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 Zusammenfassung (Deutsch): 

Der nekrotrophe, filamentöse und phytopathogene Pilz Botrytis cinerea (B. cinerea) 

verursacht weltweit an mindestens 200 Eudikotyledonen und Monokotyledonen eine 

schwere Grauschimmelkrankheit. Neben verschiedenen Enzymen sezerniert Botrytis 

auch sRNAs als virulente Faktoren in Wirte, welche die Pflanzenphysiologie und 

Pflanzenimmunitätt über Cross-Kingdom-RNA-Interferenz (ckRNAi) manipulieren,. 

Dabei erfolgt die Translokation der sRNA-Effektoren bidirektional zwischen Pathogen 

und Wirt. Die Rolle der Ago-vermittelten Regulation auf die Pathogenität durch RNA-

Interferenz (RNAi) in B. cinerea ist jedoch noch unklar. 

In dieser Doktorarbeit wurden vier Gene, Ago1, Ago2, Ago3 und Ago4 in B. cinerea 

identifiziert, die für Ago-Proteine kodieren. Die phylogenetische Analyse zeigte, dass 

Ago1, Ago3 und Ago4 zur Klade der Quelling gehören und Ago2 in die Gruppe der 

MSUD in Botrytis cinerea fällt. Das Expressionsmuster zeigte, dass Botrytis die 

endogene Ago2-Expression als Reaktion auf eine Infektion von Tomaten im Früh- und 

Spätstadium unterdrückt, was auf eine mögliche Funktion von Ago2 im Cross-Talk der 

Pilz-Wirt-Interaktion hinweist. Bei der Phänotypisierung homokaryotischer Mangel-

Mutanten von Botrytis, denen Ago1, Ago2, Ago3 bzw. Ago4 fehlten, konnte ich 

beobachten, dass der Verlust der Ago-Gene keinen Einfluss auf die Myzelmorphologie, 

Konidiengröße und Konidienbildung hatte, was darauf hindeutet, dass Ago-Gene für 

die Entwicklung und das Wachstum von Botrytis in der vegetativen Phase nicht 

erforderlich sind. Darüber hinaus zeigten Ago2-Loss-of-Function-Mutanten eine 

verminderte Virulenz im Vergleich zu WT und die Komplementierung von Ago2 stellte 

die verminderte Pathogenität wieder her, was zeigt, dass Ago2 zur Pathogenität von 

Botrytis während der Infektion auf Tomate beiträgt.  Die Abundanz von sRNAs war in 

den Ago2- und Ago3-Mutationsstämmen erhöht, was die Rolle der mRNA-Degradation 

für Ago2 und Ago3 anstelle der Stabilisierung im post-transcriptional silencing (PTGS) 

impliziert. In der Zwischenzeit waren die Transkripte des Retroelements LTR2 in der 

Ago1- oder Ago2-Loss-of-Function-Mutante signifikant erhöht und LTR1 wurde in der 

Ago3-Loss-of-Function-Mutante herunterreguliert, was darauf hindeutet, dass Ago2 ein 

dominanter Slicer in B. cinerea sein könnte, während Ago3 wahrscheinlich ein 

untergeordneter Slicer ist, der mit Ago2 konkurriert, indem er sRNAs und 

interferierende RNAi bindet, und Ago4 möglicherweise nicht an PTGS beteiligt ist. 

Bemerkenswert ist, dass aus mRNA-seq von Ago2 Loss-of-Function-Mutanten acht 

differentiell exprimierte Gene (DEGs), die in zellulären Komponenten angereichert 

sind, und drei DEGs (BCIN_16g04050, die eine Glutamat-Dehydrogenase kodieren, 

BCIN_09g04410 kodiert eine Galaktose-Oxidase und BCIN_03g04090 kodiert eine 

Glycerin-Kinase), die im KEGG-Pfad angereichert sind, identifiziert wurden, die eine 



Functionally distinct Botrytis cinerea Argonaute proteins in plant-microbe interaction 

8 

 

Rolle in der Arginin-Biosynthese, dem Galaktose-Stoffwechsel bzw. dem Lipid-

Stoffwechsel spielen. Ein sRNA-Profiling aus diesen identifizierten Genen deckte auf, 

dass 24-28-nt sRNAs, wahrscheinlich microRNA-like RNAs, in Ago2-

Mutationsstämmen dramatisch verloren gingen.  Zusammengenommen reguliert Ago2 

die Pathogenität positiv, möglicherweise über die Regulierung dieser Gene, die in GO- 

oder KEGG-Pfaden angereichert sind und die die Ziele der 24-28-nt milRNAs sein 

könnten, die eine positive Rückkopplungsschleife in B. cinerea bilden. 
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Abstract (English): 

A necrotrophic filamentous phytopathogenic fungus Botrytis cinerea causes severe 

grey mould disease on at least 200 eudicots and monocots worldwide. In addition to 

various enzymes, Botrytis also secretes sRNAs as virulent factors into hosts manipulat-

ing plant physiology and immunity via cross-kingdom RNA interference (ckRNAi) and 

the translocation of sRNA effectors is bidirectional between pathogen and hosts. How-

ever, the function of Ago-mediated regulation on pathogenicity by RNA interference 

(RNAi) in B. cinerea remains blank.  

In this doctoral project, four Botrytis genes encoding Ago proteins were identified 

encompassing Ago1, Ago2, Ago3 and Ago4. Phylogenetic analysis showed that Ago1, 

Ago3 and Ago4 belong to the clade of quelling and Ago2 falls into the group of MSUD 

in Botrytis cinerea. The expression pattern indicated that Botrytis suppressed endoge-

nous Ago2 expression in response to early- and late-stage infection on tomatoes, sug-

gesting a potential function of Ago2 in the cross-talk of fungal-hosts interaction. 

Through phenotypical analyses with homokaryotic deficient mutants disrupting Botry-

tis Ago1, Ago2, Ago3 and Ago4, I observed that loss of Ago genes had no impact on 

mycelial morphology, conidial size and conidiation, implicating that Ago genes are not 

required for Botrytis development and growth in the vegetative phase. Furthermore, 

Ago2 loss-of-function mutants displayed impaired virulence compared to WT and com-

plementation of Ago2 restored reduced pathogenicity, demonstrating that Ago2 contrib-

utes to pathogenicity in Botrytis during infection on tomato. The abundance of sRNAs 

were elevated in Ago2 and Ago3 mutation strains, which suggests the role of mRNA 

degradation for Ago2 and Ago3 instead of stabilization in post-transcriptional gene si-

lencing (PTGS). Meanwhile, transcripts of retroelement LTR2 was significantly in-

creased in Ago1 or Ago2 loss-of-function mutant and LTR1 was down-regulated in 

Ago3 loss-of-function mutant, indicating that Ago2 might be a dominant slicer in B. 

cinerea, whereas Ago3 is likely a minor slicer competing with Ago2 binding with 

sRNAs and interfering RNAi, and Ago4 may not involve in PTGS. Notably, mRNA-

seq from Ago2 loss-of-function mutants showed that eight differentially expressed 

genes (DEGs) enriched in cellular component and three DEGs (BCIN_16g04050 en-

coding a glutamate dehydrogenase, BCIN_09g04410 encoding a galactose oxidase and 

BCIN_03g04090 encoding glycerol kinase) enriched in the KEGG pathway were iden-

tified, which played a role in arginine biosynthesis, galactose metabolism and lipid me-

tabolism, respectively. sRNA profiling derived from these identified genes uncovered 

that 24-28-nt sRNAs, probably microRNA-like RNAs, dramatically lost in Ago2 muta-

tion strains. Taken together, Ago2 positively regulates pathogenicity, possibly via 
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regulation on these genes enriched in GO or KEGG pathway that might be the targets 

of 24-28-nt milRNAs forming a positive feedback loop in B. cinerea.  

 

Keywords: RNAi, cross-kingdom RNAi, Botrytis cinerea, tomatoes, small RNAs, vir-

ulence 
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1. Introduction  

1.1 Life cycle and virulent factors of Botrytis cinerea 

The genera of Botrytis were found as early as two centuries ago, which belongs to a 

heterothallic filamentous fungal pathogen infecting a wide range hosts over 200 plant 

species (Aamlid, 1952; Allen et al., 2005; Barkai-Golan et al., 1971; Cooley, 1931; 

Hopkins, 1921; Humphrey, 1891; McColloch & Wright, 1966; Ogilvie & Munro, 1947; 

Pawsey, 1969; Peltier, 1912; Schmitt, 1952; Stevens, 1916). Botrytis cinerea is catego-

rized in the order Helotiales and family Sclerotiniaceae (Jarvis, 1977). In contrast to 

Neurospora crassa (N. crassa) that produce uninucleate conidiospores, Botrytis germi-

nates multinucleate conidia containing 3-11 nucleus. Two distinct mating-type loci in 

Botrytis were identified, including mat 1-1 and mat 1-2 (van Kan et al., 2010). 

Botrytis spp. consists of 16 chromosomes (Shirane et al., 1989) containing a total 

of 11688 protein-coding genes according to current genome assembly (van Kan et al., 

2017). Its life cycle comprises two stages, conidial stage (Botrytis cinerea) and ascig-

erous stage (Botryotinia fuckeliana) (Figure 1.1). During vegetative growth, mature 

mycelium of two opposite mating types 1-1 and 1-2 sporulate and produce conidio-

spores. When conidia from 1-1 touch the trichogyne generated from sexual structure 

protoperithecium of 1-2 mating type, the nuclei of mating type 1-1 get into the cell of 

1-2. Two haploid nuclei from opposite mating types fuse and get into the stage of kar-

yogamy, wherein sexual reproduction initiates. The diploid nuclei undergo twice mei-

osis and once mitosis in the common cytoplasm of the ascus, generating 8n haploid 

nuclei (n=number of parental nuclei), which are segregated into the corresponding num-

ber of spindle-shaped ascospores in an ascus. The mature ascospores are multinucleate. 

Germinated ascospores develop new mycelium and turn into vegetative phase again 

(Shiu et al., 2001; van Kan, 2006).  

Signaling pathways in Botrytis control self-development and infection structure for-

mation during infection on hosts (Figure 1.2). The early development of the fungi on 

the plant surface is often associated with the development of adhesiveness of spores, 

germling and infection structures (infection cushion). Specific components of the fun-

gal cell wall belong to pathogen-associated molecular patterns (PAMPs), which are 

recognized by plant recognition receptors (PRRs), leading to pattern-triggered immun-

ity (PTI) in planta (Boller & He, 2009). The contact of fungal conidiospores with the 

host cell surface triggers a series of cellular signalling responses and delivery, initiating 

the secretion of fungal pathogenesis factors encompassing various enzymes such as 

pectinase, hemicellulase, cellulase and protease and cutinase, small molecules such as 
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toxins and small RNA effectors. It seems that the role of enzymes in fungal pathogenic-

ity depends on the proportion of enzymes in distinct filamentous fungi. Infection on the 

host induced the production of fungal pectinase (Sethi et al., 2016) and enhanced path-

ogenicity in Valsa mali (Wu et al., 2018). Similarly, cutinase contributes to uredospore 

adhesiveness on the host cell surface and virulence in Magnaporthe grisea (M. grisea) 

(Deising et al., 1992; Schafer, 1993; Sweigard et al., 1992). However, cutinase A was 

reported not functioning in pathogenicity in Botrytis during infection on tomato and 

gerbera (van Kan et al., 1997).  

Figure 1.2 Signalling pathway involving in distinct developmental stages in B. cinerea (Figure from 

(Williamson et al., 2007)) 

Figure 1.1 Illustration of B. cinerea life cycle (Figure strongly adapted from (Shiu et al., 2001))  
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1.2 RNA interference in plant-pathogen interaction 

1.2.1 The discovery of RNA interference  

Studies have shown that RNA interference (RNAi) in animals is equivalent to co-sup-

pression in plants and quelling in fungi transcriptionally or post-transcriptionally. Here, 

these three silencing pathways were termed RNAi. The phenomenon of RNAi was ini-

tially observed in plant in 1990 when plant biologists introduced a chalcone synthase 

(chs) driven by 35s promoter that control the pigmentation of flowers into petunia to 

enhance the purple color of flowers (Napoli et al., 1990). However, most petunia dis-

played purple-white or even white petals instead of plants bearing darker purple flowers, 

which looked like the phenotype of Chs mutated plant (Napoli et al., 1990). This was 

considered a strange phenomenon particularly occurred in petunia and was termed co-

suppression at that time. Two years later, a similar phenomenon was observed in fila-

mentous fungus N. crassa. Microbiologists introduced an ectopic al-1 (albino-1) gene 

which is responsible for the biosynthesis of the carotenoids in N. crassa and they found 

that approximately 30% N. crassa appeared white phenotype as the morphology in al 

null mutant (Romano & Macino, 1992). The phenomenon was coiled Quelling. In 1993, 

the first miRNA lin-4 was found in Caenorhabditis elegans (C. elegans) and its anti-

sense strand was homologous to the 3’ UTR region of lin-14 (Lee et al., 1993). Several 

assays were subsequently conducted to find out the intermediate that induced gene si-

lencing. In the beginning,  anti-sense RNA complementary to par-1 was injected into 

C. elegans (Guo & Kemphues, 1995). Surprisingly, a similar inhibition efficiency was 

obtained when injecting both anti-sense and sense (control) RNAs, which was incon-

sistent with the expectation that anti-sense strand of miRNAs paired with mRNA ho-

mologies to suppress translation. The intermediate was confirmed until 1998 by Fire 

and his colleagues. They observed that the conventional experiment used to prepare 

single-stranded RNA could produce a small amount of double-stranded RNAs. When 

dsRNAs (double-stranded RNAs) were removed, anti-sense ssRNA (single-stranged 

RNAs) lost most interference activity and sense ssRNA lost interference activity com-

pletely (Fire et al., 1998). Based on these findings, they uncovered that it was dsRNA 

induce post-transcriptional gene silencing. The phenomenon was named RNA interfer-

ence and abbreviated as ‘RNAi’.  

The earliest evidence provided for the viral defense of RNAi was in 1998. Trans-

genic plants carrying both sense and anti-sense genes that complementary to the viral 

genome were much more resistant to virus, which was consistent with the finding that 

dsRNAs act as the intermediator of RNAi (Waterhouse et al., 1998). Since then, studies 

were further extended regarding RNAi components and their mechanism, crystal 



Functionally distinct Botrytis cinerea Argonaute proteins in plant-microbe interaction 

19 

 

structures of RNAi factors and associated proteins involving in RNAi, RNAi in cross-

species and RNAi in distinct organisms. In 1999, Hamilton and his colleagues found 

25-nt in length RNA intermediate in PTGS in plants for the first time (Hamilton & 

Baulcombe, 1999). In 2000, Zamore and Hammond found that exogenous the genera-

tion of 21-23nt siRNAs by RNase III enzyme (Dicer) depended on ATP in Drosophila 

Melanogaster (D. melanogaster) in vitro. RNAi has also evolved in mice (Wianny & 

Zernicka-Goetz, 2000), humans (Elbashir, Harborth, et al., 2001a), oomycete (Asman 

et al., 2016; Vetukuri et al., 2012; Vetukuri et al., 2011), archaea and most bacteria. 

However, archaea and bacteria possess a non-canonical RNAi machinery based on 

CRISPR/Cas system (Hale et al., 2009; Marraffini & Sontheimer, 2010).  

Surprisingly, the silencing signal is diffusible and spreads in planta and propagates 

between host and graft. Direct experimental evidences were provided, suggesting the 

mobility of sRNA molecules within the cells and transmission in a long distance via 

vascular phloem (Palauqui et al., 1997; Voinnet & Baulcombe, 1997; Voinnet et al., 

1998). Likewise, RNA silencing transmission intercellularly was also found in C. ele-

gans in a manner dependent or independent on Sid-1 (systemic RNAi-deficient-1) gat-

ing channel (Feinberg & Hunter, 2003; Jose et al., 2009; Winston et al., 2002). Inter-

estingly, RNAi is heritable from parent to offspring in C. elegans (Bucher et al., 2002; 

Buckley et al., 2012; Xu et al., 2018). However, systemic silencing was not found in D. 

melanogaster and human (Roignant et al., 2003). Two dominant types of gene silencing 

mediated by dsRNAs compass transcriptional gene silencing (TGS) (Cernilogar et al., 

2011; Liu et al., 2018; Sigova et al., 2004; Verdel et al., 2004; Volpe et al., 2002) and 

post-transcriptional gene silencing (PTGS) (Diederichs & Haber, 2007; Engels & 

Hutvagner, 2006; Fei et al., 2013; Forrest et al., 2004; Hoffer et al., 2011; Klahre et al., 

2002; Lai, 2002; Makeyev & Bamford, 2002b; Morel et al., 2002; Nolan et al., 2008; 

Pal-Bhadra et al., 2002; Sigova et al., 2004). A certain correlation between two silenc-

ing pathways exists and the PTGS pathway is the most deeply characterized and the 

most applicated in practice.  

1.2.2 RNAi mechanism  

RNA interference (RNAi) silencing machinery belongs to an ancient conserved defense 

machinery against viral infection, transposons or retrotransposons mobilization to 

maintain endogenous genome stability, which has been found in prokaryote and eukar-

yote, even though RNAi machinery in prokaryote differs from eukaryote (Duran-

Figueroa & Vielle-Calzada, 2010; Hale et al., 2009; Padeken et al., 2021; Tabara et al., 

1999). Numerous proteins involve in RNAi in distinct organisms while the functional 

mechanism is similar. Although different organisms comprise distinct RNAi factors 

associating proteins, three main RNAi components are pervasive in plants, fungi and 
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animals composing RNA-dependent RNA polymerase (RdRp), Dicer (Dcr)/Dicer-like 

(Dcl) proteins and Argonaute (Ago) proteins. The canonical RNAi pathway consists of 

three steps:  

• the biogenesis of small non-coding RNA duplexes  

• the incorporation process of sRNA duplexes into Ago proteins  

• the recognition and cleavage of cytoplasmic mRNA targets directed by guide 

sRNAs  

RNA-dependent RNA polymerases (RdRp) initially catalyze the synthesis of sense 

RNAs that are homologous to RNA template from 5’ to 3’ orientation (Cogoni & 

Macino, 1997; Dalmay et al., 2000; Makeyev & Bamford, 2002a). Synthesized long 

dsRNAs are recognized and precisely processed into 21-25nt short siRNA duplexes by 

ribonuclease III (Bernstein et al., 2001; Hutvagner et al., 2001) named Dicer or Dicer-

like proteins (Dcl) that contain a helicase domain, a PAZ domain, two RNase III domain 

(endoribonuclease and exoribonuclease) and an RNA binding domain. Some siRNA 

classes are independent of Dcr/Dcl such as Piwi-interacting RNAs in mammals and 

secondary siRNAs in C. elegans. Alternatively, pre-miRNA hairpin precursors are pro-

cessed by Dicer proteins directly, generating miRNA/miRNA* duplex. Different Dicer 

proteins produce small RNAs in distinct lengths, which will be further discussed in 

RNAi pathway in specific organisms below. Afterward, short RNAs are assembled to 

Argonaute proteins, with the ejection of passenger sRNAs, forming RNA-induced si-

lencing complexes (RISCs) (Park & Shin, 2015). Anti-sense sRNAs guide RISC (RNA 

induced silencing complex) to target mRNAs by binding to 3’ untranslated region 

(UTR) (Lai, 2002; Lee et al., 1993) that perfectly or imperfectly homologous to sRNAs 

causing mRNA degradation and translational inhibition post-transcriptionally (Chen, 

2004; Montgomery & Fire, 1998; Ngo et al., 1998; Tuschl et al., 1999; Zeng et al., 

2003) or chromatin remodeling transcriptionally (Sasaki et al., 2012). In the following 

parts I will introduce the development and protein structures of RdRp and Dcl and for 

the information regarding Agos is introduced in the Ago section.  

1.2.2.1 RNA-dependent RNA polymerases 

RdRp was initially purified in Chinese cabbage (Astier-Manifacier & Cornuet, 1971) 

and then isolated in tomato (Schiebel et al., 1998). Homologs were subsequently cloned 

and identified such as Qde-1 in N. crassa (Cogoni & Macino, 1997). Ego-1/Rrf-1 in C. 

elegans (Simmer et al., 2002; Smardon et al., 2000), Sgs2/Sde1 in A. thaliana (Dalmay 

et al., 2000; Mourrain et al., 2000) and Rdr1 in S. pombe (Tabara et al., 1999). RdRps 

are classified into three categories comprising RDRα, RDRβ and RDRγ. RDRα exists 

in plants and animals, whereas RDRβ is present in animals and fungi. RDRγ exclusively 
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exists in fungi (Bollmann et al., 2016). However, no homologs were found in S. cere-

visiae, D. melanogaster and Vertebrates. Strikingly, recent studies found RdRp substi-

tutes in humans such as TERT (telomerase reverse transcriptase) catalytic subunit and 

Pol II (RNA polymerase II). TERT can combine with the non-coding RNA component 

of RMRP (mitochondrial RNA processing endonuclease), forming the smallest cata-

lytic unit with RdRp activity (Maida et al., 2009). Although Pol II is a DNA-dependent 

RNA polymerase, it is capable of catalyzing dsRNA synthesis using ncRNA (B2 RNA) 

as a template (Wagner et al., 2013). RdRp proteins function as homodimer in Neuro-

spora crassa, Thielavia terrestris and Myceliophthora thermophila in vitro and the cat-

alyzation activity vary in each organism (Qian et al., 2016).  

