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General introduction

Effectors of filamentous pathogens: an arsenal containing diverse molecules

Botrytis cinerea as a case study






Chapter 1

Introduction

Agricultural crops can be infected by filamentous plant pathogens, including pathogenic
fungi and oomycetes, leading to huge pre- and post-harvest losses. Based on the different
lifestyles of plant pathogens, they can be classified as biotrophs, necrotrophs or
hemibiotrophs. Biotrophic microorganisms feed and complete their life cycle on living plant
tissues; necrotrophic pathogens kill host cells and then take up nutrients from the dead
tissues; and hemibiotrophs first colonize the living host with a biotrophic life style for a
period and then switch to a necrotrophic behaviour and feed on dead tissues. Plant
pathogens deploy multiple distinct strategies in order to enable them to colonize their hosts.
Among these strategies, the secretion of molecules which are referred to as “effectors” can
effectively facilitate the infection of the hosts by pathogens. However, the definition of
effectors has been undergoing a dynamic evolution, which until today has not yet reached
a consensus among biologists that study the molecular mechanisms in plant-pathogen

interactions.

The term effector initially emerged in the field of plant-microbe interactions by the end of
last century and started to become popular in the early 2000s (Hogenhout et al., 2009). In
the beginning, small proteins delivered through the type Il secretion system of gram-
negative bacteria were found to trigger hypersensitive response (HR) in resistant plants,
resulting in an “avirulence” effect. However, later on these proteins were shown to play a
positive role in virulence on susceptible hosts. Therefore, the term effector arose, which
resolved the conceptual limitation of “avirulence factor” or “virulence factor” and reflected
the dual activities of such proteins. Hereafter, an increasing number of biologists adopted
the term effector, in order to describe secreted proteins and other molecules produced by
different plant-associated microbes, which can modulate the interactions between the
microbes and their hosts. Undoubtedly, the term effector nowadays is well accepted and
widely used in the fungal and oomycete research community. Hogenhout et al. (2009)
defined effectors as “all pathogen proteins and small molecules that alter host-cell structure
and function. These alterations either facilitate infection (virulence factors and toxins) or
trigger defense responses (avirulence factors and elicitors) or both.” The term was more
narrowly defined by lo Presti et al. (2015) as “Effectors suppress plant defense responses
and modulate plant physiology to accommodate fungal invaders and provide them with
nutrients”. In the light of the previous definitions of effectors though with minor
modifications, the term effector in this chapter refers to any secreted molecules from the
filamentous plant pathogens that suppress or induce plant defense responses and modulate

plant physiology. There are also reports of effectors that indirectly affect the host
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Chapter 1

colonization by manipulating the microbial community on or in the host tissue (Snelders et
al., 2018). Such effectors are not discussed in this chapter, in order to frame the interest

only within bipartite interactions between pathogens and plants.

This chapter will discuss four different categories of effectors produced by filamentous plant
pathogens, as well as the molecular basis of the interactions between effector molecules
and their plant targets. Effectors of the model necrotrophic fungus Botrytis cinerea will be
spotlighted, as the pathogen has an extremely broad host range and produces a functionally
and structurally diverse pool of effectors. In the end, | will summarize the advances in
studying and utilizing the effector biology of filamentous pathogens (especially B. cinerea
as a model species), and also conjecture the future perspectives for development of plant

natural resistant resources against these pathogens.

Effector proteins

The proteinaceous effectors are usually secreted, small and cysteine-rich proteins. They are
the most extensively studied and considered as “classical” effectors. The first fungal effector
gene Avr9 was cloned in 1991 from the tomato leaf mould fungus Cladosporium fulvum (van
Kan et al., 1991). Later on, more C. fulvum Avr proteins, namely Avr2, Avr4, Avr4E and Avr5,
were identified (Joosten et al., 1994; Mesarich et al., 2014; Rooney et al., 2005; Westerink
et al., 2004). Even though C. fulvum Avr effectors all accumulate in the plant apoplast after
being secreted by the fungus, their functions are quite diverse. Avr2 functions as an inhibitor
of the tomato Rcr3 gene product which is an extracellular cysteine protease (Rooney et al.,
2005) while Avr4 binds chitin which enables it to protect fungal cell walls from hydrolysis by
plant chitinases (van den Burg et al., 2006) and the molecular functions of Avr4Eg, Avr5 and
Avr9 remain elusive. Meanwhile, plants have evolved intricate defense mechanisms, one of
which is the induction of HR. The Cf proteins in tomato plants recognize their matching Avr
effectors, triggering HR which restricts the growth of the biotroph C. fulvum and thereby
establishes host resistance. This phenomenon that the HR is elicited by the interaction
between one resistance gene product from the plant and one effector gene product from
the pathogen provided the conceptual evidence for the “gene-for-gene” model, which was
initially proposed more than half a century ago, purely based on genetic information (Flor,
1954).

On the contrary, if the interaction between an effector from a necrotrophic pathogen and
areceptor from the plant triggers plant programmed cell death, it may promote the disease
development of the necrotroph that feeds on dead tissues. This is termed “inverse gene-
for-gene” interaction (Friesen et al., 2007), and the induction of host cell death is considered
to be the most common mode of action of the necrotrophic effectors. Molecular studies
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have characterized a number of effector proteins from the model necrotrophic pathogen B.
cinerea that induce host cell death. Two phytotoxic proteins that are homologous to a
necrosis and ethylene-inducing protein (NEP) from Fusarium oxysporum were identified in
B. cinerea, and referred to as BCNEP1 and BcNEP2 (Staats et al., 2007). A cerato-platanin
family protein BcSPL1, and a highly abundant protein in the B. cinerea secretome BclEB1
were shown to elicit cell death in host plants (Frias et al., 2011, 2016). None of the four
above cell death inducing proteins possesses a known enzyme activity. However, even some
enzymes secreted by B. cinerea display cell death-inducing activities that do not require
their catalytic activity, such as the xylanases BcXyn11A (Noda et al., 2010) and BcXyl1 (Yang
et al., 2018), the xyloglucanase BcXYG1l (Zhu, Ronen, et al., 2017), several
polygalacturonases (PGs) (Zhang et al., 2014) and glucoamylase BcGs1 (Zhang et al., 2015).
Among all B. cinerea effectors described above, the plant components that are required for
their cell death inducing capacity have only partly been uncovered, specifically for BENEP1/2,
BcPGs and BcXyn1l. The glycosylinositol phosphorylceramide sphingolipids present in plant
plasma membranes were found to act as receptors for the necrosis and ethylene-inducing
peptide 1-like (NLP) toxins which include BcNEP1 and BcNEP2 (Lenardic¢ et al., 2017). The
Arabidopsis leucine-rich repeat receptor-like protein AtRLP42 was shown to be responsible
for the recognition of BcPGs (Zhang et al., 2014). Two tomato LeEIX proteins (LeEIX1 and
LeEIX2) have been identified to be receptors for ethylene-inducing xylanase that induce cell
death, but only LeEIX2 can transduce the signaling for the induction of HR and LeEIX1
attenuates the defense responses induced by the Eix/LeEIX2 interaction (Bar et al., 2010;
Ron & Avni, 2004). It is possible that the B. cinerea xylanase BcXyn11A -induced HR can also
be mediated via interacting with LeEIX2. Interestingly, the host programmed cell death (PCD)
induced by BcXyl1 and BcXYG1 required the plant LRR receptor-like kinases (RLKs) BAK1 and
SOBIR1 (Yang et al., 2018; Zhu, Ronen, et al., 2017), suggesting that the perception of BcXyll
and BcXYG1 may be dependent on individual LRR-RLPs which require BAK1 and SOBIR1 for

downstream signal transduction (van der Burgh & Joosten, 2019).

For hemibiotrophs, effectors expressed during the first biotrophic phase and the ones
produced during the subsequent necrotrophic phase are likely to display different (maybe
even opposite) effects on the host plant. These effectors should favor the infection by first
helping the pathogen with escaping or suppressing plant defense in the biotrophic phase,
and by inducing host cell death in the necrotrophic phase. For instance, the hemibiotrophic
oomycete pathogen Phytophthora infestans produces the cell death-suppressing effector
PiSNE1 during the early biotrophic growth on tomato (Kelley et al., 2010), while the gene
encoding a necrosis-inducing NLP protein PiNPP1 is up-regulated during the necrotrophic

stage (Kanneganti et al., 2006).
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Small RNAs (sRNAs)

Besides proteins, the production by plant pathogenic microbes of small RNAs that function
as effectors has come into the picture in the past decade. Weiberg et al. (2013) reported for
the first time that sRNAs derived from B. cinerea can be translocated into host cells during
infection. Among these B. cinerea secreted sRNAs, some of them were reported to suppress
the expression of host target genes related to plant immunity, and thus these sRNAs
produced by the pathogen were proposed to act as a novel class of fungal effectors that
function through cross-kingdom RNA interference (ck-RNAi) (Weiberg et al., 2013). It was
reported that deletion of Dicer-like (Dcl/) genes in B. cinerea (namely Bcdcl1 and Bcdcl2)
almost abolished the production of sSRNA molecules with the size of 20-26 nt (Wang et al.,
2016). This B. cinerea mutant displayed a significant reduction in fungal virulence on
Arabidopsis and tomato leaves (Weiberg et al., 2013), suggesting that the B. cinerea sRNAs
generated through the DCL-dependent pathways are virulence factors. Later on, the same
research group reported that a single B. cinerea small RNA Bc-siR37 was predicted to target
at least 15 Arabidopsis genes, of which eight genes were down-regulated during B. cinerea
infection. Besides, Arabidopsis mutants overexpressing Bc-siR37 exhibited enhanced
susceptibility to B. cinerea. These observations collectively indicated that Bc-siR37 can

suppress plant immunity by cross-kingdom RNAi (Wang et al., 2017).

The naturally occurring ck-RNAi is a relatively young topic in the field of plant-microbe
interactions. At the start of this PhD project, there were no other studies showing that SRNA
molecules from filamentous plant pathogens (other than B. cinerea) can function as
effectors by targeting host genes for silencing. Nevertheless, this phenomenon is possibly a
wide-spread mechanism in other pathosystems. For example, a genome-wide degradome
study combined with sRNA sequencing revealed that the oomycete pathogen Plasmopara
viticola produces a large number of sRNAs which may target transcripts in the host

grapevine (Brilli et al., 2018).

Secondary metabolites and peptides

Phytotoxins, including phytotoxic secondary metabolites (SMs) and peptides, can be
considered effectors if they are capable to induce PCD via interacting with plant
components and subsequently triggering downstream signaling pathways. Phytotoxins are
traditionally categorized into host-specific toxins (HSTs) and non-host specific toxins (nHSTs),
depending on the spectrum of host species that are sensitive to a toxin, rather than on the
chemical structures or properties of the toxin. By definition, HSTs are only toxic to a certain

plant species or plant family and they function as essential determinants for host-specificity
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of the pathogen (Wolpert et al., 2002). Opposite to HSTs, nHSTs are biologically active in a
broad spectrum of host species and are not the determinants of host specificity of the
pathogens that produce these toxins (Berestetskiy, 2008).

The cell death-inducing mechanism of most HSTs has not been characterized at the
molecular level, despite that the HST-receptor model had been proposed six decades ago
by Pringle & Scheffer (1964). There are two well characterized cases of HSTs that have been
demonstrated to induce apoptosis. The AAL-toxin TA from the tomato pathotype of
Alternaria alternata (A. alternata f sp lycopersici) induces apoptotic-like cell death in toxin-
sensitive tomato, as proven by detection of several representative features of apoptosis
including TUNEL-positive cells, DNA laddering and the formation of apoptotic-like bodies
(Wang et al., 1996). The AAL toxin is chemically related to sphingosines and interferes with
the activity of ceramide synthase in tomato cells, resulting in depletion of ceramide and
accumulation of toxic sphingolipid intermediates which culminates in the induction of
apoptosis (Michaelson et al., 2016). The HST victorin (a cyclic peptide) produced by the oat
victoria blight fungus Cochliobolus victoriae was also found to induce apoptosis,
demonstrated by the detection of relevant cellular hallmarks including DNA laddering,
heterochromatin condensation, cell shrinkage and protease activation (Curtis & Wolpert,
2004; Navarre & Wolpert, 1999; Yao et al., 2001). The sensitivity to victorin and
susceptibility to C. victoriae were first reported to be associated with a dominant allele at
the oat Vb locus, the product of which was later shown to be a 100-kDa protein that binds
to victorin (Wolpert et al., 1994; Wolpert & Macko, 1989). A later study identified an
intracellular coiled-coil nucleotide-binding site-leucine rich repeat (CC-NBS-LRR) receptor,
encoded by the LOV1 gene in Arabidopsis, that confers the sensitivity to victorin and
susceptibility to C. victoriae (Lorang et al., 2007). However, victorin does not bind directly
to LOV1, but it physically interacts with a thioredoxin h5 (TRXh5) which regulates the activity
of NPR1 (the central regulator of systemic acquired resistance) and TRXh5 is probably
guarded by the LOV1 receptor (Gilbert & Wolpert, 2013; Wolpert & Lorang, 2016). Besides,
it has been found that some other types of plant components can also function as targets
for HSTs. The cyclic tetrapeptide HC-toxin produced by C. carbonum inhibits host histone-
deacetylases and leads to H3 and H4 histone-hyperacetylation, such that transcript levels
of many genes in maize are disturbed (Broschla et al., 1995). The linear polyketides T-toxin
of C. heterostrophus race T and PM-toxin of Mycosphaerella zeae-maydis directly bind to
the mitochondrial protein URF13, resulting in perforation of mitochondrial membranes
(Rhoads et al., 1995; Yun et al.,, 1998). A number of perylenequinone toxins, including

cercosporin from Cercospora spp. and elsinochromes from Elsinoé spp., are able to induce
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the production of singlet oxygen and superoxide under light condition, which trigger plant
cell death (Daub & Briggs, 1983; Liao & Chung, 2008).

In general, nHSTs show relatively mild phytotoxic effects, and act as quantitative virulence
factors that do not determine the pathogenicity but only enhance disease severity. The
knowledge about the mode of action of nHSTs is limited, but a few studies have reported
nHSTs that can elicit PCD. The nHST tenuazonic acid produced by Alternaria alternata blocks
the Qg-binding site of photosystem I, leading to increased generation of singlet oxygen,
which activates an EXECUTER proteins-dependent pathway and triggers a PCD response (S.
Chen et al., 2015). The sesquiterpene botrydial produced by a number of Botrytis spp. was
shown to induce PCD, as suggested by callose deposition, accumulation of ROS and phenolic
compounds in leaf tissues that were treated with pure botrydial (Rossi et al., 2011). The
botrydial-triggered PCD is influenced by plant hormone signaling pathways, as salicylic acid
signaling-impaired Arabidopsis mutants were less sensitive while jasmonate-insensitive
mutant were more sensitive to botrydial compared with wild type Arabidopsis (Rossi et al.,
2011). Another major type of phytotoxin from B. cinerea is the polyketide botcinic acid and
its derivatives, of which the mode of action is barely studied. Botrydial and botcinic acid,
despite being chemically distinct, were reported to have functional redundancy in the
virulence of B. cinerea (Dalmais et al., 2011). Oxalic acid produced by Sclerotinia
sclerotiorum and related species such as B. cinerea can be considered as an effector as well.
It is reported that oxalic acid plays a versatile role in the pathogen-plant interaction. Oxalic
acid lowers the ambient pH, which provides a microenvironment that enhances the
activities of some secreted enzymes from fungi (e.g., endo-PGs, aspartic protease and
laccase) but inhibits the activity of PG-inhibiting proteins from the host plant (Favaron et al.,
2004; Manteau et al., 2003; Nakajima & Akutsu, 2014; ten Have et al., 2002). Oxalic acid
was also shown to inhibit the oxidative burst in the host plant (Cessna et al., 2000), and
induce apoptotic-like PCD (K. S. Kim et al., 2008).

Genome analyses in plant pathogens have revealed that the capacity to produce SMs differs
between microbes with distinct lifestyles. In general, obligate biotrophs contain a smaller
number of (active) SM gene clusters as compared to necrotrophs and hemibiotrophs. For
example, genes involved in secondary metabolism, such as dimethylallyl diphosphate
tryptophan synthase, terpene cyclase, polyketide synthase (PKS) or nonribosomal peptide
synthetase (NRPS), are either completely missing or rare in the genome of the barley
powdery mildew Blumeria graminis f.sp. hordei (Raffaele et al., 2010) which is a
Leotiomycete, phylogenetically related to the necrotroph B. cinerea that contains in its
genome a total of 43 SM key biosynthetic genes (Amselem et al., 2011). Only a limited
number of fungal SMs have a role in primary physiological processes, acting as UV-
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protectant pigment or siderophore, while some are known to possess antibiotic activity that
participates in microbial competition. For a significant number of SM biosynthetic gene
clusters, their products have not been chemically identified and their biological function
remains largely elusive. A number of such SMs might function as effector molecules and
participate in virulence, provided that their corresponding biosynthetic genes are expressed
during relevant stages of host infection. However, there are currently more examples of
SMs that may have no contribution to the biotrophic colonization or even a negative impact
on host infection. Biosynthetic genes of such SMs are usually down-regulated during
infection, and otherwise these SMs may act as “avirulence factors”. For example, the
biotrophic tomato leaf mould C. fulvum possesses 23 core SM genes, including genes
responsible for the production of cercosporin and elsinochrome, which are barely
expressed or down-regulated during infection of tomato (Collemare et al., 2014). Another
example of a gene that acts as an “avirulence gene” was described in the hemibiotrophic
rice blast fungus Magnaporthe oryzae. The ACE1 gene encodes an enzyme that contains
both PKS and NRPS domains and produces an uncharacterized secondary metabolite which
can be recognized by the Pi33 protein in resistant rice cultivars. The ACE1 gene is exclusively
expressed in appressoria during host surface penetration (Bohnert et al., 2004; Fudal et al.,
2007). Such SMs acting as avirulence effectors may not only be expressed in the biotrophic

phase of hemibiotrophs, but could also be present in strictly biotrophic pathogens.

Production by pathogens of plant hormones or molecules interfering with plant

hormone signaling

Plant hormones are strongly linked to plant development and involved in triggering
important signaling processes when encountering biotic and abiotic stresses (Chanclud &
Morel, 2016). The plant hormones jasmonic acid (JA), salicylic acid (SA), ethylene (ET),
abscisic acid (ABA) and cytokinins (CKs) have been described to function as important
regulators in plant immunity (Denancé et al.,, 2013). Interestingly, several studies have
revealed that microbial pathogens can also produce such plant hormones or molecules that
mimic plant hormones, and thereby manipulate plant physiology to favor the invasion of
these pathogens. Therefore, these pathogen-derived plant hormones can be classified as
effectors regarding the term defined in this chapter, and below | review the (potential) roles

of plant hormones produced by B. cinerea in plant-pathogen interactions.

