B. cinerea interactions and

brings out sRNAs as an important class of effectors (Weiberg & Jin, 2015), in a parallel to

protein effectors.
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General knowledge about small RNAs and RNA interference

ckRNAi and RNAi are mediated by a particular type of RNA: small RNAs. The

majority of sRNAs are 20-to-24 nucleotide (nt) long, non-coding (nc), RNAs involved in the

suppression of gene expression through sequence-specific transcriptional and

post-transcriptional repression. RNAi is conserved in eukaryotic organisms (Bologna &

Voinnet, 2014). sRNAs are involved in a variety of processes such as development, biotic and

abiotic stress responses, RNA stability and processing. sRNAs can be divided into several

subclasses depending on their biogenesis (Fig. 2). Micro RNAs (miRNAs) are typically 20 to

22 nt-long and originate from primary miRNAs (pri-miRNAs) containing a stem-loop

structure (Carthew & Sontheimer, 2009). Small interfering RNAs (siRNAs) are typically

20-to-24 nt and derive from long double-stranded RNA precursors, with their production

depending on RNA dependent RNA polymerases (RDRs). Both miRNAs and siRNAs are

processed by RNase III-like endonuclease Dicer-like (DCL) proteins and other protein

partners into short double-stranded RNAs (Bologna & Voinnet, 2014). In plants, several types

of siRNAs exist: natural antisense small interfering RNAs (nat-siRNA), phased secondary

small interfering RNAs (pha-siRNAs) and heterochromatic small interfering RNAs

(hc-siRNAs). In mammals only, a third class exists: piwi-interacting RNAs (piRNAs), which

are processed in a Dicer-independent manner. They protect the germline against invasive

elements such as transposons (Wilson & Doudna, 2013). Similarly, filamentous fungi have

developed genome defence mechanisms against transposons based on RNAi, such as quelling

in Neurospora crassa (Li et al., 2010; Torres-Martínez & Ruiz-Vázquez, 2017). Like

siRNAs, they are produced from a long RNA precursor thanks to RDRs.
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Figure 2: Simplified overview of the RNA interference pathway.
Micro RNAs are processed from primary microRNA (pri-miRNAs), characterised by a hairpin
structure. pri-miRNAs are encoded in the genome. Small interfering RNAs are processed from
double-stranded RNAs (dsRNAs) which are themselves expressed from the genome (or, alternatively,
invasive nucleic acids such as viruses). Both types of precursors are cleaved into double–stranded
smaller fragments by RNase III-like endonuclease Dicer-like (DCL) proteins, then exported into the
cytoplasm where guide strands associate with AGO proteins and form RISC complexes which to
target and silence target mRNAs. mRNA targeting by RISC can trigger the production of secondary
siRNAs to enhance the silencing. In plants, RISC can target nascent transcripts and trigger the
recruitment of DNA methyltransferases which methylate DNA and induce heterochromatin formation
to silence the gene expression.

Once exported into the cytoplasm, the guide strand of small RNAs associates with

Argonaute (AGO) proteins of the RNA-induced silencing complex (RISC) to target and

silence genes in a sequence-specific manner. In most eukaryotes, except insects and

mammals, association with RISC and mRNA targeting can also trigger the biogenesis of

secondary siRNAs, produced by RDRs, in order to strengthen the silencing (Chen et al.,

2010; Manavella et al., 2012).

For example, A. thaliana genome encodes for ten AGO proteins, which selectively

load sRNAs depending on their length and 5’ nucleotides (Bologna & Voinnet, 2014). This

either leads to the cleavage of the mRNA target (post-transcriptional gene silencing, PTGS)

or the modification of genomic locus target to form silent chromatin domains via DNA
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methylation (transcriptional gene silencing, TGS) (Bologna & Voinnet, 2014). This is where

BcsRNA effectors hijack the plant RNAi pathway as they bind to the host plant AGO1

protein (Weiberg et al., 2013).

sRNAs non-cell autonomous action is recognised, as sRNAs are mobile molecules

capable of spreading gene silencing across neighbouring cells/tissues. sRNA trafficking and

spreading of RNAi effect were reported for the first time in 1998 in Caenorhabditis elegans,

in which ingestion of exogenous dsRNAs lead to systemic gene-specific silencing (Fire et al.,

1998; Timmons & Fire, 1998). Both the RNA precursors and sRNAs are capable of travelling

(Sarkies & Miska, 2014), hence making the transport of sRNA effectors possible for

achieving ckRNAi.

ckRNAi, a widespread mechanism during host-pathogen interactions

ckRNAi is the mechanism by which sRNAs from an external species are translocated

into the cells of another species where they hijack the endogenous RNAi pathway and silence

the expression of endogenous genes. It was first identified in B. cinerea, where B. cinerea

sRNA (BcsRNA) translocation into A. thaliana cells triggers the silencing of host plant

immunity-related mRNAs (Weiberg et al., 2013) (Fig. 3), placing ckRNAi as important for

successful establishment of B. cinerea infection. BcsRNAs share critical similarities with the

plant miRNAs binding to the plant AGO1, such as a bias for 5’ U first nucleotide and the

length in nucleotide. Thus BcsRNAs can bind and hijack the plant RNAi machinery. In

addition, A. thaliana mutant plants for the Ago1 protein (atago1-27 plants) show resistance to

B. cinerea infection, meaning that BcsRNAs could not induce ckRNAi, while A. thaliana

mutant plants for the Dicer-like protein 1 (atdcl1-7 plants) are susceptible, suggesting

BcsRNAs are transported to the host, and not their RNA precursor (Weiberg et al., 2013).

Besides, B. cinerea mutant for the two Dicer-like (DCL) proteins it possesses (DCL1 and

DCL2 proteins, mutant strain bcdcl1-dcl2 strain) fails to produce BcsRNAs and shows

attenuated pathogenicity (Weiberg et al., 2013). Several BcsRNAs and their host mRNA

targets are characterised. BcsiR3.2 targets MAPK mRNAs in both A. thaliana and Solanum

lycopersicum. These genes are involved in plant immune response to fungal infection. For

example, BcsiR37 can target at least 14 A. thaliana genes involved in the plant immune

response (M. Wang et al., 2017).
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Figure 3: cross-kingdom RNA interference is bidirectional during B. cinerea - A. thaliana
host-pathogen interaction.
When infecting A. thaliana plants, B. cinerea small RNAs (BcsRNAs) are transported from the fungal
cell to the host plant cells. By binding to the plant AGO1 proteins, they hijack the plant RNAi
machinery. Thanks to sequence complementarity, they target and silence the expression of plant
immunity-related mRNAs, therefore decreasing the plant immune response (Weiberg et al., 2013).
This strategy is called cross-kingdom RNA interference (ckRNAi). Likewise, A. thaliana small RNAs
(AtsRNAs) are transported from the plant cells to B. cinerea cells, where they target and induce the
silencing of fungal virulence-related mRNAs. Thus, ckRNAi is bidirectional during this
host-pathogen interaction.

Following this discovery, ckRNAi was identified in several fungi. Among them,

Puccinia striiformis f. sp. tritici and Fusarium graminearum use this strategy against wheat

(Jian & Liang, 2019; B. Wang et al., 2017) and Beauveria bassiana exports a miRNA-like

RNA (milRNA) that attenuates the immunity of its mosquito host and facilitates infection

(Cui et al., 2019). ckRNAi appears to be widespread in the tree of life: the oomycete obligate

biotroph Hyaloperonospora arabidopsidis manipulates its unique host thanks to sRNAs

(Dunker et al., 2020), the nematode parasite Heligmosomoides bakeri modulates the innate

immunity of mammalian cells (Buck et al., 2014), the obligate parasitic plant Cuscuta

campestris’ miRNAs act as virulence factors during infection (Shahid et al., 2018) or the

ectomycorrhizal fungus Pisolithus microcarpus encodes a miRNA involved in symbiosis

(Wong-Bajracharya et al., 2022). Some viruses release virus-derived sRNAs to interfere with

the plant immune response (Zeng et al., 2019). However, ckRNAi is not only a weapon for

pathogens, as it has been shown that several hosts partly rely on this strategy for defence. For

example, cotton plants export miRNAs to the fungal pathogen Verticillium dahliae to silence
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virulence-related genes (Zhang et al., 2016). Interestingly, A. thaliana produces sRNAs

(AtsRNAs) acting against the Phytophthora infestans, but the latter produces an effector

suppressing the effect of the AtsRNAs, thus enhancing the plant susceptibility to the disease

(Hou et al., 2019). This perfectly illustrates the permanent arms race between hosts and

pathogens. Going back to B. cinerea and showing another example of the continuous fight

between species: during infection, A. thaliana sends AtsRNAs into the fungal cells where

they target and silence virulence-related genes (Cai et al., 2018), thus making ckRNAi

bidirectional during the B. cinerea-A. thaliana interaction (Fig. 3). Importantly, AtsRNAs are

transported to the fungal cells into extracellular vesicles (EVs), which will be further

discussed later.

The discovery of RNA silencing and trans-kingdom RNA transfer led to the

development of two strategies of great agronomic interest called host-induced gene silencing

(HIGS) and spray-induced gene silencing (SIGS) (Nowara et al., 2010; Wang & Jin, 2017).

They facilitate the protection of crops against pathogens, parasites and pests. For this, plants

express, or are sprayed with, double-stranded RNAs (dsRNAs) complementary to pathogen

genes which will be silenced by RNAi. HIGS was reportedly successful against the powdery

mildew agent Blumeria graminis and showed promising results against other pathogens

(Nowara et al., 2010). The development of HIGS and SIGS in addition to the yet recent

discovery of ckRNAi places sRNAs as central players during host-pathogen interactions and

opens wide a new field of research.

LTR retrotransposons, “junk DNA”? Not really!

General knowledge about transposable elements

As detailed above, sRNAs can have different origins. Interestingly, a large proportion

of BcsRNA effectors involved in ckRNAi are derived from a subclass of transposable

elements (TEs) called long terminal repeat (LTR) retrotransposons (Weiberg et al., 2013).

TEs are mobile genetic elements present in all eukaryotic genomes, constituting relatively big

fractions of these host genomes. TEs were first identified in maize in the 1950’s by Barabra

McClintock (McClintock, 1950). TEs represent approximately 3 to 20 % of the genome in
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fungi, up to 80 % in plants and 3 to 45 % in metazoans (Wicker et al., 2007). However, recent

studies estimate the content of TEs from less than 1 % to 90 % in plant pathogenic fungi, in

F. graminearum and Blumeria graminis, respectively (Cuomo et al., 2007; Frantzeskakis et

al., 2018). These elements independently transpose to other loci and invade the host genomes.

They were initially thought of as genomic parasites or “junk DNA” or “selfish DNA” whose

presence only leads to detrimental effects such as disrupting coding regions, modifying gene

expression, or chromosomal rearrangements, which are always eliminated by selection

(Makałowski et al., 2019). It is now accepted that the presence of TEs and their transposition

in genomes are drivers of evolution and adaptation by participating in genome plasticity

(Dubin et al., 2018). Classified according to their transposition mechanisms, we distinguish

two classes of TEs (Fig. 4a). The class I, or retrotransposons, uses an RNA intermediate

which is later reverse-transcribed into DNA and integrated elsewhere in the genome, thus

increasing the copy number of the element in the given genome (“copy/paste” mechanism), a

mechanism shared with retroviruses. The class II, or DNA transposons, does not use RNA

and follows a “cut/paste” mechanism, meaning they can effectively be excised from their

genomic location and inserted somewhere else in the genome, hence not increasing their copy

number during their transposition mechanism (Makałowski et al., 2019). TEs can be further

classified hierarchically according to structural characteristics, sequence similarities, and

transposition mechanisms as well. The class I (retrotransposons) is divided into five orders:

LTR, DIRS (Dictyostelium intermediate repeat sequence), PLE (Penelope-like elements),

LINE (long interspersed elements) and SINE (short interspersed elements) (Wicker et al.,

2007). Here we focus on LTR retrotransposon elements, which themselves are divided into

five superfamilies. Among them, Gypsy and Copia superfamilies are present in plants, fungi

and metazoans. The three other subfamilies, Bel-Pao, retrovirus and ERVs (endogenous

retroviruses), are only present in metazoans (Llorens et al., 2009).

A zoom on LTR retrotransposons

LTR retrotransposons have a complex, but well-studied structure, due to extensive

work in the model organisms Saccharomyces cerevisiae and Drosophila melanogaster

(Nefedova & Kim, 2017; Pachulska-Wieczorek et al., 2016). These elements carry two long

terminal repeats (LTRs) flanking the internal coding region, which gave them their name

(Fig. 4b). The central core element contains at least two coding regions: Gag and Pol,
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responsible for transposition (Havecker et al., 2004). Gag and Pol proteins carry diverse

functions, all indispensable for the retrotransposon reverse transcription and transposition

(Fig. 4c), while the transcription is achieved by the cellular Polymerase II and regulated by a

promoter in the 5’ LTR and a terminator in the 3’ LTR. In some LTR retrotransposons,

additional open reading frames (ORFs) are present in the internal coding region in sense or

antisense orientation (Vicient & Casacuberta, 2020). However their function is still unknown

(Havecker et al., 2004).

Figure 4: LTR retrotransposons are a superfamily belonging to transposable elements (TEs).
a) Retrotransposons have an RNA intermediate which is reverse-transcribed in DNA before being
integrated in a new genomic locus. DNA transposons are excised from their genomic locus and
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integrate in another location. b) The two main superfamilies of LTR retrotransposons, Gypsy and
Copia, have very similar structures. They are flanked by two identical LTR regions and the central
core which codes for Gag and Pol, necessary to the transposition (Havecker et al., 2004). Gag
encodes for the capsid and nucleocapsid, structural proteins with RNA-binding properties, which form
virus-like particles (VLPs). Pol encodes for a polyprotein with several enzymatic functions as it
carries a reverse transcriptase (RTase), a ribonuclease H (RNase H), a protease, a polymerase-like and
an integrase (IN) domain. c) The life cycle of LTR retrotransposons occurs as follows. The RNA
transcription of the element is achieved by the cellular Polymerase II and regulated by a promoter in
the 5’ LTR and a terminator in the 3’ LTR. This RNA is translocated in the cytoplasm where it is
translated into VLPs and Pol. The protease domain of Pol releases itself and cleaves the different
fragments, to the exception of the RNase H and the RTase domains which remain together (all
domains are represented by green discs). RNA molecules are loaded into VLPs, where the RTase
synthesises the cDNA. Then, the cDNA is imported back to the nucleus and the integrase inserts it
into the genome. Figure 5c. was redrawn, by permission from Rightslink®: Springer Nature, Genome
biology, Figure 1 of “The diversity of LTR retrotransposons”, Ericka R Havecker, Xiang Gao &
Daniel F Voytas, Copyright © 2004, BioMed Central Ltd.

Cohabitation between host genomes and transposable elements

Strategies for transposable element control

To avoid genome invasion and consequent damages, host organisms have developed

strategies for TE control. It involves diverse epigenetic processes such as DNA methylation,

chromatin remodelling thanks to histone modifications and post-transcriptional silencing by

RNAi (e.g. well-known piRNAs in mammals) (Slotkin & Martienssen, 2007). Fungi have

developed three types of mechanisms for TE control. First, identified in N. crassa, is the

repeat-induced point (RIP) mutation defence mechanism by which C (cytosine) bases are

mutated into T (thymine) within duplicated sequences (Gladyshev, 2017). Second, the

methylation induced premeiotically (MIP) mechanism, identified in Ascobolus immersus,

triggers methylation thus silencing of TEs (Daboussi & Capy, 2003). The two first

mechanisms solely occur during the sexual phase, in the time window between fertilisation

and the fusion of the two haploid nuclei from both parent cells (i.e. called karyogamy). While

they have similarities, both mechanisms have different outputs with MIP being reversible but

not RIP. The last type of mechanism includes quelling and meiotic silencing by unpaired

DNA (MSUD), which are both controlling TEs via RNA-mediated silencing, akin to PTGS,

and are triggered by the detection of aberrant RNAs.

RIP mutation defence mechanism occurs specifically in haploid nuclei dividing by

mitosis before karyogamy (Gladyshev, 2017). This mechanism detects duplicated sequences
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(i.e. two copies of one TE) in chromosomal DNA longer than approximately 0.4 kb, without

being influenced by the transcriptional state, the origin, and relative as well as absolute

position in the genome (however, closely located repeats are most easily detectable). RIP

mutates C bases into T, within duplicated sequences, on both DNA strands (van Wyk et al.,

2021). In B. cinerea, RIP shows a preference of mutating CpA to TpA and mutating CpT to

TpT (Amselem et al., 2015). While RIP targets duplicated sequences, it can occasionally

spread onto the neighbouring non-duplicated regions. Thus, some RIPed genomes have larger

portions affected by this mechanism (van Wyk et al., 2019). RIP precise mechanism remains

elusive. However, observations in N. crassa indicate it is likely to happen via a two-steps

mechanism: the C base would be methylated on the 5th atom resulting in a 5-methylcytosine

(5mC), then followed by N4-deamination of the 5mC to yield a T base (Gladyshev, 2017).

Benefiting from transposable elements in host-pathogen interactions

Pathogens are permanently evolving to keep up with their host in the arms race in

which they are engaged. This following paragraph illustrates how pathogens have found ways

to make the best out of TEs, as drivers of adaptive evolution. Over the last decades, many

studies have improved the reputation of TEs, and it was shown that TE activities are

intrinsically bound to genome plasticity and adaptive evolution. Genome restructuration

caused by TEs can take different shapes depending on the insertion loci (in coding regions, in

introns and so on), and can impact the expression of the surrounding genes by, for example,

leakage of their silencing mechanisms. Natural selection retains beneficial adaptations

resulting from TE transposition while deleterious ones impairing the host fitness are

eliminated.

One way TEs can be beneficial for the host is called cooption, or molecular

domestication. Here, the TE sequence as a whole, or only some parts of it, are repurposed to

serve host cellular functions. In several organisms, TE-encoded proteins (i.e. Gag and Pol)

are hijacked by the host cell to achieve new functions. One famous example is the variability,

diversity and joining (V(D)J) recombination, a conserved process of the adaptive immune

system occurring in all jawed vertebrates by which a theoretically infinite collection of

antibodies is created in T and B cells (Gellert, 2002). The proteins Rag1 and Rag2 are major

components of this process as they catalyse DNA rearrangements, and both are clearly

identified as coopted proteins (Jangam et al., 2017). Yet to be fully established, it seems the

- 20 -



class I CRISPR-Cas system which protects bacteria and archaea from phages and plasmids

has also emerged from TE domestication (Krupovic et al., 2014).

Sequencing of several filamentous fungal phytopathogen genomes and their analysis

has led to the emergence of the two-speed genome model (Dong et al., 2015; Raffaele &

Kamoun, 2012). These genomes are compartmentalised with two types of architecture:

TE-rich but gene-spare regions and TE-spare but gene-dense regions. Nevertheless, TE-rich

regions are enriched in Avr genes (i.e. Avr genes), major players during infection. This

organisation allows the TE-rich compartments to evolve fast, thus driving high evolution of

Avr genes and adaptation to the hosts (Plissonneau et al., 2017). Such correlation between

TEs and Avr genes has been found in Fusarium oxysporum (Ma & Fedorova, 2010),

Magnaporthe oryzae (Huang et al., 2014), Zymoseptoria tritici (Fouché et al., 2020; Lorrain

et al., 2021) or V. dahliae (Torres et al., 2021) to name only a few. It is known that some TEs

are de-repressed when the host undergoes stress. For example, the wheat pathogen Z. tritici

TEs are de-repressed under infection, thus changing the expression of the surrounding Avr

genes (Fouché et al., 2020). Interestingly, TEs have also been linked to the pathogen’s host

range. The evolution of new effector variants allows fungi to overcome host plant immunity

of resistant cultivars, thus broadening their host range. Different strains from the same

species showing major genomic rearrangement due to TEs also show different host ranges

(Mat Razali et al., 2019). In M. oryzae, the causative agent of the blast disease in Poaceae

crops, transposable elements are linked to the gain or loss of genes involved in host

specialisation (Yoshida et al., 2016). Similarly to the fungal two-speed genome, the evolution

of several plant genes involved in the immune response is linked to TEs (Seidl & Thomma,

2017). Thereby, alteration of gene expression and structural changes caused by TEs might be

useful on both sides of the war and drive the co-evolution of both plants and phytopathogens.

However, recent genomic analysis of several fungal phytopathogens shows the

two-speed model is not shared by all (Torres et al., 2020). TEs and Avr genes do not always

co-localise and their evolution does not always correlate. Moreover, more than two

compartmentalised types of genomic architectures can exist. On the other hand, Blumeria

graminis, an agent responsible for powdery mildew, displays an “one-speed” genome with a

lack of compartmentalisation (Frantzeskakis et al., 2018).

Jumping back to our model organism, previous study shows that different B. cinerea

wt strains can display different phenotypes (Martinez et al., 2003) and the presence of TEs
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has been proposed as an explanation for these observations. As a matter of fact, it was

proposed that B. cinerea wt field isolates could be divided into two subpopulations depending

on the presence of two TEs. B. cinerea transposa strains are carrying both Gypsy and Copia

elements (previously called Boty and Flipper, respectively) which both belong to the LTR

retrotransposon category. Conversely, B. cinerea vacuma strains would not carry any of these

elements. Compared to the transposa strains, the vacuma ones are characterised by a faster

mycelial growth rate, negatively correlated with aggressiveness (Martinez et al., 2003, 2005).

In another study, hundreds of B. cinerea wt isolates collected from different hosts, all in

Greece, were studied. The presence of LTR retrotransposons was assessed by PCR and four

genotypes were identified (vacuma, transposa, carrying only Gypsy or only Copia elements),

which all occured in sympatry (i.e. occurring at the same time and space) (Samuel et al.,

2012). Remarkably, the dominance of certain genotypes on particular host species was

observed, suggesting a role for LTR retrotransposons in host infection and host preference.

Interestingly, vacuma strains caused higher incidence on latent infections compared to

transposa strains. Altogether this suggests the LTR retrotransposons have an important role to

play in B. cinerea aggressiveness. Moreover, as mentioned before, the majority of BcsRNA

effectors derive from LTR retrotransposons (Weiberg et al., 2013), more precisely they are

produced from the mRNA transcribed from LTR retrotransposons, proposing another

example of how TEs can be recruited in the arms race. Yet the relationship between B.

cinerea aggressiveness and LTR retrotransposons remained to be studied in depth, which was

one research axis during my doctoral project. Supporting our hypothesis,

retrotransposon-derived sRNAs from the rice blast fungus M. oryzae were found to be

upregulated under stress and during plant infection (Raman et al., 2013), suggesting a

beneficial role for retrotransposon-derived BcsRNA, potentially also during infection.

Intercellular communication, the extracellular vesicle highway
While we know that BcsRNAs originate from LTR retrotransposons and we know

BcsRNAs’ action on host plant immunity through ckRNAi, their way of transport remains

unknown. In C. elegans, sRNA trafficking requires identified channel proteins (Sarkies &

Miska, 2014), for which the exact mechanism remains unclear. In addition to protein
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channel-dependent RNA transport, other hypotheses are currently under the examination of

the scientific community. Among them are extracellular vesicles (EVs), a mechanism

allowing long-distance transport and, importantly, environmental protection for their cargoes.