Studies in plants have uncovered that silencing signal can be systemically spread 

and amplified (Allen et al., 2005; Palauqui et al., 1997; Voinnet & Baulcombe, 1997; 

Yoo et al., 2004). The secondary mRNA silencing is mediated by 22-nt miRNAs (Allen 

et al., 2005; Yoshikawa et al., 2005) and triggered by either one or two miRNA com-

plementary sites on mRNA substrates (Allen et al., 2006). The cleaved mRNA frag-

ments (one side cleavage) are catalyzed by Rdr6 producing long dsRNAs with the pro-

tection of a silencing suppressor called Sgs3 (Mourrain et al., 2000) in an unprimed-

synthesis manner (Petersen and Albrechten, 2005). The newly synthesized dsRNA mol-

ecules are processed by Dcl4 and give rise to trans-acting siRNAs (tasiRNAs) every 

21-nt, which are assembled to Ago1 protein forming RISC complex, targeting homol-

ogous mRNA molecules and strongly raising degradation efficiency to 40-fold in the 

molar ratio (Allen et al., 2005). Silencing amplification is also present in C. elegans 

and D. melanogaster independent of Dicer because amplified sRNAs are short enough 

in these two organisms to be directly recognized and assembled to Ago proteins (Pak 

& Fire, 2007; Sijen et al., 2007). By contrast, no secondary sRNAs have been found in 

humans. 

1.2.2.2 Dicer/Dicer-like proteins 

A study in D. melanogaster has revealed that sRNAs are processed from long dsRNAs 

by an endoribonucleolytic enzyme named Dicer (Bernstein et al., 2001). Dicer proteins 

belong to RNase III enzyme and typically compass a DExD box, a DUF283 domain, a 

PAZ (PIWI-Argonaute-Zwille) domain, two RNase III (endoribonuclease III) domains 

and a dsRBD (double-stranded RNA binding domain) (Collins & Cheng, 2005). Dicer 

proteins chop dsRNA every 21-23-nt to make short sRNAs dependent on energy gen-

erating by ATP hydrolysis. These resulting sRNAs contain specific structures with 2-

nt 3’ overhangs of hydroxyl termini and 5’ monophosphate group (Bernstein et al., 

2001; Collins & Cheng, 2005; Elbashir, Harborth, et al., 2001b; Elbashir, Lendeckel, 

et al., 2001; Zamore et al., 2000). 
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The architecture of Dicer protein looks like a hatchet. The dual RNase III domains 

form the blade and the PAZ domain forms the basis of the handle (Macrae et al., 2006) 

(Figure 1.3 A). DExD box, an RNA helicase, is highly conserved in Dicer proteins. 

The N terminus of this domain contains ATP-related binding motifs Q, I and II, ATP 

hydrolysis motif III and RNA binding motifs Ia and Ib. The C terminus consists of RNA 

binding motifs IV, V and VI (Sengoku et al., 2006). These subunits are utilized for 

unwinding dsRNAs in an ATP-dependent manner (Cordin et al., 2006). The PAZ do-

main is an RNA binding motif present in both Dicer and Ago proteins. PAZ domain in 

Ago proteins adopts an OB (oligonucleotide and oligosaccharide-binding)-fold that rec-

ognizes and binds 3’ 2-nt overhang of sRNAs. A similar folding manner is present in 

Dicer proteins in G. intestinalis, whereas the PAZ domain in Dicer contains an extended 

loop contributing to RNA recognition which is absent in Ago proteins (Macrae et al., 

2006). The C terminal of Dicer comprises dual RNase III and a dsRBD. Dicer proteins 

act as a ruler to precisely process dsRNAs into 21-23-nt sRNAs as the consequence of 

the unique structure of the RNase III domain. Each RNase III domain consists of two 

catalytic activities capable of cleaving phosphodiester bonds and chops dsRNA into 

short RNAs with 2-nt 3’ overhangs (Collins & Cheng, 2005), but each RNase III do-

main provides sole catalytic center nonetheless (Zhang et al., 2004). The distance be-

tween two active catalytic centers is 25-bp giving rise to the precise generation of 21-

23-nt in length sRNAs by alteration the distance between two RNase III domains 

(Blaszczyk et al., 2001). Thus, Dcr functions as a homodimer, generating sRNAs with 

5’ phosphate group, 3’ hydroxyl termini and 2-nt 3’ overhangs (Blaszczyk et al., 2001).  

1.2.3 RNAi in plant, plant development and immunity 

After identifying Qde-2 in N. crassa in 1998, plant biologists isolated Arabidopsis 

∆ago1 mutants through mutagenesis and T-DNA insertion into the native location. 

Ago1 is an ortholog of Qde-2.  Hypomorphic mutation in Ago1 gave rise to abnormal 

leaf development (Bohmert et al., 1998). Shortly after the screening of ∆ago1 mutants, 

Ago1 was revealed to play an essential role in PTGS and contributing to viral defense 

similar to Sgs2 and Sgs3 (Elmayan et al., 1998; Fagard et al., 2000b; Morel et al., 2002).  

Figure 1.3 Protein structure of 

Dicer in Giardia intestinalis 

(Figure from (Macrae et al., 

2006)) 
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Several bacterial ribonucleases, particularly RNase III and RNase HI involved in RNA 

maturation and gene regulation (Nicholson, 1999), hinting that these ribonucleases 

might participate in the RNAi pathway. Importantly, Argonaute, an RNase H-like pro-

tein and the core component of RISC, was firstly demonstrated in D. melanogaster 

facilitating mRNA cleavage guided by 20-25-nt sRNAs (Hammond et al., 2000; 

Hammond et al., 2001). Hen1 (HUA enhancer1) was vital for sRNA stabilization (Yu 

et al., 2005) by methylation at 3’ OH termini (Z. Yang et al., 2006) preventing them 

from  3’uridylation (Li et al., 2005) and degradation by exonuclease Sdn1 (Small RNA 

degrading nuclease) (Ramachandran & Chen, 2008). Meanwhile, biochemical data pro-

vided in Drosophila have revealed the chopping process of long dsRNAs into 21-23-nt 

sRNAs (Zamore et al., 2000) and the protein involved in this slicing was the RNase III 

enzyme (i. e. Dicer) (Bernstein et al., 2001). The essential steps in the RNAi pathway 

had been solved since 2001 and many studies had started to focus on identifying the 

homology of RNAi factors.  

RNAi functions in diverse biological processes in plants. As the core compound in 

RNAi, Ago proteins play an eminent role in plant development, floral timing control, 

shoot apical meristem differentiation and immunity. Reports have shown that Ago1 

necessitated for plant growth and development during vegetative and sexual life cycle 

from juvenile to mature stage and Ago1 mutation lines displayed severe deficiency in 

reproduction (Bohmert et al., 1998; Jover-Gil et al., 2012; Lynn et al., 1999; Miyashima 

et al., 2009; Sorin et al., 2005; L. Yang et al., 2006). Ago10 functioned in timing control 

of floral stem cells (Ji et al., 2011), SAM and leaf development through regulating 

miR165 and miR166 (Liu et al., 2009; Xue et al., 2017; Zhou et al., 2015; Zhu et al., 

2011). In addition, hypomorphic ∆ago1 mutants regulated Arabidopsis leaf Morphol-

ogy (Bohmert et al., 1998; Morel et al., 2002). Meanwhile, Ago1 involves in antiviral 

defense (Qu et al., 2008; Zhang et al., 2006) and regulates downstream signaling trans-

duction (Li et al., 2012). Similar roles were also found in other Ago proteins (Ago2, 

Ago4, Ago5 and Ago7), which contributed to viral defense (Ando et al., 2021; Brosseau 

et al., 2016; Brosseau & Moffett, 2015; Qu et al., 2008; Zhang et al., 2006). However, 

Arabidopsis Ago7, also named ZIPPY (Sturani et al.), has been documented previously, 

showing a significant role in timing control during plant development rather than 

transgene silencing (Hunter et al., 2003). In addition, Ago4 involved in plant resistance 

against oomycetes and bacteria  (Agorio & Vera, 2007). In addition, Ago2-miRNA393* 

complex regulated innate immunity by targeting a Golgi-localized SNARE gene 

MEMB12 in response to bacteria (Zhang et al., 2011).  
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1.2.4 RNAi in fungi and fungal pathogenesis 

Filamentous fungi generally contain less than 10% repetitive elements and a majority 

of them are silenced for genome stability maintenance. In this case, distinct silencing 

defense machinery has evolved in fungi. Three silencing surveillances have been dis-

covered in N. crassa encompassing Quelling (RNAi) that occurs in the vegetative phase 

(Romano & Macino, 1992), meiotic silencing by unpaired DNA (MSUD) that occurs 

during karyogamy in prophase I of meiosis (Aramayo & Metzenberg, 1996; Shiu et al., 

2001) and repeat-induced point mutation (RIP) that occurs prior to meiosis in haploid 

dikaryotic phase (Selker et al., 1987; Selker & Stevens, 1985). In the following section, 

I will introduce Quelling and MSUD, while detailed information on RIP will not be 

discussed further. RIP is a fungal unique genome defense machinery occurring prior to 

nuclear fusion in the stage of sexual reproduction through rearranging multiple G-C to 

A-T pairs which Dim-2 subsequently methylates in duplicated sequences (Galagan & 

Selker, 2004; Grayburn & Selker, 1989; Mautino & Rosa, 1998; Selker, 1990, 2002; 

Selker et al., 1987).  

1.2.4.1 Genes involving in Quelling 

After the finding of quelling phenomenon in asexual growth of N. crassa by Cogoni 

and Macino in 1992, they confirmed that this gene inactivation belongs to post-tran-

scriptional silencing as the abundance of al-1 (albino-1) mRNA precursor in quelled 

strains was similar to that in unquelled strains (Cogoni et al., 1996). Furthermore, the 

efficiency of quelling in N. crassa dim-1 (defective in methylation) deletion mutant that 

defects in cytosine methylation was similar to wild-type (Cogoni et al., 1996). Like-

wise, mutation of Dim-5 in N. crassa crosses encoding a Lys9H3 methyltransferase 

unaffected biosynthesis of dsRNAs (Tamaru & Selker, 2001). Moreover, Dim-2, a 

DNA methyltransferase, whose deletion mutants contained an insignificant methylated 

LINE-like transposable element Tad (Nolan et al., 2005). These works indicate that 

DNA methylation functions independently with RNAi in N. crassa. It was exciting that 

the first RNAi components quelling defective (Qde) genes were isolated in N. crassa 

in 1997 including Qde-1, Qde-2 and Qde-3 by mutagenesis on stable strains of al-2 

(albino-2) containing distinct copies of Albino transgenes (Cogoni & Macino, 1997). 

∆qde deficient mutant recovered the quelled phenotype of al-2, displaying orange phe-

notype with the presence of endogenous Albino gene and high copies of Albino 

transgenes. Later on, Qde-1 was demonstrated homologous to RNA-dependent RNA 

polymerase in tomato (Cogoni & Macino, 1999b; Schiebel et al., 1998) and required 

for PTGS by catalyzing the synthesis of dsRNAs in N. crassa (Cogoni & Macino, 

1999a; Makeyev & Bamford, 2002b). Unlike Qde-1 in Tribulus terrestris and Meth-

anosarcina thermophila independent on primer to initiate short dsRNA biogenesis, N. 
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crassa Qde-1 synthesizes dsRNAs either de novo or relying on primer (Makeyev & 

Bamford, 2002b; Qian et al., 2016). In addition, overexpress Qde-1 increased the pro-

duction of dsRNAs and silencing efficiency (Forrest et al., 2004).  

Qde-2 was identified homologous to Ago1 in A. thaliana and Rde-1 in C. elegans 

(Fagard et al., 2000a). Qde3 is an ortholog of RecQ DNA helicase in Escherichia coli 

and humans and loss of Qde-3 abrogated quelling in N. crassa (Cogoni & Macino, 

1999c), whereas its paralog RecQ-2 not involved in regulation on quelling pathway but 

played a role in DNA repair together with Qde-3 (Kato et al., 2004; Pickford et al., 

2003). However, many studies show that DNA helicase functions in DNA replication, 

DNA transcription, DNA repair and DNA recombination, giving us a hint that the reg-

ulation of RecQ in RNAi might be a consequence of impaired transcription. The pro-

duction of short dsRNAs was dependent on Qde1 and Qde3, whereas Qde2 not neces-

sitated for siRNAs production despite it was required for quelling (Catalanotto et al., 

2002), indicating that Qde-2 should be downstream of sRNA production, which was 

consistent with another document in D. melanogaster (Williams & Rubin, 2002). Direct 

evidence was further provided revealing that Qde2 cleaved passenger strand of sRNA 

duplex associating with Qip, a Qde-2-interacting protein that possesses exonuclease 

activity contributing to the degradation and removal of nicked passenger strands (Maiti 

et al., 2007; Xue et al., 2012). This slicing characteristics of Qde-2 on sense sRNAs 

strongly supports previous in vitro studies in D. melanogaster, showing that ortholo-

gous Ago2 binds with sRNA duplex and slices anti-guide strand as it conducts cleavage 

on mRNAs (Matranga et al., 2005; Meister & Tuschl, 2004; Miyoshi et al., 2005; Rand 

et al., 2005). Likewise, a study in fission yeast also confirmed that Ago proteins are 

required for sRNA maturation (Buker et al., 2007).  

Dcl proteins were the last identified key component of RNAi factors in the quelling 

pathway in N. crassa. N. crassa Dcl1 and Dcl2 functioned redundantly in processing 

dsRNAs into short sRNAs in vivo and in vitro and ∆dcl1dcl2 double deletion mutant 

blocked silencing in vegetative growth (Catalanotto et al., 2004). Strains with mutation 

on Dcl1, Dcl2 and Dcl1Dcl2 displayed normal mycelial growth and conidial develop-

ment. By contrast, homozygous crosses of ∆dcl2 mutants showed normal morphology 

in the sexual life cycle, while homozygous crosses of ∆dcl1 mutants produced small 

and abnormal fertilized female sexual structures (perithecia) without asci inside 

(Alexander et al., 2008). So far, no evidence has been provided on the subcellular lo-

calization of RNAi components in vegetative growth in N. crassa.  

1.2.4.2 Genes involving in MSUD 

N. crassa is a haploid, heterothallic ascomycete containing two mating types (A and a) 

(Glass et al., 1988). Its sexual structure named protoperithecia can be formed by 
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nitrogen starvation on culture medium. Protoperithecia can also be artificially fertilized 

with an opposite mating type vegetative cell, normally conidia, to produce sexual fruit-

ing body perithecium. Apart from silencing machinery in the fungal vegetative phase, 

gene silencing also exists during meiosis named MSUD. MSUD was initially called 

meiotic transvection (Aramayo & Metzenberg, 1996). The experimental idea in the 

study of Aramayo and Metzenberg originated from a forward genetic screen in Asper-

gillus nidulans (A. nidulans), in which some mutants defective in conidial development 

were isolated by observation on conidiophore morphology. One of the mutants loss of 

stu-1 developed short and abnormal sterigma, producing very few conidia but unaltered 

mycelial growth rate (Clutterbuck, 1969).  If we could identify a gene essential for N. 

crassa development and morphology, it would be an attractive candidate to investigate 

the silencing mechanism in the sexual reproductive cycle simply by observing the ap-

pearance of mutants and complementary strains. Luckily, the geneticists found Asm-1 

(ascospore maturation 1), an ortholog of Stu-A (Stunted-A) of Aspergillus nidulans (A. 

nidulans). Mutation of Asm-1 failed to form female sexual structure in cross-culture 

medium and yielded inviable ascospores and displayed an ‘ascus-dominance’ phenom-

enon while crossing asm-1 mutation strain and wild-type, which could be explained by 

the hypothesis that alleles must be in pair for being expressed or would be inactivated 

(Aramayo & Metzenberg, 1996). The proposal was reexamined with an additional ex-

perimental set-up by crossing two opposite mating-type strains carrying two copies of 

Asm-1 at the native locus and ectopic position of His-3 by Shiu and his colleagues. 

Their work demonstrated that unpaired DNA in meiosis resulted in the silencing of all 

homologous DNA, including genes paired, which indicates that alleles must not be un-

paired during meiotic growth to prevent degradation (Shiu et al., 2001). Since then, the 

term of meiotic transvection was changed to MSUD.  

Several mutants have been isolated involving in the MSUD pathway in N. crassa. 

Shiu et al. found a semi-dominant cross mutant sad-1UV that repressed ascus dominance 

resulting from mutation of Asm-1 (Shiu et al., 2001). Sad-1 is a suppressor of ascus 

dominance encoding an RNA-dependent RNA polymerase and the vegetative growth 

of its mutation strains was normal as wild-type (Shiu et al., 2001). The finding of 

MSUD and Sad-1 trigger microbiologists to discover other components in the silencing 

pathway in N. crassa sexual phase. In 2003, Lee et al. identified a paralog of Qde-2 

coined Sms-2 which null mutants had no defects in mycelial growth and conidial de-

velopment during the vegetative phase. By contrast, the phenotype of crosses of homo-

zygous sms-2RIP resembled the phenotype of homozygous crosses of sad-1UV, produc-

ing inviable ascospores, indicating the necessity of Sms-2 in MSUD (Lee et al., 2003; 

Shiu et al., 2001). Three years later, Shiu et al. isolated another meiotic suppressor 

named Sad-2. Homozygous crosses of the recessive sad-2RIP mutant inactivated meiotic 
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prophase I of unpaired alleles and Sad-2 recruited Sad-1 for perinuclear colocalization, 

suggesting that Sad-2 is required for the MSUD pathway (Shiu et al., 2006). Shiu and 

his colleagues had conducted a lot of genetic researches on MSUD machinery in N. 

crassa since 2001 when they added an experimental set-up for the guided work of Ar-

amayo and Metzenberg and found MSUD. The PTGS components in sexual growth 

(including Sad-1 (RdRp), Sad-2 (meiotic suppressor), ReQ (helicase), Sms-2 (Ago-

like), Qip (exonuclease) and Dcl1 (RNase III enzyme)) were proposed by Shiu’s labor-

atory showing the interaction of all these proteins in the perinuclear region via BiFC 

approach (Alexander et al., 2008; Decker et al., 2015; Shiu et al., 2006). Notably, it 

seems that Sad-2 is vital for perinuclear localization by other MSUD partners as MSUD 

factors lose their localization on perinuclear in the absence of Sad-2 (Shiu et al., 2006). 

However, the experimental data they provided were unable to address that if the process 

of MSUD does not occur before colocalization of RNAi factors in the nuclear periphery 

or it functions normally in the cytoplasm. Meanwhile, at present, no evidence has 

shown the interaction of RdRp, Dcr/Dcl and Ago proteins in vivo in other organisms 

such as fruit flies, worms and animals with an exception for the interaction of Rde1, 

Rde4 and Dicer in C. elegans. 

Currently, the generally believed model of PTGS in N. crassa is illustrated in Fig-

ure 1.4. During sexual reproduction at the stage of karyogamy, the whole genome is 

scanned spontaneously in N. crassa searching for unpaired alleles in non-sister chro-

matid, which will be silenced through the MSUD pathway. Sad-1 is responsible for 

synthesizing aberrant long dsRNAs interacting with Sad-2 and Sad-3 in the cytoplasm 

or nuclear periphery. Long dsRNAs are processed by Dcl-1, producing 20-25-nt siRNA 

duplexes, which are incorporated into Ago-like protein Sms-2. With the help of exonu-

clease activity from Qip, passenger strand of siRNA duplexes is sliced and released by 

Sms-2, forming an activated RISC-like complex and initiating guide siRNA-directed 

recognition on completely or partially complementary mRNA targets for degradation 

(Chang et al., 2012; Hammond et al., 2011; Quoc & Nakayashiki, 2015). In contrast, 

aberrant RNAs from discrete loci are catalyzed by Qde-1 forming long dsRNAs during 

vegetative growth. The resulting dsRNAs and milRNA precursors are diced by Dcl-1 

or Dcl-2 generating 20-25nt (siRNAs) and 18-28nt (milRNAs) (Lee et al., 2010)) in 

length sRNA duplexes, respectively. sRNA duplexes subsequently are loaded into Qde-

2, recruiting Qip to remove passenger strand siRNA. Activated RISC complex target 

cognate mRNAs complementary to guide sRNAs resulting in degradation or transla-

tional repression (Chang et al., 2012; Quoc & Nakayashiki, 2015; Xue et al., 2012).     
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Figure 1.4 Illustration of PTGS model in N. crassa (Figure modified from (Chang et al., 2012; Xue 

et al., 2012)) 

The left panel shows the process and proteins involving in gene silencing in the MSUD pathway. The 

right panel shows the process and components functioning in quelling in the vegetative cycle. 