The antagonistic crosstalk between SA and JA signaling pathways has been extensively
studied, and these two hormones are major players in plant immunity (Gimenez-lbanez et
al., 2013). Traditionally, SA is considered to be required for immunity against biotrophic

microorganisms, while JA is involved in plant defense against necrotrophic pathogens (Spoel
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et al., 2007). SA or its derivatives can be produced by some plant pathogens, such as the
hemibiotrophic cacao pathogen, Moniliophthora perniciosa. Although there has been no
evidence that B. cinerea can produce SA directly, it was reported that an exopolysaccharide
derived from B. cinerea acts as an elicitor of the SA pathway. In turn, the SA pathway
antagonizes the JA signaling pathway, thereby allowing the fungus to promote disease in
tomato (EI-Oirdi et al., 2011). ET is a volatile phytohormone that induces fruit ripening and
participates in multiple physiological processes ranging from senescence to vegetative
growth (Bleecker & Kende, 2000). ET production was reported in many plant pathogens,
including B. cinerea that produces ET both in vitro and in tomato fruits (Cristescu et al.,
2002). However, the production of ET by B. cinerea in vitro requires high concentrations of
free methionine as precursor and it is unlikely that such precursor concentrations can be
achieved in a host plant environment. Thus, ET levels produced by B. cinerea are unlikely to
be sufficient to make a meaningful impact on the plant-fungus interaction, and it remains

to be investigated whether ET production by B. cinerea plays a role in the infection process.

Enhanced abscisic acid (ABA) levels in plants are known to be correlated with increased
susceptibility to pathogens, and several pathogenic fungal genera have been reported to
produce ABA (Crocoll et al., 1991; Dorffling et al., 1984; Mauch-Mani & Mauch, 2005). B.
cinerea was the second fungus ever reported to produce ABA in vitro (Marumo et al., 1982),
shortly after a similar report in Cercospora rosicola (Assante et al., 1977). Exogenous
application of ABA to tomato plants increases susceptibility and ABA -deficient or ABA-
insensitive plants are more resistant to B. cinerea (Audenaert et al., 2002; Lai et al., 2014),
suggesting that the ABA production from B. cinerea might contribute to enhanced host
susceptibility. The ABA biosynthetic gene cluster was cloned and turned out to be present
in three isolates of B. cinerea, including B05.10 (Siewers et al., 2006), however, the

contribution of ABA production by B. cinerea in virulence remains to be clarified.

CKs have been known to play an important role in plant growth for a long time, but the
effects of CKs in plant-pathogen interactions are only recently being investigated more
extensively. CKs produced by biotrophic and hemibiotrophic pathogens can act as virulence
factors, as was illustrated in the biotrophs U. maydis (Morrison et al., 2017) and Claviceps
purpurea (Hinsch et al., 2015; Kind et al., 2018), and in the hemibiotrophs Colletotrichum
graminicola (Behr et al., 2012) and M. oryzae (Chanclud et al., 2016). By contrast, there are

no reports of necrotrophic plant pathogens that secrete CKs during infection.

Effector biology in B. cinerea as a case study

Genomic, transcriptomic, secretomic and metabolomic techniques in combination with
improved computational tools have eased the prediction and identification of
15
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proteinaceous and non-proteinaceous effectors. The gapless genome assembly of B. cinerea
(van Kan et al., 2017) has strongly stimulated the research on B. cinerea effector biology.
Even when using the previous, inaccurate version of B. cinerea genome assembly as
reference (Amselem et al., 2011), the number of predicted effector proteins by the
computational tool EffectorP reached 183 which represented 18.4% of the B. cinerea
secretome (Sperschneider et al., 2016). More than 40 gene clusters for the biosynthesis of
SMs (polyketides, terpenes, nonribosomal peptides and alkaloids) were detected in the B.
cinerea genome, indicating that there is potential for the fungus to produce many more SMs
than the few that have been studied till now (I. G. Collado & Viaud, 2015). Transcriptomic
analyses together with sRNA-sequencing profiles offered the insight that sRNAs from B.
cinerea can be translocated into plant cells and silence plant genes and vice versa, during
the B. cinerea — host interaction (Weiberg et al., 2013; Wang et al., 2016, 2017).

The model in Figure 1illustrates that B. cinerea secretes diverse types of effector molecules
that either modulate host immunity, tilt the balance of host hormone signaling, or induce
plant PCD via hijacking host defense responses. The most extensively studied mechanism
for the functioning of B. cinerea effectors is the induction of PCD, by interacting with plant
targets to initiate the PCD signaling. B. cinerea infects an extremely broad spectrum of plant
species by deploying a complex effector arsenal, which makes plant breeding for resistance
to this notorious pathogen very challenging. Major genes conferring complete resistance to
B. cinerea have not been reported, while mutation or deletion of particular susceptibility (S)
genes might provide an effective alternative for obtaining resistance to B. cinerea (van Schie
& Takken, 2014; Sun et al., 2017). Studying host targets of the B. cinerea PCD-inducing
effectors might lead to the identification of S genes in host plants. Last but not least, prior
to using an effector as a tool to identify S genes in the host, the contribution of such an
effector to the virulence of the pathogen should be examined. Since not all effectors are
necessarily virulence factors, the loss of function of a plant target of an effector that does

not have impact on the fungal virulence will likely not alter plant resistance to the pathogen.
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Figure 1. B. cinerea secretes diverse types of effector molecules, which include sRNAs produced by
the fungus, extra-/intra-cellular proteinaceous/SM effectors and fungal production of phytohormones,
into the host cell. For illustrating the effector molecules in more detail, the sizes of plant subcellular
organelles and fungal effectors are not in real scales. The figure is created with BioRender.com.
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Thesis outline

|II

My thesis research focused on non-proteinaceous “atypical” effectors of Botrytis,
specifically small RNAs and phytotoxic secondary metabolites (SMs). The role of these
Botrytis effectors in fungal virulence as well as the molecular interactions between host

plants and the effectors were studied.

To investigate the naturally occurring SRNA warfare between B. cinerea and tomato, we
generated a sSRNA/mRNA - sequencing dataset, with the aim to identify sSRNAs produced by
the fungus and the plant during early phases of the infection and to examine the expression
of their predicted mRNA targets in the other organism. Chapter 2 studies the effect of B.
cinerea sRNAs on down-regulation of predicted target genes in tomato. We generated B.
cinerea mutants, in which Dicer-like genes were deleted, to reduce sRNA production, and
examined the consequence of this mutation on virulence on several plant species. In
Chapter 3, we investigated the potential of plant SRNAs to suppress the expression of their
predicted targets in B. cinerea. We generated a B. cinerea mutant in the Bcspll gene in
which the interaction between a tomato sRNA and its predicted target site in the Bcspl1

mRNA would be abolished and examined the impact on the Bcsp/1 transcript level.

Chapter 4 describes the contribution of the phytotoxic sesquiterpene metabolite botrydial
to the virulence of B. cinerea on different host species. Infection assays were performed to
assess the virulence of the wild type B. cinerea and mutants that are unable to produce
botrydial and another polyketide phytotoxin botcinic acid on Arabidopsis, tomato,
Nicotiana benthamiana, French bean and cowpea plants. Besides testing the virulence of
fungal mutants, we also tested the sensitivity to botrydial of a range of dicotyledons and

monocotyledons.

A functional botrydial biosynthetic gene cluster is present in the genomes of the generalist
B. cinerea and the lily-specific pathogen B. elliptica. In Chapter 5 we show that B. elliptica
can indeed produce botrydial in vitro, and we examined the expression of B. elliptica key
genes for botrydial biosynthesis during the infection in lily. We studied the cell death
responses to botrydial in four lily cultivars, both in leaves and petals, and compared the

virulence of mutants that do not produce botrydial to the B. elliptica wild type strain.

In Chapter 6 we describe that the B. cinerea ABcbot2/ABcboa6 mutant which produces
neither botrydial nor botcinic acid was almost non-virulent on tomato ("incompatible
interaction”), when an inoculation medium was used in the virulence assay that differed
from that used in Chapter 4 ("compatible interaction”). The virulence of the mutant was

restored by supplementing yeast extract in the inoculation medium. An RNA sequencing
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study was performed to investigate the changes in the fungal transcriptome between the
incompatible and compatible interactions, to obtain insights into “backup” infection

strategies of B. cinerea in the absence of botrydial and botcinic acid.

The PCD induced by botrydial has been reported to be mediated by SA/JA pathways,
however, the underlying mechanism of the botrydial-induced PCD is largely unknown. In
Chapter 7 we applied genomic and genetic strategies to identify plant genes required for
cell death induction by botrydial . On the one hand, we assessed the sensitivity to botrydial
of Arabidopsis ecotypes belonging to a haplotype mapping population, and employed
genome-wide association studies (GWAS) to pinpoint the allelic variations correlated with
the sensitivity to botrydial. On the other hand, we crossed two Arabidopsis ecotypes that
differed markedly in botrydial sensitivity and adopted a bulk-segregant analysis (BSA) to
identify genetic loci correlated with insensitivity to botrydial. The results from both analyses

were combined to select candidate genes for which T-DNA insertion mutants were tested.

Chapter 8 provides a general discussion of the key results in this project and future
prospects of the effector biology studies in B. cinerea and other filamentous plant

pathogens in a broader view.
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Chapter 2
Abstract

Plant immune responses are triggered during the interaction with pathogens. The fungus
Botrytis cinerea has previously been reported to use small RNAs (sRNAs) as effector
molecules capable of interfering with the host immune response. Conversely, a host plant
produces sRNAs that may interfere with the infection mechanism of an intruder. We used
high-throughput sequencing to identify sRNAs produced by B. cinerea and Solanum
lycopersicum (tomato) during early phases of interaction and to examine the expression of
their predicted mRNA targets in the other organism. A total of 7042 B. cinerea sRNAs were
predicted to target 3185 mRNAs in tomato. Of the predicted tomato target genes, 163 were
indeed transcriptionally down-regulated during the early phase of infection. Several
experiments were performed to study a causal relation between the production of B.
cinerea sRNAs and the down-regulation of predicted target genes in tomato. We generated
B. cinerea mutants in which a transposon region was deleted that is the source of c.10% of
the fungal sRNAs. Furthermore, mutants were generated in which both Dicer-like genes
(Bcdcl1 and Bcdcl2) were deleted and these displayed a >99% reduction of transposon-
derived sRNA production. Neither of these mutants was significantly reduced in virulence
on any plant species tested. Our results reveal no evidence for any detectable role of B.

cinerea sRNAs in the virulence of the fungus.
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Chapter 2
Introduction

Grey mould caused by the fungus Botrytis cinerea is a disease that affects a wide range of
hosts (Fillinger and Elad, 2016; van Kan et al., 2014). For many years, infection by B. cinerea
was considered to mainly require production of phytotoxic metabolites and plant cell wall-
degrading enzymes (van Kan, 2006). In the past decade it has become clear that B. cinerea
also produces effector proteins with cell death-inducing capacity that may contribute to its
virulence towards a broad range of host plants (Choquer et al., 2007; Noda et al., 2010; Zhu
et al., 2017). An additional layer of complexity was revealed by the report that small RNAs
(sRNAs) can act as a novel class of fungal effectors, which can be translocated into host cells
and suppress the expression of host target genes by RNA interference (RNAI). A subset of
these host genes is involved in immune responses, and their silencing by fungal SRNAs might
thus facilitate invasion of the pathogen (Weiberg et al., 2013). It has been known for years
that plant transgene-derived double-stranded RNAs (dsRNAs) could induce gene silencing
in invading pathogens and pests (Baum et al., 2007; Igbal et al., 2020; Nowara et al., 2010),
a process referred to as host-induced gene silencing (HIGS). However, Weiberg et al. (2013)
reported that a pathogen can also produce sRNAs that actively suppress host immune
responses, indicative of a true RNA information warfare between B. cinerea and its host
(Chaloner et al., 2016; Weiberg et al., 2014). This concept was later also demonstrated in
other pathosystems. For instance, the parasitic plant Cuscuta campestris secretes
microRNAs to silence plant genes involved in defense signaling to promote parasitism
(Shahid et al., 2018). The pathogenic oomycete Hyaloperonospora arabidopsidis was also
reported to deliver sSRNAs to silence Arabidopsis thaliana defense genes and these sRNAs
are important for virulence (Dunker et al., 2020). Moreover, Wong-Bajracharya et al. (2022)
recently reported that small RNAs from the ectomycorrhizal fungus Pisolithus microcarpus
can enter a host plant and regulate host transcripts in a symbiotic interaction. The first
report that plant sSRNAs are translocated to an invading fungal pathogen was in the cotton—
Verticillium dahliae interaction (Zhang et al., 2016). Cai et al. (2018) demonstrated that a
host plant can secrete exosome-like vesicles containing sSRNAs that can subsequently be
taken up by B. cinerea hyphae at the infection site. Another study by Hou et al. (2019)
described how a plant can produce small interfering RNAs (siRNAs) to confer resistance to
Phytophthora capsici through cross-kingdom RNAI, while inversely a Phytophthora effector
can specifically inhibit the biogenesis of host siRNAs to facilitate infection. The delivery of
host sRNAs can subsequently mediate silencing of genes in pathogens (Cai et al., 2018; Hou
et al., 2019), indicating that sRNA translocation and RNAi induction between plants and
microbial pathogens (fungi, oomycetes) is bidirectional. By contrast, Kettles et al. (2019)
reported that RNAi-deficient Zymoseptoria tritici mutants were fully pathogenic to wheat

23



Chapter 2

and Z. tritici was unable to take up external dsRNAs that were derived from transgenic
wheat plants or artificially synthesized, suggesting that cross-kingdom RNAi may not occur
in the wheat-2Z. tritici pathosystem. Cross-kingdom RNAi seems to be confined to certain

host—pathogen interactions and may not be a ubiquitous phenomenon.

Small RNAs are mostly cleaved products from non-coding double-stranded RNAs (dsRNAs)
and single-stranded RNAs with hairpin structures, which are processed by the
endoribonuclease activity of Dicer-like (DCL) proteins (Baulcombe, 2004; Ghildiyal & Zamore,
2009; Torres-Martinez & Ruiz-Vazquez, 2017). Complexes composed of sRNAs, Argonaute
(AGO) proteins and auxiliary proteins conduct silencing of target mRNAs when the sRNAs
are fully or partially complementary to their target (Novina & Sharp, 2004; Silvestri et al.,
2019). Cross-kingdom RNAi caused by sRNAs generated by host and pathogens is
considered a well-documented phenomenon that may have a significant effect on
resistance or susceptibility during host—pathogen interactions (Dubey et al., 2019). For the
first time, Weiberg et al. (2013) reported that the majority of sSRNAs produced by B. cinerea
during infection of A. thaliana, are derived from long terminal repeat (LTR)
retrotransposons in the fungal genome. Interestingly, a recent study reported that
retrotransposons can promote virulence of B. cinerea, as a fungal strain that carried only
silenced transposon relicts and produced few sRNAs became more virulent by introduction
of an exogenous active retrotransposon (Porquier et al., 2021). Retrotransposon-derived
dsRNA molecules in B. cinerea are predominantly processed into sRNAs by two DCL proteins,
BcDCL1 and BcDCL2 (Wang et al., 2016; Weiberg et al., 2013). It was reported that removal
of both Bcdcll and Bcdcl2 genes in B. cinerea almost abolished the production of sRNA
species with a size range of 20-26 nucleotides (nt) (Wang et al., 2016), and significantly
reduced the virulence of B. cinerea on A. thaliana and Solanum lycopersicum (tomato)
leaves (Weiberg et al., 2013). However, the Adcl1/Adcl2 double mutant in the studies of
Weiberg et al. (2013) and Wang et al. (2016) unexpectedly displayed reduced growth and

aberrant sporulation phenotypes.

We aimed to establish in more detail the role of sSRNAs in the early interaction between B.
cinerea and tomato. Considering that the decisive processes in the interaction between B.
cinerea and its host plants would occur within the first 24 hours post inoculation (hpi)
(Veloso & van Kan, 2018), we generated a dataset from samples taken at 12 hpi (when
penetration is just accomplished), 16 hpi (occurrence of first signs of cell death) and 24 hpi
(onset of lesion expansion). Samples were sequenced at sufficient read depth to also
analyze B. cinerea sSRNAs and mRNAs at these early timepoints, when fungal biomass is low.

We examined the data for occurrence of inverse correlations in transcript levels between
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sRNAs and their corresponding (predicted) target transcripts from the pathogen and host.
Subsequently, we performed functional analyses to evaluate whether the observed down-
regulation of mRNAs could have been mediated by cross-kingdom RNAi. Neither the
deletion of a retrotransposon region producing approx. 10 % of the total SRNAs from the B.
cinerea genome nor the deletion of both Dicer-like genes impaired virulence on tomato and
three other hosts. Our results suggest that natural production of sRNAs by B. cinerea may

not contribute as much to virulence as previously reported.

Results

We extracted sRNA and mRNA samples from B. cinerea-infected tomato leaves harvested
at 12, 16 and 24 hpi. Mock-inoculated tomato leaves at the same time points, as well as a
B. cinerea liquid culture were included as controls. All samples were used for generating
strand-specific libraries and sequenced at read depths varying from 4.2 M to 89 M per
sample (Supplementary Table S1). For infected leaf samples, sRNA reads were mapped to
the B. cinerea genome (van Kan et al., 2017) and the tomato genome (Hosmani et al., 2019)
to identify whether they were of fungal or host-plant origin. sSRNA reads that were mapped
perfectly to both genomes (100% identity over the entire length) were eliminated from

further analysis.

Many B. cinerea and tomato sRNAs and their predicted targets are expressed during

early infection

The sRNA read length distribution in B. cinerea and tomato samples, grown separately, were
different between the organisms (Figure 1A, B). The B. cinerea sRNA molecules showed a
somewhat ragged distribution with two main peaks, at 25 and 33 nt. Because it was
reported that sRNAs derived from LTR retrotransposons can contribute to fungal
pathogenesis by hijacking the host RNAi machinery (Weiberg et al., 2013; Weiberg and Jin,
2015), we further dissected the sRNA reads that were mapped to transposable elements
(TEs) in the B. cinerea genome. The TE-derived sRNA pool contained mainly 20-24 nt sRNA
molecules with a peak at 22 nt (Figure 1A). Tomato sRNA sequences contained two sharp
peaks, one at 24 nt and the other at 32 nt (Figure 1B). The peak at 32 nt consisted mainly of
sequences representing half-size tRNA molecules, cut near the anticodon loop. The 24nt-
SRNAs are related to cis-acting siRNAs (typically associated with RNA-dependent DNA
methylation) or natural antisense transcript-derived siRNAs. The former is associated with
transposon silencing and the latter with the regulation of stress-response genes (Ghildiyal
& Zamore, 2009). Further analyses only focused on sRNA reads with sizes 20-24 nt because
these are considered important in gene silencing (Kamthan et al., 2015), either by
transcriptional or post-transcriptional gene silencing (Sijen et al., 2001). The entire dataset
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of sRNAs from B. cinerea contained 27,918 unique sRNA molecules with lengths between
20 and 24 nt (Supplementary Table S2). These sequences predominantly originated from
the ribosomal RNA repeat region (13,258 sRNAs, 47.5%) and TE loci (9,368 sRNAs; 33.5%).
Other sources of SRNAs were tRNA loci, coding sequences as well as introns (Supplementary
Table S2). The entire dataset of B. cinerea sSRNAs of 20-24nt contains only 62 of the 73 sSRNA
sequences published by Weiberg et al. (2013), despite samples being sequenced at much
greater read depths (Supplementary Table S2). The 11 absent sRNA sequences do not map

on the latest version of the B. cinerea genome (van Kan et al., 2017).