Indeed, RNAs are considered as fragile as they are easily degradable by RNAses and the

plant apoplast where BcsRNA must travel contains RNAses carrying anti-pathogen functions

(Galiana et al., 1997; Hugot et al., 2002).

EVs are spherical nanoparticles secreted in the extracellular environment by

organisms from all branches of the tree of life (Deatherage & Cookson, 2012). First observed

in the 1960’s in platelet cell samples, they were described as “platelet dust” (Wolf, 1967). For

long, they were considered as cell debris or secreted disposals. However, EVs are now

extensively studied for their newly discovered biological function: cell to cell communication

(Meldolesi, 2018). Made of a phospholipid bilayer, EVs contain various cargoes such as

nucleic acids or proteins (Raposo & Stahl, 2019) (Fig. 5). Their ability to travel over long

distances allows them to mediate “messages” from a cell to another in an intra- or

inter-organismal way.

Extracellular vesicle subtypes and biogenesis

Based on their biogenesis and morphologies, EVs are classified into three subgroups

(Fig. 5). Due to the fact that proteins secreted via EVs are lacking signal peptides, EV

biogenesis pathways are termed as unconventional secretion pathways (USP), in opposition

to the conventional secretion pathway (CSP) where proteins are transported in vesicles from

the endoplasmic reticulum to the Golgi apparatus, before being released in the extracellular

space upon vesicle fusion with the plasma membrane (Viotti, 2016). Most of EV knowledge

comes from mammalian or even human-based studies. The first and smaller type of EVs are

called exosomes and are estimated to be 30 to 150 nanometres (nm) of diameter (Colombo et

al., 2014). Exosomes are the most studied mammalian EVs (Oliveira et al., 2013). They are

generated from late endosomes, where the invagination of the membrane creates intraluminal

vesicles (ILVs), forming an organelle now called multivesicular body (MVB) (Zhang et al.,

2019). MVBs can fuse to lysosomes, leading to the degradation of the content, or to the

plasma membrane, hence releasing the exosomes in the intercellular space. Intra-luminal

budding of the late endosome membrane requires the endosomal sorting complex required for

transport (ESCRT) (Hurley, 2015). This machinery, first described in yeast, is conserved to
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mammals, and comprises four complexes (ESCRT-0, -I, -II, and -III), which act sequentially

and form the ILVs thanks to their membrane remodelling capacity (Schmidt & Teis, 2012).

Second, microvesicles (MVs, also named shedding vesicles or ectosomes) are

produced by direct outward budding of the plasma membrane, forming cytosolic protrusions

which detach and get released in the extracellular space. Due to their biogenesis, their size

range varies largely, from 100 to 1,000 nm of diameter (Tricarico et al., 2017). Distinct and

localised changes in the protein and lipid components of the plasma membrane trigger

changes in curvature and rigidity, thus causing the budding movement from which MVs

results.

Figure 5: Extracellular vesicles are secreted via several pathways and contain various cargoes.
Model drawn based on fungal studies. To be released in the extracellular space, all types of EVs need
to cross the fungal cell wall (CW). 1. The post-Golgi conventional secretion pathway (CSP) allows
the secretion of proteins carrying signal peptides in the extracellular space thanks to the fusion of
vesicles with the plasma membrane. 2. Studies in S. cerevisiae (Sec4p) suggest a cross-talk between
the CSP and unconventional secretion pathways (USP) for the release of EVs in fungi. The points 3
and 4 represent the USP. 3. The late endosome, which originates from the trans-Golgi network,
undergoes membrane invagination, thus creating intraluminal vesicles (ILVs). The organelle
containing ILVs is named the multivesicular body (MVB). Exosomes are released from the MVB
upon fusion with the plasma membrane (PM). 4. Microvesicles (MVs) are released by direct budding
of the PM. 5. EVs are nanoparticles made of a lipid bilayer and were shown to contain various cargoes
such as mRNAs or small ncRNAs (tRNAs-derived sRNAs, miRNA-like RNAs, sn/snoRNAs),
proteins (transmembrane or soluble), or toxins.

The last type of EVs is apoptotic bodies. They are 800 to 2,000 nm of diameter and

are released by cells undergoing programmed cell death by indiscriminate surface blebbing of

the plasma membrane (Yáñez-Mó et al., 2015). In mammals, apoptotic bodies were

disregarded in common EV research and their functions were underestimated. They are now
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suggested to carry immunity related functions, similarly to exosomes and MVs (Kakarla et

al., 2020). Taken all together, EVs represent a complex and heterogeneous population of

particles varying not only in size but also composition, cargoes and functions, as it will be

described in the following paragraphs.

EVs are secreted by cells in “normal” conditions as well as stress or pathological

conditions, and these conditions are reflected in the EVs. In mammals, EVs have been linked

to disease (e.g. diabetes or cancer) (Minciacchi et al., 2015; Pardo et al., 2018). As their

content varies according to the secreting cell state, it raises the possibility to use EVs as

biomarkers for diagnosis tools (Chen et al., 2018). Another promising side of EVs related to

human health is on the therapeutic side, as EV-based technologies could allow cell-targeted

drug delivery (Elsharkasy et al., 2020).

EV secretion and uptake

EV secretion occurs via plasma membrane restructuration and major architecture

remodelling. To this goal, membrane proteins are recruited to the secretion loci. While the

release process remains partially blurred, several proteins have been identified as important,

such as SNAREs, Rab GTPases, syntenins and tetraspanins (TET) (Abels & Breakefield,

2016).

MVBs are generated from the late endosomes and therefore utilise the endosomal

machinery such as ESCRT proteins (Hurley, 2015). However, ESCRT-independent

mechanisms for MVB and exosome formations have been suggested (Oliveira et al., 2013).

TETs are transmembrane proteins enriched within the membranes of late endosomes, MVBs

and exosomes, and are believed to play crucial roles during exosome formation (Abels &

Breakefield, 2016). In mammals, the TET protein CD63 is used as an exosome protein

marker. MV formation does not take place in the late endosomal compartment, nevertheless

the ESCRT machinery has been linked to MV biogenesis (Colombo et al., 2014; Tricarico et

al., 2017), suggesting cross-talks between MV and exosome biogenesis. Even though these

secretion pathways are termed as unconventional, knock out of proteins involved in the

conventional secretion pathway leads to reduction of EV production or altered cargo content

(Oliveira et al., 2010; Panepinto et al., 2009). Altogether, these indicate that EV biogenesis

and secretion is a complex mechanism involving the cross-talk (Fig. 5) of many pathways
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and is more complicated than initially thought. Although the majority of this knowledge does

not arise from fungal models, similar pathways are expected to be involved as these proteins

are highly conserved from yeast to mammals, and fungal mutants failing to produce any EVs

are not existing yet. Moreover, MVB-like structures were observed in several fungi such as

C. neoformans (Rodrigues et al., 2008) or Golovinomyces orontii (Micali et al., 2011).

Fungi carry an extra layer outside the plasma membrane, the cell wall. The cell wall

defines the cell structure and provides physical and osmotic protection, its structure being a

fine balance between rigidity and plasticity (Nimrichter et al., 2016). Fungal cell walls are

mainly composed of the polysaccharides chitin and glucans, glycoproteins, and pigments.

Chitin and glucans constitute an inner robust layer while the outer layer is more flexible with

a composition varying among species. The observation of EV secretion raises the question of

how they can traverse the cell wall. The mechanisms for this are still unclear but three main

hypotheses are proposed (Brown et al., 2015). First, EVs could be mechanically pushed out at

loci where the physical properties of the cell wall (e.g. thickness or pores) would allow the

secretion. Second, active remodelling via cell wall modifying enzymes could clear a path for

EV release. Indeed, EVs secreted by S. cerevisiae were found to be involved with cell wall

remodelling (Zhao et al., 2019). Finally, EVs could be released by channels to which they

could be guided by structural cable proteins present on the cell wall. In fact, Tubulin was

found in EVs from different fungal species (Rodrigues et al., 2008; Vallejo et al., 2011). All

three possibilities could also co-exist, but what seems clear is that viscoelasticity and

composition of the cell wall matter more than initially thought (Walker et al., 2018).

Moreover, it could be that EVs are sufficiently malleable, to allow deformation and passage

through pores or channels smaller than their diameter. Nevertheless, liposomes containing an

antifungal drug were shown to cross the cell wall in order to deliver the drug, indicating that

fungal EVs should be able to pass the call wall for secretion (Walker et al., 2018).

When released in the extracellular space, EVs travel for various amounts of time and

various distances before reaching the target cells. Sole interaction with the recipient cell or

cargo discharge in the cytosol triggers physiological changes of the cell (Colombo et al.,

2014). Although no mechanism is clear, it was proposed that EV internalisation by the

recipient cells happens via either endocytosis or fusion with the plasma membrane. In
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mammals, different types of endocytosis exist and have been observed to take up EVs. For

example, clathrin-mediated endocytosis was identified for neurons, macropinocytosis by

microglia, or cholesterol- and lipid raft-dependent endocytosis in tumour cells (Abels &

Breakefield, 2016). Interestingly, the type of endocytosis seems cell specific. On the other

hand, targeting of the recipient cell is also likely to happen via activation of pathways through

specific membrane protein-receptor interaction (van Niel et al., 2018). Indeed, EVs from

platelet cells interact specifically with macrophages and endothelial cells, and EVs from

neutrophils interact only with platelets, macrophages and dendritic cells (Cocucci et al.,

2009). Thus it seems that, at least in mammals, target cell specificity is determined by the

enrichment of specific proteins present at the surface of EVs, thus guiding a specific

interaction with the recipient cells. Concerning the uptake of fungal EVs, weak knowledge is

accumulated, but similar mechanisms are expected to take place. C. abicans EVs were shown

to colocalize at the plasma membrane of macrophages and dendritic cells, with the GM1 lipid

raft marker, thus suggesting a lipid-raft mediated uptake (Vargas et al., 2015), presumably

with an enrichment of specific proteins on the surface of EVs.

Methods and inherent challenges to EV isolation

Due to the novelty of the field, leading to a lack of optimised methods and

knowledge, and to the small size of EVs, EV isolation reveals to be a true challenge.

Currently, the most used isolation protocol is differential ultracentrifugation (DUC)

(Monguió-Tortajada et al., 2019). This method consists in consecutive filtrations and

centrifugations steps with increased strength and speed each time, to sequentially get rid of

cells, debris and so on, before finally pelleting the vesicles (Zhou et al., 2020). DUC appears

as the gold standard for EV isolation, as it does not require specific technologies and is easily

achievable in any laboratory. However, this method is not specific to any particular type of

particles and the EV samples are not pure from contaminants (e.g. protein aggregates). Thus,

this method allows the enrichment in EVs but not the purification. To enhance sample purity,

samples can be run on density gradient fractionation. For example, B-cell-derived exosomes

density on sucrose gradient is around 1.13 to 1.19 g.ml-1 (Théry et al., 2002). Several other

methods are currently being optimised for better EV purity and EV subtype-specific isolation.

Immuno-affinity capture-based precipitation (Zhou et al., 2020), requiring knowledge on EV

protein markers (e.g. tetraspanins for mammalian exosomes, van Niel et al., 2018), purifies
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specific types of EVs, while size-exclusion chromatography separates particles based on their

size by filtration through a matrix. More recently, companies have been marketing kits for EV

(mainly exosomes) isolation (e.g. precipitation-based or size-exclusion chromatography) and

interestingly, EVs isolated from the same material but with different kits show differences in

sizes, electrical charges or protein contents (Patel et al., 2019).

The very small size of exosomes or MVs makes them fall under the detection

threshold of classical microscopy; therefore, electron microscopy is the favourite method for

EV direct visualisation. However, advances in light scattering technologies led to the creation

of a device called nanoparticle tracking analysis (NTA) which measures the size distribution

of concentration of nanoparticles (Dragovic et al., 2011). This device is equipped with

captors capable of spotting and tracking the movement of individual nanoparticles. Following

the physical laws of Brownian motion and statistical analysis, it can calculate nanoparticle

sizes. However, measurement is not specific to any nanoparticles (does not differentiate EVs

from protein aggregates) thus the device can be equipped with fluorescent lasers, for specific

measurements of fluorescently labelled EVs (e.g. transgenic strain GFP-TET).

Because of the inherent challenges of working with nanoparticles and the great

increase of publications dealing with extracellular vesicles, the International Society for

Extracellular Vesicles (ISEV) created a first guideline of minimal information for studies of

extracellular vesicles in 2014 (MISEV) (Lötvall et al., 2014), which is regularly updated as

progress is made in the field (Théry et al., 2018; Witwer et al., 2021). The MISEV groups a

number of criteria and important controls which should be applied to EV studies in order to

conclude on EV cargoes or functions.

Diversity of cargoes and possible loading mechanisms

It is admitted that the physiological state of a cell influences EV release and this is

reflected in EV cargo composition (Colombo et al., 2014). Thus, unravelling EV content is

key to understanding their functions. However, as no protocol allows the perfect isolation of

one specific EV subtype, only heterogeneous populations are studied. Hence, composition

and cargo descriptions are not strict to an EV subtype.

The proteins involved in EV formation, such as the ESCRT complex and protein

partners or TET proteins, are expected and were found in EV proteomes. As these proteins

are enriched inside EVs and are specific to an EV subtype, they are used as biomarkers (van
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Niel et al., 2018). As previously mentioned, the TET protein CD63 is a marker of mammalian

exosomes, such as the A. thaliana Tetraspanin 8 (TET8) (Cai et al., 2018). Numerous studies

have assessed the human EV proteome and from their compilation several online databases

arose, such as ExoCarta, Vesiclepedia or EVpedia. In mammals, the loading of proteins into

EVs starts to be understood and is mediated by different pathways. Proteins undergoing

ubiquitination as a post-translational modification are recognised by ESCRT -0, -I and -II,

which possess ubiquitin binding domains and then loaded into exosomes (Frankel & Audhya,

2018; Schuh & Audhya, 2014). Ubiquitin-independent pathways are also reported and

involve ESCRT -III for example (Mir & Goettsch, 2020). In addition, the human TET CD63

has also been linked to ESCRT-independent sorting of proteins (van Niel et al., 2018),

showing a complex interplay. Less is known about fungi, however, Ascomycetes and

Basidiomycetes genomes, such as Colletotrichum lindemuthianum or B. cinerea, were shown

to code for three TET protein families (Lambou et al., 2008). Interestingly, in B. cinerea in

M. oryzae, the tetraspanin Pls1 gene is required for formation of the appressoria penetrating

structure, thus Pls1 is important for virulence (Gourgues et al., 2003). Nevertheless, none of

them has been identified as fungal EV markers yet.

The first evidence of nucleic acid presence in EVs and more precisely exosomes was

a major breakthrough in 2007. mRNA transported into mammalian exosomes was taken up in

the recipient cells and translated into protein, showing the RNA EV cargoes stay functional

(Valadi et al., 2007). Since then, several species of RNA have been identified in EVs from

different organisms, such as microRNAs (miRNAs), non-coding RNAs (ncRNAs), transfer

RNAs (tRNAs) and tRNA-derived sRNAs, ribosomal RNAs (rRNAs), but mainly focusing

on mammalian EVs (Janas et al., 2015). To date, diverse classes of sRNAs such as

miRNA-like RNAs, small nucleolar RNAs (sn/snoRNAs), mitochondrial tRNAs and mRNAs

have been observed in fungal EVs, showing a conserved mechanism for RNA transfer (Alves

et al., 2019; Kwon et al., 2021; Peres da Silva et al., 2015, 2019; Rayner et al., 2017).

Considering the fact that some RNA species are enriched inside EVs, it highly suggests a

non-random loading into EVs with a rather selective process, although some RNAs could be

loaded because of their cytosolic abundancy. While no mechanism for RNA loading and

sorting in fungal EVs has been discovered yet, it is also likely to occur via RNA-binding

proteins (RBP). Indeed, RBPs such as RNA helicases and annexins contribute to RNA

loading into plant EVs (He et al., 2021) and several RBPs were found in fungal EVs (Alves et
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al., 2019). Similarly, RBPs were found to be important for miRNA loading in mammalian

exosomes (Statello et al., 2018). RBPs could specifically bind to the RNAs via motif

recognition in the RNA sequence. In mammalian cells a “zipcode”-like sequence of 25 nt

targets mRNAs into MVs (Bolukbasi et al., 2012) and an EXOmotif targets miRNAs into

EVs (Mir & Goettsch, 2020). Moreover, similarly to protein post-translational modifications,

it is plausible that RNA modifications (e.g. uridylation or phosphorylation), or RNA

secondary structure, are a mechanism participating in RNA selective loading into EVs.

Lipids constituting the EV membrane also have their importance. In mammalian cells,

EV lipid composition varies from plasma membrane lipid composition, with certain types of

lipids enriched, as well as lipid-raft-associated proteins. All together they confer stability and

structural rigidity to EVs (Choi et al., 2013). Lipids are proposed to contribute in cargo

sorting and EV formation (Mir & Goettsch, 2020) and interestingly, lipid rafts have been

associated with protein and RNA sorting into mammalian exosomes (Lefebvre & Lécuyer,

2017). The lipid composition of fungal EVs is only poorly understood. In Cryptococcus

neoformans, virulence-associated glycosphingolipids were identified (Rodrigues et al., 2007),

analysis of Histoplasma capsulatum EVs revealed to contain many different lipids

(Albuquerque et al., 2008) and Paracoccidioides brasiliensis EVs contain 33 phospholipids

among other lipid types (Vallejo et al., 2012), altogether this indicates a complex lipidic

composition. Interestingly, EVs from H. capsulatum grown on different media showed

different lipid compositions (Cleare et al., 2020), illustrating how the environment can impact

EV composition.

Fungal extracellular vesicles and host-pathogen interactions

Following the great interest shown in mammalian EVs and more specifically in cancer

cells (Maas et al., 2017), fungal EVs have drawn scientists’ attention. Fungal EV secretion

has been proposed since the 70’s with microscopic observations of changes in membrane

architecture or the presence of particles in Aspergillus nidulans, C. neoformans, Candida

albicans and Schizosaccharomyces pombe (Rizzo, Rodrigues, et al., 2020). However, the first

direct characterisation of fungal EV was in 2007 in C. neoformans, the yeast-like pathogenic

fungus responsible for cryptococcosis in humans (lung disease) (Albuquerque et al., 2008;

Rizzo, Chaze, et al., 2020; Rodrigues et al., 2007). Following this, EVs have been identified
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in approximately twenty fungal species from yeast to filamentous fungi (Rizzo, Chaze, et al.,

2020). They have been later identified in H. capsulatum, the agent of histoplasmosis in

humans (lung disease) (Albuquerque et al., 2008), Malassezia sympodialis, the agent of

several skin diseases (Gehrmann et al., 2011), P. brasiliensis, the agent of

paracoccidioidomycosis (Vallejo et al., 2011), Cryptococcus gattii, another agent responsible

for cryptococcosis (Bielska et al., 2018), or Sporothrix brasiliensis responsible for

sporotrichosis in cats and humans (Ikeda et al., 2018), and many others. All these species are

yeast-like fungi or dimorphic fungi (i.e. existing in both yeast-like and mould forms) and are

causing diseases in humans, which explains the interest they spark.

Proteomic analyses of fungal EVs from these species which show a great molecular

diversity (e.g. enzymes, sterols, polysaccharides or pigments) suggest a role for fungal

virulence in interfering with the host immune response (Oliveira et al., 2013). Comparison of

fungal EV proteomic profiles shows the enrichment of certain sets of protein functions such

as cell wall biogenesis, plasma membrane, stress responses, transport, signalling and,

remarkably, pathogenesis (Bleackley et al., 2019). Remarkably, M. sympodialis EVs were

shown to have an immunobiological activity as they modulate host cell physiology, thanks to

allergen cargoes that induce a host immunity-related response (Gehrmann et al., 2011). One

well known example is C. neoformans EVs which are coated with a capsule mainly

composed of the glucuronoxylomannan (GXM) polysaccharide, which is essential for

virulence (Chang et al., 1996; Rodrigues et al., 2007). GXM is known to have

immunosuppressive and anti-phagocytic effects on its murine host (Feldmesser et al., 2000).

Concerning host-pathogen communication, fungal EVs are currently described as having two

actions on the host immune system: they either support the host infection or stimulate a host

immune response (Kwon et al., 2020). Interestingly, C. gattii vesicles mediate

pathogen-pathogen communication and facilitate a mechanism important for virulence called

division of labour (Bielska et al., 2018).

Regarding filamentous fungi, less knowledge is accumulated but similar

immuno-modulatory functions are to be expected (Bleackley et al., 2019). Nevertheless, EVs

have been described in filamentous phytopathogen fungi Alternaria infectoria (environmental

fungus but also an opportunistic human pathogen) (Silva et al., 2014), F. oxysporum f. sp.

Vasinfectum (cotton pathogen) (Bleackley et al., 2020), Z. tritici (wheat pathogen) (Hill &
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Solomon, 2020), Colletotrichum higginsianum (Brassicaceae pathogen) (Rutter et al., 2022),

Ustilago maydis (agent of the corn smut) (Kwon et al., 2021) and Penicillium digitatum

(citrus mould) (Costa et al., 2021). Analyses of EV proteomes from phytopathogens

belonging to the Fusarium spp. suggest the presence of phytotoxins and protein effectors

(Bleackley et al., 2020; Garcia-Ceron et al., 2021). Moreover, P. digitatum EVs as well were

found to carry a phytotoxic compound important for infection (Costa et al., 2021). In

addition, MVBs were observed by TEM at plant-pathogen interfaces, in G. orontii haustoria

(i.e. fungal structure penetrating the host plant cells and allowing feeding) when infecting A.

thaliana (Micali et al., 2011), in A. thaliana cells when infected by B. cinerea (Cai et al.,

2018), or in barley cells infected by Blumeria graminis f. sp hordei (An, Ehlers, et al., 2006;

An, Huckelhoven, et al., 2006), strengthening the idea of an EV-mediated cross-kingdom

communication in fungal-plant interactions.

Unfortunately, the knowledge on plant pathogenic fungal EVs remains poor.

However, EVs have already been proposed to be important for plant-pathogen interactions, as

bacterial and plant EVs were characterised in different species (Boevink, 2017). Several

gram-negative bacterial pathogens such as Xanthomonas campestris pv campestris, Xylella

fastidiosa, or Pseudomonas syringae were shown to produce EVs (then called OMVs, for

outer membrane vesicles) in planta during infection, strongly suggesting a role in

cross-kingdom interactions between the host and the pathogen (Rybak & Robatzek, 2019).

Moreover, some of these OMVs were shown to contain cargoes such as secreted virulence

factors and to have immuno-modulatory effects on the plant host.