1.2.5 Cross-kingdom RNAi 

RNAi has been generally believed a machinery particularly for viral defense and nu-

merous previous works have focused on RNAi in plant or pathogen in response to virus 

(Baumberger et al., 2007; Brosseau & Moffett, 2015; Derrien et al., 2018; Duan et al., 

2012; Garcia-Ruiz et al., 2015; Morel et al., 2002; Neupane et al., 2019; Schott et al., 

2012; van Rij et al., 2006; Wu et al., 2017; Zhang et al., 2006). Until 2007, a study 

showed that RNAi also played a role in anti-bacterial response. Loss-of-function mutant 

∆ago4 reduced Arabidopsis pathogenicity to Pst DC3000  (Agorio & Vera, 2007). An-

other study revealed that Ago4-miR393* complex contributes to plant immunity 

against Pst Dc3000 by regulating a SNARE gene, MEMB12 to increase the release of 

PR protein from a cell (Zhang et al., 2011). RNAi also contributes to anti-fungal defense 

in host plants. Evidence were provided showing that RNAi in Arabidopsis is necessary 

for defense against multiple vascular fungi in the genera of Verticillium (Ellendorff et 

al., 2009). TasiRNA mediated RNAi also regulates nodulation in Lotus japonicus via 

auxin and ethylene signaling pathway (Li et al., 2014). Intriguingly, with more and 

more in-depth research on the biological function of the RNAi pathway, RNAi 
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mechanism is found not only an endogenous genome maintenance machinery but also 

act as a defense weapon traveling cross species and hijacking enemy’s immune genes, 

which is called cross-kingdom RNAi (ckRNAi) and has been discovered among diverse 

organisms and their interacting hosts. Report revealed that Botrytis LTR1-derived 

sR3.1, siR3.2 and siR5 loaded into host Ago1 and targeted plant immune-related genes 

PRXIIF, MAK1/MAK2 and WAK, respectively, impairing immunity in planta (Weiberg 

et al., 2013). Botrytis siR37 inhibited Arabidopsis WRKY7, PMR6 and FEI2 to enhance 

the host’s susceptibility (Wang et al., 2017). Rhizobia sRNAs derived from tRNA com-

peted binding to legume Ago1 to regulate nodulation (Ren et al., 2019). Cross-kingdom 

RNAi also exists in oomycetes. Studies showed that a phytophthora effector PSR2 tar-

geted tasiRNAs in Arabidopsis significantly enhancing the susceptibility of planta (Hou 

et al., 2019) and Hyaloperonospora arabidopsidis used host Ago1 to silence host im-

mune genes (Dunker et al., 2020). The observation of cross-kingdom RNAi indicates 

the existence of the sRNAs secretion pathway in organisms. Some Arabidopsis tasiR-

NAs and miRNAs translocated to Botrytis via extracellular vesicles during plant-path-

ogen interaction. For example, Botrytis siR483 derived from TAS1c loci and siR453 

originated from TAS2 loci inhibited Arabidopsis VPS51/DCTN1 and SAC1, respec-

tively by cross-kingdom RNAi, impairing plant immunity during plant-pathogen inter-

action (Cai et al., 2018). Likewise, various secondary sRNAs bound with Ago proteins 

were secreted to the extracellular environment by exosome-like extracellular vesicles 

in the gastrointestinal nematode Heligmosomoides bakeri (Chow et al., 2019). However, 

whether Botrytis adopts a similar approach delivering sRNAs via EVs into host plants 

remains obscure.  

1.3 Argonaute proteins 

1.3.1 Crystal structure and mechanism  

Argonaute (Ago) proteins are the core component in RISCs and critical for RNA-me-

diated gene silencing, which exists in many prokaryotes, archaea and eukaryotes. In 

contrast to eukaryotic Ago proteins that recognize RNAs, most bacterial Ago proteins 

were reported association with guide DNAs giving rise to DNA interference (Hegge et 

al., 2019; Kuzmenko et al., 2020; Kuzmenko et al., 2019; Makarova et al., 2009; Sheng 

et al., 2014; Swarts et al., 2015; Swarts et al., 2014), whereas Ago from a bacteria 

Rhodobacter sphaeroides was also found binding with guide RNAs and targeting base-

paired DNAs (Miyoshi et al., 2016). Although Ago sequences share low homology in 

prokaryote and eukaryote, the architecture of Agos is rather conserved in archaea and 

prokaryote and eukaryote (flies, mammals, plants and fungi). Crystallographic studies 
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on Ago proteins have shown that the overall protein structure looks like a bilobal archi-

tecture (Figure 1.5) comprising one lobe with amino-terminal domain and a PAZ domain 

binding 3’-end of anti-sense sRNAs, the other lobe with a middle (Mid) domain that 

adopts a Rossman-like fold, sensing and offering a binding pocket for 5’-phosphate 

anti-sense sRNAs and a PIWI (P-element-induced wimpy testis) domain that belongs 

to ribonuclease H and possess endonucleolytic activity in some Ago proteins, e.g., Hu-

man Ago2 (Matranga et al., 2005) and fission yeast Ago1 (Liu et al., 2004).  

The crystal structure of the PAZ domain has been solved in archaea Pyrococcus 

furiosus (Song et al., 2004) and Thermococcus thioreducens (Wang et al., 2008), bac-

teria Aquifex aeolicus (Rashid et al., 2007) and animals encompassing Drosophila mel-

anogaster (Lingel et al., 2003),  Homo sapiens (Rashid et al., 2007) and Mus musculus 

(Simon et al., 2011) and yeast Kluyveromyces polysporus (Nakanishi et al., 2012). PAZ 

domain adopts an OB-like fold (Song et al., 2004). The binding of PAZ domain has no 

sRNA sequence bias, showing similar binding affinity in distinct small RNA classes. 

Nevertheless, the PAZ domain strongly reduced binding affinity to sRNA molecules 

that were in the absence of 2-nt 3’ overhangs (Lingel et al., 2004), which is consistent 

with the sRNA products of Dicer (5’ phosphate and 3’ hydroxyl) (Zhang et al., 2004). 

Two aromatic residues Phenylalanine (codon: F) are critical for RNA binding to 3’ 2-

nt overhang of guide RNAs (Lingel et al., 2003; Song et al., 2003; Song et al., 2004).  

Figure 1.5 Crystal structure of full-length Argonaute proteins in Kluyveromyces polysporus  (Fig-

ure from (Nakanishi et al., 2012)) 

The crystal structure of MID domain has been solved in animals H. sapiens (Frank 

et al., 2010) and M. muscus (Cora et al., 2014), fungus N. crassa (Boland et al., 2011) 

and plant A. thaliana (Frank et al., 2012). The architecture of MID domain adopts tra-

ditional nucleic acid binding fold, i.e., Rossman-like fold. MID domain is unable to 

bind sRNAs in the absence of PIWI, whereas the PIWI domain alone can bind with 

guide sRNAs at a reduced affinity in N. crassa (Boland et al., 2010). By contrast, Ara-

bidopsis Ago1 Mid domain resembles the binding affinity of PIWI domain, indicating 

a more significant role of the Mid domain in sRNA binding in A. thaliana (Zha et al., 

2012). 
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The crystal structure of the PIWI domain has been available in archaea Pyrococcus 

furiosus (Song et al., 2004) and Archaeoglobus fulgidus (Ma et al., 2005; Parker et al., 

2004), bacteria Aquifex aeolisus (Yuan et al., 2005), fungi Neurospora crassa (Boland 

et al., 2011) and Kluyveromyces polysporus (Nakanishi et al., 2012), animals Homo 

sapiens (Tian et al., 2011), Bombyx mori (Matsumoto et al., 2016) and Drosophila mel-

anogaster (Yamaguchi et al., 2020). The architecture of the PIWI domain adopts an 

RNase H fold with a conserved active site aspartate-aspartate- aspartate motif (DDD) 

in N. crassa that is less common than aspartate-aspartate-glutamate (DDH) (Buddhika 

et al.) (Buddhika et al., 2020) in most eukaryotic Agos (Nakanishi et al., 2012). How-

ever, endoribonuclease activity is not a global property for Agos even if they contain 

DDD/H motif. In human, Ago2 exclusively cleave target mRNAs (Liu et al., 2004). 

Likewise, evidence have been demonstrated that Ago1, Ago2, Ago4, Ago7 and Ago10 

possess catalytic activity in A. thaliana (Baumberger & Baulcombe, 2005; Carbonell et 

al., 2012; Ji et al., 2011; Montgomery, Howell, et al., 2008; Qi et al., 2005; Qi et al., 

2006; Zhu et al., 2011). Ago proteins cleave guide sRNA/mRNA hybrids at the phos-

phodiester bond between 10 and 11 nucleotides from 3’ terminus of guide RNA, releas-

ing a 9-nt 5’ product with 5’ phosphate and a 12-nt 3’ product with 3’ hydroxyl termini 

(Martinez & Tuschl, 2004). In most cases, 3’ cleavage products of mRNA are degraded 

by 3’ exosome after deadenylation (Chekanova et al., 2007), while uncapped 5’ cleav-

age products of mRNA undergo degradation by 5’-exoribonuclease 

(XRN1/XRN4/EIN-5) (Olmedo et al., 2006; Orban & Izaurralde, 2005; Souret et al., 

2004). For miRNAs (most plant and mammalian miRNAs) that are incompletely com-

plementary to RNA transcripts, gene silencing is achieved by inhibiting the translation 

of the target mRNAs instead of mRNA cleavage, following by mRNA decay 

(Brodersen et al., 2008; Chen, 2004; Cho et al., 2017; Djuranovic et al., 2012; Eulalio 

et al., 2008; Hou et al., 2016; Huntzinger et al., 2013; Iwakawa & Tomari, 2013; Li et 

al., 2013; Yang et al., 2021). Consistent with the RNase H enzyme, Ago proteins also 

need divalent metal ions as cofactors binding to DDD/H motif to complete the cleavage 

reaction. For example, Magnesium combined with the DDH motif was found in the 

crystal of P. furiosus Ago2 (Rivas et al., 2005). 

The amount of Agos varies considerably in each organism. Many Agos and homo-

logs were cloned and identified in distinct organisms two decades ago such as Qde-2 in 

N. crassa (Cogoni & Macino, 1997), Rde1 in C. elegans (Tabara et al., 1999) and PIWI 

in D. melanogaster (Pal-Bhadra et al., 2002). The seed region 5’ 2-8-nt of miRNA is 

vital for mRNA target recognition and binding (Czech et al., 2008; Lewis et al., 2005; 

Lewis et al., 2003).  
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1.3.2 Subcellular localization 

The subcellular location of Ago proteins has been described in plants, animals and 

fungi. Ago proteins are associated with mRNA degradation or translational inhibition 

and processing bodies (P bodies) are a vital compartment for non-translated mRNA 

decay and storage. A report has shown that mRNA turnover occurred in cytoplasmic P 

bodies (Sheth & Parker, 2003), which was consistent with previous findings demon-

strating that mRNA degrading enzymes Dcp1/2 (de-capping enzyme) and XRNI (exo-

nuclease) resided in cytoplasmic foci in human cells (Ingelfinger et al., 2002; van Dijk 

et al., 2002). Likewise, human Ago2 localized in cytoplasmic granules where mRNA 

degradation and translational repression occur, but sRNA binding was not required for 

localization of cytoplasmic bodies (Sen & Blau, 2005). Instead, RNAs were necessary 

for the formation of P bodies (Sen & Blau, 2005), which was confirmed by another 

study, revealing that RNAs were necessary for P bodies assembly (Teixeira et al., 

2005). By contrast, report showed that human Ago2 resided in P bodies and the locali-

zation of mRNAs for degradation was dependent on miRNAs (Liu et al., 2005). More-

over, Ago2 localized in P granules and resided in cytoplasm and stress granules (Leung 

et al., 2006). Similarly, C. elegans Alg-1 (Ago) localized in cytoplasmic P bodies (Ding 

et al., 2005) and Arabidopsis Ago1 resided in the endoplasmic reticulum and associated 

with Amp1 directed by miRNAs to cause mRNA translational inhibition (Li et al., 

2013). Further, Agos locate in cytoplasm and P bodies in M. oryzae  (Nguyen et al., 

2018) and Arabidopsis Ago1 could export mature miRNAs from the nucleus to the 

cytoplasm (Bajczyk et al., 2019; Bologna et al., 2018; Pare et al., 2009).  

Unlike animal cells that the biogenesis of mature sRNA molecules by RNase III 

enzyme (Drosha and Dcr) localizes in both nucleus (Drosha) and cytoplasm (Dcr), plant 

sRNA duplexes are generated by Dcl in the cytoplasm. By fluorescence tagging and 

tracking on Ago proteins in plant cells, studies uncovered that different Ago proteins 

localize in distinct cellular compartments depending on their functions as shown in Fig-

ure 1.6. Arabidopsis Ago4 resembled with hc-siRNAs (heterochromatin siRNAs) in 

the cytoplasm and translocated to the nucleus in Cajal body nearby nucleolus for heter-

ochromatin regulation (Li et al., 2008; Li et al., 2006; Ye et al., 2012). Likewise, the 

mobilization of Ago1-mature miRNA complex from the nucleus to the cytoplasm was 

required for RNAi (Bologna et al., 2018). Ago1 also functioned in the endoplasmic 

reticulum, giving rise to translational inhibition in A. thaliana (Li et al., 2013). In con-

trast, Ago7 localized in cytoplasmic siRNA bodies different from processing bodies (P 

bodies) for tasiRNA generation. (Jouannet et al., 2012), whereas mammalian Ago2-

sRNA complex localized in P bodies (Sen & Blau, 2005). 
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1.3.3 Agos in fungi 

N. crassa comprises two paralogous Ago proteins (Qde-2 and Sms-2). Qde-2 was iso-

lated in N. crassa by mutagenesis on stable strains of al-2 (albino-2) containing distinct 

copies of Albino transgenes (Cogoni & Macino, 1997). ∆qde deficient mutant recovered 

the quelled phenotype of al-2 and displayed orange phenotype with the presence of 

endogenous Albino gene and high copies of Albino transgenes. Qde-2 was homologous 

to Ago1 in A. thaliana and Rde-1 in C. elegans (Fagard et al., 2000a). The production 

of short dsRNAs was dependent on Qde1 and Qde3, whereas Qde2 not necessitated for 

siRNAs production despite it was required for quelling (Catalanotto et al., 2002), indi-

cating that Qde-2 should be downstream of sRNA production, which was consistent 

with another document in D. melanogaster (Williams & Rubin, 2002). Direct evidence 

further revealed that Qde2 cleaved passenger strand of sRNA duplex associating with 

Qip, a Qde-2-interacting protein that possesses exonuclease activity contributing to the 

degradation and removal of nicked passenger strands (Maiti et al., 2007; Xue et al., 

2012). This slicing characteristics of Qde-2 on sense sRNAs strongly supports previous 

in vitro studies in D. melanogaster, showing that orthologous Ago2 bound with sRNA 

duplex and slices anti-guide strand as it conducted cleavage on mRNAs (Matranga et 

Figure 1.6   Illustration of gene silencing pathway in A. thaliana (Figure from (Rogers & Chen, 

2013)) 



Functionally distinct Botrytis cinerea Argonaute proteins in plant-microbe interaction 

34 

 

al., 2005; Meister & Tuschl, 2004; Miyoshi et al., 2005; Rand et al., 2005). Likewise, 

a study in fission yeast also confirmed that Ago proteins were required for sRNA mat-

uration (Buker et al., 2007). Colletotrichum higginsianum ∆ago1 and ∆ago2 deletion 

mutants affected vegetative growth and conidial shape and Ago1 mutation strain sup-

pressed sporulation (Campo et al., 2016). Agl-2 null mutant reduced the mycelial 

growth rate and Agl-4 mutation strain unaltered vegetative morphology in Sclerotinia 

sclerotiorum (Neupane et al., 2019). M. oryzae contains three Ago proteins. Ago1 and 

Ago3 functioned redundantly in RNAi and Ago2 negatively regulated retroelement 

(MAGGY)-triggered silencing machinery (Nguyen et al., 2018).  

1.3.4 Agos in A.thaliana 

1.3.4.1 Agos categories 

A. thaliana encompasses 10 Ago proteins which are divided into three groups. Ago1, 

Ago5 and Ago10 belong to the same clade; Ago2, Ago3 and Ago7 belong to the same 

clade; Ago4, Ago6, Ago8 and Ago9 fall into the same clade (Morel et al., 2002; 

Vaucheret, 2008). Among them, Ago1, Ago2, Ago4, Ago7 and Ago10 possess slicing 

ability (Arribas-Hernandez et al., 2016; Baumberger & Baulcombe, 2005; Carbonell et 

al., 2012; Ji et al., 2011; Montgomery, Howell, et al., 2008; Qi et al., 2006; Yu et al., 

2017; Zhu et al., 2011). Arabidopsis Ago genes are differentially expressed in distinct 

growing stages and plant tissues. The expression of Ago1, Ago4 and Ago10 were rela-

tively higher than others and Ago8 was the lowest expressed gene (Mallory & 

Vaucheret, 2010). Ago1, Ago4, Ago7 and Ago10 are the most characterized Ago pro-

teins in A. thaliana. Numerous works have demonstrated that Ago proteins regulate 

diverse pathways in root growth, shoot apical meristem (SAM) development, flowering 

in response to biotic stress, abiotic stress, transposition of transposable elements and 

retroelements. Notably, Ago4 plays a vital role in regulating heterochromatin in the 

nucleus by RdDM (Qi et al., 2006; Zilberman et al., 2003; Zilberman et al., 2004).  

1.3.4.2 Agos and associated sRNAs 

It should be noted that only fully paired miRNA-mRNA duplex causing mRNA degra-

dation (Hutvagner & Zamore, 2002). Thus, the complementarity between guide miR-

NAs and mRNA targets is critical for silencing.  Some miRNAs are independent of Ago 

cleavage activity even if Ago proteins contain endoribonucleolytic activity. These 

miRNA molecules are partially complementary to mRNA molecules, loading into and 

generally resulting in translational inhibition to regulate gene expression (Brodersen et 

al., 2008; Iwakawa & Tomari, 2015). One significant role of Ago proteins is the sorting 

strategy on distinct sRNA species. RIP-sequencing shows that Ago1 binds with most 



Functionally distinct Botrytis cinerea Argonaute proteins in plant-microbe interaction 

35 

 

21-nt miRNAs whose 5’ nucleotide is Uridine (Mi et al., 2008). However, how Ago 

proteins distinguish different sRNA molecules or how certain types of sRNAs are 

loaded into specific Ago proteins remain obscure. Some Ago proteins such as Ago4 

mainly function in nucleus guided by 24-nt sRNAs leading to TGS through RdDM 

(RNA-dependent DNA methylation) pathway (Duan et al., 2015; He et al., 2009; Qi et 

al., 2006; Wang et al., 2011; Zilberman et al., 2003; Zilberman et al., 2004), whereas 

some Ago proteins such as Ago1 mainly localize in cytoplasm guided by 21-oligomers 

giving rise to PTGS (Baumberger & Baulcombe, 2005; Fagard et al., 2000b; Ma & 

Zhang, 2018; Wang et al., 2011). In addition to primary sRNAs, secondary siRNAs 

were firstly discovered in C. elegans (Sijen et al., 2001). These secondary siRNAs are 

termed trans-acting RNAs (tasiRNAs) in plants as they differ from classic cis-siRNAs 

that silence genes where they originate. TasiRNAs, ~21-nt in length, are vital for plant 

growth and development, which has already evolved in the early days (Axtell et al., 

2006; Peragine et al., 2004). Four TAS families generating tasiRNAs have been iden-

tified in A. thaliana encompassing TAS1 (TAS1a, TAS1b, TAS1C), TAS2, TAS3 

(TAS3a, TAS3b, TAS3c) (Allen et al., 2005; Howell et al., 2007; Rajagopalan et al., 

2006; Vazquez et al., 2004) and TAS4 (Peragine et al., 2004; Vazquez et al., 2004; 

Wang et al., 2011). Sgs3, Rdr6, Dcl4 and 21-22-nt miRNAs are critical for the biogen-

esis of tasiRNAs (Allen et al., 2005). Ago1/miR173 (22-mers) complex produce tasiR-

NAs derived from TAS1 and TAS2 loci and Ago7/miR390 (21-nt) complex generate 

TAS3-derived tasiRNAs (Allen et al., 2005; Endo et al., 2013; Montgomery, Howell, 

et al., 2008; Montgomery, Yoo, et al., 2008; Yoshikawa et al., 2005), whereas 

Ago1/miR826 (21-nt) complex trigger the generation of tasiRNAs from TAS4 loci 

(Rajagopalan et al., 2006).  
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Aims of the thesis 

RNAi acts as a conserved defense machinery against viruses, bacteria and fungi in pro-

karyotes and eukaryotes. Agos are the core components of RNAi and play vital roles in 

diverse cellular processes, development and numerous responses to biotic stresses. 

ckRNAi is a new intriguing chapter in pathogen-host interaction. Botrytis sRNAs used 

host Ago/RISC to manipulate plant physiology and immunity, which highlights the 

central function of Agos in ckRNAi. In addition, ckRNAi is bidirectional as plants de-

liver sRNAs into Botrytis to inhibit fungal genes related to virulence. These findings 

raise the hypothesis that Ago proteins might involve in pathogenicity regulation by con-

trolling fungal virulent genes or pathogen sRNA effectors. 