A total of 33 transposon regions in the B. cinerea genome produced >100,000 sRNA reads
each, with two regions on Chrl4 being predominant sources of sRNAs: the Gypsy-type
retrotransposon regions annotated as ms3003 (coordinates Chrl4: 1705089-1712486) and
ms3095-3099 (a complex array of multiple elements, Chr14: 253,000-283,000) of which
ms3095 and ms3097 are transcriptionally active. Each of these regions produced >500,000
SRNA reads and each contributed roughly 10% to the total sRNA read counts
(Supplementary Table S3) produced by TEs. Of the 27,918 unique sRNAs from B. cinerea
with a length between 20 and 24 nt in the entire dataset, 5859 (21%) originated from these
two regions. The total number of unique sRNAs molecules produced by tomato with a
length between 20 and 24 nt was 934,159 (Supplementary Table S4), which predominantly
originated from TE loci (573,727 sRNAs, 61%), annotated gene regions (324,294 sRNAs, 35%)
and tRNA loci (2206 unique sRNAs, 0.2%). Due to the incomplete assembly and annotation

of repeats in the tomato genome, these numbers are likely to be underestimated.
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Figure 1. Small RNA (sRNA) profiles of tomato and Botrytis cinerea and differential expression of plant
and fungal mRNAs during their interaction. (A) Read length distribution of unique sRNA sequences in
B. cinerea liquid cultures. The pink line represents the transposable elements (TE) -derived B. cinerea
sRNAs, the purple line shows the non-TE-derived B. cinerea sRNAs, and the blue-dashed line
represents the total B. cinerea sRNAs. (B) Read length distribution of unique sRNA sequences in the
compiled tomato mock-treated samples (orange line). The scale on the left in both (a) and (b) provides
a read count for each read length of the samples. (C) Numbers of differentially expressed genes in B.
cinerea at 12, 16 and 24 hours post inoculation (hpi). B. cinerea grown in liquid medium for 16 h was
used as control for all three infection time-points for the analysis of differentially expressed fungal
genes (blue bars). (D) Numbers of differentially expressed genes in tomato. Mock-treated leaves
collected at 12, 16 and 24 hpi were used as the respective controls for B. cinerea-inoculated leaves
collected at 12, 16, and 24 hpi for the analysis of differentially expressed tomato genes (orange bars).

B. cinerea and tomato genes down-regulated during interaction and potentially targeted
by sRNAs from tomato and B. cinerea

After mapping mRNA reads on the fungal and tomato genomes, differential expression
analyses were performed by comparing gene expression during B. cinerea infection of
tomato with the respective controls, a B. cinerea liquid culture and the mock-inoculated

tomato leaves. Differentially expressed genes of B. cinerea and tomato during the early
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interaction (12, 16 and 24 hpi) were listed for each time point (Figure 1C, D). Many B. cinerea
genes were up- or down-regulated during infection, as compared to growth in liquid culture,
particularly at 24 hpi (>3000 genes, one quarter of the annotated genes) (Figure 1C). Among
the most strongly up-regulated genes of B. cinerea were genes encoding polygalacturonases
and other Carbohydrate-Active enZYmes (CAZymes), proteases and botcinic acid
biosynthetic enzymes (Supplementary Table S5). Tomato genes that were up- or down-
regulated during B. cinerea infection, as compared to the mock-treated samples, were
identified predominantly at 12 hpi and 16 hpi (Figure 1D). Up-regulated tomato genes
included genes encoding chitinases, peroxidases, and ethylene-responsive genes
(Supplementary Table S6). To analyze whether down-regulation of tomato mRNAs could be
mediated by B. cinerea sRNAs that participate in cross-kingdom gene silencing, a target gene
prediction was performed. Sequences of B. cinerea sRNAs (Supplementary Table S2) were
used as input to predict whether mRNAs of tomato could be targeted for silencing.
Conversely, tomato sRNAs were used to predict target mRNAs in B. cinerea. Of the 27,918
unique sRNAs from B. cinerea with a length between 20 and 24 nt and coverage of at least
10 reads in the dataset, a quarter (7042 sRNAs) were predicted to potentially target 3185
distinct mRNAs in tomato. B. cinerea sRNAs with predicted target mRNAs in tomato
originated from the ribosomal DNA repeat region on Chr4 (3279 sRNAs, 47%) and from TE
loci on different chromosomes (2398 sRNAs, 34%) (Figure 2). Conversely, of 934,159 unique
sRNAs molecules produced by tomato with a length between 20 and 24 nt, 114,011 had a
predicted target mRNA in B. cinerea (11,434 distinct mRNAs, >97% of the fungal gene

models).

A simulation was performed to evaluate the significance of the number of potential SRNA
target transcripts. Three sets of 27,918 random sRNA sequences were generated with the
same length distribution and GC content as the experimental B. cinerea sRNA dataset, and
these random sequences were used as input for target prediction in tomato. The numbers
of predicted target tomato transcripts for the three random sRNA sets were 6882, 6699 and
6798. Next, we generated a set of 934,159 random sRNA sequences with the same length
distribution and GC content as the experimental tomato sRNA dataset, and used these
random sequences as input for target site prediction in B. cinerea. The number of predicted
target fungal transcripts was 11,331. These simulations indicate that the number of
predicted target transcripts based on the biological samples was lower than or similar to

the predicted targets based on randomly generated datasets.

28



Chapter 2

Origin of the sRNA having a target

mrRNA 1153
\ m No predicted target
® Predicted target in tomato

T tRNA ‘ S 3279
ETE

W other

SRNA produced by

Botrytis

(20_24nt, min 10 reads)

Figure 2. Number of unique small sRNAs (sRNAs) produced by Botrytis cinerea with a length of 20-24
nucleotides. The genomic origin of sSRNAs predicted to have a target in tomato is shown: ribosomal
RNA (rRNA), transfer RNA (tRNA), transposable elements (TE), and other origins.

Figure 3Aillustrates relations between sRNAs originating from B. cinerea TE regions (fungal
chromosomes in blue) and the genomic locations of their predicted target genes on tomato
chromosomes (in orange). Predicted target mRNAs in tomato for each B. cinerea sRNA are
listed in Supplementary Table S7. Of the 3185 tomato genes predicted to be targeted by B.
cinerea sRNAs, 163 indeed displayed significantly lower transcript levels during the course
of infection (Supplementary Table S8). Notably, also 158 tomato genes that were predicted
to be targeted by B. cinerea sRNAs also displayed significantly higher transcript levels
(Supplementary Table S8).

To evaluate the significance of obtaining a certain number of potential target genes in
tomato that indeed were down-regulated during B. cinerea infection, a simulation was
performed. From the entire set of tomato gene models, we selected random samples of
3185 genes (in 100 iterations) and recorded how many genes were down-regulated or up-
regulated in the experimental dataset. The means of the number of up- and down-regulated
genes in these 100 iterations were 131 and 153, respectively. The experimental observation
of 163 down-regulated transcripts among 3185 predicted target genes did not significantly
deviate from the number of down-regulated transcripts that one would expect by chance

among a random set of genes.

Most of the sRNAs produced by tomato originated from 215 TE regions (Supplementary
Table S9), with nine TEs producing more than 1 million sSRNA read counts in the dataset. The

total of 934,159 unique tomato sRNAs was predicted to target almost all 11,700 B. cinerea
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genes (Figure 3B; predicted targets of tomato sRNAs listed in Supplementary Table S10).
Most tomato TEs are located near the ends of chromosomes (Figure 3B). From the 114,011
tomato sRNAs that were predicted to have a target mRNA in B. cinerea, 70,189 were
produced from TEs. The number of predicted B. cinerea target genes that displayed a
significant down-regulation in at least one of the infection time points studied (12, 16 and
24 hpi) as compared to the liquid culture was 1713, which is about 15% of the B. cinerea
genes (Supplementary Table S11).

A

. LTRTE ms3095-ms3099
LTR TE ms3003

Figure 3. Genomic regions of small RNA (sRNA)-producing loci in Botrytis cinerea with their predicted
target genes in tomato (A) and of sRNAs-producing loci in Solanum lycopersicum (tomato) with their
predicted target genes in B. cinerea (B). Blue boxes represent the 18 chromosomes of B. cinerea,
whereas orange boxes represent the 12 chromosomes of tomato. B. cinerea chromosomes are
oversized for illustration purposes. Only sSRNAs produced by transposable element (TE) regions of B.
cinerea (A) and of S. lycopersicum (B) are shown.

Correlation between the down-regulation of tomato mRNAs and levels of B. cinerea

sRNAs that are predicted to target them

After analyzing data from B. cinerea- and mock-inoculated tomato leaves sampled at 12, 16
and 24 hpi, we aimed to validate the in silico prediction and establish more detailed sSRNA —
mRNA profiles during the early infection. New inoculations were performed and sampled at
seven time points within the first 24 hpi for extraction of SRNA and mRNA. The expression
levels of selected sRNAs and their matching target genes were quantified by reverse
transcription-quantitative PCR (RT-qPCR). We selected 10 Bc-sRNAs (sRNAs from B. cinerea)
together with their predicted nine SI-mRNA targets (tomato transcripts) (Supplementary
Table S12) for molecular validation. The selection of SRNA-mRNA pairs was based on the
following criteria: (i) both the sRNA and target mRNA showed sufficient reads in the data at

all time points; (ii) the predicted target mRNA was significantly down-regulated at one or
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more time point(s) compared to a previous time point; (iii) at most two unique sRNAs were
predicted to target a single mRNA in tomato; and iv) the target gene might participate in
plantimmune responses. Nine immune-related genes in tomato were selected as candidate
targets (Supplementary Table S12), including three receptor-like kinases (named LRR, RLK,
and RLPK in this study), one mitogen-activated protein kinase (MAPK3), a MAP kinase kinase
kinase (MAPKKK56), a casein kinase (CK), and three transcription factors (WRKY23, WRKY46,
and WRKY50).

Molecular quantification results from RT-qPCR indicated correlations between most tested
Bc-sRNAs and their matching SI-mRNA targets (Figure 4). The only exception was the mRNA
from the tomato CK gene, which displayed stable levels at all time points analyzed
(Supplementary Figure S1). For the tomato genes analyzed, transcript levels of LRR and RLPK
decreased over time as infection progressed, RLK, MAPK3, MAPKKK56, WRKY23 and
WRKY46, genes showed fluctuating expression profiles within 24 h after B. cinerea
inoculation, and the mRNA level of WRKY50 strongly decreased at 16 and 20 hpi, then
recovered to a level similar to the mock control at 24 hpi (Figures 4a and S1). Despite various
expression profiles of predicted target genes, two main correlations were observed
between the sRNAs and their predicted target mRNAs. The first type was a synchronized
down-regulation of target mRNA with the high level of the corresponding sRNA in the other
organism. Figure 4 shows the correlation between the tomato RLK transcript level and the
Bc-sRNA_RLK level at 10 and 20 hpi, and similarly for the MAPKKK56 transcript level and the
Bc-sRNA_MAPKKK5S6 level at 12 and 14 hpi. In the second type of correlation, suppression
of mRNA level was slightly delayed as compared to the time when sRNA was highly
produced. For example, mRNA levels of WRKY50 decreased between 12 hpi and 20 hpi,
while the expression level of Bc-sRNA_WRKY50 was highest at 12 hpi and 14 hpi (Figure 4).
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Figure 4. Correlations between production levels of small RNAs (sRNAs) and their predicted target
mRNAs in Botrytis cinerea and tomato through seven sampling time points. Reverse transcription-
quantitative PCR results showing dynamics in the production levels of three chosen Bc-sRNAs (pink
bars) and the corresponding tomato transcripts (blue lines). The predicted target tomato genes are
shown above each chart.
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Effects of deleting a retrotransposon in B. cinerea on virulence

Approximately 10% of the total sSRNAs produced by B. cinerea strain B05.10 originated from
a retro-transposon region on Chr14 annotated as ms3003 (Figure 3A, Supplementary Table
S3). To verify whether sRNAs originating from ms3003 contribute to fungal virulence, the
entire ms3003 region (c.12.5 kb) was deleted and virulence assays were performed with
mutants. Three independent Ams3003 knockout transformants were obtained by a
CRISPR/Cas9-mediated system (Leisen et al., 2020) (Supplementary Figure S2). Infection
assays on tomato leaves indicated that the Ams3003 mutants caused lesions of equal sizes
as the recipient B05.10 (Figure 5A, B). Furthermore, expression levels of three tomato genes,
which were predicted targets of Bc-sRNAs derived only from ms3003, were quantified by
RT-qPCR for six time points within the first 30 h after inoculation by B05.10 or Ams3003. As
shown in Figure 5C, SI05g014130, SI06g074390 and SI01g060030 displayed similar
expression profiles in tomato leaves infected by B05.10 and Ams3003, although the levels
of the corresponding Bc-sRNAs targeting SI05g014130 and SI01g060030 seemed to be lower
(with no statistical significance) in the Ams3003 mutant as compared to B05.10 (Figure 5C).
We also attempted to delete a second TE region on Chrl4 with a size of about 30 kb,
designated ms3095-3099 (Figure 3A), which has a complex tandem array of transposons,
and is also the source of ~10% of the total sRNA reads (Supplementary Table S3). The
deletion was partially successful: from multiple experiments, few transformants were
obtained in which the 5’- or 3’-end of the region was replaced by a donor template, while
the other side was retained. Despite numerous attempts, we failed to obtain transformants
lacking the entire ms3095-3099 region.
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Figure 5. (A and B) The virulence of three Ams3003 independent mutants compared with the wild-
type B05.10 strain on tomato leaves, evaluated by lesion sizes in diameter (mm) at 3 days post
inoculation (dpi). The measured data were plotted as a bar chart (A). Error bars represent standard
error of 72 datapoints from three experiments; statistical analyses by Student’s t-test indicated no
significant differences. Infected leaves were photographed at 3 dpi (B). The virulence assay was
performed three times, each with similar results. (C) Transcript profiles of three tomato genes
(predicted targets of Bc-sRNAs derived from ms3003) during the infection of tomato leaves by B05.10
or a Ams3003 mutant. Error bars represent standard error from four biological replicates and two
biological replicates in the plot of relative mRNA level and small RNA level, respectively.
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Deleting B. cinerea Bcdcl1 and Bcdcl2 eliminated transposon-derived sRNAs, but did not
affect virulence

Generation of sRNAs in fungi requires the action of Dicer-like proteins, to cleave double-
stranded replication intermediates generated from retrotransposon transcripts, into small
interfering RNAs that can mediate gene silencing. Weiberg et al. (2013) reported that a B.
cinerea double mutant that was defective in both Bcdc/l and Bcdcl2 was reduced in
virulence, presumably due to its inability to generate siRNAs with a size of 20 — 26 nt (Wang
et al., 2016). However, the ABcdcl1/ABcdcl2 double mutant in the studies of Weiberg et al.
(2013) and Wang et al. (2016) displayed reduced mycelial growth and abnormal sporulation.
Such phenotypes were not necessarily expected for such mutants, and we suspected the
occurrence of additional pleiotropic mutations in this double mutant. Thus, we generated
novel single and double mutants in the Bcdcl1 and Bcdcl2 genes. Initial attempts to generate
knockout mutants in strain B05.10 as recipient resulted in the generation of several
independent ABcdcl2 mutants. However, the ABcdcl1 mutant could never be obtained in
the homokaryotic state, despite applying a few rounds of single-spore isolation. To
overcome this issue, we chose as recipient mutant strain Aku70, in which nonhomologous
end-joining repair is disturbed (Choquer et al., 2008; Pinedo et al., 2008), to facilitate
homokaryotic deletion of Bcdcl1l and Bcdcl2 genes. At least three independent knockout
strains were obtained for each single or double mutant (Supplementary Figure S3). To verify
that the ABcdcl1/ABcdcl2 double mutants were indeed defective in generating siRNAs, we
sequenced the sRNA pool of recipient strain Aku70 and three independent double mutants,
grown in liquid culture. Indeed ABcdcl1/ABcdcl2 double mutants showed reduced amount
of sRNAs, specifically in the range between 20 and 24 nt (Figure 6A). The double mutants
still contained a residual amount of sRNAs (Figure 6A). Mapping of the reads revealed that
none of the unique sRNA sequences in the ABcdcl1/ABcdcl2 double mutants was derived
from TE regions (at a threshold of 10 reads) while in the recipient strain Aku70, 1409 of the
5996 unique sRNA sequences (23%) were derived from TE regions (Figure 6B). Two strains
of each single mutant and three strains of the double mutant were tested for virulence and
in vitro growth on two solid media. All ABcdcl1, ABcdcl2, and ABcdcl1/ABcdcl2 mutants
displayed similar radial growth and developmental behavior (sporulation and sclerotia
formation) as the Aku70 recipient and the wild-type strain B05.10 (Supplementary Figure
S4). In multiple biological repetitions, we never observed any significant reduction in lesion
size between the wild-type and mutants, on tomato (Figure 6C), A. thaliana, Nicotiana
benthamiana or Phaseolus vulgaris (Supplementary Figure S5) despite testing multiple

independent mutants for each gene, as well as multiple independent double mutants. These
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results indicated that TE-derived 20-24nt sRNAs from B. cinerea played an undetectable role
in the developmental behavior and aggressiveness on host plants of the fungus.
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Figure 6. (A) Profile of normalized read counts (rpm) for total small RNA (sRNA) (length 16-46
nucleotides) produced in Aku70 and ABcdcl1/ABcdcl2 mutants. (B) The numbers of unique sRNAs
produced by B. cinerea Aku70 and ABcdcl1/ABcdcl2 mutants with a length of 20-24 nt and their origin
in the B. cinerea genome: ribosomal RNA (rRNA), transfer RNA (tRNA), transposable elements (TE),
and other origins. The pie chart shows the results of three biological replicates. (C) The virulence of
ABcdcl1/ABcdcl2 compared with Aku70, and Aku70 with wild-type B05.10 strain on tomato leaves.
The diameter of lesions was measured at 3 days post inoculation (dpi), represented as a bar chart on
the left side of panel (C). Error bars represent standard error of 72 inoculations from three
independent experiments, and there were no significant differences between each comparison
(statistical analyses were performed by Student’s t-test). Symptoms were photographed at 3 dpi,
shown on the right side of panel (C).
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Discussion

Both plants and fungi produce various types of small RNAs through a number of pathways,
and these sRNAs may have important regulatory functions in an organism by either
mediating DNA methylation or RNA interference that result in transcriptional or post-
transcriptional gene silencing, respectively. The studies by Weiberg et al. (2013) and Wang
et al. (2017) reported that sRNAs can not only modulate transcript levels in the organism
producing the sRNAs (Chang et al., 2012; Lax et al., 2020), but also reduce transcript levels
in a different organism during a pathogenic interaction. On the one hand, sRNAs produced
by B. cinerea could affect the transcript levels of A. thaliana genes involved in plant
immunity (Weiberg et al., 2013), while on the other hand, sRNAs from a host plant could
affect the transcript levels of fungal genes participating in the infection process (Cai et al.,
2018; Wang et al., 2016). One crucial step in this RNA warfare obviously is the translocation
of the sSRNAs from the producing organism (either the plant or the fungus) to the opponent
in the interaction. Extracellular vesicles were reported to be key players in the delivery of
the sRNAs into the cells of the opponent. Studies by Cai et al. (2018) and He et al. (2021)
revealed that not all SRNA molecules produced are effectively loaded into vesicles and
thereby provided indications for the selectivity of sRNA translocation, although the
mechanism of selectivity was not understood. Rutter and Innes (2020), however, have
raised concerns about the conclusions of some recent studies on plant extracellular vesicles,
because the experimental approaches may insufficiently distinguish bona fide vesicle cargo
from merely co-purifying contaminants. Studies using a complementary approach (Wang et
al., 2016) demonstrated that synthetic sSRNAs that are topically applied to plant surfaces can
be taken up in B. cinerea and lower the expression of target genes in the invading fungus,

thereby reducing disease development.