Cross-kingdom communication via EVs seems bidirectional, as plant EVs were

demonstrated to be released too. In 2009, and for the first time, plant EVs were isolated from

sunflower seeds (Regente et al., 2009) and these EVs are enriched with the lectin protein, a

case of non-classical secretion to plant apoplast (Pinedo et al., 2012). Further study on

sunflower EVs shows their capacity to be taken up by the fungal pathogen S. sclerotiorum

and to inhibit fungal growth, illustrating an inter-species communication during

host-pathogen interaction (Regente et al., 2017). During Phytophthora capsici infection, A.

thaliana also sends secondary siRNAs to the pathogen, inside EVs, to potentially silence

transcripts and confer resistance (Hou et al., 2019). A. thaliana EVs (AtEVs) isolated from P.

syringae-infected plants were shown to contain antimicrobial proteins and are marked by the
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penetration 1 (PEN1) protein, a t-SNARE protein mediating the fusion and secretion of

vesicles at the pathogen penetration site (Rutter & Innes, 2017). On the other hand, B.

cinerea-infected A. thaliana plants secrete TET8-marked EVs (Cai et al., 2018), drawing a

parallel with the mammalian CD63 used as biomarkers (van Niel et al., 2018) and suggesting

that TET8-EVs are exosomes. Plant scientists are currently divided on which marker

represents which class of EVs and which methods and controls are the best for “proper” EV

studies (Rutter & Innes, 2020). There is without a doubt room for improvement considering

the challenges associated with EV studies and the lack of optimised tools for non-mammalian

systems, as the fungal EV field is still in its infancy.

EVs are now under the spotlight in ckRNAi such as plant-pathogen interactions, as

they were proven to transport virulence effectors and RNAs (Kwon et al., 2020; Samuel et

al., 2015; U. Stotz et al., 2022). Fungal and plant EVs contain different species of RNAs,

from mRNAs to tiny RNAs which are proposed to mediate plant-pathogen communication

(Alves et al., 2019; Baldrich et al., 2019; Kwon et al., 2021; Peres da Silva et al., 2015;

Rayner et al., 2017).
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Aims of the thesis
The fungal pathogen B. cinerea is the causative agent of the grey mould disease which

touches more than 1400 plant species, including important crops. During infection, B. cinerea

small RNAs (BcsRNAs) are sent to the host plant cells, where they hijack the plant RNAi

pathway and silence plant immunity genes, a strategy named cross-kingdom RNAi.

Interestingly, a large amount of BcsRNAs are originating from LTR retrotransposons.

Previous studies found that B. cinerea strains either carry or lack LTR

retrotransposons and suggested an impact on disease severity. Therefore, in the first part of

my thesis, we aimed to investigate in depth the relationship between B. cinerea

aggressiveness and LTR retrotransposons (Fig. 6). To explore this, we used 6 B. cinerea wt

field isolates, carrying or lacking such elements. With pathogen assays and sRNAseq we

aimed to identify a correlation between aggressiveness, BcsRNA production, and the

presence/absence of LTR retrotransposons. Moreover, we wanted to clarify if some isolates

are really lacking LTR retrotransposons. Last, we inserted a LTR retrotransposon into a strain

devoid of any. What is the impact on aggressiveness and to which extent does ckRNAi

contribute to pathogenicity? Does it restore the production of derived BcsRNAs? Do they

successfully achieve ckRNAi and what are the consequences on the host plant transcriptome?

One major question arising from ckRNAi is the transport of such sRNA effectors

from one organism to the other. As they transport diverse cargoes in an inter-organismal

manner, extracellular vesicles (EVs) have attracted our attention. However, the fungal EV

field is still in its infancy and whether B. cinerea secretes EVs was never studied. Thus, the

second aim of my thesis was to investigate if B. cinerea EVs (BcEVs) are the means of

transport of BcsRNAs (Fig. 6). Our very first goal was to optimise a protocol for BcEV

isolation. Does B. cinerea release BcEVs and what are their characteristics? If yes, can LTR

retrotransposon-derived BcsRNAs be found inside BcEVs? What other sRNAs are present?

To answer these questions, we performed nuclease protection assays combined with

sRNAseq analysis. Last, do BcEVs carry immuno-modulatory functions? Do they trigger a

response when applied to host plants?

Altogether, we aimed to better understand mechanisms surrounding ckRNAi, from the

origin of BcsRNAs to their transport, in order to dissect one of B. cinerea’s most fascinating

virulence strategies.
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Figure 6: Schematic representation of the RNA mediated cross-kingdom communication
between B. cinerea and A. thaliana, highlighting the two central questions of my doctoral thesis.
During infection, both B. cinerea and A. thaliana use ckRNAi either as an attack or a defence strategy,
respectively. ckRNAi relies on the action of sRNAs into the other organism’s cells where they target
and silence mRNAs in the recipient cells (Cai et al., 2018; Weiberg et al., 2013). BcsRNAs were
shown to be processed by Dicer 1 and 2 proteins before entering the plant cells where they hijack the
plant RNAi pathway by binding to the plant AGO1. AtsRNAs were shown to be transported to B.
cinerea cells into exosomes, a type of EVs. A large proportion of BcsRNAs are expressed from LTR
retrotransposons (named LTR r. in the scheme). The two axes explored during my thesis are
represented by the red question marks. 1. However, the importance of such elements for B. cinerea
virulence remained unclear, and exploring this was the first goal of my doctoral studies. 2. Moreover,
the mechanism by which BcsRNAs are shuttled to A. thaliana cells remains unknown, and
understanding this was one goal of my doctoral studies. We hypothesised a transport via EVs.
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Results

LTR retrotransposons as novel pathogenicity factors for B. cinerea

The first part of my dissertation is based on work accomplished by Dr. Antoine

Porquier and myself, which resulted in a publication where we share the first author position:

“Retrotransposons as pathogenicity factors of the plant pathogenic fungus Botrytis

cinerea” published in Genome Biology (part of Springer Nature) the August 16th, 2021

(Porquier et al., 2021). The article is licensed under a Creative Commons Attribution 4.0

International licence. A copy of this licence is available here:

http://creativecommons.org/licenses/by/4.0/. Only a selection of the article results are

presented here and the figures are either used in their original form or slightly modified.

B. cinerea wild-type strains carrying LTR retrotransposons are more aggressive

LTR retrotransposons belong to the class I of transposable elements, which are

classified in two superfamilies called Gypsy and Copia. B. cinerea is no exception and a

previous study identified 83 full-length copies of LTR retrotransposons, themselves classified

into 9 consensus classes (Fig. 7), in the reference strain B05.10 (Porquier et al., 2016).

Full-length copies of LTR retrotransposons (of several kb long) contain the two full LTR

flanking regions, with the central core region coding for genes essential for the element’s

transposition. We observe the presence of the Gag gene coding for the proteins that will form

the virus-like particles (VLPs) in which the retrotransposon is reverse-transcribed before

integration, and the presence of domains coded into the Pol coding sequence, such as reverse

transcriptase, ribonuclease H (RNase H), retropepsin-like aspartate protease, and integrase

(IN). The 9 consensus sequences were defined based on their sequence similarities to

characterised eukaryotic transposons (Porquier et al., 2016). Interestingly, 7 of the 9

consensus classes carry an additional ORF coded in antisense (Fig. 7).
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Figure 7: Conserved domains of LTR retrotransposons in B05.10 representing the nine
consensus classes.
All nine consensus classes of LTR retrotransposons obtained from Porquier et al., 2016 are
represented with their conserved domains and additional ORFs. To note, the consensus P26.1
additional ORF was previously characterised (Zhao et al., 2011) but was not found by our analysis,
however we predicted another putative additional ORF, represented by the dashed arrow.

Based on this published LTR retrotransposon collection consisting of the 83

full-length copies, we performed a phylogenetic analysis, and identified six subfamilies,

which we named BcGypsy1 to 4 and BcCopia1 to 2 (Fig. 8). The phylogenetic tree was

constructed based on sequence alignments, using the neighbour joining method and

Jukes-Cantor nucleotide distance, and a Bootstrap analysis was run with 500 replicates.

Figure 8: LTR retrotransposons are classified in six subfamilies.
Phylogenetic analysis of the 83 known LTR retrotransposon copies led to the identification of six
subfamilies, BcGypsy1-4, BcCopia1-2, in the strain B05.10.
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Using previously published sRNAseq data (raw data available at: NCBI GEO:

GSE45323, GSE45321) from B. cinerea-infected Solanum lycopersicum (tomato) and

infected A. thaliana plants (Weiberg et al., 2013), we found that LTR retrotransposon-derived

BcsRNAs were produced in great majority by BcGypsy1, BcGypsy3 and BcGypsy4 (Fig. 9a

and 9b). Remarkably, during both infection of A. thaliana and S. lycopersicum plants,

BcGypsy3-derived BcsRNAs represented more than 80 % of the reads and the peak of

abundance was at an early infection time point (between 24 to 72 hours post-infection)

(Fig. 9a and 9c).

Figure 9: The majority of LTR retrotransposon-derived BcsRNAs produced during early
infection derive from BcGypsy1 and BcGypsy3 elements.
a) LTR retrotransposon-derived BcsRNA abundance of the six subfamilies (BcGypsy1-4, BcCopia1-2)
at different time points of S. lycopersicum or A. thaliana host plant infection. b) Copy number,
nucleotide count, and mapped BcsRNAs of the six LTR retrotransposon subfamilies BcGypsy1-4,
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BcCopia1-2. c) BcsRNA maps at the BcGypsy1/BcGypsy3 locus at different time points of A. thaliana
or S. lycopersicum host plant infection. Bars above line represent sense and below line antisense
reads. The raw data are available at NCBI GEO: GSE45323, GSE45321.

Noticeably, mapping of BcsRNAs on a genomic locus having both BcGypsy1 and

BcGypsy3 in vicinity showed that the BcsRNAs are mainly produced by the element central

coding region rather than the LTR flanking regions themselves (Fig. 9c). All these

observations are in line with LTR retrotransposon-derived BcsRNA mediated ckRNAi

importance for establishing B. cinerea early infection by downregulating the host immune

defence (Veloso & van Kan, 2018, Weiberg et al., 2013). In other words, LTR

retrotransposons might be important for pathogenicity.

In this study, we used a collection of 6 different wt strains (named: D08_H24,

D13_TS, D14_KF, N11_KW, B05.10 and D13_TF), which were isolated on different host

plants and at different geographical origins (Table 1).

Strain ID Acronym Host plant origin Geographical origin

B05.10 B05.10 Grapevine Italy

N11_K_W14 N11_KW Grapevine Norway

D13_T_F_Nb-16 D13_TF Strawberry Germany

D14_K_F_Na-2 D14_KF Strawberry Germany

D13_T_S_Nb-7 D13_TS Strawberry Germany

D08_H_8_04 D08_H24 Strawberry Germany

Table 1: The six B. cinerea wt isolates were collected from different plant hosts and geographical
origins.

All 6 isolates were grown on nutrient-rich media (e.g. with malt extract) and no

phenotypic differences were observed, with the exception of the D13_TF isolate, which grew

faster (Fig. 10a) and did not develop sclerotia, the structure responsible for survival in

unfavourable periods and the maternal parent for the sexual reproduction cycle, when grown

in the dark (data not shown). By designing primers binding to the 6 LTR retrotransposon

subfamilies we defined, we performed a genotyping PCR informing us on the presence or
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absence of such elements in all 6 B. cinerea strains. Strikingly, 3 strains (B05.10, D13_TF

and N11_KW) showed the presence of all six LTR retrotransposon subfamilies while the 3

other strains (D08_H24, D13_TS and D14_KF) were negatively tested for all six subfamilies

(Fig. 10b). This result allowed the separation of these 6 B. cinerea wt strains into two groups,

depending on the presence or absence of LTR retrotransposons.

Figure 10: B. cinerea wt isolates separate in two groups depending on the presence or absence of
LTR retrotransposons.
a) Growth phenotypes of the six B. cinerea strains. Scale bars indicate 20 mm. b) Genotyping PCR of
the six LTR retrotransposon subfamilies in the six B. cinerea strains.

To assess the role of LTR retrotransposons for virulence, we performed pathogen

assays on detached S. lycopersicum leaves by drop inoculation of B. cinerea conidium

suspensions, coming from the 6 different wt strains. This was performed on S. lycopersicum

plants as this host was shown to be responsive to LTR retrotransposon-derived BcsRNAs,

thus relevant for this assay (Weiberg et al., 2013). 24 hours post-inoculation, leaf discs were

collected around the lesions and stained with Trypan Blue, allowing the visualisation of the

primary lesion formation (staining of apoptotic cells and of B. cinerea mycelium). The 3 LTR

retrotransposon-negative strains showed weaker primary lesions than the 3 LTR

retrotransposons-positive strains (Fig. 11a). In accordance with this, the lesion area

quantification after 48 hours showed similar results. Indeed, the 3 strains lacking LTR

retrotransposons were significantly less aggressive than the 3 strains carrying LTR

retrotransposons (Fig. 11b). With this, we identified a positive relationship between B.

cinerea aggressiveness and the presence of LTR retrotransposons.
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Figure 11: B. cinerea wt isolates carrying LTR retrotransposons are more aggressive.
a) Pathogenicity assay of the six B. cinerea strains on S. lycopersicum leaves quantifying microlesion
area by Trypan Blue staining at 24 hpi. Microlesions in Trypan Blue images were quantified in eight
leaf discs per strain as relative grey scale (rel. counts) in relation to the total leaf disc. Scale bars in
leaf disc images indicate 1 mm, and 100 μm in higher magnification images. b) Pathogenicity assay
of the six B. cinerea strains on S. lycopersicum leaves indicating lesion area of > 20 infection sites at
48 hpi. Scale bar indicates 1 cm. For b) infection experiments were repeated three times with similar
results. In a) and b) a significant difference is indicated by letters and was tested by one-way ANOVA
using Tukey HSD test with p < 0.05.

Most aggressive B. cinerea strains produce large amounts of LTR transposon-derived

BcsRNAs

As we found a positive correlation between aggressiveness and LTR

retrotransposon-derived BcsRNAs, we aimed to better understand it by looking at sRNA

levels. Thus, we sequenced the sRNAs of all 6 wt strains, from mycelium growing in axenic

cultures. By comparing the mapping of the 6 sRNA profiles, we highlighted that only the 3

most aggressive strains produced relatively abundant amounts of transposon-derived

BcsRNAs (Fig 12a). Quantification of different sRNA classes, after filtration of rRNAs,

which were the most abundant type of sRNAs, showed that the 3 most aggressive strains

produced higher amounts of BcsRNAs derived from all LTR retrotransposons (between 2.0 %

and 16.0 %) than the 3 less aggressive strains (between 0.03 % and 0.1 %) (Fig. 12b).
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Remarkably, the great majority (> 99.4 % in the most aggressive strain) of

transposon-derived BcsRNAs mapped to LTR retrotransposons (Table 2), thus DNA

transposon-derived BcsRNAs were only in minor proportion.

strain ID raw reads
mapped to
B. cinerea

LTR
retrotransp
oson TIR MITE others rRNA tRNA snoRNA mRNA

B05.10 35019101 28297807 1567425 1728 193 6774 18451665 2455545 1211362 1370252

D08_H24 34354403 7837357 1167 8 118 251 4500870 647822 577125 612682

D13_TF 33309078 27958988 212398 143 20 596 17281638 6376382 296112 987626

D13_TS 73013067 56132095 21534 53 302 1593 37683927 5694422 1696385 3753954

D14_KF 33245869 24055355 2193 0 155 1344 13222189 2042417 765340 4340108

N11_KW 42575595 33352275 1197000 400 34 6252 21583999 4926181 383479 2480260

Table 2: Number of reads mapping to B. cinerea reference genome, to different retrotransposon
subfamilies or to different sRNA species, in the sRNAseq performed on the 6 different isolates.

Size profiles of all BcsRNAs from the 6 wt strains showed a preference for

21-to-22 nt-long sRNAs (Fig. 12c), and LTR retrotransposon-derived BcsRNAs only coming

from the 3 most aggressive strains showed the same preference as well, accompanied by a 5’

first nucleotide base bias for Uracil (Fig. 12d). Those two features are typical of plant

endogenous sRNAs which associate with AGO1 (Mi et al., 2008). This is in line with

BcsRNAs hijacking the plant RNAi pathway in order to induce ckRNAi. sRNA analysis

indicates that the less aggressive strains are not producing significant amounts of LTR

retrotransposon-derived BcsRNAs, strengthening the relationship between LTR

retrotransposons and pathogenicity. It is interesting to note that the strain D13_TF, while

having the biggest lesion sizes with the pathogen assay (Fig. 11b), did not show the largest

amount of LTR retrotransposon-derived BcsRNAs (Fig. 12d). Hence, D13_TF enhanced

aggressiveness could simply be due to its faster growth (Fig. 10a).
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Figure 12: Comparative sRNAseq analysis of the six B. cinerea wt isolates reveals either the
expression or the absence of LTR retrotransposon-derived BcsRNAs.
a) Genome-wide BcsRNA maps of the six B. cinerea strains, coverage represented as log(RPM).
b) Relative composition of BcsRNAs mapping to distinct genomic loci with numbers giving the
relative percentage. c) Size profiles of total BcsRNAs in the six B. cinerea strains. d) Sizes profiles
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and 5′ first nucleotide distribution of LTR retrotransposon BcsRNAs in the six B. cinerea strains; in c)
and d) reads per million (RPM).

Less aggressive B. cinerea strains solely carry mutated and silenced versions of LTR

retrotransposons

In order to confirm the fact that 3 strains are devoid of LTR retrotransposons,

according to our genotyping PCR (Fig. 10b), we re-sequenced the genomes of D08_H24 and

D14_KF, two of the least aggressive isolates. Using hybrid Nanopore long-read in

combination with Illumina short-read sequencing techniques, followed by pairwise genome

alignment and synteny analysis with the published B05.10 genome, we obtained nearly

gapless genomes as shown by the whole genome chromosomal alignment analysis on B05.10

reference genome (Fig. 13a) (van Kan et al., 2017). Using the REPET pipeline, a tool to

analyse repeats in genomes (Flutre et al., 2011), we identified only 1 Copia element, for

which D08_H24 carried 14 full-length copies and D14_KF carried 10. No Gypsy element

was identified. To complete the analysis, we performed BlastN searches in the two newly

sequenced genomes and the genome of the reference B05.10. We used REPET-annotated

full-length copies found in B05.10 as queries and allowed a minimum alignment length of

400 nt, thus allowing the finding of shorter (i.e. truncated) copies. With this method we

identified several truncated Copia and Gypsy elements, in all 3 analysed genomes. From

these analyses we found that D08_H24 and D14_KF do carry LTR retrotransposons, but less

elements and more truncated elements in comparison to B05.10 (Fig. 13b and 13c).

When comparing the CG % of full-length LTR retrotransposons between these 3

strains, we found that all full-length elements from D08_H24 and D14_KF have a low GC

content, around 20 %. In opposition, B05.10 full-length elements segregate in two groups,

one with a low GC % as well (< 30 %) and one group with a high % (> 40 %) (Fig. 13d).

Low GC content in transposons can be the sign of repeat-induced point mutation (RIP), a

fungal defence mechanism by which C bases are mutated into T within duplicated sequences,

solely taking place during the sexual reproduction cycle (Gladyshev, 2017; van den Berg &

Maruthachalam, 2015). If RIP identifies and targets two identical copies of one LTR

retrotransposon (= duplicated sequences), it mutates both elements on their full-length,

meaning from one LTR to the other, with the coding sequence in the middle. RIP occurring in

B. cinerea shows a preference of mutating CpA to TpA and mutating CpT to TpT (Amselem

- 44 -



et al., 2015), which alters the frequency of certain dinucleotides within the mutated

sequences.

Figure 13: Comparative genome analysis of LTR retrotransposons shows the existence of RIPed
and truncated copies.
a) Whole genome chromosomal alignment analysis. For b to e) Comparative analysis of LTR
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retrotransposons identified in the strains B05.10, D08_H24 and D14_KF, and differences in the level
of copy numbers, truncation, GC content (%), and the TA/AT dinucleotide ratio with threshold line
shown at 0.89. f) Correlation analysis between LTR retrotransposon BcsRNA read abundance and GC
content (%) or TA/AT dinucleotide ratio of the strain B05.10. r gives the Pearson correlation
coefficient.

Thus, to identify RIP’s occurrence within the LTR retrotransposon full-length copies,

we calculated TA/AT ratios, with high TA/AT ratio indicating a low GC content and therefore

RIP. While we found dispersed ratio values for B05.10, D08_H24 and D14_KF ratios were

all above 0.89, a threshold that indicates RIP (Hane & Oliver, 2008) (Fig. 13e). This is likely

to explain why no signal was detected on the genotyping PCR (Fig. 10b), as these strains

carry LTR retrotransposons but their full sequences were heavily mutated by RIP, thus the

primers we used could not bind the elements. The B05.10 isolate carries both intact

full-length copies of LTR retrotransposons and RIPed (full-length or truncated) elements and

interestingly, over the ten copies of BcGypsy3, only two are intact (data not shown).

Correlation analysis between the expression of LTR retrotransposon-derived BcsRNAs (from

BcGypsy1, 3 and 4, the most expressed ones) and the GC content was positive in B05.10

(Fig. 13f), which is in line with RIP leading to transcriptional silencing in fungi (Gladyshev,

2017). Still in B05.10, expression of LTR retrotransposon-derived BcsRNAs negatively

correlated with the TA/AT ratios (Fig. 13f). Altogether we showed that the less aggressive B.

cinerea strains do carry LTR retrotransposons but they all have a low GC content due to RIP

mutations and consequently do not express derived BcsRNAs.

The BcGypsy3 element enhances plant infection

To demonstrate our concept of LTR retrotransposons being important for a stronger

aggressiveness, we chose a transgenic approach and inserted a full-length GC-rich non-RIPed

LTR retrotransposon into a less aggressive strain. We cloned the BcGypys3 element from

B05.10, as it is the LTR retrotransposon producing the biggest amounts of BcsRNAs and

transformed it into D08_H24 as this strain does not carry any full-length BcGypsy3 elements.

We constructed different types of elements into a fungal expression vector containing a 4.98

kilobase BcGypys3 without the LTR flanking regions, as they do not encode for BcsRNAs

and are essential for reverse-transcription and thus transposition of the element, which we

wanted to avoid. We made two constructs of BcGypys3, under the control of constitutive

promoters, single-stranded BcGypys3 ssBcGypys3) and double-stranded BcGypys3
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(dsBcGypys3) which is supposed to enhance the production of sRNAs. We used an empty

vector as a negative control (EV #18) (Fig. 14a). All the elements were transformed into B.

cinerea D08_H24 following the homologous recombination method and transgenes were

inserted into the Nitrate reductase D (BcniaD) locus, known for B. cinerea transformation

without impacting its virulence (Schumacher, 2012). Additionally, dsBcGypys3 was also

randomly inserted in B. cinerea D08_H24 genome (randBcGypys3), instead of BcniaD. For

all, two or four individual transformants were collected, which showed similar growth on

nutrient-rich solid medium (Fig. 14b). A genotyping PCR was performed to control the

correct insertion of BcGypys3 transgene into the BcniaD locus (Fig. 14c).

Figure 14: Generation of BcGypsy3 transformants in the D08_H24 wt strain.
a) Cloning strategy for different BcGypsy3 transgene and empty vector (EV #18) control.
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b) Genotyping PCR of the integrated BcGypsy3 transgene into the BcniaD locus. M: 1 kb DNA
ladder. c) Morphological phenotypes of D08_H24 BcGypsy3 transformants.