In this doctoral project, B. cinerea-tomato was utilized as a pathosystem. With the 

hypothesis, I aim to employ genetics, molecular biology and transcriptomics ap-

proaches to generate Ago disruption and complementary mutants for phenotypical and 

molecular analyses at the level of mRNA and sRNA expression. Thus, the first aim of 

the thesis was to identify Botrytis Ago genes involving in the PTGS pathway in re-

sponse to infection on tomatoes, and the second aim was to shed light on the possibility 

that translocated host sRNAs might target Botrytis Ago genes to inhibit virulent genes 

as a defense mechanism. To fulfill these two goals, I would like to answer five puzzles: 

I. Do Ago genes regulate virulence in Botrytis cinerea? II. Do Ago proteins stabilize 

small RNAs in Botrytis cinerea? III. Does Ago-mediated stabilization on small RNAs 

associate with Botrytis pathogenicity? IV. What are the DEGs associated with virulence 

in Ago-deficient mutants compared to wild-type? V. Are DEGs related to virulence 

regulated by endogenous sRNAs via Ago proteins in B. cinerea? Overall, I aim to de-

scribe the function of Botrytis Ago proteins in pathogenicity and ckRNAi, which should 

provide insights into the interactions between fungi and their hosts. 
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2. Material and Methods  

2.1 Plant materials 

Solanum lycopersicum (Cultivar Hanz and money maker) seeds were germinated 5 days 

in a petri dish covered by two wet filter papers under darkness at 24°C. They then were 

transplanted to soil and grew in an insect-free binder chamber under controlled condi-

tion (16h light/8h dark, 24°C, 58% relative humidity). Arabidopsis thaliana Columbia 

ecotype (Col-0) seeds were treated with coldness at 4°C for 3 days before germinated 

in the soil in the climate chamber for 7 days. Germinated seedlings were transplanted 

to soil and grown under short-day conditions (8h light/16h dark, 22°C, 60% relative 

humidity).  

2.2 Botrytis cinerea growth 

2.2.1 Botrytis cinerea strains and maintenance  

B. cinerea Pers. Fr. (Botryotinia fuckeliana [de Bary] Whetzel) strain B05.10 was firstly 

isolated from the grape in 1994 (Buttner et al., 1994). This strain was used as transfor-

mation recipient in the study. Botrytis wild-type strains were cultured on complete me-

dia HA agar (Doehlemann et al., 2006). Argonaute gene disruption strains were grown 

on HA media amended with hygromycin (Roth, 70ug/ml). Complementary strains 

cAgo2 were plated on HA media supplemented with nourseothricin (WERNER Bio-

Agents, 120μg/ml) as selection. All Botrytis strains were cultivated at 20°C under con-

stant irradiation for conidiation or under constant dark condition. Sporulated mycelia 

of Botrytis were eluted with distilled water and filtered by Miracloth (Merck Millipore) 

to get pure conidial suspensions. Spores were stored in 25% glycerol and kept at -80°C 

for a long-term storage. Mycelial plugs (Ø=0.4 cm) were collected in distilled water at 

4°C for a temporary storage. Mycelia collected from infected tomato leaves were stored 

for inoculation assay to activate fungal virulent genes. Botrytis transgenic strains used 

in the study are listed in Table 2. 

2.2.2 Mycelial growth 

For observation of the growth rate of Botrytis wild-type and transgenic strains, a droplet 

of a suspension (15μl, 106 spores/ml) with spores in distilled water was pipetted on HA 

agar media. Petri dishes were incubated for 4 days at room temperature under dark 

condition. Mycelial growth was determined by measuring the radial growth of colonies 



Functionally distinct Botrytis cinerea Argonaute proteins in plant-microbe interaction 

38 

 

from two independent transformants for each genotype with twelve biological repli-

cates.  

2.2.3 Conidium morphology 

Conidia were collected from HA media culturing for two weeks under constant light to 

observe the conidial shape of Botrytis wild-type and transgenic strains. Conidium width 

and length were measured from over 200 spores for each transformant.  

2.2.4 Sporulation 

Conidia were eluted in 20ml distilled water by stirring sporulated mycelium on media 

plates. The number of conidia produced was determined by counting the spores micro-

scopically with the hemocytometer (Neubauer improved, Marienfeld). Each genotype 

had six biological replicates. 

2.3 Generation of transgenic Botrytis cinerea 

2.3.1 Identification and phylogeny of Argonaute proteins 

Botrytis cinerea Argonaute proteins were identified by searching the protein databases 

for homologies of Qde-2 in Neurospora crassa using BLAST search (Altschul et al., 

1990) under the E-value at 10, word size at 3, with Matrix x Blosum80 and Gap Costs 

existence 11 extension 1 filtering out low complexity region. The rooted phylogenetic 

tree was constructed with amino acid sequences of filamentous fungal Argonaute pro-

teins in phyla of Ascomycota by RAXML method with JTT model. Fungal species and 

their accession number were listed in Table 3. The alignment was performed by 

MAFFT and bootstrap was calculated based on 1000 replicates. The phylogenetic tree 

was built at CIPRES (Miler et al., 2010) and gene structure was illustrated at Gene 

Structure Display Server (GSDS) (Hu et al., 2015). Protein conserved domains were 

identified by searching at Pfam database under the E-value at 10.  

2.3.2 Vector construction  

Plasmids were constructed based on the Golden Gate toolkit (Binder et al., 2014) and 

were propagated in Escherichia coli strain Top10. For the  ∆ago knockout (ko) con-

structs, 5’ and 3’ homologous arms flanking Ago1, Ago2, Ago3 and Ago4 were ampli-

fied using genomic DNA of wild-type as a template and fused with hygromycin phos-

photransferase (hph) cassette amplified from pCSN44 with the tryptophan synthase 

(trpC) promoter from Aspergillus nidulans (Carroll et al., 1994). Plasmids harboring 
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Ago disruption segments were introduced into Botrytis wild-type protoplast. BpiI and 

BsaI cutting sites in Ago1 and Ago2 were mutated by overlapping primers before clon-

ing. For the AGO1pro-3𝑥HA::AGO1 (cAgo1) and AGO2pro-3𝑥HA::AGO2 (cAgo2) com-

plementation constructs,  3𝑥HA was fused to 5’ terminus of full Ago1 or Ago2 gene 

with a nat1 gene cassette which confers nourseothricin resistance (Malonek et al., 2004) 

under the control of the native promoter. The transformation was conducted under the 

mutation background of Ago1 or Ago2.  

For the Ago1pro-eGFP:Ago1:3𝑥HA and Ago2pro-eGFP:Ago2:3𝑥HA constructs, I li-

gated codon-optimized eGFP and 3𝑥HA with complete Ago2 gene at 5’ terminal and 

3’ terminal, respectively. Transformation for plasmids of GFP labeled Botrytis was per-

formed under the wild-type background. eGFP and 3𝑥HA were cloned using respective 

plasmid pNAH-OGG (Schumacher et al., 2012) and pAMPATp35S:3𝑥HA-CYCLOPS 

(Singh et al., 2014). All constructed plasmids were verified using PCR amplification 

and sequencing prior to generating transgenic strains. Phusion High-Fidelity DNA Pol-

ymerase (Guinebretiere et al.) was used for gene cloning with Cycler (Analytic Jena) at 

conditions of initial denaturation at 98°C for 30s, then 32 cycles of 98°C for 10s, an-

nealing at 58°C for 30s and extension at 72°C for 15s-45s (1kb/30s) followed by 5min 

additional extension at 72°C. Primer oligos used for amplification are listed in Table 

4. 

2.3.3 Protoplast transformation and homokaryotic purification 

Linear fragments digested with BpiI from constructed plasmids were introduced into 

protoplast of wild-type Botrytis or ∆ago2 deletion mutant using polyethylene glycol 

(De Zotti et al.) -mediated protoplast transformation as described before (Hamada et 

al., 1994) with minor modifications. 

Protoplast preparation. Young mycelium was harvested and washed twice by 0.6M 

KCl and 0.1M NaP for osmotic stabilization. After filtration with sterile miracloth, my-

celium was gently suspended in glucanex solution (0.6M KCl, 0.1M NaP, 1% Glucanex 

(Sigma-Aldrich), 1M KOH) for cell wall digestion, followed by incubation at 23°C on 

a rocky 3D shaker (TRM50) for 2 hours. The digested suspension was filtered through 

miracloth and protoplasts were pelleted by centrifugation at 3500rpm for 5 minutes, 

which were gently washed twice with TMS buffer (1M Sorbitol, 0.01M MOPS, 

PH=6.3, NaOH) and resuspended in TMSC buffer (1M Sorbitol, 0.01M MOPS, 0.05M 

CaCl2, PH=6.3, NaOH).  

Transformation. A suspension of 100ul aliquot containing at least 2x107 protoplasts 

was maintained on ice for 10 minutes. Next, 15ug linearized fragments in Tris-CaCl2 

(10mM Tris-HCl, 1mM EDTA, 40mM CaCl2, PH=6.3, NaOH) were gently mixed with 
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protoplast and incubated on ice for regeneration for 10 minutes. The mixture was then 

added with 160ul 60% PEG3350 (Merck), incubating for 20 minutes at room tempera-

ture in case of PEG precipitation, followed by softly mixing with 680μl TMSC and 

centrifuged for 5 minutes at 3200rpm. PEG was removed with pipette and pellet was 

resuspended in 200μl TMSC. Finally, transformed protoplast was softly mixed in 30ml 

melted SH-agar (45°C) and distributed equally on two petri dishes for regeneration. 

The protoplast on the media was overlaid with 20ml HA agar embedded with 70μg/ml 

Hygromycin B or 120μg/ml Nourseothricin on the other day.  

Purification. Colonies grown on selectable media were transferred to new HA media 

with 70μg/ml Hygromycin B or 120μg/ml Nourseothricin. Transformants carried with 

correct insertion in Botrytis genome and verified by genotyping and southern blotting 

were used for homokaryotic purification. Hyphal tips of transformants were transferred 

to HA media with a selectable marker. The procedure was conducted several times until 

homokaryotic transformants were obtained.  

2.3.4 Genomic DNA extraction and genotyping 

Genomic DNA of pure mycelium or sporulated mycelium was isolated from at least 30 

transformants for each construct using CTAB (2% cetyltrimethylammonium bromide, 

1% polyvinyl pyrrolidone,100 mM Tris-HCl, 1.4 M NaCl, 20mM EDTA) according to 

the previous method (Murray & Thompson, 1980) prior to chloroform/isoamyl alcohol 

extraction and isopropanol precipitation (Chen & Ronald, 1999) with minor modifica-

tions (Allen et al., 2006). Mycelia growing on HA media dishes (10cm) were harvested 

after cultivation for five to seven days in constant light or overlayed with cellophane 

for three days under constant dark condition. Six pairs of primers were used for geno-

typing transgenic transformants for each genotype of B. cinerea. GoTaq G2 DNA Pol-

ymerase (Promega) and homemade Tap Polymerase were used for genotyping with cy-

cler condition initiated at 95°C for 2min, then 30 cycles of denaturation at 95°C for 30s, 

annealing at 58°C for 30s and extension at 72°C for 20s-180s (1kb/min), followed by 

5min extension at 72°C. Primer oligos used for genotyping were listed in Table 4. 

2.3.5 Integration verification by southern blotting 

Genomic DNA of putative Ago deletion mutants was extracted using Phenol/Chloro-

form/Isoamyl alcohol as described previously (Chen & Ronald, 1999). Probes were 

cloned with oligonucleotides (Table 4) and labeled with Digoxigenin by amplification 

using Probe labeling Kit Pcr DIG Probe Synthesis Kit (Roche). The amplification pro-

file was initiated with pre-denaturation at 94°C for 5 minutes, followed by 40 cycles 

PCR of 30s at 94°C, 30s at 58°C and 1min at 72°C with 5 min additional extension at 
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the final step. Integration of constructed fragments was examined using southern blot 

as previously described (Southern, 1975) using DIG high prime kit II (Roche) with 

minor modifications. 20μg of gDNA was digested by implicated restriction enzymes 

(Figure 3.6) in a 37°C water-bath (Medingen) overnight and separated by 0.8% agarose 

gel at 30 voltage for 16 hours. After denaturation and neutralization, gDNA was subse-

quently transferred to positively charged nitrocellulose membrane (Merck) overnight 

by upward capillary approach, followed by fixation using Stratalinker 1800 (Strata-

gene) with exposure at 1200 microjoules (x100) for 25-50s. The membrane was then 

transferred in a hybridization tube and prehybridized for 1 hour and incubated with a 

denatured DIG-labeled probe overnight. On the other day, the hybridized membrane 

was washed twice using less stringency solution for 5min each time and then stringency 

solution for 20min per wash. The membrane was washed once using washing buffer, 

followed by blocking for 30min, incubation with the anti-DIG antibody for 30 minutes 

and then washing twice with washing buffer for 15min each time. After equilibration 

for 5min in detection buffer, the membrane was incubated with CSPD for 10min in a 

37°C incubator for chemiluminescence and exposed using the equipment (Fushion-SL 

3500). Primers used for probe cloning were listed in Table 4. 

2.3.6 Western blot 

Botrytis genetically modified strains were grown for three days on HA media overlayed 

with cellophane under constant dark condition. Fresh Mycelia (200mg) were homoge-

nized by mortar and pestle and suspended in 1ml lysis buffer according to the previous 

method (50mM Tris-HCl PH7.5, 100mM NaCl, 5mM EDTA, 1% Triton X-100, 2mM 

PMSF) (Yin et al., 2018) with 10μl of cOmplete™ Protease Inhibitor Cocktail (Merck) 

(25X). The lysate was incubated on a vertical wheel and centrifuged for 5 min at 4°C. 

The crude proteins were separated with 6% SDS-polyacrylamide gel at 80 voltages for 

30min and 120 voltage for 1.5-2 hours and transferred to PVDF membrane (Immobi-

lon-FL) using Bio-Rad casting apparatus overnight at 4°C. The primary monoclonal α-

HA antibody (3F10, Roche) and α-GFP antibody were used at respective 1:1000 dilu-

tion and 1:5000 dilution, incubating with PVDF immobilized protein for 1.5 hours. This 

was followed by incubation overnight at 4° with secondary antibody α-rat IRdye800 

(LI-COR, 1:15000 dilution) or α-mouse IRdye800 (LI-COR, 1:15000 dilution). Pro-

teins were detected with the Odyssey imaging system (LI-COR). All procedures were 

manipulated on ice or at 4°C condition.  
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2.4 Gene expression 

2.4.1 Total RNA extraction 

Total RNA was extracted by CTAB buffer as described in pine tree (Chang et al., 1993) 

with minor modifications (2% CTAB, 2% PVP, 100mM Tris-HCl (pH=8.0), 25mM 

EDTA (pH=7.5), 2M NaCl, a spatula PVPP (Merck, added prior to use), TCEP (0.5M, 

Sigma-Aldrich, added before use). For qRT-PCR analysis, Botrytis strains were grown 

on HA media for seven days under constant light for sporulation or cultured on HA 

plates overlayed with cellophane for three days in dark condition. Total RNAs were 

isolated by 1 volume of Chloroform/Isoamyl alcohol (24:1) and precipitated with 1 

volume of Lithium Chloride (6M) for six hours at 4°C, which was followed by centrif-

ugation for 20 minutes at 4°C, 15000 rpm. Pellet was cleaned by pre-cooled 70% etha-

nol and dissolved in 100 ul DEPC water. Total RNA was then precipitated in 70% 

ethanol (0.1 volume NaAc (3M, PH=5.2) and 2.5 volume 100% ethanol) overnight. 

After centrifugation for 20 minutes at 4°C, 15000 rpm, total RNA was cleaned by pre-

cooled 70% ethanol and dissolved in 20ul RNase-free water. Concentration and intact 

of total RNAs were examined by nanodrop and 1% agarose gel electrophoresis. Good 

quality of total RNAs were used for qRT-PCR or stem-loop RT-PCR.  

For small RNA library and mRNA library construction, total RNAs were isolated 

by 1 volume Phenol/Chloroform/Isoamyl alcohol (25:24:1) and precipitated with 1 vol-

ume Lithium Chloride (6M) for six hours at 4°C, followed by centrifugation for 20 

minutes at 4°C, 15000 rpm. Pellet was dissolved in 400 ul RNase-free water. Total 

RNA was then re-isolated by 1 volume Chloroform/Isoamyl alcohol (24:1), followed 

by precipitation in 70% ethanol (0.1 volume NaAc (3M, PH=5.2) and 2.5 volume 100% 

ethanol) overnight. Other steps are the same as before. Concentration and intact of total 

RNAs were examined via Bio-analyzer (Agilent). Good quality of total RNAs were 

used for small RNA separation.  

2.4.2 Quantitative RT-PCR (qRT-PCR) 

Four-week-old tomatoes were treated with conidial suspension (2X105 spores/ml) of 

Botrytis wild-type and ∆ago2 deletion strain using a versatile sprayer (Roth). Tomato 

leaf discs were collected after 20 hours and 30 hours of treatment using a spray nozzle 

(Roth). Six leaf discs (Ø=0.4 cm) were collected as a biological replicate. Botrytis wild-

type and genetically modified strains were cultivated on HA plates overlayed with cel-

lophane for three days in the dark or grown on HA media for seven days under constant 

light for sporulation. Mycelia from the same plate were collected as a biological repli-

cate. After total RNA extraction, genomic DNA was removed from 1μg total RNA 
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sample with DNase I (Thermo Fischer Scientific) treatment for 30 minutes at 37°C. The 

reaction was stopped by 1μl 50 mM EDTA at 37°C for 10 minutes. DNA-free total 

RNAs were used for first-strand cDNA synthesis with oligo (dT) and SuperScript III 

reverse transcriptase (Thermo Scientific) according to the manufacturer’s instructions. 

RT reactions were diluted 10 folds with ddH2O prior to performing qRT-PCR using 

SYBR Green (Invitrogen, Thermo Fischer Scientific). B. cinerea Actin 

(BCIN_16g02020) was used as a reference gene to normalize mRNA. Relative tran-

scripts were calculated by 2-∆∆Ct based on the previous method (Livak & Schmittgen, 

2001) using qPCR cycler (Quantstudio5, Thermo Fisher Scientific). Primer sequences 

were listed in Table 4. 

2.4.3 Stem-loop RT PCR 

DNA-free total RNAs (1μg) were used for a first-strand cDNA synthesis reaction with 

specific stem-loop RT primer and reverse transcription was carried out as described 

previously (Varkonyi-Gasic et al., 2007) with minor modifications. A mixture of 0.25μl 

dNTP mix (10mM), 0.5μl RT primer (1uM), 3.5μl DNA-free total RNA and 2.45μl 

DEPC-treated water were denatured 5 minutes and cooled on ice prior to cDNA syn-

thesis. The resultant solution was gently mixed with 2ul First-strand buffer (5X), 1μl 

DTT (0.1M), 0.1μl Ribolock RNase Inhibitor (Thermo Scientific, 40 units/ul) and 0.2μl 

SuperScript III RT (Thermo Scientific, 200 units/μl). The reaction was conducted in a 

thermocycler with incubation for 30min at 16°C, followed by 60 cycles of 30°C for 

30s, 42°C for 30s and 50°C for 1s and 5 minutes additional incubation at 85°C. The 

resultant cDNA was directly used for amplification using GoTaq DNA Polymerase 

(Promega) on a thermo cycler initiated with 95°C for 2min, then 30 cycles of denatur-

ation at 95°C for 30s, annealing at 58°C for 30s and extension at 72°C for 20-180s 

(1kb/min), followed by 5min extension at 72°C. PCR products were visualized with 

10% non-denaturing PAGE gel. Oligonucleotides were provided in Table 4.  