The studies by Weiberg et al. (2013) and Wang et al. (2017) had a major shortcoming that
we considered important from a biological perspective of the plant-pathogen interaction.
The tissue samples analyzed in these studies were taken from 24 hpi onwards, at a moment
when the interaction between B. cinerea and its host is already well advanced and the fate
of the interaction is largely decided (Veloso and van Kan, 2018). Under commonly used
laboratory conditions for inoculation, B. cinerea spores germinate within 3-4 hpi and
infection structures are formed around 6-8 hpi. Fungal penetration is completed around 10-
12 hpi and first signs of cell death become evident at 16 hpi. Therefore, sampling tissues at
24-72 hpi provides a snapshot of SRNA and mRNA profiles that does not reflect the decisive
moments in this plant-fungus interaction. This consideration stimulated us to sample at

earlier time points to explore the sRNA and mRNA profiles at three decisive moments: 12
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hpi (following penetration, during the early biotrophic phase of the interaction); 16 hpi
(around the transition from the biotrophic to the necrotrophic phase), and 24 hpi (when the
necrotic lesion in a host is established and the fungus expands beyond the inoculation spot).
The sRNA sequence data that we obtained were different from the data obtained by
Weiberg et al. (2013), but difficult to compare. Not only were time points different, the read
depth was also much deeper, and the reads could be mapped to more completely
assembled and better annotated versions of the B. cinerea and tomato genomes (Hosmani
etal., 2019; van Kan et al., 2017). The sRNA dataset from B. cinerea contained almost 28,000
unigue sRNA sequences with a length of 20-24 nt, yet only 62 sSRNAs from the 73 sequences
described by Weiberg et al. (2013) were present in our data with a coverage of at least four
reads. The 11 missing sSRNAs of Weiberg et al. (2013) did not map to the recent version of
the B. cinerea genome or were not detected in our dataset. The 28,000 B. cinerea sRNAs
were predicted to target >3000 genes in the tomato genome, including hundreds of genes
that could potentially participate in plant defence or immunity. Yet only 163 of the
predicted tomato target mRNAs indeed showed significant down-regulation in the same

tissue samples, while 158 potential tomato target mRNAs showed up-regulation.

We identified a set of genes related to plant immunity that were predicted to be targeted
by B. cinerea sRNAs, and did indeed display a reduced mRNA level during infection, as
compared to mock controls. A detailed RT-qPCR analysis was performed with sampling at
seven time points between 0 and 24 hpi, to establish an association between the level of
the Bc-sRNA and its target SI-mRNA. The results in Figures 4 and S1 show that in some cases,
there was an inverse correlation between the level of a Bc-sRNA and its predicted target in
tomato, which might indicate that cross-kingdom RNAi was indeed operative to achieve this
down-regulation. However, whether the production of a unique Bc-sRNA that is predicted
to target a SI-mRNA actually causes the downregulation of its target is difficult to establish.
Firstly, many sRNAs are derived from transposons, some with multiple closely related, but
non-identical copies, and it is genetically impossible to dissect the function of individual
sRNAs. Second, many of the Bc-sRNAs are predicted to target multiple distinct SI-mRNAs.
Conversely, many SI-mRNAs are predicted to be targeted by multiple distinct Bc-sRNA
molecules from various genomic origins. Whether a predicted sRNA-mRNA interaction
actually occurs in the plant-fungus interaction depends on multiple factors: the
concentration of the sRNA within the (plant or fungal) tissue; the effective translocation of
sRNA between fungus and plant, through vesicles or otherwise, the efficacy of SRNA-mRNA
hybrid formation, dependent on the free energy; and the efficacy of the RNAI process that
destroys the target mRNA. All these processes will have an impact on the outcome of the

plant-fungus interaction only if they occur sufficiently rapidly and efficiently, and only if the
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reduction of mRNA results in a notable reduction of the encoded protein that has a
meaningful impact on the interaction. The reduction of transcript levels by, for example, 50%
does not necessarily result in an equivalent reduction of the protein. Even if the protein
levels were reduced to a similar extent as its transcript, this would only lead to physiological
problems if the protein catalyzes a rate-limiting step in the biological process of interest.
Furthermore, the overall consequences of differential expression of plant immunity genes,
mediated by fungal sRNAs, are hard to predict and do not necessarily lead to increased

susceptibility of the infected plant.

During the B. cinerea-tomato interaction, numerous fungal and plant genes were down-
regulated over the course of the infection process (Figure 1C, D). Based on the observations
of Weiberg et al. (2013) and Wang et al. (2016), and the identification of about 95,000
potential SRNA-mRNA interactions in our dataset (7,042 Bc sSRNA-SI mRNA interactions and
88,196 S| sSRNA-Bc mRNA interactions), it was tempting to consider that many changes in
transcript levels were indeed caused by cross-kingdom RNAi. However, simulations
indicated that similar, or even higher, numbers of predicted SRNA-mRNA interactions occur
with randomly generated sRNA datasets, and the 163 down-regulated tomato mRNAs in the
experimental dataset did not deviate from the number of down-regulated transcripts that
one may expect in a random subset of 3185 tomato genes. Other explanations for down-
regulation, besides cross-kingdom RNA interference, should therefore be considered. B.
cinerea undergoes developmental transitions during early phases of infection that are
associated with transcriptional reprogramming. To penetrate the host tissue, fungal germ
tubes develop infection structures with their specific developmental and transcriptional
program (Choquer et al., 2021; Leroch et al., 2013). Once infection structures have
completed host surface penetration (10-14 hpi), they are redundant and the fungus
switches to intercellular hyphal growth while suppressing host cell death (Veloso and van
Kan, 2018). From about 16 hpi, host cells are triggered to undergo programmed cell death
and the fungus is exposed to oxidative stress in dying host tissue (Choquer et al., 2007;
Torres et al., 2006). On the plant side, tomato genes that are down-regulated on B. cinerea
inoculation could be regulated by numerous physiological processes that are associated

with defense responses and/or disease development, rather than by fungal sSRNAs.

The majority of SRNAs produced by B. cinerea is derived from the rRNA repeat and a number
of very active TEs of the Gypsy family. Two regions in chromosome 14 (ms3003 and ms3095-
ms3097) stood out as producers of massive amounts of sSRNAs, with each of these regions
producing ¢.10% of the total read counts (Figure 3A, Supplementary Table S3). These
elements not only produced many reads, but also a great diversity of sSRNAs, from a range
of lengths and often overlapping in sequence. Production of such molecules is a random
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“disposal process” to eradicate the replication intermediate and thereby modulate the
activity of the retrotransposon. The fact that sSRNAs are produced that may, in addition,
silence transcripts in a host plant should thus be considered accidental and a “collateral
benefit”. The sheer number and diversity of sSRNAs will inevitably have numerous (predicted)
target genes within any given host plant, just by coincidence. If silencing of host immunity
confers advantage to the fungus, B. cinerea genotypes that contain active retrotransposon
copies are likely to be more successful than genotypes devoid of active transposons.
Evolutionary selection will not operate at specific sequence level, but on the possession of
such (active) elements. Studies on genetic diversity in the B. cinerea population revealed
that a subset of isolates were considered to lack active transposons, and were referred to
as “vacuma” isolates (Giraud et al., 1999; Martinez et al., 2003; Samuel et al., 2012). Such
isolates were often reported to be less virulent on particular hosts (Martinez et al., 2003),
but it was difficult to experimentally validate this correlation because of differences in the
origin and genetic backgrounds of isolates. In a study by Porquier et al. (2021), a vacuma
isolate was transformed with an LTR-type TE and became slightly but significantly more
virulent than the recipient strain. We applied an inverse strategy and eliminated one TE
region (ms3003, c,12.5 kb) that was responsible for the generation of c.10% of the sSRNA
population from the genome of the highly virulent strain B05.10 (Supplementary Figure S2).
This is to our knowledge the first successful targeted deletion of a TE region from the B.
cinerea genome and perhaps from any other fungus. We also attempted to delete a second
TE region, designated ms3095-3099, with a size of c.30 kb, which also generates ~10% of
the sRNA population. This locus has a complex tandem array of multiple transposons in
direct or inverted repeat orientation, and we attempted to delete it by using CRISPR guide
RNAs that would cut in the unique sequences flanking the TE region, and transforming with
a donor template that would merge the two flanking regions by a selection marker cassette.
In multiple experiments a few transformants were obtained, in which either the 5’ -part or
the 3’-part of the region was recombined with the donor template, but the recombination
target site at the other end was retained. These mutants were not further analyzed as they
did not contain the complete desired deletion. Despite the successful knockout of a ¢.12.5
kb TE region ms3003, the virulence of the mutants was not notably reduced (Figure 5). This
was probably due to the presence of additional TEs, including the ms3095-3099 region on
Chr14, that compensate for the loss of the ms3003 region. An alternative explanation would
be that the cross-kingdom RNAI as such does not have a significant impact on the infection
process to affect the virulence of mutants. This hypothesis was tested by generating double
mutants that were defective in both Dicer-like genes Bcdcll and Bcdcl2. The study by

Weiberg et al. (2013) reported an almost absolute loss of virulence of such a mutant, but
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their mutant displayed serious growth retardation and abnormal sporulation. By contrast,
the ABcdcl1/ABcdcl2 mutants that we generated independently displayed a >99% reduction
in TE-derived sRNA production (of 20-24 nt length molecules), while the rDNA-derived
sRNAs were largely unaffected by deletion of Bcdcll and Bcdcl2. Three independent
ABcdcl1/ABcdcl2 mutants showed neither any pleiotropic phenotypes as reported by
Weiberg et al. (2013), nor reduced virulence on any of four distinct host plants (Figure 6C).

This indicates that, in our view, the role of cross-kingdom RNAi at the level of single sRNA-
mMRNA interactions appears too small to be detected in the infection on leaves of several
plant species under controlled laboratory conditions. These results are difficult to reconcile
with reports that plant protection from B. cinerea infection can be achieved by applying
onto plant surfaces sRNAs that can silence B. cinerea Dicer-like genes as reported by Wang
et al. (2016). This study made use of single and double-stranded RNAs that target the B.
cinerea Dicer-like genes, with the reasoning that silencing of Bcdc/1 and Bcdcl2 would
prevent the fungus from producing sRNAs that can suppress plant immune responses and
thereby trigger resistance. Our observation that ABcdcl1/ABcdcl2 double mutants were
equally virulent as the wild-type strain (Figures 6¢ and S5), despite depletion of an immense
proportion of its SRNAs (Figure 6A, B), suggests that the protection conferred by sRNAs that
target B. cinerea Dicer-like genes might operate through a different mechanism than merely
the disruption of the fungal sRNA producing capacity. More recent publications have
reported the topical application of a plethora of distinct sRNAs that confer resistance to B.
cinerea (McLoughlin et al., 2018; Nerva et al., 2020; Spada et al., 2021). In these studies, the
sRNAs were designed to target fungal genes with a role in growth (lanosterol C-14-a
demethylase, chitin synthase, elongation factor EF2) or signal transduction required for
virulence (MAP kinase BMP3). A very extensive study on Sclerotinia sclerotiorum
(McLoughlin et al., 2018; Nerva et al., 2020; Spada et al., 2021) showed that 20 out of 59
sRNAs (targeting a range of physiological functions) applied on Brassica napus leaves could
reduce S. sclerotiorum lesion development. Subsequent tests with sRNAs targeting the
orthologs of five of these 20 genes from B. cinerea also conferred reduction of B. cinerea
lesion development (McLoughlin et al., 2018; Nerva et al., 2020; Spada et al.,, 2021).
Technically, the topical application of sSRNAs to confer plant protection from disease falls
under the definition of Spray-Induced Gene Silencing (SIGS) (Wang & lJin, 2017), and offers
an attractive perspective for future crop protection strategies. However, the success of this
method does not necessarily provide evidence for the importance of natural cross-kingdom
RNA interference in the B. cinerea-host interaction as earlier proposed by Weiberg et al.
(2013).
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Materials and Methods

Fungal strains, plant material and growth conditions

B. cinerea strains used in this study (Table 1) were grown and spores collected as described
in File S1. Tomato (S. lycopersicum cv. Moneymaker) and Nicotiana benthamiana were
grown in a greenhouse at 20 °C. A. thaliana and French bean (Phaseolus vulgaris) were
grown in a climate chamber at 21 °C and 19 °C for day and night temperature, respectively.
The light had a photoperiod of 12 h/day and the chamber had 70% RH.

Table 1. B. cinerea strains used in this study.

B. cinerea strain Description Origin/Reference
van Kan et al.
B05.10 wildtype B. cinerea
vp (2017)
Ams3003 Bcms3003 knockout mutant generated from B05.10 background, this stud
(#2-1, #11-4, #11-17) Hygromycin resistant 4
Aku70 Bcku70 knockout mutant generated from B05.10 background, Choquer et al.
Hygromycin resistant (2008)

Bcdcl1 knockout mutant generated from Aku70 background,

Adcl1 (#5-2, #6-1
del (#5-2, #6-1) Hygromycin and Fenhexamid resistant

this study

Bcdcl2 knockout mutant generated from Aku70 background,

Adcl2 (#5-4, #5-19) Hygromycin and Nourseothricin resistant

this study
Bcdcl1 and Bcdcl2 double knockout mutant generated from

Aku70 background, Hygromycin, Fenhexamid and Nourseothricin this study
resistant

Adcl1/Adcl2
(#1-26, #1-29, #1-30)

Tomato inoculations with B. cinerea

B. cinerea conidia were diluted in Potato Dextrose Broth (PDB, 12 g/I) medium to 1000
conidia/pl and inoculated on detached tomato leaves essentially as described byZhang &

van Kan (2013). Details on the inoculation and sampling design are provided in File S1.
RNA extractions

Fungal mycelium or tomato leaf samples were frozen in liquid nitrogen and used for
extraction of small RNA using the mirPremier® microRNA Isolation Kit (Sigma-Aldrich) while

the mRNA fraction was isolated using the SV Total RNA Isolation System (Promega).
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Generation and analyses of the RNAseq dataset

Single-end lllumina sequencing was applied to all SRNA and mRNA samples by Vertis
Biotechnologie AG (Martinsried, Germany) on a strand-specific library with read length of
75 nt. Sequence processing and bioinformatic analyses of data are described in detail in File
S1.

RT-gPCR quantification of mRNA and sRNA levels

Reverse transcription from mRNA was done using Superscript Il reverse transcriptase
(Invitrogen). For reverse transcription of sSRNA, the gScript microRNA cDNA Synthesis kit
(Quanta Bioscience) was used. 20 ng of each cDNA sample was input for performing RT-
gPCR using SensiMix SYBR Hi-ROX Kit (Bioline). Primer combinations shown in
Supplementary Table S13 were used to quantify levels of mRNAs and sRNAs. An actin gene
from tomato was used to normalize plant mRNA levels, and the relative mRNA level of each
time point was calculated by comparing with the mock inoculated sample at the same time
point. A small RNA derived from B. cinerea 28S rRNA was used to normalize fungal sRNA
levels. The threshold cycle (CT) values were determined by Bio-Rad CFX Manager 3.1 and
fold-changes calculated using the 22Ct method (Dorak, 2007).

B. cinerea transformation by CRISPR/Cas9-mediated approach

B. cinerea mutant strains used in this study were generated by CRISPR/Cas9-mediated

transformation, as described (Leisen et al., 2020) with modifications specified in File S1.