We then assessed the level of expression of BcGypsy3 by RT-qPCR in all selected

transformants, targeted and randomly inserted (Fig. 15). Interestingly, a difference in

BcGypsy3 mRNA levels was observable between ssBcGypsy3 and dsBcGypsy3 constructs,

albeit non-significant. All transformants reached a BcGypsy3 mRNA level similar to the that

of B05.10, except for one randBcGypys3 transformant (#1) which had a threefold expression.

Figure 15: BcGypsy3 transformants express BcGypsy3 mRNA in similar or higher levels than
B05.10.
BcGypsy3 mRNA expression in single strand ssBcGypsy3 (#4, #49, #50, #51), double strand
dsBcGypsy3 (#5, #6, #56, #57) or empty vector (EV #18) transformants with the BcGypsy3 transgene
inserted in the BcniaD locus of D08_H24. Further, randomly inserted ssBcGypsy3 (randBcGypsy3)
transformants #1, #3 into the D08_H24 genome, as well as the wild-type strains D08_H24 and B05.10
are shown. Data points represent three biological replicates. A significant difference as indicated by
letters was tested by one-way ANOVA using Tukey HSD test with p < 0.05.

To estimate the impact of BcGypsy3 transgene on aggressiveness, we performed

pathogen assays on detached S. lycopersicum leaves by drop inoculation of conidium

suspensions. Two out of four independent transformants of ssBcGypys3 showed significantly

bigger lesion sizes than the empty vector negative control (EV #18), while all four

independent transformants of dsBcGypys3 showed significantly bigger lesion sizes than the

empty vector (Fig. 16a and b). This could be explained by the higher expression of BcGypsy3

in the dsBcGypys3 transformants (Fig. 15). Concerning BcGypsy3 random insertion
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transformants, #1 which had a high level of BcGypsy3 mRNA (Fig. 15) showed bigger lesion

sizes than the wt strain D08_H24, a less aggressive strain (Fig. 16c); however, #3 showed

similar lesion sizes than D08_H24 probably due to the low level of BcGypsy3 mRNA

(Fig. 15). Interestingly, there seemed to be a correlation between the BcGypsy3 mRNA level

and (Fig. 15) and the lesion size (Fig. 16b).

Figure 16: BcGypsy3 transformants show enhanced aggressiveness compared to D08_H24.
a) Pathogenicity assay with dropped spore suspension of BcGypsy3 transformants on S. lycopersicum
leaves quantifying lesion area of > 20 infection sites at 48 hpi. A significant difference as indicated by
letters was tested by one-way ANOVA using Tukey HSD test with p < 0.05. b) Replication of S.
lycopersicum leaf pathogenicity assay with dropped spore suspension of BcGypsy3 transformants and
B. cinerea D08_H24 and B05.10 wt strains. Lesion areas of > 20 infection sites were quantified at 48
hpi. A significant difference as indicated by letters was tested by one-way ANOVA using Tukey HSD
test with p < 0.05. c) Pathogenicity assay with agar plugs of randBcGypsy3 transformants on S.
lycopersicum leaves quantifying lesion area of minimum 8 infection sites at 48 hpi. Significant
difference was tested by a two-sided Student’s t test. For all, similar results were obtained in two
independent infection experiments.
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To rule out any importance of the LTRs in this mechanism and more precisely in the

expression of BcGypsy3 mRNA, we cloned the 258 bp of the 5’ LTR flanking region and

used it instead of the constitutive promoter we used before, in one new dsBcGypys3 construct

and transformed it into the BcniaD locus of D08_H24 (Fig. 17a). Indeed, 5’LTRs are

responsible for the transcription regulation of the retrotransposons as they contain the

promoter (Havecker et al., 2004). We selected two individual transformants (5’LTRBcGypsy3

#2 and #3), controlled the transgene insertions via genotyping PCR (Fig. 17b) and their

growth on rich solid medium (Fig. 17c).

Figure 17: Generation of 5’LTR BcGypsy3 transformants in the D08_H24 strain.
a) Cloning strategy for 5`LTRBcGypsy3 transgene. b) Genotyping PCR of the integrated 5`LTR
BcGypsy3 transgene into the BcniaD locus. M: 1 kb DNA ladder. c) Morphological phenotypes of
D08_H24 5` LTR BcGypsy3 transformants.

We then assessed the level of BcGypsy3 mRNA by RT-qPCR, which did not reach the

level of BcGypsy3 mRNA in B05.10 (Fig. 18a). For both transformants, we obtained bigger

lesion sizes than the ones induced by the empty vector control (EV #18) (Fig. 18b).
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Figure 18: 5’LTR BcGypsy3 transformants show enhanced aggressiveness compared to
D08_H24.
a) BcGypsy3 RNA expression in 5` LTR BcGypsy3 (#2, #3). Data points represent three biological
replicates. Significant difference as indicated by letters was tested by one-way ANOVA using Tukey
HSD test with p < 0.05. d) Pathogenicity assay with dropped spore suspension of 5` LTR BcGypsy3
transformants or EV transformant (EV #18) on S. lycopersicum leaves quantifying lesion area of > 50
infection sites at 48 hpi. Significant difference as indicated by letters was tested by one-way ANOVA
using Tukey HSD test with p < 0.01.

All BcGypsy3 transgenic strains showed enhanced aggressiveness compared to the

negative control (EV #18) or D08_H24. Taken altogether, these results indicate a possible

positive relationship between the level of BcGypsy3 mRNA and the aggressiveness reflected

by the lesion sizes.

To conclude on this hypothesis, we performed a sRNAseq analysis on one

ssBcGypys3 transformant (#51), one dsBcGypys3 transformant (#56), one random insertion

BcGypys3 transformant (#1) and the empty vector control (EV #18). In accordance with the

RT-qPCR (Fig. 15), BcGypys3-derived BcsRNAs were slightly more abundant in

dsBcGypys3 transformants than ssBcGypys3 transformants (Fig. 19). Interestingly,

BcGypsy3-derived BcsRNA levels in dsBcGypys3 transformants did not reach the level of

the wt B05.10 even if their BcGypys3 mRNA levels were similar (Fig. 15 and 19). Moreover,

sRNAseq analysis revealed that BcGypys3-derived BcsRNAs expression in the random

insertion BcGypys3 transformant (#1) was 10 times higher than in the other transformants

where the BcniaD locus was used (Fig. 19). Moreover, this was consistent with the RT-qPCR

where BcGypys3 transformant (#1) showed the higher BcGypys3 mRNA level (Fig. 15).
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Overall, all BcGypys3 transformants showed enhanced BcGypys3 derived BcsRNA

production accompanied by enhanced aggressiveness, clearly supporting the role of

pathogenicity factor of this LTR retrotransposon.

Figure 19: Insertions of BcGypsy3 transgenic constructs result in expression of derived
BcsRNAs.
sRNAseq analysis at the BcGypsy3 transgene locus representing ssBcGypsy3 (transformant #51),
dsBcGypsy3 (transformant #56), randBcGypsy3 (transformant #1), or empty vector (transformant EV
#18), with blue bars indicating sense and red bars indicating antisense reads. The table shows
normalised read counts (RPM) of BcGypsy3 BcsRNAs.

The main action of BcsRNA effectors is to hijack the plant RNAi pathway and target

plant genes to silence them (Weiberg et al., 2013), and inserting BcGypys3 into a less

aggressive strain induced enhanced aggressiveness, supposedly via the action of

BcGypys3-derived BcsRNAs. To explore this, we chose to use the random insertion

BcGypys3 transformant (#1) (also named randBcGypsy3 #1) and first assessed the expression

of 3 previously characterised BcsRNAs (BcsiR3.1, BcsiR3.2 and BcsiR20) (Weiberg et al.,

2013), all produced from BcGypys3, by stem-loop RT-PCR (Varkonyi-Gasic et al., 2007). All

three were indeed expressed in randBcGypsy3 #1 in comparison to the wt strain D08_H24

which does not carry anyGC-rich and intact (i.e. active) BcGypys3 copies (Fig. 20a).
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Figure 20: BcGypsy3 transgene insertion leads to downregulation of the S. lycopersicum target
mRNAs.
a) Stem-loop RT-PCR showed BcsRNA3.1, BcsRNA3.2 and BcsRNA20 expression in the
randBcGypsy3 #1. BcGypsy3 mRNA expression and BcTub were used as controls. b) qRT-PCR of S.
lycopersicum target mRNA expression after water treatment (mock), infection with D08_H24 wt or
randBcGypsy3 #1. Each data point represents a biological replicate.

The mRNA levels of the 3 known targets, in S. lycopersicum (Weiberg et al., 2013), of

these BcsRNA effectors were measured by RT-qPCR under infection with either

randBcGypsy3 #1, D08_H24 and compared to a mock treatment (Fig. 20b). The first target is

Mitogen-activated protein kinase kinase kinase 4 (SlMAPKKK4) mRNA. MAPKs are

molecules involved in signalling cascades important for numerous processes, including

immunity. In plants, MAPK cascades mediate signals received by membrane receptors, such

as PAMPs binding PRRs, to downstream components to conduct responses, such as

triggering PTI (Bigeard et al., 2015). MAPK signalling is important for PTI induction but

might also be involved in the interplay between PTI and ETI (Thulasi Devendrakumar et al.,

2018). The second target is the Class E vacuolar protein-sorting machinery protein hse1

(Slhse1) (gene accession: Solyc09g014790) mRNA. HSE1 protein is part of the ESCRT-0

complex and is involved in the recruitment of the ESCRT-I complex to the outer membrane

of the MVBs and is the receptor responsible for ubiquitination-mediated cargo sorting into

the MVBs (Schmidt & Teis, 2012). Thus, silencing of Slhse1 would impact the MVBs and

EV trafficking. As EVs are involved in plant defence against pathogens (Rutter & Innes,

2018), they seem like a relevant target for B. cinerea. Remarkably, one identified A. thaliana

sRNA achieving ckRNAi in B. cinerea targets a vacuolar protein sorting involved in vesicular

trafficking as well (Cai et al., 2018). The third target is the Basic helix-loop-helix (Bhlh)63

transcription factor (gene accession: Solyc03g120530) mRNA. Except its most probable role

in transcription regulation, nothing is known on this particular transcription factor, although

we can speculate a possible role in plant immune response. All three targeted mRNAs
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showed downregulation under randBcGypsy3 #1 infection compared to wt D09_H24

infection (Fig. 20b).

Similarly, the mRNA levels of the known targets of BcsRNA3.1 and BcsRNA3.2, in

A. thaliana were measured by RT-qPCR under either randBcGypsy3 #1 or D08_H24

infections and compared to a mock treatment. In A. thaliana, BcsRNA3.2 targets both

Mitogen-activated protein kinase 1 (AtMPK1) and Mitogen-activated protein kinase 2

(AtMPK2). Like previously, MAPKs are involved in the signalling pathway of PTI, thus in

the immune response. AtMPK1 mRNA level showed a significant downregulation, and

AtMPK2 showed a tendency to decrease, upon randBcGypsy3 #1 infection compared to

D08_H24 infection (Fig. 21).

Figure 21: BcGypsy3 insertion leads to the downregulation of target mRNAs, but not of control
non-targeted mRNAs, A. thaliana plants.
qRT-PCR analysis of A. thaliana target mRNAs after no-infection (mock) or after infection with
D08_H24 wt or randBcGypsy3 #1. AtPDF1.2 and AtPR1 were used as B. cinerea-inducible genes in
A. thaliana and these genes were not predicted targets of BcsRNAs. Each data point represents a
biological replicate.

BcsRNA3.2 targets an oxidative stress-related gene, peroxiredoxin (AtPRXIIF), which

is crucial in regulating the redox homeostasis and root growth of A. thaliana under stress
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(Finkemeier et al., 2005). Comparable to AtMPK2, AtPRXIIF only showed a slight tendency

under randBcGypsy3 #1 infection compared to D08_H24 infection (Fig. 21). As a control,

two A. thaliana genes involved in pathogen response, but which are not targeted by

BcGypsy3-derived BcsRNAs, were measured as well by RT-qPCR. AtPlant Defensin

(AtPDF1.2) and AtPathogenesis-related protein (AtPR1) did not shown any downregulation

in randBcGypsy3 #1 compared to D08_H24 infection (Fig. 21). The silencing of the plant

targets supports our model and illustrates how BcGypys3-derived BcsRNAs can manipulate

the host.

To gather additional knowledge on the impact of BcGypys3 on the host plant mRNA

transcriptome, we infected A. thaliana plants with either randBcGypsy3 #1 or D08_H24

(Fig. 22a) and performed an RNAseq followed by a differential gene expression analysis.

With a false discovery rate (FDR) cut-off at 0.05, it appeared only a few genes were

identified as differentially expressed, 7 genes were up- and 8 genes were downregulated

under randBcGypsy3 #1 infection compared to D08_H24 infection (Fig. 22b). Two genes

involved in auxin signalling were downregulated, the Small auxin upregulated RNA 78 and

the Catalase (AtCAT2). It was shown in other studies that A. thaliana susceptibility to B.

cinerea is increased with repression to auxin signalling (Llorente et al., 2008), which is in

line with our finding. Moreover, the cysteine protease Response to dehydration 21 was also

downregulated, and together with (AtCAT2) they both are known resistance factors of A.

thaliana against B. cinerea infection (Shindo et al., 2012; Yuan et al., 2017). On the other

hand, upregulated genes related to stress response comprised: the transcriptional repressor

Jasmonate-Zim-Domain (JAZ)5 which is a negative regulator of A. thaliana’s defence against

B. cinerea (Jiang & Yu, 2016) and the transcriptional repressor and NF-X-LIKE 1 which is a

negative regulator of defence against fungal toxins (Asano et al., 2007, 2008). Down and

upregulations of such genes are beneficial for B. cinerea infection and are a consequence of

BcGypys3 transgene, thus showing its importance for manipulating the plant host gene

expression, presumably by cross-kingdom RNAi.
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Figure 22: BcGypsy3 transgene induces a modulation of the host plant transcriptome.
a) Scheme of the RNAseq experiment, with infecting A. thaliana either with D08_H24 wt or
randBcGypsy3 #1 comprising 12 biological replicates for each treatment. b) Heat map showing
differentially expressed A. thaliana genes comparing infection with D08_H24 wt or randBcGypsy3
#1.

Altogether, in this study we could show that LTR retrotransposons are playing the role

of pathogenicity factors in the fungal phytopathogen B. cinerea and in particular, the

BcGypys3 element from which a large amount of BcsRNAs are expressed. These BcsRNA

effectors are translocated into the host plant cells to achieve ckRNAi and silence host plant

immunity-related genes. Naturally occurring B. cinerea strains carry only relics of LTR

retrotransposons mutated by the genome protection mechanisms RIP, and do not produce

BcsRNA effectors, hence are less aggressive. By inserting BcGypys3 into a less aggressive

strain we could restore the expression of BcsRNA effectors and enhance the aggressiveness.

- 56 -



Characterisation of B. cinerea extracellular vesicles

B. cinerea produces extracellular vesicles in axenic culture

For an early successful infection, B. cinerea relies on cross-kingdom RNAi (ckRNAi),

a strategy in which BcsRNAs are transported in the host plant cells and hijack the plant RNAi

pathway to silence the expression of plant mRNAs related to the immune response (Weiberg

et al., 2013). No mechanism for BcsRNA transport to the host cells has been identified and

we hypothesised that BcsRNAs are loaded and travel into B. cinerea EVs (BcEVs). Thus, the

first step was to optimise a method for BcEVs isolation, from the aggressive reference strain

B05.10 which carries GC-rich LTR retrotransposons, thus produces BcsRNAs deriving from

these elements. The most common and approachable method for EV isolation is differential

ultracentrifugation (DUC). It relies on the sequential sedimentation and separation of all

components present in a liquid culture. With this method each step increases the

centrifugation speed and filtration strength, eliminating sequentially mycelium, cell debris

and apoptotic bodies, and finally MVs (Li et al., 2017). In our protocol, the final

ultracentrifugation step was done at 100,000 g-force for 60 min (at 4 °C) and pelleted BcEVs.

This raw extract of BcEVs was washed in MES buffer with a last ultracentrifugation,

resulting in a sample we called crude BcEVs (Fig. 23a).

To investigate whether B. cinerea secretes BcEVs, we first performed DUC on in vitro

axenic liquid cultures. For this, conidia were inoculated into liquid media and cultivated for

several days until enough biomass was obtained and thus numerous BcEVs would be

produced and released in the culture supernatant. The first trials were made either with

nutrient-rich liquid media, alone or supplemented with plant extract, as it could enhance B.

cinerea growth and hypothetically enhance BcEV secretion. These generated highly thick and

viscous cultures, which made the DUC protocol extremely difficult to complete. Isolation

from this type of culture, performed until the protocol final steps, did not result in BcEV

containing samples (data not shown). All tested media are referenced in a table (Annexe 1).

Because no BcEVs could be isolated in these conditions, and because the cultures

were highly viscous, we hypothesised that this was due to the thick extracellular glucan

matrix that B. cinerea secretes, which would enclose BcEVs and thus prevent isolation. To

solve this we used a modified version of Czapek Dox minimal liquid media to decrease the
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C/N sources ratio, which is known to reduce the glucan matrix secretion (Leal et al., 1979;

Maas & Powelson, 1972; Pielken et al., 1990). These cultures were indeed less viscous,

therefore only this minimal liquid media was used for B. cinerea liquid culture. However, it is

important to note that not all liquid cultures could easily pass through all DUC protocol steps,

showing that B. cinerea still secreted some extracellular matrix. Overall, this method reached

a 60 to 70 % rate of success, revealing BcEV isolation to be challenging.

Figure 23: B. cinerea secretes BcEV nanoparticles in liquid cultures.
a) Schematic representation of BcEV differential ultracentrifugation (DUC) isolation protocol. BcEVs
were isolated from liquid culture supernatant which undergoes sequential steps of centrifugations with
increasing speeds, in order to get rid of mycelium, apoptotic bodies and microvesicles before pelleting
crude BcEV samples. b) Crude BcEV size profiles, measured with NTA, of 12 B05.10 B. cinerea
liquid culture biological replicates either in different panels or overlayed. Concentration and size
heterogeneity among samples were observed. c) Crude BcEVs isolated from B05.10-gfp strain, in two
biological replicates, showed a similar profile to crude BcEVs isolated from B05.10 wt. For b and c)
the graphical outputs do not represent the raw data but are smoothed following the locally weighted
least squares regression (“loess”) model.

Crude BcEVs were isolated from 12 independent axenic liquid cultures (of the B05.10

reference strain) and analysed by nanoparticle tracking analysis (NTA). The mean sizes

ranged from 133 to 200.5 nm in diameter and for all samples taken together, the median was

184 nm and a mean of 220.7 nm (Fig. 23b, Table 3). Even if all the peaks were centred on the
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same size (nm, x axis), heterogeneity could still be observed (Fig. 23b). BcEV concentrations

(particles per ml) seemed rather heterogeneous (Table 3), reflecting the variation of efficiency

among several BcEVs isolations, and were globally surprisingly low considering the quantity

of liquid culture from which they were isolated (700 to 1000 ml). For example, from one

C.neoformans EV isolation (cells resuspended in 10 ml), 20 to 50 more particles are

recovered (Rizzo et al., 2021). Culture conditions and EV concentrations of other fungal

species were collected from publications and are referenced in a table, for comparison

(Annexe 2). The rather poor BcEV yields showed again the challenging aspect of isolating

BcEVs.

Biological replicates Median size (nm) Mean size (nm) Concentration
(particles/ml)

1 177.5 204.8 4.23E+05

2 133 146 1.28E+06

3 177 235.6 3.99E+05

4 200.5 233.8 3.86E+05

5 191 211 3.66E+05

6 198 222 1.24E+06

7 200.5 258.3 5.18E+05

8 198 224.4 7.60E+05

9 184 237.7 1.15E+06

10 198 224.4 7.60E+05

11 178 190.3 6.18E+05

12 193 213.2 4.00E+05

Table 3: Sizes and concentrations of BcEVs from the 12 independent biological replicates
represented in Fig. 23b. Measurements were performed by NTA.

Experiments were conducted on two strains, either the aggressive B05.10 reference wt

strain, which carries GC-rich LTR retrotransposons, or the same strain but genetically

modified to encode for cytoplasmic GFP and the resistance cassette to hygromycin, which we

called B05.10-gfp strain. Both strains showed comparable phenotypes when grown on agar
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plates under light or darkness and in minimal medium liquid culture (data not shown). NTA

measurements of crude BcEVs isolated from the B05.10-gfp strain, in two biological

replicates, showed size profiles with an average median of 184 nm and an average mean of

207 nm (Fig. 23c). This shows that insertions of the Gfp coding gene and the antibiotic

resistance cassette did not impact the production and biogenesis of BcEVs; therefore, both

strains were used similarly to conduct the experiments.

Transmission electron microscopy (TEM) of negatively (with 1 % uranyl acetate)

stained crude BcEV samples (isolated from the B05.10-gfp strain) displayed spherical

structures similar to extracellular vesicles, which were not present in the growth medium

alone (Fig. 24a) showing they originated from B. cinerea. BcEV diameter measurements

manually performed with the software Fiji showed sizes mainly ranging from 25 nm to 91 nm

(Fig. 24b), with a median of 48.63 nm and mean of 50.46 nm. EVs, and more particularly

exosomes, are usually bigger than what we observed (Colombo et al., 2014). However,

negative staining for electron microscopy involves dehydration which causes shrinking of the

vesicles, potentially explaining the smaller size (Bachurski et al., 2019; Szatanek et al., 2017;

van Niel et al., 2018). To visualise BcEVs secretion from B. cinerea hyphae, we performed

scanning electron microscopy (SEM) of mycelium collected from axenic liquid cultures used

for vesicle isolation (B05.10 wt strain). The images showed spherical particles, of

approximately 150 to 200 nm in diameter, budding out of the hyphae resembling what would

be BcEVs (Fig. 24c). Interestingly, the first SEM attempt was revealed to be ineffective as

pictures displayed mycelium hidden by a “net” structure (data not shown), thus hiding

possible BcEVs as well. We believe these structures were in part the extracellular glucans

secreted by B. cinerea. This issue was solved by performing acetone dehydration with graded

baths during sample preparation.
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Figure 24: BcEVs are spherical and released from the hyphae.
a) TEM imaging of crude BcEVs isolated by DUC showed spherical nanoparticles, which are not
present in B. cinerea growth medium alone. b) Size profile of crude BcEVs manually measured from
TEM pictures, with a median size at 48.63 nm. c) SEM picture of B. cinerea hyphae growing in liquid
culture, displayed BcEVs, of approximately 150 to 200 nm, getting released in the extracellular space.