2.5 Inoculation test  

2.5.1 Infection assay with conidial suspension or mycelial plugs 

For infection assay with spores, conidia were eluted from sporulated Botrytis of differ-

ent genotypes with 1% malt extract  (Doehlemann et al., 2006) suspension buffer. A 

droplet of 5μl and 10μl (105 spores/ml) conidial suspension were inoculated on four-

weeks old detached tomato leaves. Inoculation assay with mycelial plugs (Ø=0.4 cm) 

was performed according to the previous method (Stein, 1985). Mycelia on agar plates 

of Botrytis were inoculated on four-weeks old detached tomato leaves after cultivation 
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for three to four weeks in constant light. The lesion area was measured using ImageJ. 

For quantifying mycelial colonization of Botrytis, discs from three infected detached 

leaves were collected for genomic DNA extraction and qRT-PCR by using SYBR 

Green (Thermo Scientific) and GoTaq G2 polymerase (Promega) with qPCR cycler 

(CFX96, Bio-Rad). 

2.6 Transcriptomics analysis 

2.6.1 Small RNA library cloning, sequencing and profiling analysis 

Small RNAs of mycelia from WT and ∆ago ko mutants were isolated for high through-

put sequencing according to the previous method (Weiberg et al., 2013). Each genotype 

has two replicates. 20μg extracted total RNAs (non-DNase treatment) were used for 

separation 20-30-nt in length small RNAs. Electrophoresis was conducted in 0.5XTAE 

buffer at 150 voltage for 3 hours 30 minutes with 14% urea-polyacrylamide gel (16.8g 

Urea, 18.67ml Polyacrylamide (30%), 400μl 50XTAE (pH=8.0), 150μl 10%APS, 15μl 

TEMED). Small RNAs were cut out and eluted from RNA gel using 0.3M NaCl. Small 

RNA library was cloned following manufacturer’s instructions (NEBNext Multiplex 

Small RNA Library Prep Set for Illumina(set1)) and sequenced on an Illumina 

HiSeq1500 platform. Raw data were demultiplexed into fastq files using the Je-Demul-

tiplex-Illu tool ((Girardot et al., 2016), Galaxy version 1.2.1). 5’ adaptor was removed 

by fastp tool ((Chen et al., 2018), Galaxy version 0.12.5.0)) and reads between 19-30-

nt were obtained using Filter FASTQ tool with a minimum quality at 20 (Blankenberg 

et al., 2010), Galaxy version 1.1.1)). The resultant reads were mapped to the B. cinerea 

(B05.10) genome (ASM83294v1.41) (van Kan et al., 2017) with Bowtie algorithm 

(Galaxy version 1.1.0) allowing for 0 mismatch (-v=0). Ribosomal RNAs (rRNAs) 

were subsequently removed from reads mapped to the Botrytis genome with Bowtie 

algorithm (Galaxy version 1.1.0) allowing for 3 mismatches (-v=3). Ribosomal re-

moved reads were mapped to messenger RNAs (mRNAs), transfer RNAs (tRNAs), 

Long terminal repeats (LTR-RTs) to determine the category of small RNA species.  

2.6.2 RNA library cloning, sequencing and preprocessing 

Extracted total RNAs of mycelia from WT and ∆ago ko mutants (five replicates for 

each genotype) were used for mRNA library cloning with prime-seq method as previ-

ously described (Geuder et al., 2021) based on single cell RNAseq method (Bagnoli et 

al., 2018). mRNA libraries were sequenced by paired end sequencing on an Illumina 

HiSeq1500 platform. Raw data were demultiplexed into fastq files using the deML 

(Renaud et al., 2015) and processed using the zUMIs pipeline (2.9.6, (Parekh et al., 
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2018)) with STAR (2.6, (Dobin et al., 2013)). Processed reads were mapped to current 

B. cinerea (B05.10) genome assembly (ASM83294v1.41) (van Kan et al., 2017). 

2.6.3 DistHeatMap and Principal component analysis (PCA) plot visualization 

and clustering  

Raw read counts were transformed using the DESeq2 Bioconductor package (Love et 

al., 2014). The regularized logarithm transformation (rlog) was used to transformed 

reads prior to visualization. Euclidean distance was used for DistHeatMap to calculate 

the distance within samples. 

2.6.4 Differentially expressed genes (DEGs) identification, GO term 

(incompletion) and KEGG analysis 

DESeq2 (Love et al., 2014) was used to identify differentially expressed genes in wild-

type and ∆ago deletion mutants based on raw read counts. Reads in WT were used as a 

control comparing to reads in each ∆ago ko mutants. Log2FoldChange≥1.0 or ≤−1.0 

and adjusted P-value (padj) ≤ 0.05 were considered as DEGs. GO and KEGG enrich-

ment analysis were performed using clusterProfiler package (Yu et al., 2012) by Ben-

jamin-Hochberg method with p-value cutoff at 0.01 and q-value cutoff at 0.05. 

2.7 Fluorescence microscopy 

GFP labeled Botrytis strains were grown on HA medium for 14 days under constant 

light to stimulate sporulation. Conidia were eluted from sporulated plates with 1% malt 

extract solution filtered by one-layer miracloth (Merck Millipore). A droplet of 100μl 

spore suspension was incubated on the microscope slide under the humid condition at 

RT for 14-16 hours. Subcellular localization of Botrytis Ago1 and Ago2 were observed 

using fluorescence microscopy (Leica).  

2.8 RNA-immunoprecipitation 

Botrytis strains expressing 3𝑥HA tagged Ago1 were cultivated on HA agar with cello-

phane for four days in dark condition. Proteins of Botrytis strains were extracted as 

previous description (Zhao et al., 2012) with minor modifications. Briefly, 5g mycelia 

were finely grounded in liquid N2 by mortar and pestle quickly and lysed in 20ml IP 

extraction buffer (20mM Tris-HCl, 300mM NaCl, 5mM MgCl2, 0.5% (v/v) NP40, 

5mM DTT, 1 tablet/50ml protease inhibitor (cOmplete, Merck), Ribolock RNAse in-

hibitor (Thermo Scientific) 20μl, make up to 50 ml with DEPC-treated water). The IP 

extraction buffer containing samples was incubated on ice for 10 minutes and thawing 
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in a roller shaker for 20min at 4°C. The cell debris was removed by centrifugation at 

4°C, 12000g for 10 minutes and supernatant was transferred through a pluriStrainer 

(1um, pluriSelect). 50μl HA antibody coupled affinity gel (Ezview Red, Sigma-Al-

drich) was used for incubation with crude proteins for 2 hours in a vertical wheel at 

4°C. α-HA affinity gel was collected by centrifugation for 1 minute at 4°C, 3000g. Gel 

was gently cleaned four times with 1ml washing buffer (20mM Tris-HCl, 300mM 

NaCl, 5mM MgCl2, 0.5% (v/v) Triton X-100, 5mM DTT, 1 tablet/50ml protease in-

hibitor (cOmplete, Merck), Ribolock RNAse inhibitor (Thermo Scientific) 20ul, make 

up to 50 ml with DEPC-treated water) and was collected by centrifugation for 30s at 

4°C, 3000g. α-HA affinity gel was resuspended in 400ul washing buffer. 25% gel sus-

pension was separated for immunoblotting and 75% was used for RNA extraction ac-

cording to previous method (Carbonell et al., 2012).  

To extract RNA from 3𝑥HA-Ago1 protein bound with α-HA affinity gel, 75% gel 

was resuspended in ½ RNA release buffer (225mM Tris-HCl, 10mM EDTA, 300mM 

NaCl, 2% SDS, 1ug/ul Proteinase K (Thermo Scientific)). RNA was released at 65°C 

and 300 rpm for 10 minutes on a Thermo shaker followed by isolation with 1 volume 

Phenol, 1 volume Phenol/Chloroform/Isoamyl alcohol (25:24:1) and 1 volume Chloro-

form/Isoamyl alcohol (24:1) twice. The water phase containing RNA was precipitated 

in 70% ethanol and 1ul Glycogen RNA grade (Thermo Scientific). Extracted RNAs 

were used for sRNA library construction. Immunoblotting with 25% α-HA affinity gel 

bound Ago1 was resuspended in 1XSDS loading buffer and was denatured at 95°C for 

5 minutes prior to SDS-PAGE. The primary antibody used was α-HA antibody (3F10, 

Roche) and the secondary antibody used was α-rat IRdye800 (LI-COR, 1:15000 dilu-

tion). 
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3. Results  

3.1 Identification of Argonaute proteins in B. cinerea 

Genes encoding four paralogous Ago proteins were identified in the B. cinerea genome 

(Ago1, Ago2, Ago3 and Ago4) by searching for orthologs of N. crassa Qde-2 and Sms-

2 using blastp (Figure 3.2). We found a premature stop codon exists in Ago4 (B05.10) 

nucleic acid sequence (Figure 3.1), while Ago4 in Botrytis T4 strain was a complete 

sequence without the premature stop codon. All Ago proteins comprised a PAZ domain 

that binds to 3’ end of guide sRNAs (Lingel et al., 2004), a Mid domain that recognizes 

and provides a binding pocket for 5’ phosphate guide sRNAs (Boland et al., 2010) and 

a PIWI domain guided by sRNA facilitating cleavage on mRNA substrates (Liu et al., 

2004) (Figure 3.1). It is known that Ago proteins in the absence of Mid domain im-

paired sRNA binding affinity in N. crassa (Boland et al., 2010). We found that Ago1 

and Ago2 protein sequences contained a Mid domain, whereas Mid domain was absent 

in Ago3 and Ago4, suggesting a reduced sRNA binding affinity of Ago3 and Ago4 

proteins if these two proteins bind with sRNAs in B. cinerea (Figure 3.2). 

Figure 3.1 Ago protein features in B. cinerea.  

Schematic representation of the functional domain of Botrytis Ago proteins comprising N terminal 

domain (blue), PAZ domain (orange), Mid domain (green) and PIWI domain (Red). A premature stop 

codon resides in the orf of Ago4 labelled with a yellow circle shape tag. 

To explore the  evolutionary relationship of Ago proteins in Botrytis and 

representative ascomycetes, a maximum likelihood neighbor-joining tree was constru 

cted and rooted by Arabidopsis Ago1. The phylogenetic tree showed that Ago proteins 

were divided into two subgroups based on the orthologous of Qde-2 and Sms-2 in N. 

crassa (Cogoni & Macino, 1997; Lee et al., 2003). Botrytis Ago1 protein fell into the 

clade of Quelling and Ago2 belonged to the clade of MSUD, while Ago3 and Ago4 

were categorized in an unknown group (Figure 3.2A), which was consistent with the 

previous classification of Botrytis Ago proteins (Campo et al., 2016). Proteins in the 

subgroup of MSUD are rather conserved, consisting of an N terminal domain, a PAZ 

Ago1

Ago2

Ago3

Ago4
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domain, a MID domain and a PIWI domain near carboxyl terminus except for Ago2 in 

Sclerotinia sclerotiorum and Ago3 in Magnaporthe oryzae which lack a Mid domain 

(Figure 3.2C). Most Ago proteins in Quelling compass a PAZ domain with the excep-

tion of Ago1 in Colletotrichum higginsianum, Ago2 in Gaeumannomyces tritici, Ago2 

in Histoplasma capsulatum and Ago2 in M. oryzae. The MID domain present in few 

Argonaute proteins in Quelling pathway, including Ago1 and Ago2 in Penicillium 

chrysogenum, Ago1 in Aspergillus niger, Ago2 in Trichoderma reesei, Ago2 in Blume-

ria graminis and Ago3 in Gaeumannomyces tritici (Figure 3.2C).  Arabidopsis Ago1 

possesses endonucleolytic activity (Baumberger & Baulcombe, 2005) and associates 

with a majority of sRNAs (Baumberger & Baulcombe, 2005; Wang et al., 2011) and 

Figure 3.2 Phylogeny, gene structure and protein domain architecture of Argonaute proteins in 

representative filamentous fungi. 

(A) Phylogenetic analysis of full-length Ago protein sequences. Representative fungal species in the 

phyla of Ascomycota were selected to construct the maximum likelihood neighbour-joining tree using 

Raxml under the model LG+G+F of amino acid substitution, which was rooted by A. thaliana Ago1 

(Leotiomycetes, Sordariomycetes, Eurotiomycetes, Dothideomycetes). Two subgroups were labelled, 

the Quelling pathway and Meiotic-Silencing by Unpaired DNA (MSUD) pathway highlighted in blue 

and pink. Botrytis Ago1, Ago2, Ago3 and Ago4 were labelled with red stars, respectively. Accession 

numbers used in alignment are in Table 3. 
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are vital for tasiRNA generation (Arribas-Hernandez et al., 2016; Montgomery, Yoo, 

et al., 2008). DDD endonuclease triad is frequent in fungi and the DDH motif is much 

more common in animals and plants (Choi et al., 2014). In contrast to DDD catalytic 

tetrad residues existed in Qde-2 and Botrytis Ago1, Ago3 and Ago4 protein sequences, 

Botrytis Ago2 was the single protein containing DDH motif similar to Arabidopsis 

Ago1 (Supplemental figure 1), indicating that Botrytis Ago2 may have similar func-

tions such as acting as a slicer in RNAi.  

3.2 Ago expression levels in B. cinerea and from infected tomato 

and Arabidopsis 

The expression of Ago genes differ in distinct vegetative tissues in fungi (Campo et al., 

2016) and growing stages in Arabidopsis (Mallory & Vaucheret, 2010). To investigate 

whether Ago genes were differentially expressed in different tissues in B. cinerea, I 

quantified relative transcript levels of four Ago genes from in vitro vegetative tissues 

(mycelium and conidia). Totally all Ago genes were significantly higher ex pressed in 

conidia compared to pure mycelium. Ago1, an ortholog of Qde-2, was the highest ex-

pressed gene in B. cinerea in both pure mycelium and conidia, over 400-fold than Ago2, 

200-fold than Ago3 and 20-fold than Ago4 in mycelium (Figure 3.3). While in conidia, 

the expression of Ago1 was 8.5-fold than Ago2, 15-fold than Ago3 and 2.5-fold than 

Ago4. By contrast, Botrytis Ago2 homologous to Sms-2 involving in MSUD possessed 

the least transcripts in vegetative tissue in mycelium and was intensely expressed in 

conidia. Likewise, the expression of Ago3 and Ago4 were elevated in conidia compared 

to pure mycelium. In contrast to Ago1 expression in conidia which was only 1.2-fold 

than in mycelium, Ago2, Ago3 and Ago4 in conidia were nearly 60-fold, 15-fold and 

10-fold than in mycelium, respectively (Figure 3.3).  

We next wondered whether the interaction between Botrytis and plants regulated 

Ago genes expression. To address the question, we quantified relative transcripts of 

Agos in Botrytis from culture media and tomato or Arabidopsis infected by Botrytis WT 

at 24-, 48- and 72-hour time point. We examined that Botrytis Ago1 was induced 5-fold 

Figure 3.3 Expression of Ago genes in B. cinerea in differ-

ent vegetative tissues  

Transcripts of Botrytis Ago genes in mycelium and conidia 

were examined by qRT-PCR. Values represent mean ±SD 

from four biological replicates normalized to the mean of Ac-

tin and relative to Ago1 mycelium and conidia, respectively by 

two-way Anova. 
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relative to mycelium after 24 hours infection on tomato during a biotrophic stage, while 

a 3-fold reduction of Ago1 transcripts was detected after 72-hour infection on tomato 

when Botrytis turned into necrotrophic stage compared to 20-hour post-inoculation 

(Figure 3.4A). By contrast, Botrytis Ago2 was suppressed in biotrophic and necrot-

rophic phases when infecting tomatoes, decreasing 3-fold at 72-hpi. Interestingly, the 

expression of Ago genes was much higher in Botrytis in response to Arabidopsis than 

tomatoes. However, the transcripts of Botrytis Ago1, Ago2, Ago3 and Ago4 were rela-

tively stable during infection on Arabidopsis compared to in vitro sporulated mycelium 

of B. cinerea (Figure 3.4B). 

3.3 Ago proteins-mediated regulation on virulence in B. cinerea 

3.3.1 Generation of Ago loss-of-function mutants by homologous recombination 

To explore the function of Botrytis Ago proteins in pathogenicity regulation during 

fungal-plant interaction, I constructed Ago deletion plasmids carrying replaced seg-

ments of sequences flanking upstream and downstream of specific Ago genes and a 

selectable marker (Figure 3.5A), which were introduced into Botrytis WT strain 

(B05.10) by peg-mediated protoplast transformation. Transformants of Ago disruption 

mutants integrated into the native location were selected for further homokaryotic pu-

rification after genotyping by PCR with primers examining 5’ terminal and 3’ terminal 

Figure 3.4 Expression pattern of Agos in Botrytis WT from culture and infected S. lycopersium 

and A. thaliana.   

(A) (B) Infected leaves were collected from tomato or Arabidopsis after 24-, 48- and 72-hours inocu-

lation by spraying with suspension conidia of WT strain. In vitro sporulated WT mycelium was con-

sidered a control. Values refer to mean ±SD from four biological replicates normalized to the mean of 

Actin as a relative value to in vitro transcripts by two-way Anova. 
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in the genome and the orf region of Ago genes, respectively (Figure 3.5A, B). PCR 

verified transformants were examined by southern blot, demonstrating that four Botry-

tis Ago genes are single copies in the haploid genome. The replaced fragments of Ago2, 

Ago3 and Ago4 were inserted in endogenous position with a single copy and a second 

random integration existed in Ago1 mutation strains (Figure 3.6A, B). We eventually 

obtained homokaryotic Ago loss-of-function mutants, including two ∆ago1, four 

∆ago2, two ∆ago3 and two ∆ago4 through single spore purification.  

 To exclude the possibility of compensated upregulation of other Ago genes in Ago 

mutation strains in B. cinerea, I quantified the relative transcripts of Ago genes. Very 

low transcripts were detectable in ∆ago deficient mutants and the deletion of specific 

Ago genes had no impact on other Ago genes in the same family (Figure 3.7), indicating 

that Ago gene was specifically deleted in Botrytis.  

Figure 3.5 Strategy for construction of Botrytis ∆ago deletion mutants. 

(A) Red bars refer to functional motifs in Botrytis Ago gene sequences. P1 to P6 refer to primers used 

in genotyping. Scale bar represents 800 bases. (B) Genotyping of ∆ago ko transformants with PCR 

using 5’ primers (upper panel) and ko primers (lower panel) listed in Table 4. 
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Figure 3.6 Schematic diagram of Botrytis Ago genes disruption. 

(A) Genome structure of Ago loci in WT and ∆ago deletion mutant. For Ago1 disruption, restriction 

enzymes SalI and SphI, SphI were utilized in gDNA digestion of WT and ∆ago1 deletion mutant (First 

panel). For Ago2 disruption, restriction enzymes SalI and BamHI were utilized in gDNA digestion of 

WT and ∆ago2 deletion mutant (Second panel). For Ago3 disruption, restriction enzymes SpeI, ScaI 

and SpeI were utilized in gDNA digestion of WT and ∆ago3 deletion mutant (Third panel). For Ago4 

disruption, restriction enzyme XhoI was utilized in gDNA digestion of WT and ∆ago4 deletion mu-

tants (Fourth panel). (B) Result of southern blot visualized by chemiluminescent. A product at 3.2kb 

in WT and two products at 3.0kb and 6.2kb in ∆ago1 were detected by southern blotting, indicating a 

random integration occurred in ∆ago1 ko mutant during protoplast transformation in addition to the 

insertion in native locus. No product was detected at 5kb in ∆ago1 as WT, showing that ∆ago1 ko 

mutants are homokaryotic (First panel). Bands at 4.5kb and 4.3kb were detected in WT and ∆ago2 ko 

mutant by southern blotting, indicating that ∆ago2 ko mutants are homokaryotic (Second panel). Prod-

ucts at 5.0kb and 2.53kb were detected in WT and ∆ago3 by southern blotting. No product was de-

tected at 10kb, indicating that ∆ago3 ko mutants are homokaryotic (Third panel). A single product 

was examined at 1.96kb in ∆ago4 and 1.3kb in WT strains, indicating that ∆ago4 ko mutants are 

homokaryotic (Fourth panel). 

 

Figure 3.7 Ago genes expression in ∆ago de-

letion mutants.  

Transcripts of Botrytis Ago genes in mycelium 

and conidia were examined by qRT-PCR. Val-

ues represent mean ±SD from four biological 

replicates normalized to the mean of Actin and 

relative to Ago1 mycelium and conidia, respec-

tively by two-way Anova. Results were ob-

tained from three technical replicates. 
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3.3.2 Loss of Ago unalter vegetative morphology in B. cinerea 

To figure out whether loss of Ago genes could influence the growth and development 

of Botrytis, I cultured WT and four ∆ago ko mutants under continuous lightness or 

darkness for 14 days. We observed that sporulation, conidia size and colony morphol-

ogy grew normally in WT and ∆ago ko mutants under light condition, while darkness 

stimulated the generation of sclerotia in WT and ∆ago deletion mutants (Figure 3.8A, 

C, D). Meanwhile, four Ago loss-of-function mutants displayed a growth rate similar 

to WT strain after culturing 2-, 3- and 4- days under continuous lightness (Figure 3.8B). 