Data Availability Statement

The data of this project have been deposited in the NCBI database under Bioproject at
www.ncbi.nlm.nih.gov/biopr oject/ with accession num-ber PRINA496584. Raw sequence
reads are deposited in the Sequence Read Archive at www.ncbi.nlm.nih.gov/sra/ project
SRP166089 under accession numbers SRX4902781-SRX4902782, SRX4902789,
SRX4902791-SRX4902800, SRX15228005 - SRX15228010, SRX15231189, SRX15231190,
SRX19002251  (sRNAs)  SRX4902771-SRX4902780 and  SRX4902783-SRX4902787,
SRX4902790, SRX15231192, SR X15231193, SR X190 02219 (mRNAs).
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Supplementary Figure S2. (A) Schematic representation of the generation of Ams3003 transformants
via CRISPR/Cas9-mediated transformation with two sgRNAs and the primers used in genotyping the
transformants. (B) Genotyping of Ams3003 transformants by PCR, representing the target region was
replaced by the donor template via homologous recombination on both 5’- and 3’- flanks. The same
PCR reactions were performed with wild-type B05.10 as the non-transformed control.
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Supplementary Figure S3. (A) Schematic representation of the generation and characterization of
ABcdcll, ABcdcl2, and ABcdcl1/ABcdcl2 transformants. (B) Genotyping of ABcdcll, ABcdcl2, and
ABcdcl1/ABcdcl2 transformants by PCR with primers shown in (A) and File S1. For the Bedcl1-check
reaction, a band of 6.7 kb in B05.10 and Aku70 indicates the wild-type Bcdcl1 gene and a band of 2.7
kb in ABcdcl1/ABcdcl2 mutants as the replacement of this gene by the donor template. Similarly, the
Bcdcl2-check resulted in a product of 5.6 kb for B05.10 and Aku70, and one with the size of 2.0 kb for
ABcdcl1/ABcdcl2 mutants. For the Bcdcl1-WT reaction, only the B05.10, Aku70 and ABcdcl2 strains
showed amplicons of the Bcdcl1 gene, while the ABcdcl1 and ABcdcl1/ABcdcl2 strains did not. Similarly,
the Bcdcl2-reaction could only amplify the Bcdcl2 fragment in the B05.10, Aku70, and ABcdcl1 strains,
but not in the ABcdcl2 and ABcdcl1/ABcdcl2 strains.
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Supplementary Figure S4. In vitro mycelial growth, conidia formation, and sclerotial development of
B05.10 wild-type (WT), Aku70, ABcdcl1, ABcdcl2, and ABcdcl1/ABcdcl2 mutant strains on MEA (A) and
PDA (B) plates. The line charts below the photos represent the mycelial growth rate of B05.10 WT,
Aku70, ABcdcll, ABcdcl2, and ABcdcl1/ABcdcl2 mutant strains on MEA (A) and PDA (B) plates for 3
and 4 consecutive days, respectively.
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Supplementary Figure S5. (A) Virulence assays of ABcdcl1 and ABcdcl2 single mutants compared with
Aku70, and Aku70 compared with B05.10, which were performed with tomato leaves. (B-D) Virulence
assays of ABcdcl1/ABcdcl2 double mutant strains compared with Aku70, and Aku70 compared with
B05.10. The assays were performed with Arabidopsis thaliana (B), Nicotiana benthamiana (C) and
Phaseolus vulgaris (D), represented as bar charts and photos. Error bars in the charts represent
standard errors of 72, 72, and 120 datapoints from three experiments for A. thaliana, N. benthamiana,
and P. vulgaris, respectively. No significant reduction in the virulence of ABcdcll, ABcdcl2, and
ABcdcl1/ABcdcl2 compared with Aku70, and the same for Aku70 compared with B05.10, statistically
analyzed by Student’s t test.
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The following Supplementary materials are available to be downloaded from the
“Supplementary materials_PhD thesis_Qin(2023).zip” file, and thus only legends are shown

below.

Supplementary Table S1 Sequence read depth of the mRNA and small RNA samples.

Supplementary Table S2 Sheet 1: sequences of 27,918 unique small RNAs (sRNAs) from Botrytis
cinerea with a length between 20 and 24 nucleotides, and their genomic origin: chromosome
coordinates, ribosomal RNA repeat, transposable element loci, tRNA loci, gene regions. Sheet 2:
correspondence of 73 sRNAs described by Weiberg et al. (2013) to our data.

Supplementary Table S3 Transposable elements (TEs) in Botrytis cinerea as sources of smalls RNAs.
The list provides the genomic location (chromosome, start and end coordinates), the TE identifier
from REPET annotation, the read counts for the entire repeat region as well as the percentage of the
total read counts. Only repeat elements that generated at least 100 read counts are included.

Supplementary Table S4 Sequences of 934,154 unique small RNAs from tomato with a length
between 20 and 24 nucleotides, and their genomic origin: chromosome coordinates, gene region,
transposable element loci.

Supplementary Table S5 Differentially expressed genes of Botrytis cinerea during tomato leaf
infection at different hours postinoculation (hpi) as compared to in vitro liquid culture. Each sheet
provides the gene ID, the log2FC, the adjusted p value and a gene description. Sheet 1: expression at
12 hpi; sheet 2: expression at 16 hpi; sheet 3: expression at 24 hpi.

Supplementary Table S6 Differentially expressed genes of tomato during Botrytis cinerea infection at
different hours postinoculation (hpi) as compared to mock-treated leaves at the same time point.
Each sheet provides the gene ID, the log2FC, the adjusted p value and a gene description. Sheet 1:
expression at 12 hpi; sheet 2: expression at 16 hpi; sheet 3: expression at 24 hpi.

Supplementary Table S7 Predicted target mRNAs in tomato for each of the 7,042 Botrytis cinerea
small sRNAs (sRNAs). The sheet provides the sSRNA sequence, its coordinates on the B. cinerea genome,
the transposable (TE) origin, the gene ID of the predicted target gene, and a description of this gene.

Supplementary Table S8 Tomato genes predicted to be targeted by Botrytis cinerea small RNAs that
display significant differential expression during B. cinerea infection, as compared to mock-inoculated
leaves. Sheet contains both down-regulated and up-regulated genes.

Supplementary Table S9 Transposable elements in tomato as sources of small RNAs. The list provides
the genomic location (chromosome, start and end coordinates), the transposable element (TE)
identifier from REPET annotation, the read counts for the entire repeat region as well as the
percentage of the total read counts. Only repeat elements that generated at least 30,000 read counts
are included.

Supplementary Table S10 Predicted target mRNAs in Botrytis cinerea for each of 114,011 tomato
small RNAs (sRNAs). The sheet provides the SRNA sequences, their coordinates on the tomato genome,
the gene or transposable element (TE) origin, and the gene ID of the predicted target genes in B.
cinerea.
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Supplementary Table S11 Botrytis cinerea genes predicted to be targeted by tomato small RNAs that
display significant down-regulation during infection, as compared to liquid culture controls.

Supplementary Table S12 Target genes from tomato and Botrytis Cinerea selected for detailed
reverse transcription-quantitative PCR validation. The table contains the functional annotation of

target genes, gene names used in this study, the gene ID (in tomato or B. cinerea), and small RNA
(from B. cinerea or tomato) that is predicted to target the gene.

Supplementary Table S13 All primers used in this study.

Supplementary File S1 More detailed description of the experimental procedures.
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Abstract

Previous studies have suggested that plants can modulate gene expression in pathogenic
fungi by producing small RNAs (sRNAs) that can be translocated into the fungus and mediate
gene silencing, which may interfere with the infection mechanism of the intruder. We
sequenced sRNAs and mRNAs in early phases of the Solanum lycopersicum (tomato)-
Botrytis cinerea interaction and examined the potential of plant sRNAs to silence their
predicted mRNA targets in the fungus. Almost a million unique plant sSRNAs were identified
that could potentially target 97% of all fungal genes. We selected three fungal genes for
detailed RT-qPCR analysis of the correlation between the abundance of specific plant SRNAs
and their target mRNAs in the fungus. The fungal Bcspl/1 gene, which had been reported to
be important for the fungal virulence, showed transient downregulation around 20 hours
post inoculation and contained a unique target site for a single plant sSRNA that was present
at high levels. In order to study the functionality of this plant sRNA in reducing the Bcspl1
transcript level, we generated a fungal mutant that contained a 5-nucleotide substitution
that would abolish the interaction between the transcript and the sRNA without changing
the encoded protein sequence. The level of the mutant Bcspl/1 transcript showed a transient
decrease similar to wild type transcript, indicating that the tomato sRNA was not
responsible for the downregulation of the Bcspll transcript. The virulence of the Bcspll

target site mutant was identical to the wild type fungus.
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Introduction

Plants are continuously exposed to fungal pathogens but they are usually able to combat
these pathogens and remain healthy. To achieve this, plants have evolved an array of
defense mechanisms. One of the most extensively studied defense mechanisms is conferred
by host programmed cell death (PCD) at the host-pathogen interaction site, which can
subsequently restrict the invasion by biotrophic and necrotrophic pathogens. However, PCD
does not necessarily stop the invasion of necrotrophic pathogens effectively. By contrast,
necrotrophic fungal pathogens take advantage of the induction of host cell death for their
infection as they feed on dead tissue. Plant PCD triggers a series of reactions in the host, such
as fortification of the plant cell wall (by callose and lignin), local production of pathogenesis-
related (PR) proteins, phytoalexins and production of reactive oxygen species (ROS) (Veloso
and van Kan, 2018). Despite the induction of all these defense responses in the host plant,
it cannot successfully halt the colonization by necrotrophs. It is thus relevant to study plant
defense mechanism(s) which can successfully control plant diseases caused by necrotrophic

fungi.

A novel insight in plant defense mechanisms has emerged in the past 15 years,
demonstrating that plant transgene-derived double- stranded RNAs (dsRNAs) could induce
gene silencing by RNA interference (RNAI) in invading pathogens and pests (Baum et al.,
2007; Nowara et al., 2010; Igbal et al., 2020), in a process referred to as host-induced gene
silencing (HIGS). The proof of concept for exploiting HIGS to control a fungal pathogen was
demonstrated by Nowara et al. (2010), who expressed a set of double-stranded RNAs in
(stably or transiently) transformed plants that would target Blumeria graminis genes that
encode either effector Avral0 or 1,3-b-glucanosyltransferases involved in haustoria
formation. The successful deployment of HIGS suggested the occurrence of trafficking of
RNA molecules from a plant into a fungus that could induce RNAi in the fungus, and thus

HIGS can be considered as an example of cross-kingdom RNAi (ckRNAi).

In later studies, it was reported that plant endogenous small RNAs (sRNAs) can be naturally
translocated to parasitic organisms and trigger silencing of genes in the invaders through
RNAI. This phenomenon provided an example of the natural occurrence of ckRNAI, and it
was proposed to be an effective host defense strategy by several studies. The first case was
in the cotton-Verticillium dahliae interaction, in which the production of two cotton
microRNAs (miRNAs) increased upon infection by V. dahliae and the miRNAs were
translocated to the fungal hyphae where they silenced specific V. dahliae genes (Zhang et
al., 2016). Cai et al. (2018) demonstrated that Arabidopsis can secrete exosome-like vesicles

containing sSRNAs which can be taken up by Botrytis cinerea hyphae at the infection site. This
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study described two small interfering RNAs (siRNAs) that selectively accumulate in fungal
cells and are predicted to target B. cinerea genes that are involved in vesicle-trafficking
pathways. A study by Hou et al. (2019) described that Arabidopsis produces increased
amounts of secondary siRNAs upon infection by Phytophthora capsici. They observed that
Arabidopsis mutants that are impaired in secondary siRNA biogenesis exhibited hyper-
susceptibility to P. capsici. In several pathosystems, the naturally delivered host sSRNAs have
been proposed to contribute to plant immunity (likely) via silencing genes in the invading
pathogens (Cai et al., 2018; Hou et al., 2019; Zhang et al., 2016). This process could
contribute to plant defense against pathogens when the target genes that are silenced

indeed have an important role in virulence or development of the pathogens.

We aimed to further explore the role of natural ckRNAi in defense of a model crop against
a fungal pathogen. Solanum lycopersicum (tomato) is an important crop species that can be
parasitized by many pathogenic microbes, resulting in considerable economic losses. The
necrotrophic pathogen B. cinerea can infect different organs of the above-ground part of
tomato plants, causing devastating damage for the crop during both pre- and post-harvest
stages. B. cinerea was shown to be able to take up both sRNA and dsRNA molecules from
the environment (Wang et al., 2016). The ability to take up exogenous sRNAs is one of the
preconditions for the full function of RNAI triggered by sRNAs or dsRNAs present in the
fungal environment. This feature of B. cinerea has been exploited in plant protection with
spray-induced gene silencing (SIGS) by the application on plant surfaces of synthetic RNA
molecules targeting genes involved in growth or in signaling required for virulence
(McLoughlin et al.,, 2018; Nerva et al., 2020; Spada et al., 2021). Furthermore, a classical
HIGS approach was also shown to enhance crop resistance against B. cinerea using
transgenic potato lines expressing dsRNA that can target a B. cinerea gene which regulates
cell growth and proliferation (Xiong et al., 2019). However, the efficacy of naturally occurring
ckRNAI in the B. cinerea-crop interaction mediated by host-derived sRNAs is not fully

conclusive.

In this study, we aimed to evaluate the role of endogenous sRNAs of the host plant in
the early phases of the tomato - B. cinerea interaction. A sSRNA and messenger RNA (mRNA)
- sequence dataset were generated within the first 24 hours post inoculation (hpi). This
dataset was described in a previous study (Chapter 2, Qin et al., 2023), in which we could
not validate the contribution of B. cinerea sRNAs to fungal virulence. We turned our focus
to the inverse side of the tomato — B. cinerea interaction, namely tomato sRNAs and their
function in plant defense against B. cinerea via ckRNAi during a natural infection.
Correlations were studied between the abundance of three selected tomato sRNAs and the
transcript levels of their matching fungal genes. In an attempt to experimentally validate
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the causal relation between the level of one tomato sRNA and its predicted single target
mRNA in B. cinerea, we mutated a B. cinerea gene that was reported to contribute to
fungal virulence and was predicted to be silenced by a single tomato sRNA. Substitutions in
the target site neither altered the expression profile of the mutant transcript nor enhanced

the fungal virulence by escaping the silencing effect by the tomato sRNA.
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Results

B. cinerea genes down-regulated during infection and potentially targeted by sRNAs

from tomato

Differential expression analyses of fungal genes were performed by comparing gene
expression during infection of tomato leaves with a B. cinerea liquid culture, as described in
Qin et al. (2023). More than 3000 B. cinerea genes (one quarter of the annotated genes)
were differentially expressed at 24 hpi, as compared to growth in liquid culture, of which
1724 were up-regulated and 1282 were down-regulated (Supplementary Data 1). Among
the up- regulated genes of B. cinerea at this time point of infection were genes encoding
five polygalacturonases and 103 other carbohydrate-active enzymes (CAZymes), 51
proteases, 63 membrane transporters, 5 proteins involved in signaling and 12 putative
transcription factors. Moreover, the cluster of Bchoa genes encoding biosynthetic enzymes
for the production of the polyketide phytotoxin botcinic acid were upregulated at 24 hpi, as
compared to the in vitro liquid culture. Meanwhile, the in planta down-regulated genes (at
24 hpi) included genes encoding 36 CAZymes, 27 proteases, 39 membrane transporters, 33
proteins involved in signaling and 93 putative transcription factors. Moreover, there was
significant down-regulation in planta at 24 hpi of melanin biosynthetic genes (Schumacher,
2016), of the gene cluster encoding biosynthetic enzymes for production of the
sesquiterpene phytotoxin botrydial (Porquier et al., 2016), as well as the non- ribosomal
peptide synthase gene Bcnrps8 and six polyketide synthase genes along with their
flanking genes involved insynthesis of (yet unknown) secondary metabolites

(Supplementary Data 1).

Within the entire dataset, approx. 15% of the B. cinerea genes (1713 genes) that were
predicted targets of the tomato sRNAs indeed displayed significant down-regulation in at
least one of the time points (12, 16 and 24 hpi) as compared to the liquid culture (Qin et al.,
2023). These fungal transcripts were, on average, predicted to each be targeted by 19.3
unique tomato sRNAs (Supplementary Data 2). The list of in planta downregulated genes
that are predicted to be silenced by tomato sRNAs includes genes encoding 63 CAZymes, 43
proteases, 46 membrane transporters, 46 proteins involved in signaling and 101 putative
transcription factors (Supplementary Data 2). Only 30 fungal genes were predicted to be
targeted by a single tomato sRNA, including transcripts encoding fumarase BcFUMI,
glutathione S-reductase BcGST8, catalase BcCAT7, phosphatidylserine decarboxylase
BcPSD, melanin biosynthetic enzyme BcBRN2 and the cell death- inducing effector BcSPL1.
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Correlation between mRNA down- regulation in B. cinerea and levels of tomato sRNAs
that are predicted to target them

After examining the in silico prediction of B. cinerea genes targeted by tomato sRNAs based
on the sequencing dataset, we aimed to validate and establish in more detail the host sSRNA
— fungal mRNA profiles during the early infection. We performed new experiments to
inoculate tomato leaves with B. cinerea and sampled at seven time points within the first
24 hpi. sRNA and mRNA were extracted from these samples, followed by quantification
of the expression levels of selected tomato sRNAs (SI-sRNAs) and their matching target
MRNAs in B. cinerea (Bc- mRNAs) by reverse transcription-quantitative PCR (RT-qPCR). We
selected three SI-sRNAs and their predicted target Bc-mRNAs (Table 1) for molecular
validation. The selection of SRNA-mRNA pairs was based on the following criteria: i) the
predicted target mRNA showed sufficient reads in the sequencing dataset at all infection
time points; ii) the predicted target mRNA was significantly down-regulated at one or more
time point(s) as compared to the liquid culture; iii) the target gene might contribute to
fungal infection; iv) the tomato sRNA was up- regulated in the early stages of infection and
should be derived from a transposon locus. The following three B. cinerea genes were
chosen for further analysis: the 5-oxoprolinase gene Bcoxp1 is a homolog of the Fusarium
graminearum oxpl gene which was reported to be involved in development and
virulence (Yang et al., 2018); the gene Bccnd1, encoding a secreted effector protein that is
expressed in a calcineurin-dependent manner (Viaud et al., 2003) and is homologous to
GAS1 and GAS2 effectors of Magnaporthe grisea, expressed in appressoria and required for
full virulence (Xue et al., 2002); and the cerato-platanin gene Bcspl1, encoding an effector

that induces plant cell death and is important for virulence (Fri's et al., 2011).

Molecular quantification results from RT-qPCR indicated correlations between SI-sRNAs and
their matching Bc-mRNA targets (Figure 1). Expression levels of the three tested B. cinerea
genes displayed upregulation at 12 hpi, and they reached their lowest level at 20 hpi but
increased again at 24 hpi. The down- regulation of the three Bc-mRNAs coincided with, or
followed shortly after, an increase of the levels of their corresponding SI- sSRNAs. Specifically,
the lowest expression of the three Bc-mRNAs occurred at 20 hpi, while SI-sRNAs levels were
high at 14 hpi or 16 hpi (Figure 1). Interestingly, levels of these three selected SI-sRNAs all
displayed an approximate doubling in the early stage of fungal infection between 12 and 14

hpi, or between 14 and 16 hpi
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Table 1. Selected predicted B. cinerea target genes and their corresponding SI-sRNA sequences.