BcEVs isolated from axenic cultures co-purify with BcsRNAs

To determine if BcsRNA effectors, actors of ckRNAi, are transported to the host plant

via BcEVs, we performed a stem-loop RT-PCR on two previously characterised BcsRNAs:

BcsiR3.1 and BcsiR20 (Weiberg et al., 2013). Stem-loop RT-PCR is one of the most popular

techniques for detecting small RNAs, it is based on two steps: first, the sRNA is reverse

transcribed with a specific stem-loop primer and second, it is amplified by PCR

(Varkonyi-Gasic et al., 2007). As stem-loop RT-PCR requires to be performed separately for

each sRNA because of the RT primer specificity (hence to divide the BcEV sample) and as

BcEVs were not massively abundant; we decided to restrict the experiments to two BcsRNAs.

Both BcsRNAs were detected in crude BcEVs (isolated from the B05.10-gfp strain), as well

as in a total sRNA sample from mycelium (Fig. 25).
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Figure 25: BcsRNAs co-purify with BcEVs after DUC isolation.
Stem-loop RT-PCR showed the presence of BcsiR3.1 and BcsiR20 in crude BcEV sample and
mycelium, while standard oligodT RT-PCR detected BcActin in mycelium only, suggesting a sorting
mechanism into BcEVs. Both negative controls were performed using H2O instead of RNA template.

BcActin mRNA was only present in the mycelium, suggesting that not all B. cinerea

cellular RNAs are packed inside BcEVs, therefore an active and selective loading process

might take place. RNA extracted from the last ultracentrifugation supernatant was used as a

negative control. Neither BcsRNA 3.1 and 20 nor Actin mRNA were detected, showing that

all present RNAs co-precipitate with BcEVs particles during the ultracentrifugation (Fig. 25).

With this result we found evidence that B. cinerea sRNA effectors, which are transported into

the host plant cells during infection, co-purify with BcEVs in vitro.

BcEVs and BcsRNAs are relatively resistant to diverse treatments

To assess the intravesicular localisation of BcsRNAs and rule out the possibility of

co-precipitation, we performed nuclease protection assays (in both BcEVs isolated from the

B05.10 reference strain or the B05.10-gfp strain). To reach this aim, each crude BcEV sample

was equally divided into three to four aliquots, which all receive different treatments. These

treatments sequentially and selectively alter different types of molecules (lipids, proteins and

finally nucleic acids, when all treatments are performed) in order to show that BcsRNAs are

protected into BcEVs (Buck et al., 2014; Cai et al., 2018; Valadi et al., 2007). Indeed, solely

treating BcEV samples with a nuclease, in combination or not with proteinase K (to make

protein-protected RNAs accessible to the nuclease), cannot lead to the degradation of any

intravesicular RNAs but only of the RNAs present outside which co-purified with BcEVs.

But if vesicles are first disrupted with a detergent such as Triton X-100 (whose action

perturbs lipids/membranes), in addition to mechanical/physical treatments (heat, vortex), the
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RNA content should be released outside the vesicles and accessible for degradation. For this

assay, one aliquot was always kept untreated on ice, remaining as crude BcEVs as a control.

Directly after the treatments, sRNAs were extracted and stem-loop RT-PCRs were performed

on all the aliquots to detect the presence of one BcsRNA (BcsiR20). Because BcEV

concentrations are low and because we split the samples into several aliquots, we chose to

detect only one sRNA to avoid being under the stem-loop RT-PCR detection limit.

For the first trial, the BcEV sample was divided in three reactions and the aliquots

were either non-treated, RNase A-treated or Triton X-100 - RNase A-treated. BcsiR20 was

detectable in all three aliquots (Fig. 26a). However, RNase A cleaves only single-stranded

RNAs and BcsiR20 could be double-stranded. Thus, in a second assay we used Micrococcal

nuclease (MNase) which degrades single and double-stranded DNA and RNAs in an

endo-/exo-nuclease manner. Here again, BcsiR20 was detected in all three aliquots (Fig. 26b).

However, single or double-stranded BcsiR20 could be bound to proteins which would protect

it from MNase degradation. Hence, in a third assay a fourth aliquot was added and a

proteinase K degradation step included. Unexpectedly, BcsiR20 was detected once again in

all aliquots (Fig. 26c and d). In all assays, a 1 % final concentration of Triton X-100 was

used, similarly to another study conducted on AtEVs (Cai et al., 2018), which should not

impair nuclease activity. To ensure this, Triton X-100 - MNase treated total RNA was either

directly run on a gel to visualise total RNA, or used for detecting BcsiR20 by stem-loop

RT-PCR. In both cases the presence of the detergent did not prevent MNase activity

(Fig. 26e). As further proof, we cloned and sequenced the stem-loop RT-PCR product of

BcsiR20 from two treated BcEV samples (proteinase K – MNase and Triton X-100 –

proteinase K – MNase). Both sequencing results showed a perfect alignment to BcsiR20

(Fig. 26f). These results showed that BcsiR20 was not degraded by MNase, even in the

presence of Triton X-100 which supposedly disrupts BcEVs and leaves the BcsRNAs

accessible for degradation. Altogether this suggests that BcsiR20 is surprisingly stable and

might be located inside BcEVs, and, moreover that BcEVs have an unexpected resistance to

detergent treatment.
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Figure 26: BcsRNAs are protected from nuclease degradation.
Nuclease assays were performed to show the intravesicular location of BcsRNAs. Different treatments
were applied to crude BcEV samples before detection of BcsiR20 by stem-loop RT-PCR. No treatment
led to loss of the PCR signal. a) Crude BcEV samples were treated with Triton X-100 and/or RNase
A. Two biological replicates are displayed. b) Crude BcEV samples were treated with Triton X-100
and/or MNase. Two biological replicates are displayed. For c and d) Crude BcEV samples were
treated with Triton X-100 and/or proteinase K and/or MNase. e) Total RNA extracted from B. cinerea
mycelium was treated with MES buffer (BcEV resuspension buffer) and/or Triton X-100 and/or
MNase, to confirm the activity of MNase under these conditions, the sample was either ran directly on
a gel or used for a stem-loop RT-PCR, to ensure the activity of MNase under these conditions. f) Two
BcsiR20 bands were cut out from the gel and sequenced to control the true presence of the sRNA after
treatments. In both situations, the sequenced PCR fragments fully matched the BcsiR20 sequence.

To rule out the alternative that BcsiR20 presence after Triton X-100 treatment would

be due to BcEVs being resistant to the detergent, we analysed the particles with NTA after all

treatments (experimental set-up like in Fig. 22c), on three biological replicates. While crude

BcEVs and proteinase K - MNase-treated BcEVs show similar size profiles and
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concentrations, BcEVs exposed to Triton X-100 were more numerous and significantly

smaller, with, remarkably, very homogeneous sizes (Fig. 27a and b).

Figure 27: BcEVs seem resistant to Triton X-100 treatment.
Three biological replicates of crude BcEV samples were split in three aliquots, and treated or not
treated with proteinase K and MNase, or with Triton X-100, proteinase K and MNase. BcEV size
profiles of the three replicates were measured with NTA. a) Results are presented with a line plot, and
the data were smoothed following the loess regression method, b) or a dot plot. Significant differences
indicated by * (p ≤ 0.05) or ** (p ≤ 0.01) and no difference by n.s. (p > 0.05), were tested by a paired
Wilcoxon test.

We hypothesised that Triton X-100 triggers a restructuring of BcEV membrane lipids

which first solubilise, thus releasing part of the intravesicular content in the

environment/buffer, and then reassemble into membrane-enclosed particles (here of smaller
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sizes) while re-enclosing some of the RNA molecules. This could explain why BcsiR20 was

still detectable by stem-loop RT-PCR (Fig. 26 a to d). This hypothesis is also supported by

the very homogenous sizes of Triton X-100-exposed BcEVs measured by NTA (Fig. 27b).

Taken together, the data suggest an intravesicular localisation of the BcsiR20 effector and

show an unexpected resistance of BcEVs to different treatments.

BcEVs and BcsRNAs are released during plant infection and co-purify on density

gradient fractionation

As previous isolations of BcEVs relied on axenic cultures and did not reflect in planta

infection conditions, we isolated BcEVs from B. cinerea infected A. thaliana plants. For this,

we performed a DUC protocol on apoplastic plant wash fluid (Rutter & Innes, 2017)

extracted from B. cinerea-infected and mock-treated plants (infected with the B05.10-gfp

strain).

NTA measurement of EVs isolated from B. cinerea-infected A. thaliana showed a size

profile with only one peak, suggesting that AtEVs and BcEVs are not differentiable by size

(Fig. 28a). TEM pictures of these mixed crude EV samples depicted very heterogeneous size

particle populations (Fig. 28b), most probably showing particles secreted by both B. cinerea

and A. thaliana. However, numerous filamentous structures were present in all samples, most

probably being bacterial flagella as this experiment is not done in sterile conditions. Thus we

cannot rule out the possibility that some observed particles are EVs released from bacteria.

To confirm the presence of BcsRNA effectors, stem-loop RT-PCR on RNA extracted from

crude EV samples was performed. EVs from B. cinerea-infected condition contained

BcsiR3.1 and 20 (Fig. 28c), while the mock-treated condition did not.

To enhance EV purity, we added a step of density gradient fractionation after

apoplastic wash fluid extraction and DUC. Crude EVs were loaded and ran through an

OptiprepTM (non-ionic iodixanol-based medium) gradient and 11 fractions were collected.

RNA was extracted on all fractions and stem-loop RT-PCR performed. BcsiR20 was detected

in fraction 5 which has a density of 1.15 g.ml-1, similar to mammalian exosomes (Théry et al.,

2002) (Fig. 28d). Results from previous experiments also showed a signal for BcsiR20 in

fraction 6 (data not shown). We then assessed particle sizes in the different fractions by NTA

measurements.
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Figure 28: BcsRNAs and BcEVs are co-secreted during plant infection.
A. thaliana plants were infected with B. cinerea and after 4 days, apoplastic wash fluid was harvested,
and subsequently EVs were isolated by DUC. a) Size profile of EVs isolated from B. cinerea-infected
A. thaliana plants, measured by NTA. b) TEM picture of crude EVs, isolated from B. cinerea-infected
A. thaliana plants, showed spherical nanoparticles of heterogeneous sizes and filamentous structures
due to contaminant co-precipitation by DUC. c) Stem-loop RT-PCR detected BcsiR3.1 and BcsiR20
only in EVs samples isolated from B. cinerea-infected A. thaliana plants but not mock-treated A.
thaliana plants. d) Stem-loop RT-PCR showed that BcsiR20 fractionated at 1.15 g.ml-1 (fraction 5)
after EVs isolated from B. cinerea-infected plants were run on density gradient. In some previous
experiments BcsiR20 fractionated with fraction 6 (data not shown). e) NTA measurement of fractions
1 to 4, 5 to 6 and 7 to 8, pooled in three samples, showed the presence of nanoparticles only in
fractions 5 and 6, which corresponded to the fractions containing BcsiR20. For b and e) the data were
smoothed following the loess regression method.

Based on the PCR results, fractions 1 to 4, fractions 5 and 6 and fractions 7 to 11 were

pooled in three samples. Fractions 5 and 6 showed the presence of particles/EVs while the
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other fractions appeared devoid of any (Fig. 28e). Thus, BcEVs and BcsRNAs co-fractionated

at the same density. Altogether, these results imply that BcEVs and BcsRNAs are secreted

together during infection and support the previous observations suggesting that BcEVs

contain BcsRNAs.

BcEV treatments on A. thaliana plants did not induce a growth defect or an ROS burst

inhibition

After isolating BcEVs from both B. cinerea liquid cultures and B. cinerea-infected

plants, we aimed to gain insights into BcEV biological functions. For this we applied BcEVs

to plants and observed if it would induce a plant immune response or modulate the plant

immune reaction. As B. cinerea can infect the model plant A. thaliana, we used it for the

following experiments.

As a first analysis of BcEV function in planta, we incubated A. thaliana 4-day-old

seedlings, growing in liquid conditions, with crude BcEVs isolated from three B. cinerea

(B05.10 strain) axenic cultures constituting three biological replicates. For the treatments, we

used the full amounts of isolated BcEVs. The final concentrations were ranging from

2,75E+06 to 2,25E+08 particles/ml and their size profiles measured by NTA were all similar

(Fig. 29a). Flagellin 22 (Flg22) and elongation factor 18 (Elf18) are PAMPs which trigger

PTI response, and were used as positive controls, while the BcEV resuspension buffer (MES)

was used as negative control. 8 days post-treatments, the seedling weights were measured,

reflecting their growth under BcEV exposure. BcEV-treated seedlings showed similar weights

than mock-treated seedlings, while Flg22 and Efl18 treatments induced drastic growth

inhibition (Fig. 29a).

Reactive oxygen species (ROS) emission is a hallmark of the early plant immune

response (Bigeard et al., 2015). Therefore, we treated A. thaliana leaves with BcEVs 2 or 12

hours before we triggered PTI with Flg22 and observed the effect on the ROS burst, thus

allowing the visualisation of an immuno-modulatory effect. Indeed, as BcsRNAs decrease the

plant immune response by achieving ckRNAi, BcEVs could have an immunosuppressive

effect and might impact ROS production. At this time no NTA was available in the

laboratory, thus BcEVs isolated from the usual volume of B. cinerea axenic culture

(B05.10-gfp strain) were diluted at 1:10 as a final concentration, which should result in a

range of E+04 to E+05 particles per ml. For both time points (2 and 12 hours), no alteration
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or modulation in the emissions of ROS from Flg22-BcEVs-elicited leaf discs was observed

compared to Flg22-elicited leaf discs (Fig. 29b). However, these results have to be taken with

caution as BcEVs were not controlled by NTA measurements and no biological replicates

were performed.

Figure 29: BcEVs applied on A. thaliana plants do not induce a ROS burst modulation or a
growth defect.
a) 4-day-old seedlings of A. thaliana were treated either with ½ MS + 1 % sucrose alone, or
supplemented with MES buffer (negative controls), with Flg22 or Elf18 (positive controls), and with
the three crude BcEV samples. After 8 days, their weight was measured. BcEV treatment did not
induce a growth defect. The three crude BcEV samples used for the growth assay showed similar size
profiles, measured by NTA. The size (nm) is shown in x and the concentration (particles/ml) in y. A
significant difference as indicated by letters was tested by one-way ANOVA using Tukey HSD test
with p < 0.05. b) A. thaliana leaf discs were pre-treated with BcEVs or MES buffer. 2 hours and 12
hours after, Flg22 was added and the ROS burst measured. Pre-treatments with BcEVs or MES buffer
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showed the same ROS response, without BcEVs triggering any modulation of the response. These
preliminary experiments were performed only once without biological replicates.

For both assays, BcEVs did not show any immunogenic or immuno-modulatory

effects on plants, with the performed experimental set-ups. Whether this was truly due to

BcEVs not having an effect on growth and ROS production is still uncertain to us, as these

results are preliminary and should therefore be taken with caution.

sRNAseq revealed the sRNA profile of BcEVs

As we previously found by nuclease protection assays that LTR

retrotransposon-derived BcsRNAs seemed to be located inside BcEVs, we carried out a

sRNAseq analysis on BcEVs (from the B05.10 reference strain) in order to quantify such

BcsRNAs and identify new cargoes. Following the same strategy as for the nuclease

protection assays (Fig. 26 a to d), crude BcEVs were divided in two aliquots (Fig. 30). One

remained crude (i.e. non-treated), representing the extracellular BcsRNA content (sRNAs

located inside the vesicles plus outside); while the second one was treated with MNase to

degrade all extravesicular RNA contaminants co-purified by DUC but not the ones contained

inside the BcEVs, thus representing the intravesicular BcsRNA content. Together with

sRNAs extracted from mycelium, constituting the cellular sRNA fraction, three sRNA

libraries were cloned and sequenced, in two biological replicates. Interestingly, the sRNAs

from mycelium samples v.s. the sRNAs from BcEVs samples showed different size profiles.

While the cellular fraction showed peaks at 21-to-22 nt, 28-to-29 nt and 22 nt-long sRNAs,

both vesicular sRNA samples (crude BcEVs and MNase - BcEVs) showed a major peak at 33

nt-long sRNAs, for both biological replicates (Fig. 31a). This reinforces the idea of having a

particular set of sRNA selectively loaded in BcEVs, as it was suggested by the absence of

BcActin mRNA by PCR assay (Fig. 25).
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Figure 30: Schematic representation of the experimental design of the sRNAseq.
sRNAs from B. cinerea mycelium, crude BcEVs and MNase-treated BcEVs were sequenced.

After mapping the reads to the reference genome of B05.10, and filtering out the

rRNAs, we quantified the relative amount of different sRNA species in all samples:

sn/snoRNAs, transfer RNA-derived sRNAs or transfer RNA fragments (tRFs),

mRNA-derived sRNAs and LTR retransposon-derived sRNAs. sn/snoRNAs, which are a

class of sRNA functioning in the nucleolus, were present in lower % in BcEVs treated or not,

compared to mycelium (Fig. 31b), showing that BcEV samples mainly contained

extracellular RNAs. While LTR retrotransposon-derived BcsRNAs were representing

between 5.9 to 19.7 % of the total sRNA count in mycelium, they represented only 0.03 and

0.05 % in the MNase BcEVs treated samples and 1.5 to 9.2 % in the crude BcEV sample

(Fig. 31b). Similar results were observed from published data from EVs isolated from B.

cinerea-infected A. thaliana plants (data not shown) (Cai et al., 2018). Our sRNAseq analysis

showed a depletion of LTR retrotransposon-derived BcsRNA effectors in BcEVs, contrary to

what we were expecting, suggesting these sRNAs might use another means of transport

towards the host plant cells. However, we cannot exclude that, for technical reasons, BcsRNA

effectors were not properly detectable with this experimental set-up.
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Figure 31: sRNA sequencing shows the depletion of LTR retrotransposon-derived BcsRNAs and
the enrichment of tRNA-derived sRNAs in BcEV samples compared to mycelium.
sRNAseq was performed in two biological replicates. a) Total BcsRNA size profiles of all samples
showed different enrichments for sRNA from mycelium compared to sRNA from BcEVs. b) Relative
composition of derived-sRNAs in mycelium, crude BcEVs of crude BcEVs treated with MNase..
Numbers give the relative percentages. c) Size profiles showed an enrichment of 28-to-29 nt-long
tRFs in BcEVs compared to mycelium, while 33 nt-long ones were enriched in mycelium compared to
BcEVs.

Remarkably, we noticed an enrichment of tRFs in BcEVs compared to mycelium.

They represented up to 80.4 % of the cellular sRNAs but reached up to 91.9 % of the
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intravesicular sRNAs (Fig. 31c). The biological replicates for mycelium and crude BcEVs

showed differences, but importantly the MNase-treated BcEVs biological replicates were

similar which comforted us in these observations.

The size profile of tRFs revealed two peaks, with either a size of 28-to-29 nt-long

RNAs or 33 nt-long RNAs. Interestingly, the 28-to-29 nt tRFs were enriched in BcEVs

compared to mycelium, while 33 nt tRFs were depleted in BcEVs compared to mycelium.

This specific distribution of tRFs, and in general the different distribution of sRNAs between

mycelium and BcEVs, argue for a selective loading of sRNAs into BcEVs.

Altogether, with this work we could show for the first time that B. cinerea produces

and releases EVs into the extracellular space, although in rather poor amounts. We

investigated the possibility of BcEVs being the means of transport of BcsRNA effectors,

however, our sRNAseq results did not confirm this hypothesis. This could be supported by

the observations of crude BcEV-treatment not triggering a growth defect or a ROS burst in A.

thaliana plants. On the other hand, we could show that BcEVs and BcsRNAs co-purify

together in vitro and in planta. Moreover, the BcsRNAs present in BcEVs were protected

from degradation. This pilot study opened many questions and laid the groundwork for much

more experimental work on BcEVs.
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Discussion

Botrytis cinerea, the agent of the grey mould disease, possesses many molecular

weapons for attacking host plants. B. cinerea is a necrotrophic pathogen feeding on dead

tissues, therefore releasing numerous effectors and apoptosis-inducing compounds. However,

before inducing the host plant apoptosis, B. cinerea requires the host cells to briefly stay alive

in order to successfully establish the very early infection (Veloso & van Kan, 2018). For this,

B. cinerea strategy is cross-kingdom RNA interference (ckRNAi). It consists in sending small

RNAs (BcsRNAs) into the plant host cells, where they hijack the host RNAi pathway by

binding to the plant AGO1 proteins to form RISC complexes. Thanks to sequence

complementarity, RISC complexes target and silence host mRNAs related to plant immunity

(Weiberg et al., 2013). By decreasing the plant immune response, with a Trojan Horse-like

strategy, B. cinerea ensures a strong beginning of infection.

Previous studies collected B. cinerea isolates from infected plants in the wild, and

several types of genotypes were identified: transposa (carrying both Gypsy and Copia

elements), vacuma (not carrying any elements), and carrying only Gypsy or Copia elements

(Martinez et al., 2003, 2005; Samuel et al., 2012). Based on their observations they proposed

that, depending on their LTR retrotransposon landscapes, B. cinerea wt strains showed

different levels of aggressiveness and different preferences for plant hosts. Moreover, a large

proportion of BcsRNAs that hijack the plant host RNAi machinery in order to achieve

ckRNAi derive from LTR retrotransposons (Weiberg et al., 2013). Altogether, these findings

suggest that LTR retrotransposons have an important role to play in B. cinerea

aggressiveness.

LTR retrotransposons as pathogenicity factors for B. cinerea

Summary of the main results

In this study we identified LTR retrotransposons as true pathogenicity factors. Indeed,

by combining pathogen assays and sRNAseq analysis, we showed that B. cinerea wt strains

carrying LTR retrotransposons produced BcsRNA effectors and had strong aggressiveness

- 74 -



towards S. lycopersicum plants, while B. cinerea wt strains not carrying LTR retrotransposons

did not produce BcsRNA effectors and caused lighter infection symptoms. When doing full

genome sequencing, it appeared that for these last strains, LTR retrotransposons were actually

present but heavily mutated by RIP, a fungal genome defence mechanism, thus rendering the

expression of BcsRNA effectors impossible (Gladyshev, 2017). Indeed, RIP leads to mutation

on the full elements (i.e. also the promoters) which are hence not transcribed anymore.

However, the reasons why some wt strains escaped from RIP and preserved intact

retrotransposons remain unknown.

As a proof of concept, we cloned a GC-rich LTR retrotransposon BcGypsy3 from the

most aggressive strain (B05.10) to transform a less aggressive one (D08_H24), which did not

carry any full-length, intact, GC-rich BcGypsy3 copy. This led to enhanced aggressiveness in

a BcGypsy3 mRNA and BcGypsy3-derived BcsRNA expression-dependent manner. Two

strategies for transgene insertion were used, either targeted at the BcniaD locus or randomly

inserted. BcGypsy3 expression was dependent on the genomic insertion site, and while

BcGypsy3 mRNA levels in some transformants were similar to the one of the B05.10 donor

strain, the production of BcsRNAs was not fully restored. However, we observed a positive

correlation between BcGypsy3 mRNA and BcsRNA levels. We performed an RNAseq

analysis on D08_H24 or on BcGypsy3 transformant-infected A. thaliana tissues, and

identified differentially up- or downregulated genes in the host plant transcriptome. In

response to BcGypsy3-derived BcsRNAs, a few immunity repressors were upregulated while

some immunity activators were repressed, showing how B. cinerea can manipulate the host

immunity genes. As these expression changes were observable in the presence of one LTR

retrotransposon, we expect more plant genes to be regulated through BsRNAs deriving from

B. cinerea’s diverse set of transposons.

Reaching BcGypsy3-derived BcsRNA production level similar to B05.10 in D08_H24

BcGypsy3 transformants

While we observed a positive correlation between BcGypsy3 mRNA levels in the

transformants and lesion size (i.e. aggressiveness), and while some transformants showed

BcGypsy3 mRNA levels similar to the one in B05.10, the amounts of BcGypsy3-derived

BcsRNAs did not reach the one in B05.10. Several hypotheses could explain this observation,

however, it is important to keep in mind that our transformants carried only one copy of
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active GC-rich BcGypsy3, while the wt isolate B05.10 carries at least two such copies,

therefore having a higher production of BcsRNAs.