These observations demonstrate that loss of Ago genes unalters colony morphology and 

growth rate and Ago genes are not required for Botrytis growth and development in the 

vegetative phase. It seems that the morphological phenotype of Ago loss-of-function 

mutants differ in organisms. Previous report showed that N. crassa Qde-2 (encoding an 

Ago protein) (Cogoni & Macino, 1997) and Sms-2 (encoding an Ago protein) (Shiu et 

Figure 3.8 Morphology of Botrytis WT and ∆ago deficient mutants  

(A) Colony morphology and conidia shape of Botrytis WT and ∆ago ko mutants. Botrytis strains were 

cultured under constant lightness (upper panel) or darkness (middle panel) for two weeks. Scale bar = 

1cm. Conidia were collected and observed under light microscope. Scale bar = 10um. (B) The growth 

rate of WT ∆ago ko mutants. Conidial suspension (106 spores/ml) was cultured on the medium plate 

for four days. Radial growth of Botrytis strains was measured at 2, 3 and 4 days. Result was obtained 

from six biological replicates for each genotype containing two independent transformants. (C) Co-

nidia size of Botrytis WT and ∆ago ko strains. Conidia were collected from HA medium culturing for 

two weeks under constant light. Conidium width and length were measured by ImageJ from over 400 

conidia for each genotype containing two independent transformants. (D) Sporulation of Botrytis WT 

and ∆ago2 ko strains. Conidia were eluted from medium plates with ddH2O. Result was achieved from 

twelve biological replicates for each genotype containing two independent transformants. 
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al., 2001) unaffected vegetative growth and development. Likewise, C. elegans Rde-1 

(encoding an Ago protein) mutation strains displaying normal morphology (Tabara et 

al., 1999). In contrast, D. melanogaster Ago1 mutation caused defective maternal and 

zygotic embryos (Kataoka et al., 2001). Furthermore, Colletotrichum higginsianum 

∆ago1 and ∆ago2 deletion mutants affected vegetative growth and conidial shape and 

Ago1 mutation strain suppressed conidiation but not Ago2 mutation strain (Campo et 

al., 2016). Agl-2 mutation strain reduced the mycelial growth rate and Agl-4 mutation 

strain unaltered mycelial growth in S. sclerotiorum (Neupane et al., 2019). In addition, 

hypomorphic ∆ago1 mutants regulated Arabidopsis leaf Morphology (Bohmert et al., 

1998; Morel et al., 2002).  

3.3.3 Ago2 loss-of-function mutants impair pathogenicity in B. cinerea 

To investigate whether Botrytis Ago genes play a role in the modulation of virulence in 

fungi-plant interaction, I conducted infection assays by dropping conidial suspension 

of WT and ∆ago deletion mutants on detached tomato leaves. We observed a significant 

reduction in virulence in ∆ago2 ko mutant in comparison to WT strain when infecting 

on tomato even though the expression of Ago2 is much lower than Ago1 and Ago4 

(Figure 3.9B). No difference of virulence was found in ∆ago1, ∆ago3 and ∆ago4 ko 

mutants compared to the WT strain (Figure 3.9A, C, D). Similar results were obtained 

by inoculation assay with agar discs of WT, ∆ago1 and ∆ago2 deletion mutants on 

detached tomato leaves, showing that ∆ago2 deletion mutants were less aggressive 

compared to WT (Figure 3.9F) and the virulence of ∆ago1 unchanged (Figure 3.9E). 

Then we wondered the colonization of Botrytis. I quantified the gDNA contents of WT 

and ∆ago ko mutants after 0- and 42-hour infection on det ached tomato leaves. The 

gDNA contents of ∆ago2 ko mutant were less examined compared to WT and other 

∆ago deletion strains (Figure 3.10B), consistent with the ached tomato leaves. The 

gDNA contents of ∆ago2 ko mutant were less examined compared to WT and other 

∆ago deletion strains (Figure 3.10B), consistent with the reduced virulence of ∆ago2 

ko mutant in infection. However, ∆ago2 ko mutants displayed similar pathogenicity to 

WT strain when infecting Arabidopsis (Supplemental figure 5). It has been docu-

mented that the defense resistance in response to Botrytis infection varied in different 

strawberry cultivars (Lee et al., 2021). Thus, the distinct phenotype between tomato 

and Arabidopsis could be explained by the existence of a more robust defense mecha-

nism in Arabidopsis than in tomato. When infecting whole tomato plants with WT and 

∆ago2 ko mutant for 30 hours, tomato leaves were more susceptible infected by WT 

than ∆ago2 (Figure 3.10A). gDNA contents ∆ago2 ko mutant were quantified less ac-

cumulated than WT (Figure 3.10B). These observations implicate that Botrytis Ago2 

might positively regulate virulence. 
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Figure 3.9 Phenotyping of B. cinerea WT and ∆ deletion mutants on tomatoes.  

(A) Infection assay on detached tomato leaves with conidial suspension. A droplet of a suspension 

with conidia (5ul, 105 spores/ml) was pipetted on four-weeks old detached tomato leaves for 2 days. 

At least 20 leaves from four independent tomato plants were collected for infection assay. Result was 

obtained from five independent experiments with ∆ago1, two independent experiments with ∆ago3 

and ∆ago  from two independent transformants. Statistics was analysed by nested t-test, n>40. (B) 

Infection assay Botrytis using mycelium of Botrytis WT and ∆ago on agar plugs. Four-week-old de-

tached tomato leaves were used for the assay. Result was obtained by two independent experiments 

with two independent transformants. Statistics was analysed by nested t-test. n≥12. 

Figure 3.10 Colonization of B. cinerea on 

tomatoes.  

(A) Inoculation assay on complete tomatoes 

with WT and ∆ago2 deletion mutant. Co-

nidial suspension of WT and ∆ago2 deletion 

mutant were used to inoculate complete to-

mato plants. Pictures were taken after 30 

hours of infection. (B) Colonization of ∆ago 

deletion mutant from infected detached to-

mato leaves determined by qRT-PCR. Four-

week-old detached tomato leaves were used 

for the assay. Result was from three biolog-

ical replicates. Statistics were analysed by 

two-way Anova. 
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3.4 Heterokaryon complementation  

3.4.1 Introduction a complemented fragment in ∆ago2 unalter vegetative 

morphology  

To confirm the observation of impaired virulence of Ago2 loss-of-function mutants, I 

generated heterokaryotic complementary strains cAgo2#1/#2 expressing 3xHA-tagged 

Ago2 driven by native promotor under the Ago2 mutation background (Figure 3.11A, 

B). Strains were further verified by southern blot, qRT-PCR and western blot (Figure 

3.11C, D, E). Results showed that Ago2 was complemented in ∆ago2 deletion mutants 

and was unexpectedly overexpressed in two complementary strains in comparison to 

WT (Figure 3.11D). I cultured WT and cAgo2#1/#2 in continuous lightness and dark-

ness. We observed no morphological change on mycelial growth, conidia size and spor-

ulation in complementary strains, implicating that the introduction of a 3𝑥HA:Ago2 

segment into Botrytis genome unaffected growth, conidial size and production (Figure 

3.12A, B, C, D).  

Figure 3.11 Generation of cAgo2 complementary strains in Ago2 mutation background.  

(A) Illustration diagram of construction for complementation strain cAgo2. The cAgo2 strains harbouring 

3𝑥HA-tagged Ago2 full-length sequence were generated driven by the native promoter under ∆ago2 ko 

mutant background. The nomenclature of complementation strain Ago2pro-3𝑥HA:Ago2 was abbreviated 

to cAgo2. (B) Genome structure of Ago2 locus in WT and complementary strain. A 452-bp Digoxigenin 

labelled probe was cloned by PCR with a pair of primers (5’-GTCACCAATAAGACTCCACCC-3’ and 

5’-GGCCATGGAAGATTGTGGAG-3’), which was used for DNA hybridization. Restriction enzyme 

BamHI was utilized in gDNA digestion of both WT and cAgo2 knock-in strains. (C) Bands at 1.9kb and 

3.2kb were detected in WT and cAgo2 knock-in strains by southern blotting in cAgo2 strains indicates 
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the heterokaryotic state. (D) Quantification of Ago2 transcripts in Botrytis WT and cAgo2 strains. Values 

are means from three technical replicates and normalized to actin and relative to Ago1 expression in WT 

strain. (E) Western blotting to detect 3𝑥HA-tagged Ago2 protein in cAgo2 strains. The expected size was 

111 KD labelled with a red arrow. 

3.4.2 Gain of Ago2 complemented reduced virulence in B. cinerea 

To verify that whether less pathogenicity of Botrytis ∆ago2 deletion strains caused by 

the absence of Ago2 gene, I performed infection assay with conidial suspension of WT 

and complement strains cAgo2#1/cAgo2#2 by dropping on four-weeks old detached 

tomato leaves. As expected, reduced virulence in ∆ago2 ko mutants was recovered in  

Figure 3.12 Morphology of Botrytis WT and cAgo2 complementary strains.  

(A) Colony morphology of Botrytis WT and cAgo2 strains. Pictures were taken after two weeks of 

culturing in constant light or dark. Scale bar = 1cm (B) Growth rate of Botrytis WT and cAgo2 strains. 

The conidial suspension (106 spores/ml) was cultured on the medium plate for four days. Radial 

growth was recorded at 2, 3 and 4 days. Result was obtained from six biological replicates for each 

genotype. (C) Conidia shape of Botrytis WT and cAgo2 strains. Conidia were collected from HA me-

dium culturing for two weeks under constant light. Conidium width and length were measured by 

ImageJ from over 200 conidia for each genotype. Scale bar = 10um.  (D) Sporulation of Botrytis WT 

and cAgo2 strains. Conidia were eluted from medium plates with ddH2O. Result was achieved from 

six biological replicates for each genotype. 
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Figure 3.13 Pathogenicity assay of WT and complementary strain cAgo2 on tomato.  

A droplet of a suspension with conidia (5ul, 105 spores/ml) was pipetted on four-weeks old detached 

tomato leaves for 2 days. At least 15 leaves from four independent tomato plants were collected for 

infection assay. Result was obtained by five independent experiments with two independent trans-

formants. Statistics were analysed by nested t-test, n>40.  

cAgo2#1/2 compared to WT (Figure 3.13), demonstrating that Botrytis Ago2 contrib-

utes to virulence during infection on tomato.  

3.5 Ago1 and Ago2 localize in the cytoplasm and cytoplasmic 

granules in B. cinerea  

The cellular localization of Ago proteins implicates the location of their functional pro-

cess. The most critical role of Ago proteins in PTGS is their endonucleolytic activity 

slicing excess mRNAs, followed by sRNAs and mRNAs degradation. Another essential 

role for Ago proteins is independent of the RNase activity. Ago proteins bind with 

bulged miRNAs and result in translational inhibition. A recent study showed that Ago2 

resides in the cytoplasm and cytoplasmic P bodies in M. oryzae (Nguyen et al., 2018). 

However, the subcellular location of Ago proteins remains obscure in a majority of 

filamentous fungi.  To investigate the subcellular localization of Ago1 and Ago2 pro-

teins in B. cinerea, GFP and 3𝑥HA were fused to the 5’ terminus and 3’ terminus of 

Ago1 and Ago2, respectively. Both replaced segments were driven by the native pro-

motor. The GFP:Ago1:3𝑥HA and GFP:Ago2:3𝑥HA constructs were transformed into 

∆ago1 and ∆ago2 deletion mutants, respectively (Figure 3.14A). Result showed that 

the GFP signal was mainly distributed in the cytoplasm and some GFP signals were 

concentrated in cytoplasmic granules in fluorescence-labeled B. cinerea harboring 

GFP:Ago1:3𝑥HA or GFP:Ago2:3𝑥HA constructs. (Figure 3.14B). This observation 

was consistent with previous studies of Ago proteins that reside in cytoplasm and P 

bodies or stress granules in human cells (Leung et al., 2006; Sen & Blau, 2005), nema-

todes  (Ding et al., 2005), A. thaliana (Bajczyk et al., 2019; Bologna et al., 2018; Pare 

et al., 2009) and M. oryzae (Nguyen et al., 2018), respectively. 
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3.6 Mechanism of Ago-mediated regulation on pathogenicity in B. 

cinerea 

3.6.1 22-nt sRNAs are not the cause of reduced virulence in Botrytis ∆ago2 

Some small RNAs are critical for growth and development in plants and fungi. In A. 

thaliana, defective in tasiRNAs and loss of most siRNAs resulted in alteration on leaf 

shape in ∆rdr6 and ∆dcl2/3/4 mutants (Gasciolli et al., 2005; Henderson et al., 2006; 

Peragine et al., 2004). Furthermore, Homozygous crosses of ∆sms-2 gave rise to lethal-

ity in N. crassa (Lee et al., 2003; Shiu et al., 2001) and pathogen small RNAs could 

transfer into the host, targeting Arabidopsis Ago1 to suppress host immune genes and 

vice versa (Weiberg et al., 2013). These gave us a hint that the regulation of sRNAs 

mediated by Ago2 might influence the virulence of Botrytis. Ago proteins have an 

Figure 3.14 Subcellular localization of Ago1 and Ago2 

(A) Illustration diagram of complementary constructs harboring GFP and 3𝑥HA fused Ago1 or Ago2 

fragment, respectively. Constructs were introduced into Botrytis Ago1 or Ago2 mutation strains by 

protoplast transformation. (B) Subcellular localization of Ago1 and Ago2 in B. cinerea. 
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impact on the accumulation or biogenesis of sRNAs, and as RNase H members suggest 

their potential role in generating small RNAs. For example, loss of Qde2 decreased the 

accumulation of sRNAs in N. crassa (Cogoni & Macino, 1997). Likewise, Ago4 muta-

tion in A. thaliana decreased the accumulation of 25-nt siRNAs (Zilberman et al., 

2003). A similar case was found in Drosophila Ago1 loss-of-function mutant, showing 

less accumulation of mature miRNAs (Okamura et al., 2004). By contrast, loss of Ago3 

enhanced sRNA levels In M. oryzae. Human Ago2 interacted with Dcr protein 

(Chendrimada et al., 2005) and influenced miRNA expression post-transcriptionally 

(Diederichs & Haber, 2007). C. elegans ALG-1 (Ago) regulated the synthesis of let-7 

(Zisoulis et al., 2012). Furthermore, two Ago proteins (Arb1 and Arb2) in fission yeast 

and Ago2 in mice were also required for siRNA and miRNA accumulation, respectively 

(Buker et al., 2007; Winter & Diederichs, 2011).  

As many previous works showed the significance of Ago proteins in regulating 

sRNA accumulation and Botrytis Ago2 loss-of-function mutants displayed reduced 

pathogenicity, we questioned whether reduced virulence in Ago2 loss-of-function mu-

tants results from the repression of endogenous genes targeted by endogenous sRNAs 

or host translocated sRNAs. To address the question, I cloned and sequenced sRNAs 

of WT and ∆ago deletion mutants. In total, 13282418, 9642954, 18775256, 16917100, 

15476435, 16601171, 10005405, 11004839, 12218978 and 12915839 reads were se-

quenced in WT1, WT2, ∆ago1#1, ∆ago1#2, ∆ago2#1, ∆ago2#2, ∆ago3#1, ∆ago3#2, 

∆ago4#1 and ∆ago4#2 ko mutants, respectively. Among them, I obtained 11131137, 

8198871, 15361092, 13998777, 12307897, 13756299, 8218114, 9015119, 9919857 

and 10762097 reads from WT1, WT2, ∆ago1#1, ∆ago1#2, ∆ago2#1, ∆ago2#2, 

∆ago3#1, ∆ago3#2, ∆ago4#1 and ∆ago4#2 ko mutants mapped to current Botrytis ge-

nome assembly. sRNA reads were aligned to distinct RNA species comprising riboso-

mal RNAs (rRNAs), mRNAs (messenger RNAs), tRNAs (transfer RNAs), LTR-RTs 

(long terminal repeats) and snRNAs/snoRNAs (small nuclear/ small nucleolar RNAs). 

rRNA-siRNAs are the most abundant sRNA category in WT and Ago loss-of-function 

mutants (Figure 3.15A). In Botrytis WT1 strain, a total of 15.8%, 2.8%, 8.3% and 2.2% 

small RNAs were sequenced from mRNAs, tRNAs, LTR-RTs and sn/snoRNAs loci, 

respectively.  In WT2 strain, 14%, 3.3%, 6.9% and 1.9% were mapped to mRNAs, 

tRNAs, LTR-RTs and sn/snoRNAs, respectively. In ∆ago1#1 ko mutant, 11.6%, 3.3%, 

0.12% and 1.4% were mapped to mRNAs, tRNAs, LTR-RTs and sn/snoRNAs, respec-

tively. In ∆ago1#2 ko mutant, 13.8%, 2.9%, 0.8% and 2.6% were mapped to mRNAs, 

tRNAs, LTR-RTs and sn/snoRNAs, respectively. In ∆ago2#1 ko mutant, 16.9%, 3.5%, 

20% and 1.9% were mapped to mRNAs, tRNAs, LTR-RTs and sn/snoRNAs, respec-

tively. In ∆ago2#2 ko mutant, 15.9%, 2.7%, 19.8% and 1.5% were mapped to mRNAs, 

tRNAs, LTR-RTs and sn/snoRNAs, respectively. In ∆ago3#1 ko mutant, 17%, 4.3%, 
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19.8% and 2.2% of sRNAs were originated from mRNAs, tRNAs, LTR-RTs and 

sn/snoRNAs, respectively. In ∆ago3#2 ko mutant, 16.3%, 4.9%, 18.7% and 1.7% of 

sRNAs were mapped to mRNAs, tRNAs, LTR-RTs and sn/snoRNAs, respectively. In 

∆ago4#1 ko mutant, 14.7%, 4%, 8.4% and 1.7% of sRNAs were derived from mRNAs, 

tRNAs, LTR-RTs and sn/snoRNAs, respectively. In ∆ago4#2 ko mutant, 14.1%, 2.7%, 

9.5% and 1.8% were sequence from mRNAs, tRNAs, LTR-RTs and sn/snoRNAs, re-

spectively (Figure 3.15A). Strikingly, a majority of sRNAs derived from LTR-RTs and 

mRNAs lost in ∆ago1 deletion mutants, while the absence of Ago2 and Ago3 elevated 

the accumulation sRNAs in LTR-RT and mRNA loci (Figure 3.15A, B; Figure 3.16A, 

B, C). In contrast, deletion of Ago4 had no effect on sRNA accumulation, suggesting 

an unfunctional role of Ago4 in RNAi. 7-8.2% retroelement-derived sRNAs in WT 

decreased to 0.1-0.8% when deleted Ago1 gene and 7-8.2% retroelement-derived 

Figure 3.15 Characterisation of small RNAs in WT and ∆ago deletion mutant. 

(A) Category of total sRNAs in WT and ∆ago2 deletion mutant. Bar chart summarizes the annotation of 

total sRNA population in categories of tRNA-, mRNA-, snRNA- or LTR- derived sRNAs. (B) Size dis-

tribution of total sRNAs in WT and ∆ago2 deletion mutant. (C) Total sRNA preference at 5’nt in  T 

and ∆ago2 ko mutant. (D) Bc-siR3.2 accumulation in WT and ∆ago deletion mutants. siR3.2 was deter-

mined by RT-qPCR. (E) Relative mRNA levels of LTR1 and LTR2 in WT and ∆ago ko mutants. 

small RNAs in WT elevated to 20% when deleted Ago2 or Ago3 gene in Botrytis. This 

result was confirmed by the semi-quantification of siR3.2 that mapped to retroelement, 

showing that siR3.2 was undetectable in ∆ago1 ko mutant (Figure 3.15D). Total 

sRNAs were identified enriching at 21-23-nt in length and peaked at 22-nt in Botrytis 

WT and ∆ago ko mutants (Figure 3.15B). In consistent with the total sRNA profiling, 

sRNAs originated from LTR loci and mRNA-derived sRNAs enriched at 21-23-nt and 

peaked at 22-nt (Figure 3.16A), while 21/22/28/29/30-nt oligomers were most abun-

dant in tRNA-derived small RNAs displaying a double peak pattern at 22- and 29-nt 
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(Figure 3.16C). The first nucleotide of most sRNAs was uridine in B. cinerea (Figure 

3.15C; Supplemental figure 6). 97% LTR-derived sRNAs had 5’ uridine bias (Figure 

3.16D). 47-48% mRNA-originated sRNAs began with 5’ uridine and   -76% tRNA-

derived sRNAs started with the first nucleotide uridine at 5’ terminus (Figure 3.16E, 

F). the loss of sRNAs originated from LTR-RT, mRNA and tRNA loci in ∆ago1 ko 

mutants were also reflected in profiling of specific sRNA categories, showing that the 

5’ nucleotide sRNAs with uridine were less in ∆ago1 than WT (Figure 3.16D, E, F). 