Annotation of Gene ID SI-sRNA — Bc-mRNA alignment Free

target B. cinerea |name lenergy

gene (kCal/Mol)
BcOXP1: 5' aculAUUCAGUCUCCUCAACUCGAU 3°

F=0E =TT
SRNA_1326: 3’ ugcUGAGGUAGAGGAGUUGAGCUY 5°

5-oxoprolinase Bcoxpl Bcin04g01040 -34.51
Calcineurin- Bcendl: 5" gcUUUAUACAUCUUAAALCUUUE 37
dependent (CND) SRR
gene Becnd1  [Bcin08g05540 SRNA282: 3" uuGAACAGGUAGAAUUUAGAAAa 5° 15019
spll-wt: 5" acccaAGUCGACAAGAGUGCUUGU 3°
FEE TEVEREEE=FTT
Cerato-platanin  |Bespll  |Bcin03goos00 | STNAL187: 37 cagualCAGAUGUUCUCAUGAACA 57| ,q 4y

Generation of B. cinerea mutant with synonymous substitutions at the target site in
Bcspl1

From B. cinerea genes that were predicted to be targeted for silencing by tomato sRNAs,
we selected one gene for experimental validation of a causal relation between the presence
of the tomato sRNA and the down-regulation of its target B. cinerea mRNA. Selection of the
gene was based on three criteria: its transcript should decrease at some time during
infection, as compared to the previous time point(s) in the dataset; the transcript should be
(predicted to be) targeted by a single tomato sRNA, in order to minimize the impact of
multiple sSRNA-mRNA interactions; the gene should participate in virulence of B. cinerea.
The Bcspll gene was selected as it is the predicted target of a single tomato sRNA
(sRNA1187) and encodes a cell death inducing effector protein with a role in virulence (Fri's
et al., 2011). Only 30 genes were predicted to be targeted by a single tomato sRNA
(Supplementary Data 2) and Bcspl/1 was the only gene in this list that had been reported to
participate in virulence. During B. cinerea infection on tomato leaves, Bcspll displayed a
peak in transcript level at 12 hpi and was ~10-fold down-regulated at 20 hpi (Figure 1). The
lower transcript level of Bespll coincided with a transient peak in the level at 16 hpi of the

tomato sRNA1187 (Figure 1), which is produced from a transposable element on tomato
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chromosome 6 (Figure 2A).
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Figure 1. Quantification of production levels of three SI-sRNAs (blue bars) and mRNA levels of their
predicted target genes in B. cinerea (pink lines). The expression data were collected from four
experiments, and the predicted target B. cinerea gene is indicated above each chart.

In order to disrupt the ability of Bcsp/l mRNA to interact with sRNA1187, we aimed to
generate a B. cinerea mutant carrying a Bespl1 allele with mutations in the sRNA target site. A
substitution of five nucleotides would result in a change of free energy of the hybrid
between sRNA1187 and the Bcsp/l mRNA from -28 kCal/Mol (wild type) to -11 kCal/Mol
(mutant), without changing the encoded protein (Figure 2B). The cut-off for free energy of RNA
hybrids is -20 kCal/Mol (Marinand Vani52011), implying that this substitution would fully
abolish sSRNA-mRNA hybrid formation. We checked that the synonymous substitutions in
the Bcspll target site would not result in a sequence that could inadvertently be targeted by
different tomato sRNAs in the dataset. A gene replacement construct was generated that
encompassed the entire Bcspll gene (containing the desired five- nucleotide substitution)
and a part of the downstream gene Bcin03g00510 with a hygromycin-resistance cassette
(hph) inserted in the intergenic region (Figure 3A). Transformation of this construct to wild type
B. cinerea strain B05.10 yielded seven transformants of which two contained the hph cassette
in the target locus and five were ectopic transformants (Figure 3B). The Bcspll gene from
both transformants was amplified and sequenced. Transformant #5 contained the desired
substitution and was named sp/1-5mnt. Transformant #1 contained a wild type Bcspll
sequence, presumably as a result of recombination with the target locus downstream of the
sRNA target site (orange dashed lines in Figure 3A). This transformant was designated sp/1-wt
and served asa control transformant to exclude an impact on transcript levels caused by

introducing a hph cassette close to the Bcspl1 locus.
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A B
spl1-wt  ACCCAAGUCGACAAGAGUGCUUGU
SRNA1187 CAGUAl'JéAéAfJéfJchuéAl]c:;ééqA
spi1-5mnt  ACCCAAGUCGAUAAAUCCGCUUGU
sRNA1187

Figure 2. (A) Representation of the tomato genomic locus producing the sRNA1187 (tomato
chromosomes presented as orange boxes) and the B. cinerea Bcspll locus (B. cinerea chromosomes
are presented as blue boxes). (B) Alignment of the sequences between tomato sRNA1187 and the
wild type Bcspl1 transcript or the mutated version designed to abolish interaction with the sRNA.
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Figure 3. (A) Schematic representation of recombination events resulting in the generation of the
transformants sp/1-5mnt (red dashed lines) or sp/1-wt (orange dashed lines). The blue dashed lines indicate the
3’-recombination event. The positions of primers used in genotyping the transformants are indicated. (B)
Genotyping of transformants by PCR. Colony 1 (marked in orange) was the sp/1-wt transformant while colony
5 (marked in red) was the sp/1-5mnt mutant. Colonies 2-4 and 6-7 were ectopic transformants.
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Effect of substitutions at the sRNA target site on Bcsp/1 expression profile

We hypothesized that if the tomato sRNA would indeed participate in silencing of Bcspll
in B. cinerea during infection, the synonymous substitutions in the sRNA target site would
result in a distinct Bcspll transcript profile during infection, i.e., the downregulation
between 16 and 24 hpi (as observed in Figure 1) would be abolished. This might result in a
higher virulence of the fungal mutant if the increased production of BcSPL1 protein would

enable the fungus to trigger host cell death more effectively.

We inoculated tomato leaves with both the sp/1-5mnt B. cinerea mutant and the control
spl1-wt transformant and sampled the tomato leaf samples at four timepoints between 12
and 36 hpi. RT-gPCR was performed to quantify the Bcspl1 expression in sp/1- 5mnt and
spl1-wt mutants. Contrary to the hypothesis, the Bcspl1 transcript profile in sp/1-5mnt was
similar to that in sp/1-wt (Figure 4A), indicating that the downregulation of Bcspll at
24 hpi was not abolished despite the substitution in the predicted target site for sSRNA1187.
Additionally, the level of tomato sSRNA1187 was not significantly different between the leaf
tissues infected by spll-wt or spl1-5mnt isolates (Figure 4B). Infection assays were
performed to compare the virulence of both transformants to each other and to wild type
strain B05.10. As shown in Figure 5, there was neither a difference in virulence between
spl1-5mnt and spl1-wt, nor between sp/l-wt and wild type B05.10. These experiments
did not provide any evidence for participation of tomato sRNA1187 in the downregulation

of Bcspl1 mRNA during infection.
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Figure 4. Expression levels of Bcspl1 mRNA (A) and sRNA1187 (B) in sp/1-wt and sp/1-5mnt inoculated
tomato leaves during the first 36 hpi. The expression data are shown by mean relative expression
levels with standard error, either in a line chart (A) or a bar chart (B), resulting from four
independent inoculation assays.
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Figure 5. Virulence of B. cinerea WT B05.10, sp/1-wt and spl/1-5mnt transformants on tomato leaf,
represented by a bar chart (A); and disease symptoms photographed at 3 dpi (B). The average lesion
sizes and standard errors in the bar chart (A) resulted from 92 inoculations in three independent
experiments, and statistical analysis was performed using t-test (ns indicates non-significance).
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Discussion

In an earlier study (Chapter 2) we could not identify any evidence for the contribution of B.
cinerea small RNAs to virulence through the induction of ckRNAi during infection. There are
several examples that individual small RNAs, as those produced by B. cinerea, can indeed
silence plant genes when expressed in stable or transiently transformed plants at high levels,
as reported by Weiberg et al. (2013) and Wang et al. (2017). In a natural infection of B.
cinerea on a host plant, however, the amount of fungal biomass is very low as compared to
plant biomass at early time points of the interaction. As argued by Veloso and van Kan
(2018), the decisive processes that determine success or failure in the Botrytis-host
interaction occur around 16 hpi. In this phase of the interaction, our RNA samples typically
contained ~1% fungal RNAs (both for the sSRNA and mRNA pools) in the entire dataset.
Fungal hyphae that penetrate the plant surface and enter the interior plant tissues are
vastly outnumbered by plant cells. Furthermore, the fungal SRNA population consists of
thousands of distinct unique sequences and their potency in silencing target mRNAs in a
host plant is essentially defined by random chance (Chapter 2). If a specific fungal sRNA (at
such low abundance) is able to target a plant mRNA and induce its silencing, it is unlikely
that this will result in effective interference with crucial plant functions in the short time
span of just a few hours. Indeed, our earlier study (Chapter 2) showed that B. cinerea
mutants in which both Dicer- like genes were deleted did not produce any detectable
transposon- derived sRNAs, and could infect four distinct host plant species as effectively

as the wild type of fungus.

One can envisage that the inverse situation (plant sRNAs targeting fungal mRNAs) is
distinct, as the abundance of plant RNAs largely exceeds that of fungal RNAs. In an early
phase of the plant-fungus interaction, fungal hyphae that penetrate the host surface and
enter the plant tissue are surrounded by a large number of plant cells, each of which may
produce and release small RNAs. B. cinerea can take up sRNAs present in exocytotic vesicles
that accumulate at the extracellular interface between the plant and fungal cells (Cai et al.,
2018). Fungal appressoria and invasive hyphae could have a high propensity to take up host

plant exocytotic vesicles containing sRNAs.

During the B. cinerea-tomato interaction, numerous fungal genes were downregulated over
the course of the infection process. Based on observations of Weiberg et al. (2013) and
Wang et al. (2016), and the identification of 88,196 potential, predicted SI-sRNA — Bc-
mMRNA interactions in our dataset (Chapter 2), it was tempting to consider that many
changes in fungal transcript levels were indeed caused by cross-kingdom RNAi. However,

other explanations for down-regulation of fungal transcripts should also be taken into
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consideration. B. cinerea undergoes infection-related developmental transitions during
penetration of the host tissue, by forming either appressoria or infection cushions, each
with their specific developmental and transcriptional program (Leroch et al., 2013;
Choquer et al., 2021). Once these infection structures have completed host surface
penetration (10-14 hpi), they become redundant and the fungus switches to an
intercellular hyphal growth while suppressing host cell death (Veloso and van Kan,
2018). From ~16 hpi, host cells are triggered to undergo programmed cell death and the
fungus is exposed to oxidative stress in dying host tissue (Torres et al., 2006; Choquer et al.,
2007). These developmental transitions and changes in chemical environment are likely to
have a much greater impact on fungal gene expression than the presence of any plant
SRNAs.

We identified three B. cinerea genes related to fungal infection that were predicted to be
targeted by tomato sRNAs and did indeed display a transient reduction of mRNA level during
infection, as compared to liquid culture. RT-gPCR analysis was performed with sampling at
seven time points between 0 and 24 hpi, in order to establish an association between the
level of the sSRNA and its target mRNA with a high resolution of the dynamics. We observed
an inverse correlation between the level of each selected SI-sRNA and its predicted target in
B. cinerea, which suggested that ckRNAi possibly could have contributed to achieving this
downregulation. However, whether the production of unique plant sSRNA molecules able
to target a fungal mRNA could actually cause the downregulation of its target was difficult to

establish merely from the expression profiles.

We therefore introduced mutations in the target site of a B. cinerea gene, Bcspl1, aiming to
establish a causal relation between the production of the unique tomato sRNA molecule
and the downregulation of Bcsp/l1 mRNA in B. cinerea. The B. cinerea transformant with the
allelic variant of Bcspl1 displayed a similar transcript profile and the same virulence as the
control transformant with an unaltered target site. This result indicated that the transient
downregulation of the Bcspl1 transcript at 24 hpi was not mediated by the tomato sRNA,
but possibly controlled by an intrinsic regulatory mechanism within the fungus, instead of
resulting from cross-kingdom RNAI. Only a single pair of SI-sRNA —Bc-mRNA was examined
in this study due to the restriction by the criteria that we set. In order to study in more detail
whether tomato sRNAs indeed play a role in plant defense against B. cinerea, two aspects
should be taken into account. Firstly, many sRNAs are derived from transposons, some with
multiple closely related, but non-identical copies, and it is genetically impossible to dissect
the function of individual naturally-produced sRNAs from the host. In order to functionally
eliminate the vast majority of tomato sRNAs, one should use a tomato mutant in which
multiple Dicer-like (DCL) genes are knocked out. There are seven DCL genes in tomato
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(SIDCL1, SIDCL2a-d, SIDCL3 and SIDCL4) (Bai et al., 2012), and SIDCL1 or SIDCL3-silencing
mutant as well as single loss-of-function mutant of SIDCL2b or SLDCL4 are available
(Yifhar et al., 2012; Kravchik et al., 2014a; Kravchik et al., 2014b; Wang et al., 2018).
Phenotypic characterization of these individual mutants proved that different SIDCL
proteins are responsible for the production of different types of sSRNAs. In order to abolish
the biosynthesis of all SRNAs that potentially participate in cross- kingdom RNAi, multiple
SIDCLs-knock-out mutants should be used. Such plants are, however, not available and
research in Arabidopsis has shown that the deletion of multiple Dicer-like genes can have
serious impact on plant viability and morphology (Bouchéet al., 2006). Besides, the host
sRNAs which are naturally translocated into the fungus are only a small proportion of the
total host sSRNAs generated by DCL proteins. Many plants sRNAs have regulatory functions
on endogenous genes by RNAi and influence developmental processes or resistance to
stress. Therefore, an enhanced susceptibility of plant mutants lacking DCL genes would not
directly prove the function of plant sSRNAs in plant defense via ckRNAI, due to the numerous

physiological roles of the DCL genes.

The natural occurrence and function of the ckRNAi from both sides of the plant-parasite
interaction is a relatively young research topic. A number of studies concluded that ckRNAi
is a naturally occurring phenomenon. There were also observations that specific plant
SRNAs can play a role in plant defense against pathogens, however, mostly through
indirect methods by either overexpressing these sRNAs in plants (Hou et al., 2019) or
knocking out their predicted target genes in the pathogen (Zhang et al., 2016). The
technical and biological challenges that we discussed above clearly limit the capacity to
directly prove the occurrence and importance of natural ckRNA.I. It thus remains debatable
to what extent the natural occurrence of ckRNAi mediated by endogenous host sRNAs

contributes to effective plant defense.
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Materials and methods

Fungal strains, plant material and growth conditions

B. cinerea strains used in this study (Table 2) were grown and spores were collected as
described in Zhang and van Kan (2013). Tomato (S. lycopersicum cv. Moneymaker) were
grown in a greenhouse at 20°C for five to six weeks, and detached compound leaves were

used for inoculation assays.

Table 2. B. cinerea strains used in this study.

B. cinerea  Description Reference

strain

B05.10 Wild type B. cinerea van Kan et al.
(2017)

spl1-5mnt  Strain containing synonymous substitutions of 5 nt in tomato sRNA target site in  This study

the Bcspl1 coding sequence and a hygromycin-resistance cassette.

spl1-wt Strain containing wild type Bcspl1 and a hygromycin-resistance cassette. This study

Tomato inoculations with B. cinerea

B. cinerea conidia were diluted in Potato Dextrose Broth (PDB, 12 g/I) medium to 1000
conidia/ml and 2 ml droplets containing the conidia suspension were inoculated on
detached tomato leaves essentially as described by Zhang and van Kan (2013). The
inoculated compound leaves were inserted in wet floral foam and incubated in closed
containers at 20°C with relative humidity of ~100% under natural light, before being
examined for the virulence assay or sampled for further purposes. For the virulence assay,
each tomato leaflet was inoculated with three droplets on every leaf half for one B. cinerea
strain. For the sampling of B. cinerea (or mock) - infected tomato leaves that was used for
mRNA and sRNA sequencing, 10 droplets of 2 ml conidia suspension (or only PDB) were
inoculated on both leaf halves at ~1 cm from the central vein. Four leaflets of one compound
leaf were inoculated at the same time, and one leaflet was sampled by excising the central
vein and collecting the remaining leaf tissue at each defined time point (t=0; 12; 16 and 24
hpi). For the sampling B. cinerea (or mock) - infected tomato leaves that was used for the

guantitative reverse transcription PCR (RT-gPCR), the leaflets were inoculated in six to eight
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circular areas and area included five 2 ml droplets of conidia suspension (or only PDB). The
inoculated areas were excised by a cork borer with a diameter of 15.6 mm at each time
point (t=0; 12; 16, 24 and 36 hpi). More details on the inoculation and sampling design were
described in Qin et al. (2023).

RNA extraction

Fungal mycelium or tomato leaf samples were frozen in liquid nitrogen and used for
®
extraction of small RNA using the mirPremier microRNA Isolation Kit (Sigma-Aldrich) while

mRNA was isolated using the Maxwell” 16 LEV Plant RNA Kit (Promega).
Generation and bioinformatic analyses of the RNAseq dataset

Single-end lllumina sequencing was applied to all SRNA and mRNA samples by Vertis
Biotechnologie AG (Martinsried, Germany) on a strand-specific library with read length of
75 nt. Sequence processing and bioinformatic analyses of data are described in Qin et al.
(2023). Differentially expressed genes (DEGs) in the fungus were identified by comparing
fungal mRNA levels in the infected tomato leaf tissues with a B. cinerea liquid culture, as
described in our recent study (Chapter 2). Differentially produced sRNAs in tomato were
analyzed by comparing tomato sRNA levels in the B. cinerea-infected tomato leaf tissues
with the mock-inoculated leaf tissues at the same time point, as described in Qin et al.
(2023). The thresholds for up- or down- regulation were calculated similarly for both mRNA
and sRNA, using the DEseq?2 algorithm through a negative binomial distribution to calculate
the p-value. The significance was defined by thresholds that consisted of a p-value of lower
than 0.05 and a log2 fold-change of higher than 1 or lower than -1 for up- or down-
regulation, respectively. To determine the origin of the sRNA reads, the reads were mapped
to both the B. cinerea and S. lycopersicum genomes. Bowtie was used as mapping tool with
the constraint to only map reads without mismatches (-v 0). Reads that had a perfect
match to the B. cinerea genome were also mapped to the S. lycopersicum genome and vice
versa. Reads mapping perfectly on both genomes were labelled as ‘shared reads’ and were
discarded, while reads that mapped to only one genome were labelled as ‘unique reads’.
Target prediction of sRNAs was performed using sRNAs extracted from the ‘unique reads’.
The tool psRNATarget was used to predict the plant sRNA targets on the fungal mRNA
population (Dai et al., 2018), with settings adjusted to the default Schema V2 2017. The
‘expectation’ was set to match a free energy threshold of -20 kCal/mol (expectation 3). Both
UTRs and CDS were tested for target sites. The sequences of the UTRs and CDS were obtained
using the coordinates of the ASM83294v1 release-51 B. cinerea annotation. Predicted

sRNA-target pairs were filtered by expression keeping only the sRNA-target pairs that
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showed sRNA up-regulation and target mRNA down-regulation.
RT-qPCR quantification of mRNA and sRNA levels

Synthesis of cDNA from mRNA was performed using M-MLV reverse transcriptase
(Promega). For reverse transcription of sRNA, the gScript microRNA cDNA Synthesis kit
(Quanta Bioscience) was used. RT-gPCR was performed using SensiMix SYBR Hi-ROX Kit
(Bioline). Primer combinations described in Supplementary Table 1 were used in RT-qPCR to
quantify levels of mMRNAs and sRNAs. The transcript level of a ribosomal protein encoding
gene Bcrpl5 from B. cinerea was used to normalize fungal mRNA levels. A sSRNA of the tomato
U6 spliceosomal RNA component was used to normalize plant sSRNAs. The threshold cycle
(Ct) values were determined by Bio-Rad CFX Manager 3.1 and fold-changes calculated using
the 2724t method (Pfaffl, 2006).