First, we cloned and transformed different constructs containing the BcGypsy3

element, which were not fully corresponding to the wt element in B05.10. We cloned

BcGypsy3 without the LTRs (to avoid transposition), in two different constructs which

express either ssBcGypsy3 or dsBcGypsy3 under the control of a constitutive promoter. We

also cloned BcGypsy3 with the 5’ LTR but without the 3’ one, which resulted in the

expression of BcGypsy3 sense mRNA only, and under the control of the native promoter

present in the 5’ LTR. Such incomplete BcGypsy3 elements (i.e. without LTRs or only

expressing sense mRNA) could be impaired in their expression regulation, as LTRs were

shown to contain regulatory sequences in mammals and act as promoters or enhancers, even

sometimes in a tissue-specific manner (Thompson et al., 2016). However, for this last

construct containing the 5’ LTR, the production of BcGypsy3-derived BcsRNAs was not

evaluated by sRNAseq, in opposition to the sRNAseq performed on the other BcGypsy3

transformants. Thus it seems important to perform such an analysis and compare it to the

BcsRNA levels in the other transformants to conclude on the role of LTRs in sRNA

expression. Moreover, continuing with the same approach and inserting the full BcGypsy3

with both LTRs (meaning also dsGypsy3 expression) in the same less aggressive wt strain

(D08_H24), and evaluating the BcGypsy3 mRNA expression and the derived BcsRNA

production, would complete our understanding on the regulation of BcGypsy3-derived

BcsRNA expression. Nonetheless, a full and intact BcGypsy (i.e. with both LTRs and intact

coding sequences) could transpose and copy itself elsewhere in the genome. While we are

currently unsure if BcGypsy3 is able to do so (i.e. being an autonomous retrotransposon),

caution should be taken to avoid BcGypsy3 unwanted genome invasion.

Second, the BcniaD-targeted transformants we used for the experiments were the first

generation after transformations (insertion in this locus allows direct selection of

transformants) and there is a possibility that BcsRNA expression could have been higher if

the transformants would have undergone several generations. Indeed, previous studies

showed that the insertion of a LTR retrotransposon in a Magnaporthe oryzae strain which

was devoid of it was followed by high expression of the derived mRNA in the early

generations but a decrease in later ones, while the derived sRNAs had opposite behaviour

with higher accumulation with more generations (Murata et al., 2007). Similar observations
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were made in A. thaliana plants transformed with a LTR retrotransposon, where the derived

sRNA accumulation increased from the eight generation (Marí-Ordóñez et al., 2013).

However, the mechanisms underlying this phenomenon remain unclear.

Finally, we observed that BcniaD-targeted insertion transformants and both random

insertion transformants (loci unknown) showed different mRNA expression; thus making

BcGypsy3 mRNA expression levels dependent on the insertion loci, probably because of the

chromatin state being more or less transcriptionally permissive. While the randBcGypsy3 #1

transformant showed high BcGypsy3 mRNA expression, the randBcGypsy3 #2 showed the

opposite; identifying both insertion loci and its chromatin state would be informative and

might explain the BcGypsy3 mRNA levels. Moreover, the chromatin state of the BcniaD

locus might also not represent the endogenous BcGypsy3 loci in B05.10. Therefore,

performing the BcGypsy3 transgene insertion in the native locus might be of interest in order

to be as close as possible to the B05.10 wt isolate.

Possible positive selection for preserving LTR retrotransposons from RIP

Transposable elements (TEs) are repeated sequences present in all eukaryotic

genomes which can, as their name implies, transpose in the host genomes. LTR

retrotransposons are a type of TEs, which can transpose in the genome thanks to an RNA

intermediate, the mRNA transcribed from the element which codes for all necessary proteins.

Even though they are now recognised as drivers for evolution, transposition is chaotic and

often leads to highly deleterious effects for the genome as they would, for example, induce

many mutations in the DNA sequence. Therefore, host genomes use different strategies for

TE control. RNAi-mediated silencing of TEs is a widespread mechanism, and in fungi is

called quelling. LTR retrotransposon-derived BcsRNAs are produced from the mRNA

transcribed from the coding central region (i.e. not comprising the LTRs). Therefore,

BcsRNAs’ first biological function is very likely to mediate silencing of the elements from

which they are expressed (i.e. quelling) (Veloso & van Kan, 2018; Weiberg et al., 2013). On

the other hand, repeat-induced point mutation (RIP) is a fungal strategy for permanent TE

control, which targets and mutates duplicated sequences within the genome (e.g. two

identical copies of one TE). While it is a powerful mechanism, it solely occurs during sexual

reproduction, thus limiting its impact.
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In B. cinerea, many LTR retrotransposons are RIPed which renders them inactive and

silenced. However, some LTR retrotransposon copies, such as the one from which our

BcsRNAs of interest are expressed, seem to have escaped RIP, and the derived BcsRNAs are

beneficial for B. cinerea infection as they mediate cross-kingdom RNA interference. The

reasons why some LTR retrotransposons have escaped RIP silencing, while the majority has

been silenced, remain unclear.

As elements such as BcGypsy3 are beneficial for plant infection, even while being a

threat to the fungus’s fitness, it is possible that a positive selection force is preserving these

elements intact. The observation that both types of strains (transposa, meaning carrying intact

GC-rich LTR retrotransposons, or vacuma, meaning carrying only silenced LTR

retrotransposons) are present in the wild suggests that both situations have benefits. In line

with this idea, the observations made in previous studies where vacuma strains have a faster

mycelial growth while transposa strains cause stronger infection symptoms, or the fact that

different LTR retrotransposon landscapes can be linked to host prevalence (Martinez et al.,

2003, 2005; Samuel et al., 2012). In these situations, carrying non-silenced LTR

retrotransposons and carrying silenced LTR retrotransposons are both of interest for B.

cinerea and represent two different “life styles”. In addition, in the aggressive wt isolate

B05.10, the BcGypsy3 superfamily comprises ten copies. Among these copies, we found that

eight are mutated by RIP, therefore inactive (i.e. cannot transpose) and silenced (i.e. do not

produce BcsRNAs), and two copies are active, meaning they are intact and produce BcsRNA

effectors. This observation could argue in the direction of a positive selection for these two

copies.

Datation of the GC-rich BcGypsy3 copies in B05.10

To explore the possibility of positive selection of GC-rich BcGypsy3 copies, it would

be relevant to understand the age of these elements. Comparative genomic methods, and

more precisely synteny analysis, allows the comparison of conserved blocks, such as

chromosomes, and the identification of divergent sequences within the blocks. Comparing the

loci of the two GC-rich BcGypsy3 copies in B05.10 with the same loci in D08_H24 and

D14_TF (as we have their genome sequenced) would identify if these last wt isolates carry

RIPed BcGypsy3 or not. If D08_H24 and/or D14_TF do not have any BcGypsy3 relics at

these loci, then the GC-rich BcGypsy3 copies in B05.10 are recent coming from insertion
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events and it could explain why they are not RIPed yet. On the other hand, if D08_H24

and/or D14_TF possess RIPed BcGypsy3 elements at these loci, it would argue for a

protection against RIP in the B05.10 copies, in other words a positive selection pressure to

keep them intact. However, it is important to note that the absence of elements at specific loci

could also be due to LTR retrotransposon removal, due to homologous unequal

recombination or illegitimate recombination, as it was observed in some plant species

(Jedlicka et al., 2020). Yet, to perform such a comparative genomic method, it would be

necessary to have sequenced the genomes of all the six wt isolates we used in our study, at

least. As we are interested in repetitive elements which usually cause problems for genome

assembly, genomes should be sequenced with a long read sequencing technology.

Estimating the age of all copies, in B. cinerea strains, would be informative on the

possible events which allowed - or not - the conservation of intact elements. Investigating

different LTR retrotransposon superfamilies in a large set of B. cinerea isolates, by synteny

analysis or sequence similarity analysis (Jedlicka et al., 2020; Lorrain et al., 2021), might

provide exciting results about the conservation of GC-rich BcGypsy3 copies in B05.10.

However, it would also be possible that these copies are too “young” to be RIPed if no sexual

reproduction has occured after their transposition/insertion events.

Impact of B. cinerea sexual reproduction on TEs, and more specially on the GC content of

BcGypsy3 elements

It is difficult to estimate the occurence of asexual versus sexual reproduction of B.

cinerea in the wild just by observing host plants in fields, because of the small sizes of B.

cinerea’s organs (Giraud et al., 1997). However, sexual reproduction can be achieved in

laboratories. Either of these reproduction strategies induce particular genetic structures which

can be identified. Indeed, it is expected that a population undergoing sexual reproduction

would be clonal while a population undergoing sexual reproduction would be genetically

more diverse. To study population genetics, one common method is restriction fragment

length polymorphism (RFLP). It consists in detecting differences between homologous DNA

sequences, coming from different individuals, by detecting the presence of fragments of

different lengths after digestion of these regions with specific restriction endonucleases.

RIP solely occurs during sexual reproduction. Therefore, there is also a possibility

that the two GC-rich BcGypsy3 copies of B05.10 are still intact because no sexual
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reproduction cycle has occured recently, in opposition to the hypothesis of a positive

selection. To explore this possibility, we could evaluate the sexual reproduction occurrence in

the wild by analysing several wt field isolates of the same aggressive species (B05.10,

D13_TF or N11_KW), by RFLP. This analysis would require numerous isolates collected

from very close geographical localisations. Previous studies have reported different

reproduction behaviours in different populations. Indeed, in Champagne (France), field

isolates of B. cinerea were found to regularly reproduce sexually, while field isolates in

California seem to be mainly reproducing asexually (Fournier & Giraud, 2008). Moreover,

the isolates from Champagne showed a prevalence for transposa strains (containing

non-RIPed Gypsy and Copia copies) (Fournier & Giraud, 2008; Giraud et al., 1997).

Similarly, B. cinerea wt isolates from Hungary reproduce sexually and transposa strains

represent a strong majority (Váczy et al., 2008). Although these different isolates reproduce

sexually, meaning that RIP can occur, they carry GC-rich TEs (transposa strains) which

suggests a protection against RIP mechanism or a preference from RIP for some elements;

but in both cases a positive selection for GC-rich copies.

Another interesting approach would be to induce B. cinerea B05.10 sexual

reproduction in the laboratory, and analyse the GC content of the two BcGypsy3 copies

expressing the BcsRNAs after one, two, three or more cycles of sexual reproduction. If the

GC content of the BcGypsy3 copies does not drop, RIP does not occur, and it would argue for

a positive selection of GC-rich BcGypsy3 copies.

Since the discovery of domestication, the dogma about TEs has started to change and

the theory of selfish DNA (theory by which TEs are parasitic DNA only causing neutral or

deleterious effects which are always eliminated by selection) is now rethought. While

positive selection of TEs was suggested a few times. For example, in a human population

genomic study, accumulated evidence is pointing to a positive selection thanks to the

observation of frequent locus-specific insertion of one TE (Rishishwar et al., 2018).

However, this remains largely unknown and misunderstood.

In a study analysing 26 Zymoseptoria genomes (22 Z. tritici isolates and 4

Zymoseptoria closely related species), researchers found that RIP shows variation of

efficiency depending of the TE type and among Zymoseptoria species, with 74 to 99 % of
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TEs being RIPed in the different strains (Lorrain et al., 2021). The mechanism by which these

TEs maintain their population stable in the genome despite RIP remains unclear. Importantly,

RIP is a costly defence mechanism for the host genome and RIP can be lost (Galagan &

Selker, 2004; Lorrain et al., 2021). Indeed, studies in N. crassa have shown that RIP has

impacted the genome on gene duplication level (as RIP targets duplicated sequences) and that

most if not all duplicated genes in N. crassa have appeared and diverged before RIP. As gene

duplication is believed to be a major driver of evolution for new gene functions, RIP seems to

be a costly protection mechanism.

However, by performing sequence similarity analysis, it was shown that the

Zymoseptoria isolates carry both “old” and “recent” TEs copies, with some recent copies

being RIPed, hence showing that RIP still takes place. Z. tritici is a fungal plant pathogen,

which genome follows the two-speed model (i.e. TEs are associated with Avr genes).

Moreover, during infection some TEs are de-repressed (Fouché et al., 2020). This suggests

that, similarly to B. cinerea transposa strain, there is a benefit to keeping some active TEs for

pathogenicity, and that maybe in Zymoseptoria this occurs via a positive selection.

One little step further than LTR retrotransposons

Previous studies have identified the 83 full-length copies of LTR retrotransposons

present in the reference strain B05.10 and classed them in 9 consensus classes (Porquier et

al., 2016). Strikingly, 7 classes out of 9 are elements having an additional ORF, coded in

antisense to the transposon mRNA, and present upstream of the 3’ LTR. The products of

these additional ORFs are unknown. In B. cinerea strain T4, f BcGypsy1 encodes for an

additional ORF called brtn, which is likely to be expressed, however its function is presently

unknown (Zhao et al., 2011). The BcGypsy3 element we cloned and inserted into the less

aggressive strain D08_H24 carries an additional ORF in antisense (Bcin14g04350). Thus,

while the enhanced aggressiveness under BcGypsy3 transgenic insertion certainly depends on

the production of derived BcsRNAs, as they achieve ckRNAi, we cannot exclude this to be

also partially due to a contribution from the additional ORF product. Indeed, we constructed

several types of BcGypsy3 transgenes, either single strand BcGypsy3 (ssBcGypsy3) meaning

they carry a constitutive promoter in 5’ and only the sense mRNA is produced, or

double-strand BcGypsy3 (dsBcGypsy3) with two constitutive promoters in sense and in

antisense resulting in the expression of both sense and antisense mRNAs. B. cinerea
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transformants' aggressiveness was stronger with dsBcGypsy3 constructs than with

ssBcGypsy3, certainly because of the higher production of BcGypsy3-derived BcsRNAs.

However, in this condition the additional ORF is also transcribed and might also be

translated, which could have an impact on the observed enhanced aggressiveness. Sequence

analysis (e.g. Kosak sequence necessary for translation) and domain prediction on this

additional ORF in BcGypsy3, and the others present in LTR retrotransposons, would inform

us on whether these genes can be involved in virulence, for example if they would be putative

effectors.

Further studies on the role of LTR retrotransposons during infection and for

pathogenicity should definitely consider the additional ORFs, first by bioinformatically

identifying their putative functions, second by using transgenic approaches and transforming

less aggressive B. cinerea wt isolates with functional and GC-rich LTR retrotransposons with

mutated additional ORFs, or the additional ORFs alone.

TEs in host-pathogen interaction

In nature, several cases link TEs and the pathogenicity of certain species, such as the

two-speed fungal genome model, mentioned in the introduction, where TEs are driving

high-speed evolution of Avr genes. The finding of B. cinerea LTR retrotransposons being

pathogenicity factors brings a new role of such elements in pathogenic interactions.

Moreover, a similar strategy is adopted by M. oryzae, the agent responsible for the rice blast

disease, where LTR retrotransposon-derived sRNAs are upregulated under stress and during

rice plant infection (Raman et al., 2013). Moreover, it is known that LTR retrotransposons are

de-repressed during stress or wheat infection for the pathogen Z. tritici, indicating a possible

positive role for infection for this fungus as well (Fouché et al., 2020). Remarkably, the

parasitic nematode H. bakeri manipulates its host transcriptome by secreting

retrotransposon-derived sRNAs in EVs (Buck et al., 2014; Chow et al., 2019). The authors of

these studies argued that, possibly, selection might exploit the rapidly evolving

retrotransposons to generate novel sRNAs having low risk for self-targeted effects but

possible beneficial effects.
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Characterisation of B. cinerea extracellular vesicles
While the origin of BcsRNA effectors was identified, the transport of such elements to

the host plant cells remains unclear. Since RNAs are easily prone to degradation and the plant

apoplast contains RNases proven to be important for defence against pathogens (Galiana et

al., 1997; Hugot et al., 2002), we aimed to identify how BcsRNA transport could take place,

in a manner conferring protection. Importantly, ckRNAi is bidirectional between B. cinerea

and A. thaliana, and it was shown that AtsRNAs were transported to the fungal cells into EVs

(Cai et al., 2018). EVs are nanoparticles emitted from cells from all organisms in the tree of

life, which shuttle diverse cargoes from cell to cell in an intra- or inter-organismal way

(Colombo et al., 2014; Deatherage & Cookson, 2012; U. Stotz et al., 2022). Since a few years

EVs are highlighted for their implication in cross-kingdom communication as several

pathogenic species were shown to deliver diverse molecules to their host into EVs (Buck et

al., 2014; Chow et al., 2019; Gehrmann et al., 2011; Rodrigues et al., 2007). In this study, we

made the first steps into the characterisation of BcEVs and looked into their sRNA content.

Summary of the main results

To study BcEVs, we first optimised a DUC protocol, which allowed the isolation of

crude BcEV samples from B. cinerea axenic liquid cultures. By performing stem-loop

RT-PCR, we found that BcsRNAs and BcEVs are co-purifying and nuclease protection assays

indicated an intravesicular location of BcsRNAs, but more surprisingly, suggested an

unexpected resistance of BcEVs and BcsRNAs to different treatments. In an attempt to study

a less artificial situation, we isolated EVs from B. cinerea-infected A. thaliana plants,

resulting in a mixture of both BcEVs and AtEVs. Similarly to the results obtained from axenic

cultures, BcEVs and BcsRNAs co-purified in crude BcEV extract and on density gradient

purification as well. To investigate the possible biological functions of BcEVs, crude samples

were applied to plant tissues and two types of immunity-related responses were measured. No

plant reaction was observed following BcEV treatment. However, the reasons for this result

are still unclear. Finally, to confirm BcsRNA intravesicular location and gain knowledge on

BcEV sRNA cargoes, we performed a sRNAseq on BcEVs. Surprisingly, LTR

retrotransposon-derived BcsRNAs, the BcsRNAs important for ckRNAi, were depleted in
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BcEVs compared to mycelium, contrary to our starting hypothesis. On the other hand, tRFs

were enriched in BcEVs compared to mycelium.

Exploring the sRNA content of B. cinerea extracellular vesicles

As stated above, we performed a sRNAseq on BcEV samples. More exactly, we

sequenced the sRNAs from B. cinerea mycelium, from crude BcEVs and from BcEVs treated

with MNase prior to the sRNA library cloning, in order to degrade contaminant RNAs

present outside of the vesicles. Thus the three types of samples represented: the total sRNA

content, the extracellular sRNAs and the intravesicular sRNAs. These data revealed that LTR

retrotransposon-derived BcsRNAs were depleted inside BcEVs compared to mycelium, while

tRFs were enriched.

LTR retrotransposon-derived BcsRNAs seem to be depleted in BcEVs

Surprisingly, the LTR retrotransposon-derived BcsRNA effectors we were interested

in, were depleted in BcEV samples compared to the mycelium. At least two hypotheses

emerge from this observation, i) BcsRNAs transport to the host plant cells does not occur via

BcEVs and ii) technical limitations of the experimental set-up did not allow the detection of

BcsRNAs inside BcEVs.

BcsRNAs main means of transport remains unknown

In the case of the first hypothesis, BcsRNAs would truly be depleted in BcEVs and

their main way of transport from B. cinerea to the host plant cells remains unknown. This

would question the importance of BcEVs for ckRNAi, and this could be supported by the low

concentration yields after isolation, meaning maybe B. cinerea does not release considerable

amounts of BcEVs at all, independently of the conditions. The possibility of BcsRNA

secretion via RNA channels, although never identified, and the involvement of RNA binding

proteins remain to be explored. To note, extracellular RNAs were found outside of EVs, in A.

thaliana (Zand Karimi et al., 2021) or in human embryonic kidney cell lines (Sork et al.,

2021), highlighting the role of soluble protein complexes. Additionally, in honey bee jelly,

RNA was found in stable granules when bound to a secreted RNA binding protein (Maori et

al., 2019). Moreover, RNA uptake in an EV-independent way is possible as well, such as in

C. elegans with the Systemic RNAi defective (SID) 1/2 proteins (Sarkies & Miska, 2014),
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and importantly B. cinerea and other pathogens were also shown to take up naked RNA

(Qiao et al., 2021; M. Wang et al., 2016). Altogether, it shows that growing evidence is

bringing light on EV-independent RNA secretion pathways, which should be considered for

B. cinerea LTR retrotransposon-derived BcsRNA effectors as well.

BcsRNAs could not be detected in our BcEV samples

In the case of the second hypothesis, it is possible that the experimental set-up used

did not allow the detection of BcsRNAs into BcEVs, and several explanations could be the

reason for it. First, if BcsRNAs were modified before being secreted, this could have

prevented a correct adapter ligation during the library cloning, thus rendering their

sequencing difficult. Interestingly, secondary siRNAs selectively loaded into EVs from the

gastrointestinal nematode H. bakeri are 5’ poly-phosphorylated and thus require a 5’ RNA

phosphatase treatment before library cloning (Chow et al., 2019; White et al., 2020) and

noticeably, H. bakeri sRNAs are derived from transposons. Moreover, RNA editing (e.g. A

bases to I), if happening, would also be an obstacle as 0 mismatches were allowed for

mapping the BcsRNA reads onto the B05.10 reference genome. Considering the idea that

RNA loading into EVs could be dependent on RNA modifications, and as such can impair

sRNAseq, there is also a risk we missed BcsRNAs in our sequencing. Thus, analysing the

data set while allowing more mismatches seems like a first step towards solving this question.

Second, this analysis showed that all LTR retrotransposon-derived BcsRNAs are

depleted in BcEVs, although it is known that not all LTR retrotransposon subfamilies are

involved in ckRNAi with the same importance as they do not express derived BcsRNAs in

the same amount (Porquier et al., 2021). Indeed, the BcsRNAs BcsiR3.1, BcsiR3.2 or

BcsiR20 which were identified to hijack the host plant AGO1 protein, and have known plant

mRNA targets, are all produced from the element BcGypsy3. Thus, it would be interesting to

look at the enrichment of these specific BcsRNAs or of only BcGypsy3 derived BcsRNAs

rather than all LTR retrotransposon-derived BcsRNAs.