The increase of LTR-RT and mRNA derived sRNAs in ∆ago2 and ∆ago3 ko mutants 

were reflected in profiling of specific sRNA classes, showing that the 5’ nucleotide 

sRNAs with uridine were elevated compared to WT (Figure 3.16D, E).  

 In summary, these findings demonstrate that a majority of 21-23-nt sRNAs, partic-

ularly LTR-derived small RNAs, in which the first nucleotide starts with uridine, were 

abrogated in ∆ago1 ko mutant, indicating either the involvement of sRNA biogenesis 

Figure 3.16 small RNA profiling from distinct RNA species.  

(A)(B)(C) Size distribution of LTR-derived sRNAs, mRNA-derived sRNAs, tRNA-derived sRNAs 

in WT and ∆ago ko mutant, respectively. (D)(E)(F) First nucleotide abundance in LTR-derived 

sRNAs,  
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or the stabilization activity independent of RNase activity of Ago1 (if Botrytis Ago1 

have). On the contrary, 21-23-nt sRNAs, in which the first nucleotide is uridine, were 

elevated in ∆ago2 and ∆ago3 ko mutants, indicating that Ago2 and Ago3 function in 

mRNA degradation instead of sRNA stabilization.  

I then quantified two Botrytis retroelements (LTR1 and LTR2). Result showed that 

LTR1 was inhibited in ago3 ko mutant and no change was observed in ∆ago1, ∆ago2 

and ∆ago4 deletion mutants. By contrast, LTR2 was induced in Ago1 and Ago2 muta-

tion strains and deletion of Ago3 and Ago4 unaffected LTR2 transcripts (Figure 3.15E). 

This result, together with sRNA abundance in ∆ago2 ko mutants, indicates a dominant 

role of the endonucleolytic activity of Ago2 in B. cinerea. The elevation of sRNAs and 

reduced transcript levels of LTR1 in Ago3 loss-of-function mutants were consistent 

with the rise of gene silencing and inhibited transcripts of retroelement (MAGGY) in 

∆ago2 deletion mutant in M. oryzae (Nguyen et al., 2018), suggesting that Botrytis 

Ago3 might be a minor slicer directed by a small number of guide sRNAs facilitating 

mRNA cleavage, or Ago3 only binds with some sRNAs independent on cleavage ac-

tivity if it possesses. These results were unexpected because the loss of sRNAs in ∆ago1 

ko mutants unchanged the mycelial growth and virulence of Botrytis, which are incon-

sistent with and seem contradictory to the previous observation that lack sRNAs in 

∆dcl1dcl2 double ko mutant slower mycelial growth and impaired pathogenicity in B. 

cinerea, implicating that 22-nt sRNAs in cross-kingdom RNAi are not a big player in 

Botrytis virulence. Furthermore, the reduced virulence in ∆dcl1dcl2 double deletion 

mutant might be triggered by a series downstream regulation, e. g. impaired vegetative 

growth, asexual sporulation and infection structure formation when mutated Dcl1Dcl2 

genes in Botrytis. 

3.6.2 Ago2 regulates genes involving in cellulose-binding domain synthesis, 

arginine biosynthesis, galactose metabolism and lipid metabolism  

To determine the factors mediated by Ago2 protein impairing pathogenicity in B. ci-

nerea during infection on tomatoes, we sequenced mRNAs of WT and ∆ago ko mutants 

with five replicates for each genotype. The samples were initially examined using the 

Euclidean distance calculation method. Result showed that samples of WT, ∆ago1, 

∆ago2, ∆ago3 and ∆ago4 ko mutants and their duplicates were clustered together re-

spectively, except for one ∆ago3 ko mutant that the distance was far from the other four 

replicates (Supplemental figure 7A). PCA plot showed that samples of ∆ago1 defi-

cient mutants genetically differed from Botrytis WT, ∆ago2, ∆ago3 and ∆ago4 ko mu-

tants (Supplemental figure 7B). We then wonder the differentially expressed genes 

(DEGs) in Ago loss-of-function mutants. I identified Botrytis genes differentially ex-

pressed in the loss of Ago mutants compared to WT using DESeq2. Among 11688 
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protein-coding genes, 346 (3%), 256 (2.2%), 1076 (9.2%), 126 (1.1%) genes were iden-

tified that were differentially expressed in ∆ago1, ∆ago2, ∆ago3 and ∆ago4 ko mutants 

using WT as a control, respectively (Figure 3.17A, B). 115 (33.2%) genes were up-

regulated and 231 (66.8%) genes were down-regulated in ∆ago1 ko mutant in compar-

ison to WT. In ∆ago2 ko mutant, 97 (37.9%) genes were up-regulated and 161 genes 

were down-regulated. 496 (46.1%) genes were up-regulated and 580 (53.9%) were 

Figure 3.17 Number of DEGs in WT and ∆ago ko mutants 

(A) Identified differentially expressed genes (DEGs) in ∆ago ko mu-

tants compared to WT. Absolute Log2FC≥1.0 or ≤−1.0 and adjusted 

P-value (padj)≤0.05 were used for D  s identification. 

down-regulated in ∆ago3 deficient mutant. In ∆ago4 deletion mutant, 17 (13.5%) genes 

were up-regulated and 109 (86.5%) genes were down-regulated (Figure 3.17A). Nu-

merous genes were influenced by a mutation on Ago1, Ago2, Ago3 or Ago4, particularly 

Ago3 which affected over 10% of genes (Figure 3.17, Figure 3.18). DEGs in Ago loss-

of-function mutants were used for GO enrichment analysis. Result showed that DEGs 

in ∆ago1 and ∆ago2 enriched in cellular component (CC) pathway (Figure 3.19, Sup-

plemental figure 8), whereas DEGs in ∆ago3 enriched in molecular function (MF) and 

biological process (BP) pathways (Supplemental figure 9) and DEGs in ∆ago4 do not  

Figure 3.18 Differentially expressed genes in ∆ago ko mutants compared to WT in B. cinerea. 

 (A) Venn diagram of overlapping DEGs in ago ko mutants in comparison to WT.  Log2FC≥1.0 or 

≤−1.0 and adjusted P-value (padj) ≤ 0.05 were considered for D  s identification. ( ) Regulated 

0

-10 -5 0 5 10

2
0
 
0
 
0
 
0
1
0
0

-l
o
g
1
0
(Q
 v
al
u
e)

log
2
(Fold Change)

 T vs  ago3

0

-10 -5 0 5 10

2
0
 
0
 
0
 
0
1
0
0

-l
o
g
1
0
(Q
 v
al
u
e)

log
2
(Fold Change)

 T vs  ago4

0

-10 -5 0 5 10

2
0
 
0
 
0
 
0
1
0
0

-l
o
g
1
0
(Q
 v
al
u
e)

log
2
(Fold Change)

 T vs  ago1

0

-10 -5 0 5 10

2
0
 
0
 
0
 
0
1
0
0

-l
o
g
1
0
(Q
 v
al
u
e)

log
2
(Fold Change)

 T vs  ago2

-1
0

-5
0

5
1
0

1e 01 1e 051e 021e 031e 0 
 ean of normalized counts

 T vs  ago2

 
o
g
 f
o
ld
 c
h
an
g
e

 T vs  ago1

1 
1

 

1

2310

1

3 

22
1 

  3

55

2

1

 T vs  ago2

 p regulation

 T vs  ago3

 T vs  ago4

(  .  )

( 0.2 ) (  .3 )

(11.  )

-1
0

-5
0

5

1e 01 1e 051e 021e 031e 0 
 ean of normalized counts

 
o
g
 f
o
ld
 c
h
an
g
e

 

A

-1
0

-5
0

5
1
0

1e 01 1e 051e 021e 031e 0 
 ean of normalized counts

 
o
g
 f
o
ld
 c
h
an
g
e

 T vs  ago3

 T vs  ago4

-1
0

-5
0

5
1
0

1e 01 1e 051e 021e 031e 0 
 ean of normalized counts

 
o
g
 f
o
ld
 c
h
an
g
e

 T vs  ago1

  
( 0.  )

(15.5 ) ( 3.  )

(3 .  )

 0
13

 

 1

32031

10

 2 25

 

3 5

23

 T vs  ago2  T vs  ago3

 T vs  ago4

Down regulation



Functionally distinct Botrytis cinerea Argonaute proteins in plant-microbe interaction 

65 

 

enriched in GO, indicating a distinct role of Ago proteins in B. cinerea. Eight DEGs in 

Ago2 loss-of-function mutant were enriched in GO. BCIN_01g09430, 

BCIN_13g02100, BCIN_13g05760, BCIN_15g03870 encoding extracellular proteins 

and BCIN_03g05610, BCIN_08g00940, BCIN_14g05510 and BCIN_16g04460 encod-

ing proteins involved in cell wall and external encapsulating structure (Figure 3.19). 

Among them, three genes were downregulated in ∆ago2 ko mutant, including 

BCIN_03g05610, BCIN_08g00940 and BCIN_15g03870. BCIN_15g03870 encodes a 

fungal-type cellulose-binding domain (CBD) and the function of BCIN_03g05610 and 

BCIN_08g00940 remain unknown. Many polysaccharide degradation enzymes contain 

a cellulose-binding domain (Gilkes et al., 1991) and the introduction of a CBD in 

Trichoderma harzianum suppressed the growth of B. cinerea (Limon et al., 2004), 

which suggests that CBD is vital for the development of B. cinerea. sRNAs targeting 

these eight genes were predicted and sRNA size distribution showed that 21-mers were 

unexpectedly the most abundant in ∆ago2 ko mutants and 24-28-nt oligomers were 

significantly less accumulated in ∆ago2, ∆ago3, ∆ago4 compared to WT and ∆ago1 ko 

mutants (Figure 3.20). It is surprised that the abundance of sRNAs derived from eight 

gene loci showed similar pattern as WT although most sRNAs lost in ∆ago1 ko mutants, 

indicating that eight genes-derived 24-28-nt sRNAs are probably not dependent on 

Ago1 in B. cinerea (Figure 3.20).  

genes in ∆ago ko mutants compared to  T. Volcano plots show regulated genes in ∆ago ko mutants 

in comparison to WT. The blue dots refer to non-significant regulated genes. The green dots represent 

down-regulated DEGs with log2FC≤-1 and adjusted P≤0.01 and the red dots represent upregulated 

DEGs with log2FC≥1 and adjusted P≤0.01. 

Figure 3.19 DEGs that enriched in cellular component in Ago2 loss-of-function mutant. 

Gene symbols in red refer to downregulated genes and symbols in blue represent upregulated genes 

that were unique in ∆ago2. Gene symbols in black refer to genes enriched in CC but not unique in 

∆ago2. 
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Figure 3.20 sRNA profiling of DEGs enriched in 

GO in ∆ago2. 

Size distribution of sRNAs originated from eight 

DEGs that enriched in CC in Ago2 loss-of-function 

mutants. 

 

Table 1 Genes enriched in KEGG that specifically and differentially expressed in ∆ago2 

Kegg ID Description BgRatio P adjust Definition 

KO 
Gene ID 

bfu00220 Arginine biosynthesis 19/2231 0.047 NADP+ BCIN_16g04050 

bfu00052 Galactose metabolism 24/2231 0.048 Galactose 

oxidase 

BCIN_09g04410 

bfu00910 Nitrogen metabolism 25/2231 0.048 NADP+ BCIN_16g04050 

bfu00250 Alanine, aspartate and 

glutamate metabolism 

30/2231 0.048 NADP+ BCIN_16g04050 

bfu00561 Glycerolipid metabo-

lism 

36/2231 0.048 Glycerol 

kinase 

BCIN_03g04090 

25 downregulated DEGs specifically present in ∆ago2 ko mutants were then used 

for KEGG enrichment analysis. Three genes were identified enrichment in the KEGG 

pathway, BCIN_16g04050, BCIN_09g04410 and BCIN_03g04090 (Table 1). 

BCIN_16g04050 encodes an NADP+ (glutamate dehydrogenase), involving in three 

metabolic pathways comprising arginine biosynthesis, nitrogen metabolism, and ala-

nine/aspartate/glutamate metabolism. BCIN_09g04410 encodes a galactose oxidase 

functioning in galactose metabolism and BCIN_03g04090 encodes a glycerol kinase 

involving in glycerolipid metabolism. We identified reads homologous to these three 

genes in Botrytis WT and ∆ago deletion mutants. In contrast to WT and ∆ago3 deletion 

mutants which sRNAs mapped to three genes enriched between 20-30-nt, the abun-

dance of sRNAs in ∆ago1 ko mutants decreased and displayed a stable distribution 

pattern between 20-30-nt. However, it is interesting that in ∆ago2 ko mutant sRNAs 

derived from three identified genes enriched between 20-23-nt and the abundance of 

sRNAs between 24-30-nt dramatically dropped to the lowest levels compared to other 

strains (Figure 3.21B). Furthermore, these three genes  In N. crassa, milRNAs distrib-

uted between 20-23-nt and 24-27-nt (Lee et al., 2010), suggesting that the loss sRNAs 

in ∆ago2 ko mutants might belong to milRNAs. Taken together, these results indicate 

that Ago2 is likely contributing to pathogenicity by regulating genes that are involved 

in arginine biosynthesis, galactose metabolism and lipid metabolism, which might be 

targeted by 24-28-nt sRNAs. 
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Figure 3.21 sRNA profiling derived from three gene loci and relative expression in ∆ago compared 

to WT. 

(A) DEGs unique in ∆ago2 enriched in KEGG pathways. (B) Size distribution of sRNAs derived from 

three identified gene loci in WT and ∆ago ko mutant. (C) First nucleotide abundance in three genes-

derived sRNAs in WT and ∆ago ko mutant. (D) Relative expression of three genes in ∆ago ko mutants 

compared to WT strain. Three genes satisfied log2FC≤-1 and adjusted P-value≤0.05 in ∆ago2 ko mutant. 
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4. Discussion  

4.1 Ago2 positively regulate virulence in B. cinerea 

B. cinerea suppressed endogenous Ago2 expression in both biotrophic and necrotrophic 

stages and induced the expression of Ago1 in the biotrophic phase in response to infec-

tion on tomato, whereas the transcript levels of Ago1 and Ago2 unaltered during infec-

tion on A. thaliana, suggesting a potential function of Ago1 and Ago2 during Botrytis-

tomato interaction and that the defense mechanism differs in tomato and Arabidopsis. 

It is surprising that Ago2 loss-of-function mutants reduced the pathogenicity of Botrytis, 

whereas Ago1 loss-of-function mutants that blocked the accumulation of most sRNAs 

had no impact on the vegetative growth and virulence. Previous studies in N. crassa 

revealed that deletion of Qde-2 and Sms-2 unaltered mycelial morphology during the 

vegetative stage but suppressed the efficiency of RNAi (Cogoni & Macino, 1997; Lee 

et al., 2003). However, no report has shown the abrogation of sRNAs accumulation in 

∆ago deletion mutants in any organisms to date. Elevated sRNAs in Ago2 mutation 

strains derived from random loci wherein they generated sRNAs with 5’ uridine bias. 

The deletion of Ago genes unchanged morphological phenotype during the vegetative 

growth in B. cinerea, indicating that reduced virulence in ∆ago2 deletion strains is not 

the consequence of morphological alteration. Furthermore, the abundance of 24-28-nt 

sRNAs was greatly decreased in Ago2 loss-of-function mutants, implicating that it is 

likely that the phenotype of impaired pathogenicity in Ago2 loss-of-function mutants 

results from the regulation of 24-28-nt sRNAs, probably milRNAs. 

4.2 24-28-nt sRNAs are likely the intermediator associated with 

Ago2 regulating pathogenicity in B. cinerea  

Some small RNAs are critical for growth and development in plants and fungi. In A. 

thaliana, defective in tasiRNAs and loss of most siRNAs resulted in alteration on leaf 

shape in ∆rdr6 and ∆dcl2/3/4 mutants (Gasciolli et al., 2005; Henderson et al., 2006; 

Peragine et al., 2004). Furthermore, the loss of sRNAs in B. cinerea ∆dcl1dcl2 sup-

pressed the growth of mycelium and the formation of infection cushion (Weiberg et al., 

2013). However, Qde1 (encoding an RdRp), Qde2 (encoding an Ago protein) and Qde3 

(encoding a DNA helicase) mutation that impaired the accumulation of sRNAs unaf-

fected vegetative growth and development in N. crassa (Cogoni & Macino, 1997). Sim-

ilarly, ∆sad-1 (encoding a RdRp) and ∆sms-2 (encoding an Ago-like protein) deletion 

mutant had no obvious impact on asexual development, whereas homozygous crosses 

of ∆sad-1 or ∆sms-2 gave rise to lethality in N. crassa (Lee et al., 2003; Shiu et al., 
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2001). 24-28-nt oligomers originated from DEGs, which were enriched in GO in ∆ago2 

deletion mutants, were greatly less accumulated than WT and other Ago mutation 

strains, implicating that genes enriched in GO and KEGG in ∆ago2 may be targeted by 

24-28-nt sRNAs and result in impaired virulence. 

4.3 5’ nucleotide of mRNA-derived sRNAs is not the sole selection 

of Agos in B. cinerea 

In Botrytis WT strain, over 97% of LTR-derived sRNAs have 5’ uridine bias, which 

suggests that 5’ nucleotide of siRNAs from  TR loci is not the sorting condition for 

Ago loading. However, only     of sRNAs originated from mRNAs begin with 5’ur-

idine. Meanwhile, 24% of mRNA-derived sRNAs start with 5’ adenosine and 1   

sRNAs from mRNA loci have 5’ cytosine. These 5’ nucleotide distribution of sRNAs 

from mRNA loci implicate a more complicated composition of sRNAs than LTR-de-

rived sRNAs. It has been shown that sRNAs were selected by Ago proteins based on 

seed region structure in Drosophila. Ago1 recruited typical miRNA/miRNA* duplexes 

with mismatches and Ago2 employed most perfectly paired siRNAs (Tomari et al., 

2007). A similar finding was found in Arabidopsis, demonstrating that the selection of 

Ago proteins was dependent on the nucleotides at position 2, 6, 9, and 13 rather than 

simply based on the first nucleotide at 5’ terminus (Thieme et al., 2012), which is con-

sistent with our total sRNA profiling in ∆ago deletion mutants compared to WT strains 

(Supplemental figure 6). In contrast, a report revealed that Ago proteins associated 

with distinct sRNAs based on 5’ nucleotide preference. Ago1 bound with miRNAs 

starting with 5’ uridine, whereas the first 5’ nucleotide of sRNAs associating with Ago2 

and Ago  were adenosine and Ago5 mainly employed sRNAs with 5’ cytosine (Mi et 

al., 2008). Another document showed that the structure for 15th nucleotide of miRNA 

duplex benefited for the selection of Ago proteins (Zhang et al., 2014), which is not the 

case in B. cinerea due to the 15th nucleotide showing no change in ∆ago deletion mu-

tants in comparison to  T. Thus, 5’ nucleotide of mRNA-derived sRNAs is not the 

sole condition of sorting for Ago proteins in B. cinerea. 

4.4 Ago proteins are functionally distinct in B. cinerea 

Three catalytic tetrad DDD/H residues are critical for the RNase activity of Ago pro-

teins. Botrytis Ago2 contains a DDH motif similar to Arabidopsis Ago1 that have en-

donucleolytic activity, and Ago1 and Ago3 comprise a DDD tetrad residues similar to 

N. crassa Qde-2, suggesting the RNase catalysis of Ago1, Ago2 and Ago3 in Botrytis. 

GO term enrichment analysis shows that DEGs in Ago1 or Ago2 loss-of-function 
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mutants are involved in cellular component pathway, while DEGs in Ago3 deletion 

mutant associate with molecular function and biological process. A model for distinct 

function of Botrytis Ago proteins is proposed based on the previous works and findings 

in this study (Figure 4.1). Most sRNAs lost in ∆ago1 deletion mutants might result 

from two possibilities. Conceivably, Ago1 interacts with one of Dcl proteins as 

∆dcl1dcl2 double ko mutant was defective in mycelial growth and infection cushion 

formation (Weiberg et al., 2013) (Figure 4.1A). It has been shown that Ago2 interact 

with Dcr protein in human cells (Chendrimada et al., 2005). Therefore, it is also possi-

ble that Botrytis Ago2 associates with Dcl1 or Dcl2 protein. Alternatively, Ago might 

function sequentially and sRNAs might need to load into Ago1 first (Figure 4.1A).  