B. cinerea transformation

B. cinerea mutant strains used in this study were generated by PEG-mediated protoplast
transformation as described by (Kars et al., 2005) with minor modifications. The constructs
of donor templates were made by the yeast recombination method as described by
Schumacher (2012). For the construction of plasmids as well as the amplification of

donor templates, PCR was performed with the primer sets shown in Supplementary

Table S1 using the ExpandTM High Fidelity PCR System (Sigma). After obtaining
transformed colonies on hygromycin-selective plates, the screening of transformants was

performed by PCR with primer sets indicated in Supplementary Table 1 using the

GoTaq® G2 DNA Polymerase (Promega). The coding region of the Bcspll gene from the
mutants used in this study was sequenced to verify whether or not the sRNA target site

contained the 5- nucleotide substitution.

Data availability statement

The datasets presented in this study have been deposited in the NCBI database under
Bioproject at www.ncbi.nlm.nih.gov/ bioproject/ with accession number PRINA496584.
Raw sequence reads are deposited in the Sequence Read Archive at www.ncbi.
nlm.nih.gov/sra/ project SRP166089 under accession numbers SRX4902781-SRX4902782,
SRX4902789, SRX4902791-SRX4902800, SRX15228005-SRX15228010, SRX15231189,
SRX15231190, SRX19002251  (sRNAs)  SRX4902771-SRX4902780, SRX4902783-
SRX4902787, SRX4902790, SRX15231192, SRX15231193, SRX19002219 (mRNAs).
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Supplementary materials

The following Supplementary materials are available to be downloaded from the
“Supplementary materials_PhD thesis_Qin(2023).zip” file, and thus only legends are shown

below.
Supplementary Table S 1. The list of DNA primers used in this study.

Supplementary Data S1. Differentially expressed B. cinerea genes during the infection of tomato
leaves (sampled at 12, 16 and 24 hpi), as compared with a B. cinerea in vitro culture. The data contains
four Excel sheets, which respectively provide all DEGs at 12/16/24 hpiin planta, and a summary sheet
presenting the numbers of DEGs that are described to encode transporters, CAZymes, proteases,
proteins involved in SM biosynthesis, signaling components and transcription factors (TFs) at
different timepoints.

Supplementary Data S2. The data includes three sheets, i) the list of B. cinerea genes which were
predicted to be targeted by tomato sRNAs, and the number of unique tomato sRNA sequences and
merged sRNA sequences are shown together with their predicted matching single fungal gene; ii) the
details of log2 fold-change and the adjusted p-value for each predicted target fungal gene which were
significantly down-regulated at no less than one time point in planta, and iii) a legend that explains
the headings in the columns of the former two sheets.
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Abstract

The necrotrophic plant pathogen Botrytis cinerea produces phytotoxic secondary
metabolites during host infection. Until now, the contribution of the two major phytotoxins
botrydial (BOT) and botcinic acid (BOA) to the virulence of B. cinerea is still disputable, since
results from virulence assays using different mutants performed by separate research
groups were inconsistent. In this study, we assessed the roles of BOT and BOA in virulence
of B. cinerea on five distinct host species. We observed different levels of reduction in the
virulence of B. cinerea mutants lacking the capacity to produce BOT and/or BOA as
compared to the wild type fungus. Interestingly, BOT was indispensable for B. cinerea to
successfully infect Arabidopsis, whereas deficiency in BOA production did not reduce the
virulence of B. cinerea on this host. Lacking either BOT or BOA production in B. cinerea
resulted in slightly reduced virulence on tomato, and eliminating both phytotoxins had an
additive effect on lowering the virulence on this host. The same B. cinerea double mutant
exhibited subtle though significant reduction in virulence on Nicotiana benthamiana and
cowpea but not on French bean. Moreover, we validated the phytotoxic activity of BOT on
different dicotyledons and report for the first time that monocotyledons are also sensitive
to BOT. This study provides evidence that BOT could be used as a potential tool to explore

host susceptibility to Botrytis in some plant species.
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Introduction

Botrydial (BOT), botcinic acid (BOA) and their derivatives are the major phytotoxic
secondary metabolites produced by the plant pathogen Botrytis cinerea (l. G. Collado et al.,
2007). BOT is a bicyclic sesquiterpene, which requires a gene cluster containing seven genes
(Bcbot1-Bcbot?7) for its biosynthesis (Pinedo et al., 2008; Porquier et al., 2016). Deleting a
key gene for synthesizing BOT in the B. cinerea strain T4 resulted in reduced virulence, while
the Abot1 or Abot2 mutants generated in other strains showed similar virulence as the wild
type (WT) recipients (Pinedo et al., 2008; Siewers et al., 2005). The gene cluster responsible
for the biosynthesis of the polyketide BOA includes 13 genes, named Bcboal-Bcboal3
(Porquier et al., 2019; van Kan et al., 2017). The two polyketide synthase genes Bcboa6 and
Bcboa9 are both essential for the production of BOA in B. cinerea. Mutant strains lacking
either Bcboa6 or Bcboa9 displayed no significant difference in virulence as compared to the
WT B. cinerea strain B05.10, and the Abot2 mutant derived from B05.10 also showed no
reduction in virulence on French bean (Phaseolus vulgaris) and tomato (Solanum
lycopersicum) (Dalmais et al., 2011). Dalmais et al. (2011) also reported that Abot2Aboa6
double mutants, which produced neither BOT nor BOA, displayed reduced virulence
compared with the WT B05.10 on these two hosts. However, a recent study from Leisen et
al. (2020) showed no difference in virulence between the WT B05.10 and the Abot2Aboa6
mutant strain generated by CRISPR/Cas9-mediated transformation. Although these two
studies independently generated Abot24boa6 mutant strains with the same recipient strain,
different results were observed in infection assays for assessing the virulence of mutants.

Generally, it seems that the role of BOT and BOA in the virulence of B. cinerea is debatable.

It is known that B. cinerea produces BOT both during fermentation in vitro (Rebordinos et
al., 1996) and infection in planta (Deighton et al., 2001). BOT extracted from B. cinerea
culture filtrate has been demonstrated to be phytotoxic to Nicotiana tabacum (Rebordinos
etal., 1996) and French bean (Colmenares et al., 2002). A study by Rossi et al. (2011) showed
that necrotic symptoms were detected on A. thaliana leaves at spots treated with BOT.
Deighton et al. (2001) described for the first time that BOT was detected in different host
tissues upon infection by B. cinerea, including ripe fruits of sweet pepper (Capsicum
annuum), leaves of French bean and Arabidopsis thaliana. The highest concentration of BOT
detected in planta reached 140 nmol/g in one of the tested French bean cultivars upon
infection by the aggressive strain B05.10. Collectively, BOT is able to induce cell death in
different plant species, and it can be produced in in vitro cultures as well as during plant

infection by B. cinerea.
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Until now, all published studies evaluated the toxicity of BOT in dicotyledonous plants, as B.
cinerea mainly infect dicots. However, BOT can be produced not only by B. cinerea but also
by several other Botrytis spp., including some which are specialized to single monocot taxa
as their natural hosts (Valero-Jiménez et al., 2020). According to the genome annotations
of different Botrytis spp., a fully functional BOT cluster is present in four species infecting
Allium species (B. aclada, B. porri, B. sinoallii and B. squamosa), and in two species infecting
monocotyledonous ornamentals (B. deweyae on daylily and B. elliptica on lily) (Elad et al.,
2016; Valero-Jiménez et al., 2020). The function of maintaining the BOT gene cluster in
different Botrytis spp. besides B. cinerea is under-investigated. Therefore, testing whether
BOT is toxic to monocots, especially the species that are hosts of the Botrytis spp. possessing
a BOT cluster, will allow us to gain insights in the potential function of BOT in these

pathogens.

In this study, we first validated the role of BOT and BOA in fungal virulence of B. cinerea on
different host species through infection assays using the WT strain B05.10 and mutants that
are unable to produce BOT or/and BOA. Secondly, we examined the phytotoxic activity of
BOT on several dicotyledon and monocotyledon plant species by applying pure BOT on leaf
surfaces. We observed that BOT was able to induce cell death responses in all dicots and
monocots tested, legitimizing the presence of functional BOT clusters in monocot-specific

Botrytis species.

Results

BOT is essential for the virulence of B. cinerea on A. thaliana

In order to assess the contribution of BOT and BOA to the virulence of B. cinerea, we
inoculated A. thaliana (Col-0) plants with the wild type (WT) strain B05.10, the Abot2#1
mutant that is unable to produce BOT, the Aboa6#1 mutant that does not produce BOA,
and the Abot2Aboa6#6 double mutant that produces neither BOT nor BOA. The WT B05.10
was able to cause macerated expanding lesions on inoculated leaves (Figure 1). The vast
majority of inoculations with the Abot2#1 and Abot2Aboa6#6 strains resulted in water-
soaked, necrotic lesions restricted to the inoculation area (Figure 1A&B), indicating that BOT
production is essential for the virulence of B. cinerea on A. thaliana. The Aboa6#1 single
knockout mutant displayed similar virulence as the WT B05.10 (Figure 1), suggesting that

BOA alone does not play a detectable role in the fungal virulence on A. thaliana.
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Figure 1. Virulence of WT B05.10, Abot2#1, Aboa6#1 and Abot2Aboa6#6 on A. thaliana (Col-0) leaves.
(A) The symptoms on leaves inoculated with different B. cinerea strains were photographed at 3 days
post inoculation (dpi). (B) Disease incidence (the ratio of the number of expanding lesions to the
number of inoculation sites; a lesion with a diameter > 2 mm was defined as an expanding lesion) of
tested B. cinerea strains, represented in means with standard errors from three experiments. Statistics
was performed using a one-way ANOVA test in GraphPad Prism, of which the significant differences
are indicated by different letters. (C) Expanding lesion sizes at 3 dpi, represented as a bar chart with
means and standard errors. The horizontal dashed line indicates the cutoff for distinguishing
expanding from non-expanding lesions. The number of expanding lesions caused by each strain out
of ~120 inoculations from three experiments is shown above the corresponding bar. Due to the low
number of expanding lesions of Abot2#1 and Abot2Aboa6#6, statistical analysis was only performed
to compare the lesion sizes between WT B05.10 and Aboa6#1 using a t-test, which resulted in no
significant difference (not indicated in the chart).
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BOT and BOA play minor roles in fungal virulence on tomato, N. benthamiana and cowpea

After determining the contribution of BOT and BOA to the virulence of B. cinerea on
Arabidopsis, we set out to assess the role of these two phytotoxins in virulence on different
host plants. Virulence assays were performed on leaves of tomato cv. Moneymaker using
the WT strain B05.10, the single mutants Abot2#1 and Aboa6#1, and the double mutant
Abot2Aboa6#6. Unlike in A. thaliana, Abot2#1, Aboa6#1 and Abot2Aboa6#6 were always
able to induce expanding lesions on tomato leaves, resulting in lesion sizes that were about
7%, 4% and 14% smaller as compared to lesions of the WT strain B05.10, respectively (Figure
2). The delicate difference in lesion size between the Aboa6#1 mutant and B05.10 could not
be observed by the naked eye (Figure 2A), although the difference was statistically
significant (Figure 2B). The reductions in virulence of Abot2#1 and Abot2Aboa6#6 was
observed visually and statistically. These data suggest that BOT is slightly more important
than BOA for the virulence of B. cinerea on tomato, even though both metabolites play only
minor roles in the virulence on this specific host. In addition, the disability to produce both
BOT and BOA led to an additive but not synergistic effect on the reduction of fungal
virulence.
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Figure 2. Virulence of Abot2#1, Aboa6#1 and Abot2Aboa6#6 compared with WT B05.10 on tomato
leaves. (A) The symptoms on tomato leaves infected by each mutant strain (on the right of the central
vein) compared with B05.10 (on the left of the central vein), photographed at 3 dpi. (B) Lesion sizes
measured at 3 dpi are presented as means with standard errors from 96 datapoints, collected from
three independent experiments. Asterisks indicate the significant differences (***p<0.001) by t-test.

In addition to tomato, the virulence of the double mutant Abot2Aboa6#6 was further
assessed on leaves of N. benthamiana, P. vulgaris (French bean) and Vigna unguiculata
(cowpea). The mutant Abot2Aboa6#6 displayed ~22% decreased virulence compared with
B05.10 on N. benthamiana (Figure 3A). However, there was no significant difference or only
a subtle difference (~6%) in virulence between Abot2Aboa6#6 and B05.10 on French bean
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(Figure 3B) and on cowpea (Figure 3C), respectively. Collectively, the contribution of BOT
and BOA to the virulence of B. cinerea is more pronounced on tomato and N. benthamiana
than on French bean and cowpea.
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Figure 3. Virulence of Abot2Aboa6#6 as compared with WT B05.10 on (A) N. benthamiana, (B) French
bean and (C) cowpea, shown by photographed symptoms (top) and mean lesion sizes with standard
errors in bar charts (bottom) at 3dpi. The results are obtained from 134, 146 and 144 inoculations in
three experiments on N. benthamiana, French bean and cowpea, respectively. Asterisks indicate the
significant differences (***p<0.0001; **p<0.01) and ns stands for no significant difference, resulted
from statistics performed by t-test.

BOT can induce cell death in leaves of different dicots

Previous studies have reported the toxicity of BOT on only a limited number of plant species,
including A. thaliana, N. tabacum and French bean. Although BOT is considered to be non-
selective, it has not been experimentally validated that this phytotoxin can indeed induce
cell death in many different plants that are potential hosts for B. cinerea. Therefore, we
tested the cell death inducing activity of pure BOT on the five dicotyledonous plant species
which were used for the infection assays of the BOT-deficient B. cinerea strain(s) in this
study (Figures 1 - 3). After surface application of droplets of 100 uM BOT dissolved in 40 %
acetone, all leaves of A. thaliana, tomato, N. benthamiana, French bean and cowpea

showed necrotic symptoms, while control applications with 40 % acetone alone did not
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trigger any plant response (Figure 4), indicating that BOT has a phytotoxic effect on these
five plant species. The symptoms were restricted to the areas where the droplets containing
BOT was applied. However, the necrotic symptoms induced by BOT on leaves of the tested
plants differed in appearance. Chlorosis (yellowing) was observed on A. thaliana (Figure 4A)
and N. benthamiana leaves (Figure 4C) upon application of droplets containing BOT, while
scattered brownish spots were seen on leaves of tomato, French bean and cowpea (Figure
4B, D & E). Besides visual inspection, we examined the red light emission in leaves treated
with BOT in the ChemiDoc MP Imaging System (Landeo Villanueva et al., 2021), which is
more sensitive than visual evaluation (Figure 4). Neither with the naked eye, nor by red light
emission any response upon the 40 % acetone control treatment could be observed,
whereas on all plants the plants BOT application yielded a fluorescent signal, indicating

chlorophyll degradation and a plant cell death response.
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Figure 4. Response to BOT on leaves of (A) A. thaliana, (B) tomato. (C) N. benthamiana, (D) French
bean and (E) cowpea. BOT was applied in 5 pl droplets of 100 uM BOT dissolved in 40% acetone on
the adaxial surface of the leaves on the right side of the central vein. The control treatment was
performed using 5 pl droplets of 40% acetone on the left side of the central vein. The symptoms were
photographed by digital camera under natural light (left) and by red light imaging (right) on the 5t
day after the treatment.
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BOT is toxic to monocotyledonous plants

Genome sequence analysis revealed that B. elliptica, B. aclada and B. squamosa contain a
functional gene cluster for the biosynthesis of BOT (Valero-Jiménez et al., 2020). To test
whether BOT is able to induce cell death in monocotyledonous hosts of Botrytis spp. that
can produce this phytotoxin, we treated leaves of Lilium (lily) with 100 uM and 500 uM BOT,
and Allium cepa (onion) leaves with 100 uM BOT. Interestingly, the tested cultivars of lily
and onion were both sensitive to BOT. The application of 500 uM BOT on lily leaves and 100
UM BOT on onion leaves resulted in clear cell death responses, as indicated by intense
signals at the application spots detected by red light imaging (Figure 5A & B). Lily leaves
treated with 100 uM BOT displayed much weaker responses as compared to the higher
concentration of toxin, although these signals were still detectable by the red light imaging.
In addition to lily and onion, we tested the toxicity of BOT on a few other monocotyledonous
species that are not natural hosts of Botrytis species. Zea mays (maize), Triticum aestivum
(wheat) and two grass species of the Digitaria genus (D. ischaemum and D. sanguinalis)
were tested with 100 uM BOT, and they all turned out to be sensitive to this toxin (Figure 5
C-E). The 40%-acetone-treated controls did not show a different signal as compared to the

non-treated areas (Figure 5).

Digitaria ischaemum

F

Lifium Allium cepa Zea mays Triticum aestivum  Digitaria snaguinalis

Figure 5. Necrotic symptoms triggered by application of BOT on leaves of (A) lily, (B) onion, (C) maize,
(D) wheat and (E-F) two Digitaria species, detected by red light imaging on the 5t day after BOT
treatment. Five pl droplets of BOT dissolved in 40% acetone were applied on the right side of the
central vein on (A) lily (500 uM BOT for the leaf shown on the left and 100 uM BOT for the leaf shown
on the right) and (C) maize (100 uM BOT) and droplets of 40% acetone were applied as control on the
left side. (B, D-F) Alternating application of two droplets of 100 uM BOT and one droplet of 40%
acetone (indicated by yellow arrows) on the leaf surfaces of onion, wheat and Digitaria grasses, after
every two droplets of 100 uM BOT.
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Discussion

The contribution of BOT and BOA to the virulence of B. cinerea differs between host species
tested in this study. On A. thaliana, the production of BOT was essential for the fungus to
successfully infect the plant under the inoculation conditions that were chosen, while BOA
did not play a detectable role (Figure 1). The double mutant which produces neither BOT
nor BOA showed slightly reduced virulence on the tested Solanaceous plants tomato (Figure
2) and N. benthamiana (Figure 3A), while it displayed similar virulence as the WT B. cinerea
on two plant species belonging to the Fabaceae (Figure 3B&C). The importance of BOT and
BOA for fungal virulence might thus not only be host species-dependent, but even host
family-dependent. To test this hypothesis, it would be required to analyze the virulence of
the mutant strains used in this study on additional plant species from the Brassicaceae,
Solanaceae and Fabaceae. Moreover, testing a single genotype for each plant species may
not sufficiently reflect the susceptibility of the whole species. Therefore, it is worth to
perform virulence assays on different accessions of the same species as well. The results of
these two proposed approaches will provide more detailed insights into the function of BOT
and BOA in the virulence of B. cinerea on different hosts at a higher taxonomic level (family-

wide) or lower taxonomic level (genotype-specific), respectively.