Third, it is important to remember how the DUC protocol used for EV isolation

works. Indeed, before the last ultracentrifugation round (at 100,000 g-force) which pellets the

particles we analysed during this study, there is a centrifugation step with a lower speed (at

14,000 g-force) and a filtration step (pore size approx. 200 nm) which exclude bigger

particles such as microvesicles. Therefore, it could be that the LTR retrotransposon-derived
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BcsRNAs important for ckRNAi are transported in larger EVs than the ones we studied, such

as MVs which are also known to transport RNA (Cocucci et al., 2009).

tRNA-derived sRNAs are enriched in BcEVs

The second remarkable indication we found from this sRNAseq analysis was the

vesicular enrichment of short tRFs, compared to mycelium. In the past years, tRFs have

emerged as a new class of sRNAs with regulatory functions, outside of their “classical” role

for protein synthesis (Magee & Rigoutsos, 2020). Several types of secondary RNA products

are derived from tRNAs, such as tRNA-derived sRNAs, tRNA fragments or others. For

simplicity they are referred to as tRFs in this study. In humans, tRFs are involved in gene

expression regulation, RNA stability, reverse transcription and more cellular processes; but

also cancer or more broadly in pathophysiology (Pandey et al., 2021). Similar observations

were made concerning tRFs functions in plants (Alves & Nogueira, 2021). More

interestingly, tRFs were linked to cross-kingdom RNAi between bacteria and plants. Indeed,

rhizobial tRFs were shown to be signal molecules regulating plant nodulation process during

symbiotic interactions, moreover these bacterial tRFs seem to be binding plant AGO1 (Ren et

al., 2019). While evidence is growing about the interaction between tRFs and AGO proteins,

further validation is required. Remarkably, it was proposed that some Cryptococcus spp.

might compensate for the lack of RNAi machinery with tRFs (Streit et al., 2021).

While we could not further explore the exciting perspective of tRFs being enriched in

BcEVs, this is not the first report of tRFs as part of EV cargoes from several species (Alves et

al., 2019; Gámbaro et al., 2020; Peres da Silva et al., 2015). In humans, tRFS were found in

EVs, and their function was linked to immunity via the activation of T cells (Chiou et al.,

2018). The protozoan parasite Trichomonas vaginalis secretes EVs enriched with tRFs, which

are internalised by the human host cells (Artuyants et al., 2020). While the role of tRFs once

internalised in the recipient cells is still unclear, it is likely to alter the host immune response.

Several pathogenic bacteria species were found to secrete OMVs enriched with tRFS with as

a goal the modulation of the host immune response (Li & Stanton, 2021). tRFs have shed

light onto a novel type of sRNAs with very possible cross-kingdom and immune modulatory

functions. Hence, it is highly probable that B. cinerea tRFs present in BcEVs have a function

once internalised into the host plant cells. More precisely, 28-to-29 nt-long tRFs were

enriched in the crude BcEVs compared to mycelium, while 33 nt-long tRFs were depleted in
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the same fraction. This might mean that the 33 nt-long ones have endogenous regulatory

functions while the shorter ones would be specifically loaded into BcEVs and destined to be

important for cross-kingdom communication with the plant hosts. A first step into

understanding the possible role of B. cinerea tRFs enriched in BcEVs would be to

bioinformatically predict putative plant mRNA targets, if these sRNAs were to have a

ckRNAi function similar to what was observed in rhizobial bacteria (Ren et al., 2019).

However, the tRFs we identified were longer than the typical 21-to-22 nt sRNAs bound by

AGO proteins (Mi et al., 2008), suggesting a different mechanism than the canonical RNAi

pathway.

BcEV resistance to Triton X-100

BcEV resistance to Triton X-100 was highly unexpected as previous EV studies used

the same detergent to successfully blast EVs (Bielska et al., 2018; Cai et al., 2018; Zand

Karimi et al., 2021). Triton X-100 is a nonionic surfactant (i.e. neutrally charged surface

active agent), which lowers the surface tension between two phases (liquid/liquid, liquid/gas

and liquid/solid). Thus, in biochemistry, Triton X-100 is used to solubilise and unfold

proteins, dissociate aggregates or induce membrane permeabilisation by disorganising the

lipid bilayer. Variable sensitivities to different detergents and different concentrations have

been observed in different vesicle populations (Osteikoetxea et al., 2015). Moreover,

detergent-resistant membranes and specifically Triton X-100-resistant membranes have been

identified and this phenomenon is partially due to the lipid composition and the presence of

lipid rafts (Mattei et al., 2015; Sot et al., 2002). Under certain conditions, only partial

solubilisation occurs and major changes in the membrane architecture are observed, such as

reassembly, which could explain our results. Moreover, lipid rafts are expected to be present

on BcEVs and the lipid composition of BcEVs remains unknown. By performing more

detergent treatments (e.g. different concentrations and different types of detergents) on

BcEVs, a condition where they are completely lysed could be reached. Incidentally it could

also be informative on BcEV lipid and lipid raft composition. Nevertheless, a lipid

mass-spectrometry approach would fully unravel the composition, allowing us to further

understand BcEV structure and stability, and speculate on loading mechanisms as lipids and

lipid rafts are proposed to be important for this last process (Lefebvre & Lécuyer, 2017; Mir

& Goettsch, 2020).
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B. cinerea EVs in cross-kingdom communication: less important than initially thought

or technically challenging to study?

Remarkably, BcEV isolations from biological replicates of B. cinerea axenic liquid

cultures always gave relatively heterogeneous results. Samples varied mostly in concentration

and occasionally in size, despite being isolated from similar conditions (inoculation strength,

amount of culture, time of growth etc…) and use of the same isolation protocol. Indubitably,

performing a normalisation would be the best way to assess any concentration variations

among biological replicates. While it was not performed in this study, it would be important

to implement in the follow-up experiments for such comparison. Contrary to bacteria,

measurement of the culture O.D. is not a suitable method as the fungus does not grow

uniformly in the medium but rather as aggregates. One solution could be to measure the

fungus biomass (pelleted during the first step of DUC), and use the weight for normalisation.

However, as this material comes from liquid cultures, caution must be taken when weighing

the mycelium, as retained liquid medium would interfere with a proper measurement. Drying

or dehydrating the biomass before weighing would be a good alternative to avoid this

problem, but the large quantity of mycelium (coming from 700 ml of 4-day-old liquid

cultures) might be a problem. But even without normalisation for comparing replicates

between them, while comparing to other fungal EV studies, we could see that BcEV

concentrations were always strikingly low compared to other fungal species.

In addition to the low secreted amounts of BcEVs by B. cinerea, application of BcEVs

to plants did not result in a growth delay, or induce a ROS burst. These information together

suggest a moderate to low importance of BcEV for communication with the host plants.

Nonetheless, while this could be due to BcEVs truly not triggering any immunogenic

response in A. thaliana plants, it can also be that BcEV concentrations were insufficient to

trigger a plant response, that BcEVs produced in liquid cultures are not biologically

functional and/or require partners lost during isolation for proper recipient cell targeting for

example, or that the DUC isolation protocol damages them and impairs their functions.

Taken all together, these observations led us to think that either B. cinerea does not

produce considerable amounts of BcEVs and they are not relevant for cross-kingdom

communication, or that the conditions we tested are not optimal. Similarly to our situation,
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attempts to isolate EVs from C. higginsianum axenic cultures using a DUC protocol resulted

in low EV yields (Rutter et al., 2022), which was solved by isolating EVs from C.

higginsianum protoplasts, suggesting that EVs are produced in specific circumstances.

Noticeably, EVs were isolated from Aspergillus fumigatus cell-wall regenerating protoplast as

well (Rizzo, Chaze, et al., 2020). According to these studies, it could be that for B. cinerea as

well, EVs are produced in specific circumstances which were not reproduced by the culture

conditions we used. While it is evident that the axenic liquid cultures we used are not

representing a real infection situation, it is important to note that generating protoplasts is a

very artificial situation as well and the secreted EVs might be completely different to the ones

released during infection. Nonetheless, for future experiments, it seems interesting to try a

similar strategy and isolate BcEVs from B. cinerea hyphae with semi-permeabilised cell walls

or protoplasts. Importantly, this could mean that BcEVs are not efficiently crossing the cell

wall, at least not in axenic liquid cultures. With this in mind, we should also remember that B.

cinerea secretes cell wall degrading enzymes (CWDEs) to penetrate plant tissues which could

participate in making EV transport feasible.

Moreover, another exciting perspective would be to specifically look at the early

host-pathogen interaction interfaces (e.g. first penetrating structures, appressoria), where the

cell wall might be thinner or more permeable, thus more easily “crossable” for BcEVs.

Indeed, the cell wall, at least from the plant side, appears to be removed at the interaction

interface, here haustorial interface, formed by certain pathogen species (Bozkurt & Kamoun,

2020). Moreover, MVBs were observed at the haustoria of G. orontii when infecting A.

thaliana (Micali et al., 2011) and vesicles were observed in the extrahaustorial matrix

between the oomycete Hyaloperonospora parasitica and the plant host (Mims & Richardson,

2004). First, electron microscopy techniques could inform us on the accumulation - or not -

of MVBs, and consequently EV release, at the infection sites. Second, BcEV isolation

targeted from these specific interfaces, although extremely challenging, would give a more

accurate glimpse on the BcEV populations (and cargoes) and roles during plant infection.

Very conclusive evidence was provided in the direction of LTR

retrotransposon-derived BcsRNAs being crucial for ckRNAi, as we showed with the first

results of this study. By analysing several B. cinerea wt isolates and transgenic strains on a
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pathogenicity, genomic and transcriptomic levels we could identify LTR retrotransposon as

pathogenicity factors as we made a clear link with the fungus aggressiveness. However, the

means of transport of BcsRNA effectors towards the host plant cells remains uncertain as

BcEVs were depleted in BcsRNA effectors. Whether this was due to technical limitations or

not is still to be clarified. Nonetheless, BcEVs could be isolated and characterised, opening

the field for understanding their functions, possibly related to B. cinerea aggressiveness.

While ckRNAi promotes infection by downregulating the plant host immune

response, it is important to keep in mind that B. cinerea is a necrotrophic pathogen (at least

after a very early stage of infection) having many resources to reach its final goal. B. cinerea

strains D08_H24, D13_TS and D14_KF (wt) and bcdcl1-dcl2 (mutant for both dcl 1 and 2

genes) all fail to produce BcsRNAs and show and reduced aggressiveness compared to the

B05.10 wt (Porquier et al., 2013; Weiberg et al., 2013). However, these strains are still

capable of infecting host plants. This shows the benefit of ckRNAi for plant infection, but

also indicates that B. cinerea can successfully infect host plants without ckRNAi, even if it

was proposed to be a crucial mechanism for establishing early hemibiotrophic infection.

Therefore, it seems that our knowledge and understanding of ckRNAi only represents the tip

of the iceberg and ckRNAi could be involved as well in other mechanisms such as directing

some B. cinerea populations towards host-specialised and adapted infection strategies. This

research is but a small snapshot in the bigger picture of plant pathogen interactions, and

opened a window to many exciting questions I hope to see solved in the future.
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Materials and methods
Botrytis cinerea strains and growth conditions

Botrytis cinerea (Persoon: Fries) B05.10 reference strain, as well as five other wild-type

isolates (D08_H24, D14_KF, D13_TF, D13_TS and N11_KW) and the B05.10-gfp were used

in this study. Routine cultivation was performed on solid nutrient-rich medium (10 g.l-1 malt

extract, 4 g.l-1 yeast extract, 4 g.l-1 glucose, 15 g.l-1 agar), supplemented with hygromycin B

(70 μg.ml-1, Carl Roth, catalogue number: 1287.2) or nourseothricin (120 μg.ml-1, Werner

Bioagents, catalogue number: 5.001.000) for mutant cultivation. The plates were kept at room

temperature under constant near-ultraviolet light exposure to stimulate conidia formation. For

BcEVs isolation, spores were grown into liquid minimal medium (20 g.l-1 sucrose, 4 g.l-1

NaNO3, 1 g.l-1 K2HPO4, 0.5 g.l-1 KCl, 0.5 g.l-1 MgSO4 and 0.01 g.l-1 FeSO4; pH adjusted to

6.0).

Solanum lycopersicum culture conditions

Both Money Maker and Heinz cultivars were used for pathogen assays. Plants were grown

under long day conditions (16 hr light/8 hr dark, 24 °C and 60 % relative humidity) in soil

(Stender, catalogue number: A210) and in growth cabinets (photon flux density 85.92 μmol

m−2 s−1).

Arabidopsis thaliana culture conditions

A. thaliana ecotype Columbia 0 (Col-0) plants were grown in soil under long day conditions

(16 hr light/8 hr dark, 22 °C and 60 % relative humidity) in soil (Stender, catalogue number:

A210) and in growth cabinets walk-in climate chambers (photon flux density 87.90 μmol m−2

s−1).

Genomic DNA isolation of B. cinerea mycelium

4-day-old mycelium was harvested and flash frozen in liquid nitrogen before being ground

with a TissueLyser (QIAgen). gDNA was extracted following a CTAB-based protocol (D.-H.

Chen & Ronald, 1999).
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RNA extraction, reverse transcription, PCR and quantitative PCR

Total RNA from B. cinerea mycelium was extracted using a CTAB-based method (Bemm et

al., 2016). 1 μg of total RNA was used for removing genomic DNA with DNase I treatment

(Thermo Fisher, catalogue number: EN0521), followed by cDNA synthesis using SuperScript

III RT (Thermo Fisher Scientific, catalogue number: 18080085). BcsRNAs from BcEVs were

extracted with TRIzol (Invitrogen, catalogue number: 15596-026). RNA from the supernatant

of the last ultracentrifugation, which pellets BcEVs, was extracted following a published

method (Rutter & Innes, 2017). For PCR, B. cinerea mRNAs were detected using GoTaq

polymerase (Promega, catalogue number: M7848). BcActin (Bcin16g02020) was used for

PCR in crude BcEVs. For measuring gene expression by quantitative PCR, a Quantstudio5

cycler (Thermo Fisher Scientific) was used, with the Primaquant low ROX qPCR master mix

(Steinbrenner Laborsysteme, catalogue number: SL-9902RB). BcTubulin (Bcin01g08040)

was used for normalisation and differential expression was calculated following the 2-ΔΔCt

method (Livak & Schmittgen, 2001). Primers are listed in Annexe 3.

Stem-loop RT-PCR

Stem-loop reverse transcription was carried out following a published protocol

(Varkonyi-Gasic et al., 2007), using the totality of BcsRNAs extracted from BcEVs without

prior quantification. cDNA was synthesised with SuperScript III RT (Thermo Fisher

Scientific, catalogue number: 18080085) and PCR reactions were performed using GoTaq

polymerase (Promega, catalogue number: M7848). PCR products were visualised on 10 %

on-denaturing polyacrylamide gels. Primers are listed in Annexe 3.

sRNA library, sequencing and data analysis

sRNAs were isolated from B. cinerea mycelium grown on solid rich media for 4 days or from

BcEVs samples (crude or treated with MNase). sRNAs libraries were cloned with the Next®

Small RNA Prep Kit (NEB, catalogue number: E7300S) and sequenced on an Illumina

HiSeq1500 platform. The sequencing data were analysed with the GALAXY Biostar server

(Giardine et al., 2005). Raw data were de-multiplexed (Illumina Demultiplex, Galaxy Version

1.0.0) and the adapter sequences were removed (Clip adaptor sequence, Galaxy Version

1.0.0) (Dai et al., 2018). For the project focused on LTR retrotransposons as pathogenicity

factors, the raw data are deposited at the NCBI SRA server (BioProject PRJNA730711, SRA
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accessions SRR14576251 - SRR14576256 and SRR14576386 - SRR14576389). For all

sRNAseq, the sequenced reads were mapped to B. cinerea B05.10 reference genome

assembly from BioProject: PRJNA15632) or the genomes we de novo sequenced of the

isolated D08_H24 and D14_KF, using the BOWTIE algorithm (Galay Version 1.1.0) and

allowing 0 mismatches (-v 0). Ribosomal RNAs were filtered out also with the BOWTIE

algorithm and with allowing 3 mismatches (-v 3). Then, other sRNA species were filtered,

transfer RNAs, small nuclear/nucleolar RNAs, messenger RNAs and transposon-derived

RNAs, also using BOWTIE 2 and with the default settings (Langmead & Salzberg, 2012).

Plots and statistical analysis

Computational analyses were done with R studio (version 1.0.136 and 1.4.1717) using

tydiverse (version 1.3.1) and ggplot2 (version 3.3.5).

Pathogen assay

Pathogen assay description is available in Porquier et al 2021. Briefly, aggressiveness of the

different B. cinerea isolates was assessed on 4-to-5-week-old detached tomato leaves, as

described here (Porquier et al., 2016). Briefly, leaves were inoculated with 20 μl drops of a

5.0E+04 conidia/ml suspension in 1 % malt extract, and kept in humidity boxes. After 48

hours, leaves were photographed and lesion sizes were measured using the freeware Fiji

(ImageJ version 2.1.0/1.53c).

Trypan Blue staining and microscopy

Trypan Blue staining on infected tomato leaf discs, imaging and quantification descriptions

are available in Porquier et al 2021. Images were taken with a DFC450 CDD-Camera (Leica)

mounted on a CTR 6000 microscope (Leica Microsystems). Image analysis and

quantification were performed with the software Fiji (version 2.1.0./1.53c).

Cloning and B. cinerea transformation

Cloning strategy and details are also available in Porquier et al 2021. The constructs were

generated using the Golden Gate cloning strategy (Binder et al., 2014). Primers are listed in

the Annexe 3 and construct schemes are available in Fig. 14a and 17a. Plasmids were

digested with BsaI (NEB, catalogue number: R0535S), to isolate the cassette of interest,
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before B. cinerea transformation. B. cinerea transformations were performed following a

published protocol (Müller et al., 2018), with slight modifications. Briefly, 1.0E+08 conidia

were inoculated in 100 ml of liquid nutrient-rich media (10 g.l-1 malt extract, 4 g.l-1 yeast

extract, 4 g.l-1 glucose) and grown for 18 hours at 20 °C and 180 rpm shaking. The mycelium

was harvested by centrifugation (1,000 g-force for 8 min) and washed with KCl buffer (0.6 M

KCl, 0.1 M NaPi, pH 5.8). The mycelium was harvested by centrifugation (1,000 g-force for

10 min) and incubated with 20 ml of protoplastic enzyme mix (0.6 M KCl, 0.1 M NaPi, 1 %

Glucanex (Sigma) and 300 μl KOH 1M) on a 3D rocky shaker for 60 to 90 min at room

temperature. The reaction can be monitored by taking aliquots and observing with a light

microscope. The protoplasting reaction was filtered through a sterile Miracloth filter paper

(pore size 22 to 25 μm, VWR, catalogue number: 475855-1) into an ice-cold TMS buffer

(1 M sorbitol, 10 mM MOPS, pH 6.3). The protoplasts were harvested by centrifugation

(2,500 g-force for 5 min at 4 °C) and resuspended into TMSC buffer (TMS + 50 mM CaCl2).

The protoplasts were counted with a Neubauer chamber and adjusted to 2.0E+07 protoplasts

per 100 μl, per transformation. Per transformation, 10 to 15 μg of DNA was added in

Tris-CaCl2 buffer (10 mM Tris-HCl, 1 mM EDTA, 40 mM CaCl2, pH 6.) by gently mixing,

and the aliquots were kept on ice for 10 min. After, 160 μl of PEG solution was added (0.6 g

ml-1 PEG3350, 1 M sorbitol, 10 mM MOPS, pH 6.3) by gently mixing and the samples

incubated for 20 min at room temperature. The protoplasts were washed with TMSC by

centrifugation (2,500 g-force for 5 min), and resuspended into TMSC. The protoplast were

mixed with liquid (42 °C) SH agar (0.6 M sucrose, 5 mM Tris-HCl (pH 6.5), 1 mM

(NH4)H2PO4, 8 g.l−1 bacto agar) and poured into Petri plates. After 24 hours in the dark of

incubation, a layer of SH agar containing the appropriate antibiotic was layered. For mutants

with target insertion into the BcniaD locus, transformants were selected by plating them on

Czapek Dox liquid medium (30 g.l-1 sucrose, 3 g.l-1 NaNO3, 1 g.l-1 K2HPO4, 0.5 g.l-1 KCl,

0.5 g.l-1 MgSO4 and 0.01 g.l-1 FeSO4; pH 6.0) supplemented with 0.4 M potassium chlorate

(Schumacher, 2012).

RNAseq and analysis

RNAseq sample preparation and analysis are detailed in Porquier et al., 2021. Briefly, A.

thaliana Col-0 leaves were inoculated with 4 drops of 5 μl, containing 1.0E+06 conidia/ml of

B. cinerea diluted in 1 % malt extract. 24 plants were infected per B. cinerea strain.
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24 hours post-inoculation, 3 leaves from each plant were randomly harvested. The infection

sites were cut out from 2 leaves and pooled to form 1 biological replicate. From these

samples, total RNA was extracted following the CTAB method (Bemm et al., 2016). mRNA

sequencing was performed using a version of the primer-seq method available online at

https://www.protocols.io/view/prime-seq-s9veh66. Illumina paired-end sequencing was

performed with an HiSeq 1500 instrument. Concerning the data processing, demultiplexing

of the raw data was performed with deML (Renaud et al., 2015), trimming of the adapters

and polyA tails with cudadapt (version 2.3) and further processing using the zUMIs pipeline

(Parekh et al., 2018) with STAR (Dobin et al., 2013). The processed raw data are available at

the NCBI server (BioProject PRJNA730711, SRA accessions SRR14577137-SRR14577147

and SRR14590656-SRR14590667). Mapping of the reads was done on A. thaliana (TAIR10)

and B. cinerea (ASM83294v1) genomes with Araport11 and ASM83294v1.41 gene

annotations. Concerning the data analysis, differential gene expression was performed using

iDEP.91 (Ge et al., 2018) with a FDR cut-off at 0.05 using limma-voon normalisation.

Whole genome sequencing

Sequencing of B. cinerea D08_H24 and D14_KF genomes was performed by hybrid Oxford

Nanopore (Promethion) long-read sequencing and Illumina HiSeq1500 short-read

sequencing. Base calling was performed with guppy version 2.3.7) and adapters were

removed with porechop (https://github.com/rrwick/Porechop), then the long reads were

assembled with wtdbg2 (Ruan & Li, 2020) and polished with two rounds of racon (Vaser et

al., 2017). The short reads were used to polish the assembly using pilon (Walker et al., 2014).

Whole genome comparisons were visualised with the Circos plotting library (Krzywinski et

al., 2009) via R circlize (Gu et al., 2014). Assembled genome sequence contigs of the two

isolates D08_H24 and D14_KF are deposited at NCBI SRA server (BioProject

PRJNA730711).

Transposon annotation and RIP analysis

For this study we used a previous annotation of B. cinerea B05.10 transposable elements

(Porquier et al., 2016). Annotation of the two newly sequenced genomes of v was performed

using the REPET package as described previously (Porquier et al., 2016). Concerning the

sequence alignment and phylogenetic tree, we used the CLC main workbench software

- 95 -



(version 20.0.4, Qiagen), with the Neighbor Joining method and Jukes-Cantor nucleotide

distance measure. Bootstrap analysis was run with 500 replicates. To identify truncated

transposons (< 400 bp), we performed Blastn searches with the (parameters: -word_sie 20,

-max_target_seqs 50000, -gapopen 5, -gapextend 2, -reward 2, penalty -3, dust no,

-soft_masking false), with as a query the GC-richest copy of each LTR retrotransposon

subfamilies from B05.10. The sequences from the hits longer than 1000 pb were aligned with

the REPET package (tool refalign) (https://urgi.versailles.inra.fr/Tools/REPET) to then run

further RIPCAL analysis  (Hane & Oliver, 2008), using the GC-richest copy as reference.