Arabidopsis Ago1 was documented functioning as a vehicle and delivering sRNAs 

from the nucleus to the cytoplasm (Bologna et al., 2018). In addition, Rde-1 functioned 

sequentially in C. elegans, associating with primary sRNAs to initiate RNAi machinery 

and other Ago proteins bound with amplified siRNAs to facilitate RNA silencing (Yigit 

et al., 2006). In this case, Botrytis Ago1 might be responsible for exporting sRNAs from 

nucleus to cytoplasm to initiate RNAi. Meanwhile, ∆ago1 deletion mutants suppressed 

endogenous transcription (Supplemental figure 7). This indicates the function of Ago1 

in nucleus. It is known that Ago proteins are capable of slicing passenger strand of 

sRNA duplex for releasing and negatively regulate sRNA duplex accumulation 

(Matranga et al., 2005; Meister & Tuschl, 2004; Rand et al., 2005). dsRNAs are more 

stable than ssRNAs that are easily degraded by exoribonuclease. Transcript level of 

retroelement LTR2 was greatly increased in ∆ago2 deletion mutant, suggesting the 

 

Figure 4.1 A proposed scenario for functionally distinct Ago proteins in B. cinerea 

Botrytis Ago proteins functionally distinct and function sequentially. Ago1 might interact with one of 

Dcl proteins to produce sRNA molecules or the initiation of RNAi necessitates Ago1 to transfer 

sRNAs from nucleus to cytoplasm. Ago2 is a dominant slicer facilitating gene silencing directed by 

guide sRNAs. Ago3 might be a minor slicer interacting with few sRNAs and Ago4 is a pseudogene 

not involving in RNAi.   
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slicing ability of Ago2 rather than the role of stabilization. Ago2 is likely a dominant 

slicer because the expression level of LTR2 in ∆ago2 deletion mutant was almost 2-

fold higher than LTR2 transcripts in ∆ago1 deletion mutant and sRNAs were increased 

in Ago2 mutation strains. sRNA molecules and mRNAs form a positive feedback loop 

(Figure 4.1B). By contrast, loss of Ago3 suppressed the transcript level of LTR1 and 

other Ago loss-of-function mutants unaltered LTR1 expression, which was consistent 

with M. oryzae Ago2 that negatively regulated PTGS (Nguyen et al., 2018). Consider-

ing the elevation of sRNAs in ∆ago3 deletion mutants similar to the pattern in ∆ago2, 

these findings implicate that Ago3 might be a minor slicer and Ago3 might compete 

with Ago2 for interacting with sRNA molecules (Figure 4.1C). However, no changes 

were observed in sRNA profiling and LTR1/LTR2 expression in ∆ago4 deletion mu-

tants and Ago4 was not required for LTR1 and LTR2 control, indicating that Ago1, 

Ago2, and Ago3 conduct most RNase complex work and Ago4 might has no function 

in RNAi in B. cinerea (Figure 4.1D).  
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Supplemental figures and tables 

 

 

Supplemental figure 1 Alignment of MID-PIWI motif of Ago protein sequences. 

Ago Protein sequence alignment in B. cinerea, N. crassa and A. thaliana. The secondary structures are 

illustrated above the alignment, such as α-helices and β-strands (arrow). Purple boxes indicate mRNA 

binding site of the 5’ m  pppN cap (Kiriakidou et al., 2007). The red box refers to residues influence 

the allosteric regulation of mRNA binding. Green boxes represent residues that coordinate the two 

sulfate ions. Identical residues are in red shadow with white letters and conservative substitutions are 

in red letters with blue boxes.  
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Supplemental figure 2 Expression pattern of Botrytis Rdr genes from infected S. lycopersicum 

and A. thaliana. 

(A) (B) Infected leaves were collected from tomato or Arabidopsis after 24-, 48- and 72-hours inocu-

lation by spraying with suspension conidia of WT strain. In vitro sporulated WT mycelium was con-

sidered a control. Values refer to mean ±SD from four biological replicates normalized to the mean of 

Actin as a relative value to in vitro transcript by two-way ANOVA. 

Supplemental figure 3 Expression pattern of Botrytis Dcl genes from infected S. lycopersicum and 

A. thaliana. 

(A) (B) Infected leaves were collected from tomato or Arabidopsis after 24-, 48- and 72-hours inoculation 

by spraying with suspension conidia of WT strain. In vitro sporulated WT mycelium was considered a 

control. Values refer to mean ±SD from four biological replicates normalized to the mean of Actin as a 

relative value to in vitro transcript by two-way ANOVA. 
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Supplemental figure 4 Western blot of Botrytis WT and GFP labelled strains. 

Supplemental figure 5 Inoculation assay with WT and ∆ago deletion mutants. 
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Supplemental figure 6 Total sRNA nucleotide distribution in WT and ∆ago deletion mutants 
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Supplemental figure 7 

Sample distance in WT 

and ∆ago ko mutants 

with five replicates for 

each genotype. 

(A) Sample distance cal-

culated by Euclidean 

distance. (B) PCA plot 

shows the biological 

variation of Botrytis WT 

and ∆ago ko mutants.  

 

Supplemental figure 8 DEGs enriched in cellular component in Ago1 loss-of-function mutants 

(incompletion). 
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Supplemental figure 9 DEGs enriched in Ago3 loss-of-function mutants (incompletion). 

(A) DEGs that enriched in molecular function pathway in Ago3 loss-of-function mutants. 

(B) DEGs that enriched in biological process pathway in Ago3 loss-of-function mutants. 
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   Supplemental figure 10 Eleven genes differentially expressed in Ago2 loss-of-function      

   mutants and enriched in GO and KEGG pathways. 

 

   Supplemental figure 11 Twenty-five downregulated genes differentially expressed in Ago2 loss- 

   of-function mutants. 
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Table 2 Botrytis strains used in this study 

Botrytis strains Plasmid Selectable 

marker 

Received strains 

Wild-type (B05.10) - - - 

∆ago1#1/#2 (homokaryon) 5’fla k-Hph-3’fla k Hygromycin WT 

∆ago2#1/#2 (homokaryon) 5’fla k-Hph-3’fla k Hygromycin WT 

∆ago3#1/#2 (homokaryon) 5’fla k-Hph-3’fla k Hygromycin WT 

∆ago4#1/#2 (homokaryon) 5’fla k-Hph-3’fla k Hygromycin WT 

cAgo2#1/#2 (heterokaryon)  Ago2p-3HA::Ago2 Nourseothricin ∆ago2 

GFP (heterokaryon) Ago1p-GFP::Ago1::3HA Nourseothricin ∆ago1 

GFP (heterokaryon) Ago2p-GFP::Ago2::3HA Nourseothricin ∆ago2 

 

Table 3 Accession number of Ago protein sequence in representative Ascomycota fungi 

Genus / Fungal species Accession number 

Sordariomycetes 

Colletotrichum higginsianum (IMI 349063) 
Ch1: CCF47147 

Ch2: CCF38692 

Cryphonectria parasitica (EP155) 

Cp1: ACY36939 

Cp2: ACY36940 

Cp3: ACY36941 

Cp4: ACY36942 

Magnaporthe oryzae (70-15) 

Mo1: XM_003714169 

Mo2: XM_003717456 

Mo3: XM_003716656 

Neurospora crassa (OR74A) 
Nc_Qde-2: NCU04730 

Nc_Sms-2: NCU09434 

Trichoderma reesei (RUT C-30) 

Tr1: ETS02811 

Tr2: ETS00705 

Tr3: ETS02384 

Fusarium oxysporum f. sp.melonis (26406) 

Fo1: EXK27157 

Fo2: EXK33907 

Fo3: EXK48584 

Gaeumannomyces graminis var. tritici  (R3-111a-1) 
Gg1: XM_009227279 

Gg2: XP_009218161 
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Gg3: XP_009216045 

Gg4: XP_009221516 

Eurotiomycetes  

Aspergillus niger (ATCC 1015) 

An1: EHA21073 

An2: EHA21487 

An3: CAL00657 

Penicillium chrysogenum (Wisconsin 54-1255) 

Pc1: XM_002557180 

Pc2: XM_002564321 

Pc3: XM_002559301 

Coccidioides immitis (RS) 

Ci1: XM_001241131 

Ci2: XM_001243611 

Ci3: XM_001244355 

Histoplasma capsulatum (NAm1) 

Hc1: XP_001538593 

Hc2: XP_001544570 

Hc3: XP_001536454 

Leotiomycetes  

Botrytis cinerea (B05.10) 

Bc1: XP_024547764 

Bc2: XP_024547409 

Bc3: XP_024552695 

Bc4: XP_024553502 +XP_001546217 

Sclerotinia sclerotiorum (1980 UF-70) 
Ss1: APA14427 

Ss2: XP_001586694 

Blumeria graminis f.sp.hordei (DH14) 

Bg1: CCU75107 

Bg2: CCU79215 

Bg3: CCU74167 

Dothideomycetes  

Leptosphaeria maculans (JN3) 

Lm1: XP_003843925 

Lm2: XP_003842164 

Lm3: XP_003841784 

Stagonospora nodorum (SN15) 
Sn1: XP_001796933 

Sn2: XP_001800812 

Arabidopsis thaliana (Col-0) AtAgo1: NP_175274 

Schizosaccharomyces pombe Sp1: NP_587782 
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Table 4 Primers used in this study 

Purpose Primer Name Sequence (5’ to 3’) 

Loss-of-function mutant Bc-ago1-5’flank-F ACGGTCTCTGCGGATGTCTTTTGACCCGGCTGCA 

Loss-of-function mutant Bc-ago1-5’flank-R ACGGTCTCACCTTAGCTGTGGAGAAGTGTCTATTG 

Loss-of-function mutant Bc-ago1-3’flank-F ATGGTCTCATGAGGACAATCGATAAGCTTGGGA 

Loss-of-function mutant Bc-ago1-3’flank-R CAGGTCTCTGACATTAGATCCAAAACATCGAGTC 

Loss-of-function mutant Bc-ago2-5’flank-F CAGGTCTCAGCGGCACTTGATTGCTGGCTCAC 

Loss-of-function mutant Bc-ago2-5’flank-R CGGGTCTCACCTTGATGTCGATTTTGGTGGCGTC 

Loss-of-function mutant Bc-ago2-3’flank-F CAGGTCTCATGAGGTACTTCTATTACTTCATCACCA 

Loss-of-function mutant Bc-ago2-3’flank-R CGGGTCTCAGACA AAGTGAT-

TACATTCATGGCTGCTG 

Loss-of-function mutant Bc-ago3-5’flank-F TAGGTCTCAGCGGTATTTTGCTAAAAGCTCAAG 

Loss-of-function mutant Bc-ago3-5’flank-R ATGGTCTCACCTTAGAGTCGAAACTAGGATCTA 

Loss-of-function mutant Bc-ago3-3’flank-F ATGGTCTCATGAGCACACCAGCGAAATATGCAG 

Loss-of-function mutant Bc-ago3-3’flank-R ATGGTCTCAGACACGCGTGATAGTTTTTCTATC 

Loss-of-function mutant Bc-ago4-5’flank-F ATGGTCTCAGCGGTCTTCACAAAGCTTGTGGTAT 

Loss-of-function mutant Bc-ago4-5’flank-R ATGGTCTCACCTTAGGTACAAACCCTTCGGACT 

Loss-of-function mutant Bc-ago4-3’flank-F ATGGTCTCATGAGTGAATGCTGGAACTATCATC 

Loss-of-function mutant Bc-ago4-3’flank-R ATGGTCTCAGACAATCAAATACTGAAAGATGAG 

KO genotyping Bc-ago1-po-F CGTATGTAGATAAGATGTAT 

KO genotyping Bc-ago1-po-R ACGAACAATCGGCATGGTTGA 

KO genotyping Bc-ago1-ko-F ACAGGAGACTTGCCCCAATG 

KO genotyping Bc-ago1-ko-R ATTGCTCGACTGTCCTAGCC 

KO genotyping Bc-ago2-po-F TGATTTAATAGCTCCATGTC 

KO genotyping Bc-ago2-po-R GAGATCAAAGTCCTAAGAAGTG 

KO genotyping Bc-ago2-ko-F ACGTTGAAACATCACGGCAA 

KO genotyping Bc-ago2-ko-R TGGCATTTAAACCATCAGCGG 

KO genotyping Bc-ago3-po-F CGTATGTAGATAAGATGTAT 

KO genotyping Bc-ago3-po-R TTGTCTAGTATGACGGCACGGA 

KO genotyping Bc-ago3-ko-F ACACCGAGGTATGCATGAGT 

KO genotyping Bc-ago3-ko-R CCGACGCCATCACGATAGAA 

KO genotyping Bc-ago4-po-F CGTATGTAGATAAGATGTAT 

KO genotyping Bc-ago4-po-R TGGTCGGTACTAGGTACGAGA 

KO genotyping Bc-ago4-ko-F TACCGAGATGGAGTGAGCGA 

KO genotyping Bc-ago4-ko-R CGGTTTCCATTTCTCACCGC 

qRT-PCR Bc-Ago1-RT-F AGGCAATTGGACATCTGGCA 

qRT-PCR Bc-Ago1-RT-R TGCGGGATACTTCTGACGAC 
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qRT-PCR Bc-Ago2-RT-F AAGGCACCCTCTAGCCAAAC 

qRT-PCR Bc-Ago2-RT-R ACCACATGCCATTACGAAGC 

qRT-PCR Bc-Ago3-RT-F ACCTTCCTGCCCACATTCTC 

qRT-PCR Bc-Ago3-RT-R TGATGGCGCTTTCCTACCAC 

qRT-PCR Bc-Ago4-RT-F TTGTAGTCCACTAGGCACGG 

qRT-PCR Bc-Ago4-RT-R GACAGAGAGGGCTTTGGAGG 

qRT-PCR Bc-Actin-RT-F CATTGTTATGTCTGGTGGAACCAC 

qRT-PCR Bc-Actin-RT-R AGAACCACCAATCCAGACGGAGTA 

Gain-of-function mutant Bc-Ago1-5UTR-F ACGGTCTCAGCGGCCCAAGCGTTTCTCTGTTGC 

Gain-of-function mutant Bc-Ago1-5UTR-R ACGGTCTCTGACAGGTATGGCTCAAGAGGGTTC 

Gain-of-function mutant Bc-Ago1-3UTR-F ACGGTCTCAGCGGACATTTTGATGTGTTACTGG 

Gain-of-function mutant Bc-Ago1-3UTR-R ACGGTCTCTGACAGGAATATCCAATTGCCCCTA 

ORF cloning (point mutation) Bc-Ago1_ORF-F_outer TCGAAGACAGTACGGGTCTCNC 

ACCTCTTTTGACCCGGCTGCA 

ORF cloning (point mutation) Bc-Ago1_ORF-R_outer TCGAAGACGACAGAGGTCTCNCC 

TTGATCCAAAACATCGAGTCTG 

ORF cloning (point mutation) Bc-Ago1_ORF-R_inner1 TCGAAGACTCGATCTCTGTAAAGCGTATTAG 

ORF cloning (point mutation) Bc-Ago1_ORF-F_inner1 TCGAAGACGTGATCCTAATTATCCAGCAGAAG 

ORF cloning (point mutation) Bc-Ago1_ORF-R_inner2 TCGAAGACACGTCCTCCCCTTCGTTTCGC 

ORF cloning (point mutation) Bc-Ago1_ORF-F_inner2 TCGAAGACACGGACGATCCACATGAAAATG 

ORF cloning (point mutation) Bc-Ago1_ORF-R_inner3 TCGAAGACGAGCCTTCTGTTTGCGAAATC 

ORF cloning (point mutation) Bc-Ago1_ORF-F_inner3 TCGAAGACTCAGGCCAGAGCCCAACGCAAT 

Gain-of-function mutant Bc-Ago2-5UTR-F ACGGTCTCAGCGGCACTTGATTGCTGGCTCAC 

Gain-of-function mutant Bc-Ago2-5UTR-R ACGGTCTCTGACAGATGTCGATTTTGGTGGCGTC 

Gain-of-function mutant Bc-Ago2-3UTR-F ACGGTCTCAGCGGGTACTTCTATTACTTCATCACCA 

Gain-of-function mutant Bc-Ago2-3UTR-R ACGGTCTCTGACAAAGTGAT-

TACATTCATGGCTGCTG 

ORF cloning (point mutation) Bc-Ago2-F-outer CCGAAGACCCTACGGGTCTCGC 

ACCGGTGCTGGTCAACAGCAGCG 

ORF cloning (point mutation) Bc-Ago2-F-inner1 TCGAAGACTAGGGACCCAAAGAAAGATGA 

ORF cloning (point mutation) Bc-Ago2-R-inner1 TCGAAGACAGTCCCTGGCGGGATCAAAGC 

ORF cloning (point mutation) Bc-Ago2-F-inner2 TCGAAGACGACAGCATTCGAGTCAACCAG 

ORF cloning (point mutation) Bc-Ago2-R-inner2 TCGAAGACATGCTGATTGCCTTGCCTTGA 

ORF cloning (point mutation) Bc-Ago2-R-outer CCGAAGACGTCAGAGGTCTCACCTTA 

ATGTACCACATGCCATTACGAAGCT 

ORF cloning (point mutation) Bc-Ago1-probe-F TGTGGTCGATCGTGGTGTTAC 

ORF cloning (point mutation) Bc-Ago1-probe-R AGGTTCTGGTGTAGTCTGGC 

ORF cloning (point mutation) Bc-Ago2-probe-F GTCGCTTCTATCTCGTCCCTC 
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ORF cloning (point mutation) Bc-Ago2-probe-R GTGAGAATAGCGACGGCGAG 

ORF cloning (point mutation) Bc-Ago3-probe-F TGGGGGATGCTCTTACTGGTGC 

ORF cloning (point mutation) Bc-Ago3-probe-R CCAAACCCTGAACGCCGACT 

ORF cloning (point mutation) Bc-Ago4-probe-F CAAATGGTGGGTGTTGATGC 

ORF cloning (point mutation) Bc-Ago4-probe-R GGTTCGGCTAGAGATTGTGATGG 

GFP genotyping Bc-GFP-Ago1-5’F GCCCTCCAAGGTTATCTCCA 

GFP genotyping Bc-GFP-Ago1-5’R TTGAAATCGATGCCCTTCAAC 

GFP genotyping Bc-GFP-Ago1-3’F AGCAGGCGCTCTACATGA 

GFP genotyping Bc-GFP-Ago1-3’R CTCTTGGCAACTTCAGCCT 

GFP genotyping Bc-GFP-Ago1-inner-F AGGCAATTGGACATCTGGCA 

GFP genotyping Bc-GFP-Ago1-inner-R TAGAAGACTTCAGAGGTCTCAGATTTT 

AAAGCTTAGCAGCGTAATCTGG 

GFP genotyping Bc-GFP-Ago2-5’F CAATCAATGCCATATATTGTG 

GFP genotyping Bc-GFP-Ago2-5’R TTGAAATCGATGCCCTTCAAC 

GFP genotyping Bc-GFP-Ago2-3’F AGCAGGCGCTCTACATGA 

GFP genotyping Bc-GFP-Ago2-3’R GTCGGTGGAATTTGAATAAGAG 

GFP genotyping Bc-GFP-Ago2-inner-F AAGGCACCCTCTAGCCAAAC 

GFP genotyping Bc-GFP-Ago2-inner-R TCAGAGGTCTCAGATTTT 

AAAGCTTAGCAGCGTAATCTGG 

Complement genotyping Bc-cAgo2-5’F1 CAATCAATGCCATATATTGTG 

Complement genotyping Bc-cAgo2-5’R1 TCCCTGGCGGGATCAAAGC 

Complement genotyping Bc-cAgo2-5’F2 CAATCAATGCCATATATTGTG 

Complement genotyping Bc-cAgo2-5’R2 TCAGAGGTCTCAGGTGCCAA 

GCTTAGCAGCGTAATCTGG 

Complement genotyping Bc-cAgo2-3’F AGCAGGCGCTCTACATGA 

Complement genotyping Bc-cAgo2-3’R GTCGGTGGAATTTGAATAAGAG 

Complement genotyping Bc-cAgo2-inner-F TTACGGGTCTCATCTGAAC 

AATGGCTGGATCTCGCATC 

Complement genotyping Bc-cAgo2-inner-R TCCCTGGCGGGATCAAAGC 

Stem-loop RT  Bc-siR3.2-RT GTCGTATCCAGTGCAGGGTCCGAGGTA 

TTCGCACTGGATACGACACTCAC 

sRNA amplification Bc-siR3.2-F GCGGCGGTACATTGTGGATCT 

sRNA amplification sRNA universal-R GTATCCAGTGCAGGGTCCGAGGT 

PCR Bc-tub-RT-F GAGGTTGAGGACCAAATGCG 

PCR Bc-tub-RT-R GGACATCTTGAGACCACGGG 
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