We calculated all possible RIP mutation signatures (CA → TA, CT, → TT, CC → TC, CG →

TG, and the reverse complements) also using RIPCAL. To identify the occurrence of RIP, we

calculated the TA/AT index (Margolin et al., 1998) but solely on full-length copies identified

with the REPET analysis we ran. To calculate the RIP index, the compseq tool (from

EMBOSS package) was used, counting the different dinucleotide combinations.

To predict the protein domains in the different LTR retrotransposons, we used a GC-rich copy

sequence from each consensus class and used the NCBI conserved domain database (Lu et

al., 2020). The sizes and lengths of the LTR flanking regions were obtained from a previous

study (Porquier et al., 2016). The BcGypsy1 element carries an additional ORF coding for

brtn, which sequence was also obtained from a previous study (Zhao et al., 2011).

Importantly, the annotation of the BcGypsy1 additional ORF is not present in B05.10 last

genome annotation. In the P26.1 consensus, which is grouped in the BcGypsy1 subfamily, the

beginning of the brtn ORF is absent, but a putative additional ORF is still present (dashed

arrow in the Fig. 7). The other putative additional ORFs were predicted in the last annotation

of B05.10 genome (http://fungi.ensembl.org/Botrytis_cinerea). The protein domains of the

LTR retrotransposons were predicted using IBS (http://ibs.biocuckoo.org/).

Isolation of BcEVs from B. cinerea liquid cultures

B. cinerea B05.10 conidia were inoculated in 700 to 1000 ml of optimised liquid minimal

medium (20 g.l-1 sucrose, 1 g.l-1 K2HPO4, 4 g.l-1 NaNO3, 0.5 g.l-1 KCl, 0.01 g.l-1 FeSO4, 0.5

g.l-1 MgSO4,pH 6.0, see Annexe 1) to reach a final concentration of 35.0E+03 conidia/ml

(counted with a Neubauer chamber) and grown for 4 days, at 20 °C and permanent shaking at

100 rpm. Fungal cells were separated from the supernatant by centrifugation at 4,000 g-force
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for 20 min, 4 °C. The first steps have to be done gently to avoid cell disruption and artificial

production of nanoparticles. The supernatant was filtered through two layers of Miracloth

filter paper (pore size 22 to 25 μm, VWR, catalogue number: 475855-1). Cellular debris were

eliminated by centrifugation at 13,000 g-force for 40 min at 4 °C. The supernatant was

collected and filtered through SteritopTM sterile filters (pore size 0.22 μm, Merck Millipore).

EVs were collected by ultracentrifugation at 100,000 g-force for 60 min, 4 °C. The pellet was

resuspended in MES Buffer (20 mM MES Hydrate, 2 mM CaCl2, 0.1 M NaCl, pH 6.0), and

washed by ultracentrifugation. If not used directly after for downstream experiments, BcEVs

were flash frozen in liquid nitrogen and stored up to a few days at -80 °C.

Nanoparticle tracking analysis

BcEV sizes and concentrations were determined using a ZetaView (Basic NTA Nanoparticle

Tracking Video Microscope PMX-120, Particle Metrix) with the ZetaView in-built software

(version 8.05.11). Samples were diluted 100 to 1000 times in MES buffer previously filtered

with 0.22 μm pore size syringe filter (Chromafil®, catalogue number: 729024). Dilutions

were made accordingly to track approximately 50 to 200 particles in total on the 11 positions.

For all measurements, the sensitivity was 85 %, shutter 100 %, frame rate 30 and the

temperature was kept at 22 to 24 °C. Raw data provided by the software were plotted using

ggplot2. The graphical outputs of BcEV NTA measurements represent raw data which were

smoothed following the locally weighted least squares regression (loess) model using

ggplot2, with a span between 0.1 and 0.4 and an n between 80 and 100.

Transmission and Scanning Electron Microscopy

For transmission electron microscopy (TEM) of crude BcEVs, 5 µl of the sample was applied

to 400 mesh carbon-coated copper grids and negative-stained with 1 % uranyl acetate as

described previously (Kaletta et al., 2020). Transmission electron microscopy was carried out

using either a Zeiss EM912 TEM (Carl Zeiss AG, Oberkochen, Germany), equipped with a

2k x 2k slow-scan CCD Camera (TRS, Tröndle Restlichtverstärkersysteme, Moorenweis,

Germany) and operated at 80 kV, or a JEOL F200 cryo-(S)TEM (JEOL, Freising, Germany)

with a XAROSA 20 megapixel CMOS camera (EMSIS, Münster, Germany) and operated at

200 kV.
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Scanning electron microscopy (SEM) of B. cinerea mycelium was performed as described

earlier (Beheshti et al., 2021). In more detail, samples were chemically fixed with 2.5 %

glutaraldehyde in 75 mM cacodylate buffer, supplemented with 2 mM MgCl2 (pH 7.0) for

1h. Postfixation was carried out with 0.2 % osmium tetroxide for 30 min. After dehydration

in a graded acetone series and critical-point drying, the samples were mounted on aluminium

stubs using Tempfix and sputter-coated with platinum. Samples were pre-washed with

ethanol to get rid of the extracellular glucan sugar coat of the mycelium.

Nuclease protection assays

Crude BcEVs samples were divided equally into three to four aliquots. Triton X-100

(Sigma-Aldrich, catalogue number. T8787-250ML) treatment was carried out for 5 min at

70 °C with a final concentration of 1 %. Proteinase K (Thermo Scientific, catalogue number:

EO0491) was added to reach 50 μg.ml-1 and incubated for 15 min at 37 °C, and inhibited by

the addition of phenylmethylsulfonyl fluoride (PMSF) to a concentration of 100 mM and an

incubation of 10 min at room temperature. Finally, nucleic acid digestion was performed with

1000 units of MNase (NEB, catalogue number: M0247S) for 30 min at 37 °C, at this step the

total volume of the reaction reached 200 μl. For the RNase A (Thermo Fisher Scientific,

catalogue number: EN0521) treatment, a final concentration of 1 μg.ml-1 was used.

Immediately after the treatments, BcEVs were analysed by NTA and/or RNA was extracted

following the TRIzol (Invitrogen, catalogue number: 15596-026) method as stated before.

Cloning of BcsiR20 from gel and sequencing

Stem-loop RT-PCR was run on 10 % non-denaturing polyacrylamide gel and bands

corresponding to BcsiR20 were cut out. Briefly, the bands were crushed in 0.3 M NaCl. After

12 h incubation at 4 °C under permanent shaking, the liquid fractions were collected and

DNA precipitated with 3M NaOAC and 96 % EtOH, then washed with 80 % EtOH. As the

GoTaq (Promega, catalogue number: M7848) used for the stem-loop RT-PCR generates

fragments with 3’ overhangs, the PCR fragments were processed by klenow (NEB, catalogue

number: M0212L) to generate blunt ends. PCR fragments were ligated into the BB02 plasmid

from the plant Golden Gate system (Binder et al., 2014) by StuI (NEB, catalogue number:

R0187s) with a cut ligation (2 min at 37 °C - 5 min at 16 °C, 50 cycles) performed in a

thermocycler. Constructs were transformed into TOP 10 E. coli via heat shock and bacteria
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were plated on Pétri dishes. Correct colonies were selected with the white/blue screening and

grown over-night in liquid cultures. Plasmids were extracted by miniprep (Thermo Fisher

Scientific, catalogue number: K0503). Sequencing was done at the Genomics service unit of

the LMU (Planegg, Germany) with the M13F or M13R primers (Annexe 3).

EV isolation from infected A. thaliana plants and density gradient fractionation

125 six-week-old Col-0 plants were used for each experiment. 25 plants were mock treated

by spraying 12 ml of 1 % malt extract and 100 plants were infected by spraying 3.5E+06

B05.10 conidia resuspended in 50 ml 1 % malt extract. After 4 days, the EVs were collected

from apoplastic wash fluid following a published protocol (Rutter & Innes, 2017). Briefly,

mock treated and infected A. thaliana leaves were cut out of the plant and quickly washed

from the soil. The leaves were vacuum infiltrated in MES buffer (as previously) then quickly

dried with paper. To harvest the apoplastic wash fluid, the leaves were placed into syringes,

with the cut sites facing down, themselves placed in 50 ml Falcon Tubes and centrifuged for

20 minutes at 900 g-force and 4 °C. EVs were isolated from the apoplastic wash fluid by

DUC, with a first centrifugation for 30 min at 10,000 g-force and 4 °C, followed by filtration

through 0,45 μm pores (syringe filter Chromafil®, catalogue number: 729025), and a last

ultracentrifugation for 60 min at 100,000 g-force and 4 °C.

To enhance the purification, EVs were fractionated on a discontinuous density gradient.

10 ml gradients were poured by hand in an ultracentrifugation tube by layering solutions of

Optiprep® (non-ionic iodixanol-based medium, Sigma-Aldrich, catalogue number:

D1556-250ML) diluted in MES buffer (40 %, 20 %, 10 % and 5 %). Crude EV samples

obtained by the previous ultracentrifugation were loaded on the top. The gradient was

ultracentrifugated in a swinging-bucket rotor (Sorvall TH-641) at 100,000 g-force for

14 hours at 4 °C. Eleven equal fractions were collected by hand from the top to the bottom

and washed in MES buffer by a last ultracentrifugation for 60 min at 100,000 g-force and

4 °C.

Seedling growth inhibition

The assay was performed as previously described (Schwessinger et al., 2011), with slight

modifications. A. thaliana Col-0 seeds were surface sterilised in 96 % ethanol supplemented

with 1 % sodium hypochlorite before being stratified on ½ MS + 1 % sucrose plates (MS:
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2.2 g.l-1 MS, 10 g.l-1 sucrose, supplemented with 8 g.l-1 agar for plates, with pH adjusted to

5.8), in the dark at 4 °C, for 4 days. The plates were then placed under long day conditions

(16 h light / 8 h dark, 22 °C and 60 % relative humidity) for 4 days before transferring

seedlings of similar sizes into 96 well plates containing 100 μl ½ MS + 1 % sucrose and the

different treatments. 7 to 8 seedlings were used for each condition. For the vesicle treatment,

crude BcEVs were diluted into ½ MS + 1 % sucrose before being sterile filtered and applied

to seedlings to final concentrations ranging from 2,75E+06 to 2,25E+08 particles/ml. Flg22

(EZbiolabs, custom synthesised peptides QRLSTGSRINSAKDDAAGLQIA sequence from

P. aeruginosa) and Elf18 (EZbiolabs, custom synthesised peptides: N-acetylated

SKEKFERTKPHVNVGTIG sequence from E. coli) were applied to final concentrations of

300 nM as positive controls. MES buffer was used as negative controls. Seedling weights

were measured 8 days post-treatment.

ROS measurements

The assay was performed as previously described (Gimenez-Ibanez et al., 2009), with slight

modifications. Briefly, A. thaliana (on 4-week-old plants) leaf discs were cut out, and washed

overnight in water in order to dilute the secreted ROS in response to wounding. 2 or 12 hours

before ROS measurement, the leaf discs were incubated either with BcEVs or with only the

buffer where BcEVs are resuspended (MES buffer). The reaction buffer containing Flg22

(EZbiolabs, like previously) and the necessary chemicals for luminescence quantification

(100 nM Flg22, 17 µg.ml-1 Luminol, 10 µg.ml-1 HRP) were added to the leaf discs was added

to the leaf discs, and the ROS was immediately measured with a plate reader (TECAN

luminometer, Infinite 200 Pro).
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Annexes
Annexe 1: liquid media tested for B. cinerea culture prior to BcEV isolation.

In general, many different culture conditions were tested: different inoculation strength,

duration of culture, low to strong shaking or no shaking, 20 °C.

Tested media Composition

HA 4 g.l-1 saccharose, 10 g.l-1 malt extract, 4
g.l-1 yeast extract (pH 5.8)

Modified HA 10 g.l-1 malt extract, 4 g.l-1 yeast extract (pH
5.8)

Czapek Dox (CD) 30 g.l-1 saccharose, 1 g.l-1 K2HPO4, 3 g.l-1

NaNO3, 0.5 g.l-1 KCl, 0.01 g.l-1 FeSO4, 0.5
g.l-1 MgSO4 (pH 6)

Preculture (1 or 2 days) with HA before 4
days culture with CD

Supplemented CD 1 CD + 0.2 % of grinded plant tissues (pH 6)

Supplemented CD 2 CD + 0.2 % peptone (pH 6)

Supplemented CD 3 CD + 0.2 % yeast extract(pH 6)

Supplemented CD 4 CD + 0.2 % peptone + 0.2 % yeast extract
(pH 6)

V8 10 % tomato juice (0.6 g.l-1 salt, 2.9 g.l-1

sugar), 3g.l-1 CaCO3

CD with different N source NH4Cl 30 g.l-1 sucrose, 1 g.l-1 K2HPO4, 3 NH4Clg.l-1

, 0.5 g.l-1 KCl, 0.01 g.l-1 FeSO4, 0.5 g.l-1

MgSO4 (pH 6)

CD with different N source NH4Cl and
lower C/N ratio

20 g.l-1 sucrose, 1 g.l-1 K2HPO4, 3 NH4Clg.l-1

, 0.5 g.l-1 KCl, 0.01 g.l-1 FeSO4, 0.5 g.l-1

MgSO4 (pH 6)

Optimised (and lower C/N ratio) CD 20 g.l-1 sucrose, 1 g.l-1 K2HPO4, 4 g.l-1

NaNO3, 0.5 g.l-1 KCl, 0.01 g.l-1 FeSO4, 0.5
g.l-1 MgSO4 (pH 6)
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Annexe 2: Parameters of EV isolation from different fungal species.

Information collected from published articles, where fungal EV isolations were performed.

Not all studies shared the parameters I was interested in, thus only a sub-selection is present.

Species Concentration of
particles

Culture conditions Reference

Fusarium
oxysporum f. sp.
vasinfectum

30E+06 72 hours (Bleackley et al.,
2020)

Malassezia
sympodialis

200E+09 2.0E+06 cells/ml in
300 ml

(Rayner et al., 2017)

Penicillium
digitatum

3.5E+07 1.0E+06  conidia
ml−1 on 1 plate
which is scrapped in
30ml

(Costa et al., 2021)

Zymoseptoria tritici 1.5E+06 100 ml, 2.0E+05
spores/ml, 72-hours

(Hill & Solomon,
2020)

Aspergillus
fumigatus

6.0E+09 to 10E+010 1E+07 conidia from
A. fumigatus were
inoculated in 50 ml

(Souza et al., 2019)

Aspergillus
fumigatus

1.0E+07 cell-wall
regenerating
protoplast

(Rizzo, Chaze, et al.,
2020)

Heligmosomoides
bakeri

2.0E+10 (Buck et al., 2014;
Chow et al., 2019)

Colletotrichum
higginsianum

1.0E+11 cell-wall
regenerating
protoplast from 3
day-old liquid
culture

(Rutter et al., 2022)
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Annexe 3: all primers used in these studies.

Primer names Purposes Sequences
BcGypsy1 FOR

genotyping of LTR retrotransposons on wt
strains

GCGAACTGTGCCATGGGTAA

BcGypsy1 REV ACGACAAGGATGCTACTGCC

BcGypsy2 FOR CCGATACCCCTTACCATTGA

BcGypsy2 REV TCGAATAGACCGAAGCGAGT

BcGypsy3 FOR TACCGCCAGACAGCGCTCTCAGA

BcGypsy3 REV GCGTGATGGGTCACTTGGGTTTG

BcGypsy4 FOR TCGAATAGACCGAAGCGAGT

BcGypsy4 REV ACTTTGCACCAACAGCACAG

BcCopia1 FOR CGATACAGCATTTGGCATTG

BcCopia1 REV TGATCCATTCTCGTGCTGAG

BcCopia2 FOR TCCACTGCAATGGGTATTCA

BcCopia2 REV TTGCTATGAGAGCCATCACG

Bcactin FOR genotyping of LTR retrotransposons on wt
strains and RT-PCR on crude BcEV samples

CATTGTTATGTCTGGTGGAACCAC

Bcactin REV AGAACCACCAATCCAGACGGAGTA
BcGypsy3 RT FOR

BcGypsy3 gene expression by qRT-PCR

CGAAGGGGTCACCACAGCGA
BcGypsy3 RT REV CTCCCATCGCTGCTTTCGCA
Bctubulin RT FOR GAGGTTGAGGACCAAATGCG
Bctubulin RT REV GGACATCTTGAGACCACGGG

BcsiR3.1 RT

stem-loop RT and PCR on wt strains and BcEV
samples

GTCGTATCCAGTGCAGGGTCCGAGGT
ATTCGCACTGGATACGACGCCCAC

BcsiR3.1 FOR GCGGCGGTTGTGGATCTTGTA

BcsiR3.2 RT
GTCGTATCCAGTGCAGGGTCCGAGGT
ATTCGCACTGGATACGACACTCAC

BcsiR3.2 FOR GCGGCGGTACATTGTGGATCT
sRNA universal
REV GTATCCAGTGCAGGGTCCGAGGT
BcniaD FOR

genotyping BcniaD locus
GCCACAGACTCCGCCAGATTCTAATG

BcniaD REV CAACCATTTCACGCTGCGACCACC

Bc204
genotyping mutant strains (ssGypsy3 and

dsGypsy3) for 5' insertion at the BcniaD locus CTCTTAATCTTCCCCCTTTC

Bc86
genotyping mutant strains (EV_∆BcniaD) for 5'

insertion at the BcniaD locus
ATGAAGACGCTACGCTGTCGAACTTT
TC

Bc237
genotyping mutant strains (5` LTR BcGypsy3)

for 5' insertion at the BcniaD locus
TAGAAGACGGCAGAGGTCTCAGGTG
AGTGATATCGACGGTGATTC

Bc372
genotyping mutant strains for 5' insertion at the

BcniaD locus CGCATATCAGCATATCGAGATGTCC
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Bc161 genotyping mutant strains for 3' insertion at the
BcniaD locus

TACACAAATCGCCCGCAGAA
Bc373 GAGTACCCATCCGATGGAGTTGTTG

Bc106
genotyping mutant strains (npBcGypsy3) for 5'

insertion at the BcniaD locus CCTGAAGGGCGTACTAGGGT

Bc262

amplifying TtrpC in position 1 for LI cloning

ATGAAGACGGTACGGGTCTCAGCGGT
GATTTAATAGCTCCATGTCAAC

Bc263
TAGAAGACGGCAGAGGTCTCACAGAT
CGAGTGGAGATGTGGAGTG

Bc264
ATGAAGACTCAAGACCTACGAGACTG
AGGAATC

Bc265
ATGAAGACTGTCTTTTGACGACCGTT
GATC

Bc362
amplifying BcniaD 5' flank for direct LII cloning

ATGAAGACGGTACGGGTCTCAGCGGG
TGAATGGGATTCATTGTTTATTTC

Bc363
TAGAAGACGGCAGAGGTCTCAGACAT
TACTCCGTGGATGCAACAG

Bc364
amplifying BcniaD 3' flank for direct LII cloning

ATGAAGACGGTACGGGTCTCAGCGGG
AGGTTTTAAGTAACTGAGAGGTG

Bc365
TAGAAGACGGCAGAGGTCTCAGACA
GCAGTGGATTAATAATTGTTGCTAAGC

CR6
amplifying hygromycin resistance cassette for

direct LII cloning
ATGGTCTCAGACACTATTCCTTTGCCC
TCGGAC

Bc87

amplifying hygromycin resistance cassette for
direct LII cloning & hygromycin resistance

cassette in position 6 for LI cloning
ATGAAGACGGTA CG GGTCTC A
GCGG GATATTGAAGGAGCAT

CR5
amplifying hygromycin resistance cassette in

position 6 for LI cloning
ATGGTCTCGTGAGGATATTGAAGGAG
CATTTTT

CR 9

amplifying TgluC (T5) for LI cloning

ATGAAGACAGTACGGGTCTCGAATCC
GTATGTAGATAAGATGTAT

CR 10
ATGAAGACTACAAGACAAAAGAGGG
CGGAA

CR 11
ATGAAGACTACTTGCGCTAAAACACC
CCCT

CR 12
ATGAAGACTACAGAGGTCTCACTCAA
TCTTGTTGGGGGGAAGGGG

CR 15
amplifying TgluC (T4) for LI cloning

ATGGTCTCAAAGGCGTATGTAGATAA
GATGTAT

CR 16
ATGGTCTCAGATTATCTTGTTGGGGGG
AAGGGG

Bc110
amplifying PactA in position 1 for LI cloning &

PactA-TtrpC_inv in position 1 for LI cloning
ATGGTCTCAGCGGTGTGCGTCCTCTTC
TGCCTA

Bc111
amplifying PactA in position 1 for LI cloning

TAGGTCTCTCAGAGGGGTTGATAAAT
TAAGACG

Bc178 amplifying PoliC_inv in position 5 for LI
cloning

CAGGTCTCGAATCTTGGATCGATTGTG
ATGTGAT
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Bc179
CAGGTCTCGCTCATGCAGCTGTGGAG
CCGCATT

Bc196

amplifying PactA-TtrpC_inv in position 1 for LI
cloning TAGGTCTCTCAGATCGAGTGGAGATG

TGGAG

Bc73

amplifying Bcgypsy3 (G3) in position 2 for LI
cloning

ATGAAGACGCTACGGGTCTCGTCTGA
ACAATGGTTTCCACGAGA

Bc74
ATGAAGACTGCAGAGGTCTCCGGTGC
CTCTGTATTGGTAATGCT

Bc75
ATGAAGACGCATACGACACCTTGTCG
AAGT

Bc76
ATGAAGACGCGTATTCACTAAATTGG
ACCTGCG

Bc77
TAGAAGACGCATTCCATTCGTCGCCTT
CCCTG

Bc78
TAGAAGACATGAATACGGCGTTCCGC
ACGCG

Bc79
GAGAAGACGCCGTCTTTCTGAAGCCG
CAATAAAG

Bc80
GAGAAGACGAGACGACGATTTTATAA
AGAATAAAGAGTACC

Bc81
CCGAAGACGACATCCGCCGGTTGGTA
GCCCT

Bc82
CCGAAGACGAGATGACACGTGGGAA
GCACCCT

Bc249 amplifying 5' LTR of BcGypsy3 in position 1 for
LI cloning

TAGAAGACGGCAGAGGTCTCACAGA
AGTGATATCGACGGTGATTCGCTG

Bc266
ATGAAGACGGTACGGGTCTCAGCGGT
GTTACGGGACAAAACGTGAC

M13 F

sequencing of BcsiR20 cloned into the BB02
backbone

TGTAAAACGACGGCCAGT

M13 R

sequencing of BcsiR20 cloned into the BB02
backbone GGAAACAGCTATGACCAT
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