In addition to the different plant species that were tested in this study, the inoculation
methods and conditions can also affect the outcome of the virulence assays and may
influence the interpretation of the functions of these phytotoxins. For instance, the
inoculation medium PDB (Potato Dextrose Broth) used in this chapter allowed the
Abot2Aboa6#6 mutant to successfully infect tomato leaves, resulting in only ~14%
reduction in lesion size. Based on this observation, we could conclude that BOT and BOA
contribute only to minor extent to the virulence of B. cinerea on tomato. However, with the
same spore density and droplet size (1000 conidia/ul and 2 pl/droplet) but in a different
inoculation medium as described in Chapter 6, the Abot2Aboa6#6 double mutant was
unable to infect tomato. Therefore, using this alternative inoculation medium the
production of BOT and BOA would be considered indispensable for fungal pathogenicity.
The difference in the results from the virulence assays between this chapter and Chapter 6
could be largely explained by the different nutrients which may affect the germination and
growth of B. cinerea (Blakeman, 1975; Doehlemann et al., 2006; L. Zhang & van Kan, 2013),
likely by activating or suppressing certain catabolic pathways and modulating gene
expression. Except for the two inoculation conditions described in this thesis, two previous
studies have reported infection assays with the WT B05.10 and the Abot2Aboa6#6 mutant

using yet different inoculation methods, respectively. Dalmais et al. (2011) performed the
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assays by suspending the conidia in sucrose phosphate buffer (10 mM sucrose, 10 mM
KH2POa4) to a final density of 100 conidia/ul and applying 10 ul droplets of inoculum on
French bean and tomato. This method resulted in an approx. 50% reduction in the lesion
sizes of four independent Abot2Aboa6 transformants as compared with the WT B05.10. It
is worth mentioning that the four Abot2Aboa6 transformants tested by Dalmais et al. (2011)
also showed a growth retardation in vitro. The Abot2Aboa6#6 mutant that was used in this
thesis and was originally generated by Leisen et al. (2020), showed no significant difference
in growth rate in vitro compared to the WT fungus. Leisen et al. (2020) used the same
inoculation medium as described in Chapter 6 of this thesis, however, they applied 20 pl
droplets containing 100 conidia/pl on tomato leaves. The difference in droplet size may
affect the exposure to oxygen for the conidia and the nutrient sources distributed to
individual conidia, which could partially explain the different outcomes of virulence assays
performed by Leisen et al. (2020) and our experiments reported in Chapter 6. To summarize,
according to all these observations from different studies, media, spore density and droplet
size can all have an impact on the outcome of the virulence assays, sometimes leading to

different conclusions.

BOT has been reported to be toxic to dicots, and the pure compound was tested on
Arabidopsis leaves by Rossi et al. (2011) at active concentrations of 161 uM and higher.
Although a minimal active concentration of 1 ppm (~ 3.2 uM) was described both on N.
tabacum by Rebordinos et al. (1996) and on French bean by Colmenares et al. (2002), 1 ppm
of BOT could only cause necrotic symptoms on ~30% of tested leaf discs with < 5% of the
treated area affected. To induce visible lesion on all treated leaf discs, Rebordinos et al.
(1996) and Colmenares et al. (2002) had to apply at least 125 ppm (400 uM) BOT on N.
tabacum and 50 ppm (160 uM) BOT on French bean, respectively. Deighton et al. (2001)
reported that B. cinerea produces BOT during infection, and the highest concentration of
BOT detected from the infected leaf tissue was 140 nmol/g (~140 pM). Due to the limitation
of the technology, the concentration of BOT detected in the study of Deighton et al. (2001)
was an averaged number of the accumulated toxin in the whole rotten tissue sampled at 6
dpi, instead of a real-time concentration at the interface between the fungal hyphae and
the host plant cells. Therefore, it is conceivable that the actual concentration of BOT at the
interaction zone should be much higher than the detected concentration. Besides, BOT has
an unstable chemical structure and can be effectively converted into a less active derivative,
dihydrobotrydial (I. G. Collado et al., 2007). The surface application of droplets containing
BOT solutions inevitably led to reduced concentration of BOT that could eventually
penetrate the leaf surface, due to the instability of BOT and the physical barriers of the leaf
surfaces. In this chapter, we performed the pure BOT treatments with 100 uM and 500 uM

82



Chapter 4

of the toxin, which are within a range of concentrations that could be produced locally by
Botrytis hyphae in plant tissues. A. thaliana seemed to respond most intensively to 100 uM
BOT as compared to the other plants which were tested in this study (Figure 4). This
observation correlates with the strict requirement of BOT for the fungus to infect A. thaliana

but not for infecting the other tested plants.

This study is the first to examine the toxicity of BOT to monocotyledon plants, and we
showed that BOT can actually induce cell death in monocotyledonous plants. Testing
whether the monocotyledonous species that are hosts of some specialist Botrytis spp. are
sensitive to BOT, is the first step to elucidate the potential role of the toxin for these Botrytis
spp. in infecting their respective hosts. To further validate whether BOT production is
important for virulence of these species on their respective hosts, it is required to generate
Abot2 deletion mutants in the Botrytis spp. that contain a functional gene cluster for BOT
synthesis, followed by assessment of their virulence. Generation of mutants of B. cinerea
has become relatively effective using the CRISPR/Cas9-mediated transformation protocol,
and also transformants of other Botrytis spp. have been obtained with small adaptations to
the protocol that was originally developed for B. cinerea (Leisen et al., 2020b; Steentjes et
al., 2022). This approach is adopted in Chapter 5, which describes the contribution of BOT

to the virulence of B. elliptica on different lily cultivars.

To protect crops against necrotrophic pathogens, scientists have worked on exploration of
natural sources of resistance against pathogens using effectors as screening tools
(Vleeshouwers & Oliver, 2014). Deployment of plant receptor genes that recognize
avirulence gene from pathogens is an effective strategy for protecting plants against
biotrophs or hemibiotrophs (Kanja & Hammond-Kosack, 2020). However, the programmed
cell death induced by the recognition of effector proteins by their matching receptor
proteins might facilitate the fungal invasion of necrotrophs, instead of restricting their
growth. In this case, the genes encoding plant components that participate in the cell death
response to the molecules derived from the necrotrophic pathogen should be considered
as a susceptibility gene. Loss of susceptibility is emerging to be a breeding strategy for
durable resistance (Pavan et al., 2010). Screening different accessions of a crop species for
their sensitivity to cell death inducing molecules derived from a pathogen can be a suitable
strategy for identifying the genetic locus (loci) (QTL) containing plant susceptibility factors
against a necrotrophic pathogen. A recent study evaluated the sensitivity of different onion
genotypes to the cytotoxic NEP1 protein produced by the onion pathogen B. squamosa, and
identified a QTL for BsNep1 insensitivity that partially overlaps with a QTL for B. squamosa
resistance in onion (Steentjes et al., 2022). To identify resistance loci against B. cinerea, BOT
can be applied on different accessions of a single plant species and the variation in BOT
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sensitivity can be quantified among the population, followed by QTL mapping. As will be
described in Chapter 7 of this thesis, this strategy was pursued using a large HapMap
population and published genomes of individual accessions of the model plant species A.
thaliana (Alonso-Blanco et al., 2016; Weigel & Mott, 2009).

Materials and Methods

Fungal strains and growth conditions

B. cinerea strains used in this study were WT B05.10 (van Kan et al., 2017), the Abot2#1
mutant (Leisen et al.,, 2020b), the Aboa6#1 mutant (Dalmais et al.,, 2011), and the
Abot2Aboab#6 double mutant (Leisen et al., 2020b). Fungal strains were grown and conidia
harvested as described by Zhang & van Kan (2013).

Plant materials and growth conditions

A. thaliana Col-0, tomato (cv. Moneymaker), N. benthamiana, French bean (cv. Caruso)
plants were grown as described in Chapter 2 (Qin et al., 2023). The cowpea (cv. Blackeye)
was grown in the same condition as French bean plants, and two-week-old plants were used
for the virulence assay or BOT treatment. Onion (cv. Bruce) and lily (cv. Longiforum - Asiatic
1) plants were grown as described by Steentjes et al. (2022) and Malvestiti et al. (2022).
Plants of wheat, maize and two grass species (Digitaria ischaemum accession DIG1294 and
D. snaguinalis accession DIG121) were grown at 20 °C with 70% relative humidity and a

photoperiod of 10 hours in a climate chamber for 2-3 weeks until use for the BOT treatment.
Virulence assays

Inoculum was prepared by suspending conidia of B. cinerea in PDB (12 g/l) to a final density
of 1000 conidia/pl. Two pl of the inoculum was applied on the adaxial leaf surface on
different plants. Leaves of whole plants of A. thaliana, N. benthamiana, French bean and
cowpea, or detached leaves from tomato were used for virulence assays. The whole plants
or detached tomato leaves that were inserted into blocks of floral foam, were put in plastic
trays with wet filter paper at the bottom. One droplet was applied on each A. thaliana leaf,
and different B. cinerea strains were inoculated on the same plant. For tomato, N.
benthamiana, French bean and cowpea, each mutant strain was inoculated on the same
leaf(let) on the right side of the central vein together with the WT B05.10 on the left side to
obtain pair-wise comparison. After inoculating B. cinerea on the leaf surface, the trays were

covered with a transparent lid sprayed with water to keep ~100% relative humidity. The
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trays were incubated in lab condition (22 °C with natural day-night rhythms), lesion sizes on
infected leaves were measured with a digital caliper at 3 dpi.

Production, purification and purity determination of BOT

The production and purification of BOT and analysis of its purity was performed as described
by Pinedo et al. (2008) with minor modifications. Liquid cultures of the mutant Aboa6
mutant in modified Czapek-Dox medium (50 g glucose, 1g yeast extract, 5 g KH2PO4, 2 g
NaNOs, 0.5 g MgS04-7H20 and 0.01 g FeS04:7H20 for 1 | medium, pH adjusted to 6.5 ~ 7.0)
were incubated at 25 °C under constant light for seven days to obtain high accumulation of
BOT. Metabolites including BOT were extracted by pure ethyl-acetate from the culture
filtrate with 1:1 ratio for three times. The ethyl-acetate extract was condensed using a
rotary evaporator. To purify BOT, column chromatography (CC) was performed by loading
the condensed extract in the column (Aluminum TLC Silicagel 60 Fs4) with the first mobile
phase of 4 ethyl-acetate : 6 Hexane and the second of 8 ethyl-acetate : 2 Hexane. The
fractions collected by the eluent of CC were checked by thin-layer chromatography (TLC)
using a Silica gel 60 Fzs4 (Aluminum TLC plate, silica gel coated with fluorescent indicator
F254) and a mobile phase of ethyl-acetate: Hexane (4:6), in order to confirm the fractions
containing almost only BOT. These fractions were combined and the solvent was
evaporated to determine the dry weight of the sample. The purity of BOT in the sample was
analyzed by 'H NMR at 400MHz.

BOT application on plants and visualization of the symptoms

To treat A. thaliana, tomato, N. benthamiana, French bean, cowpea and lily leaves, 5 pl
droplets of a defined concentration of BOT dissolved in 40% acetone were applied on the
adaxial surface of the leaves on the right side of the central vein. Five ul droplets of 40%
acetone were applied as negative control on the left side of the central vein. For onion that
has a narrow leaf surface, four droplets of 100 uM BOT were applied on each leaf, with two
droplets of 40% acetone in between as control. A. thaliana, tomato, N. benthamiana and
onion plants were treated with 100 uM BOT, and French bean, cowpea and lily were treated
with 500 uM BOT. The symptoms on treated leaves were recorded by photos taken with a
digital camera under natural light as well as images taken with the RFP channel of the
ChemiDoc imaging system (Landeo Villanueva et al., 2021) on the 5% day (for dicots) or on

the 3™ day after BOT treatment (for monocots).
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Abstract

Botrydial is a phytotoxic secondary metabolite of the fungal genus Botrytis. The compound
can cause cell death in dicot plants and is therefore considered as a virulence factor in
Botrytis cinerea. However, the phytotoxicity of botrydial has not been investigated in
monocots. Chemically, botrydial represents a bicyclic sesquiterpene which is synthetized by
a cluster of six biosynthetic genes. The functional botrydial biosynthetic gene cluster is
present in the generalist B. cinerea and in the lily specialist B. elliptica. In this study we
tested the cell death inducing activity of botrydial in lily by applying pure botrydial on leaves
and tepals. Variation in cell death responses was observed between the different tissues
and among the different lily cultivars tested. We detected botrydial production in B. elliptica
in vitro cultures and in planta transcriptional activity of Bebot2, the key botrydial
biosynthetic gene, during infection in lily. Finally B. elliptica Bebot2 deletion mutants were
generated via CRISPR/Cas9- mediated transformation to assess the contribution of botrydial
to fungal virulence in lily. In all lily cultivars tested a statistically significant reduction in
lesion size was observed upon inoculation with the B. elliptica Bebot2 deletion mutants as
compared to the wild type fungus. Taken together, these results provide evidence that
under the tested conditions, botrydial contributes to fungal virulence in the B. elliptica-lily

interaction.
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Introduction

Lily (Lilium spp., Liliaceae) is one of the most important ornamental plants worldwide and
its production is threatened by several pests and diseases. Among them, the most
destructive is fire blight, a fungal disease caused by the Ascomycetes Botrytis elliptica and
B. cinerea (Sclerotiniaceae). Both fungi initially form small brownish necrotic spots on leaves
and flowers of the infected lily. Under favorable environmental conditions rapid outgrowth
of necrotic spots leads to death of the entire plant. While the generalist B. cinerea occurs
mainly at post-harvest stage on damaged and senescing plant tissue, B. elliptica is host-
specific in lily and can inflict serious economic losses since it is able to cause disease also on
healthy, vigorous plants (Malvestiti et al., 2021 and 2022). Botrytis fungi are filamentous
Ascomycetes with a necrotrophic life style. After an initial biotrophic interaction with the
host plant, Botrytis fungi kill the host cells to acquire nutrients for growth and reproduction
from the dead plant tissue (Veloso & van Kan, 2018). Host cell death is achieved by means
of fungal secreted compounds which can force the plant cell to commit suicide by triggering
apoptotic-like Programmed Cell Death (PCD) (van Baarlen et al., 2004; Veloso & van Kan,
2018). These compounds are referred to as necrotrophic effectors, which comprise PCD
inducing proteins (Leisen et al., 2022; Malvestiti et al., 2022; Steentjes et al., 2022) and
phytotoxic secondary metabolites (Collado et al., 2000 and 2007). The best studied
phytotoxic secondary metabolite from Botrytis is the bicyclic sesquiterpene botrydial (BOT)
(Colmenares et al., 2002; Deighton et al., 2001; Pinedo et al., 2008). This compound is
produced by B. cinerea during plant infection where it induces host immune responses such
as accumulation of reactive oxygen species and the upregulation of expression of genes
encoding pathogenesis related proteins (Deighton et al., 2001; Rossi et al., 2011). In addition,
BOT was shown to be capable of causing cell death when exogenously applied on leaf and
fruit tissue of phylogenetically unrelated dicot species such as Nicotiana tabacum, Capsicum
annuum, Phaseolus vulgaris and Arabidopsis thaliana (Rebordinos et al., 1996; Deighton et
al., 2001; Rossi et al., 2011). Since absence of BOT production in certain B. cinerea isolates
was shown to correlate to reduced fungal virulence in different host plants, BOT is
considered to be a virulence factor in the B. cinerea-host interaction (Pinedo et al., 2008;
Siewers et al., 2005). Within the B. cinerea genome the genes involved in the biosynthesis
of BOT are clustered in a specific locus. The BOT gene cluster consists of six genes encoding
biosynthetic enzymes and one gene encoding a putative Zn(ll)2Cyss transcription factor
(Porquier et al., 2016). Bcbot2 encodes a sesquiterpene cyclase which represents the key-
enzyme for the biosynthesis of the sesquiterpene backbone of the toxin, since it converts
farnesyl pyrophosphate (FPP) into presilphiperfolan-8-beta-ol (Pinedo et al., 2008). Bcbot1,
Bcbot3 and Bcbot4 encode cytochrome P450 proteins, and Bcbot5 and Bcbot7 respectively
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encode an acetyl transferase and a dehydrogenase and involved in the biosynthesis of the
final form of the secondary metabolite (Porquier et al., 2016). The transcriptional activation
of the gene cluster is regulated by BcBOT6 which is a Zn(Il)2Cyses transcription factor
(Porquier et al., 2016). Although all studies on BOT biosynthesis and phytotoxicity have been
conducted in B. cinerea and dicot plant species, functional BOT biosynthetic gene clusters
are also present in other members of the genus Botrytis that are host-specific in monocot
plant taxa such as B. elliptica in lily (Valero-Jiménez et al., 2020). The BOT clusters in both B.
cinerea and B. elliptica are located in different genomic regions, are both flanked by a
gypsy/copia repeat on one side, and the B. cinerea BOT cluster contains an additional
internal transposon (Valero-Jiménez et al., 2020). This study focusses on the role of BOT in
the B. elliptica-lily pathosystem. This was investigated first by assessing the BOT production
in B. elliptica during fungal solid and liquid cultures. Secondly we tested whether BOT
displays phytotoxic activity in lily by exogenously applying purified BOT onto lily leaves and
tepals. Finally we determined the contribution of BOT to B. elliptica virulence by generating
Bebot2 deletion mutants and by comparing the disease development on lily of the mutants

to the wild type fungus.
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Results

B. elliptica can produce BOT and deletion of Bebot2 gene abolishes the production of BOT

B. cinerea wild type (WT) B05.10 is known to be capable of producing BOT, and deletion of
the Bcbot2 gene in B05.10 abolished BOT biosynthesis (Pinedo et al., 2008). To verify
whether the ortholog of Bcbot2 in B. elliptica (Bebot2) functions as the sesquiterpene
cyclase for BOT synthesis in B. elliptica, CRISPR/Cas-mediated transformation was
performed to knock out Bebot2 in the B. elliptica isolate 254-8. Two independent deletion
mutants were obtained. PCR analyses identified ABebot2#2 and ABebot2#3 as
homokaryotic deletion mutants (Supplementary Figure S1A). Both Bebot2 deletion mutants
were genotyped to be homokaryotic knockout transformants free of the wild type Bebot2
gene, and displayed sclerotia formation as the recipient isolate 254-8 (Supplementary
Figure S1A, B). However, ABebot2#2 and ABebot2#3 showed slightly slower radial growth
rate than the WT 254-8 on the Malt-extract agar (Supplementary Figure S1C).

BOT production in B. elliptica WT 254-8, ABebot2#2 and ABebot2#3, was investigated by
running ethyl acetate (EtOAc) extracts of solid in vitro fungal cultures on a thin-layer
chromatogram (TLC). The pure BOT sample, as well as extracts from in vitro cultures of the
B. cinerea WT B05.10 and the ABcbot2#1 mutant were run on the same TLC as controls. A
pink band migrating at the position of pure BOT was observed in B. cinerea WT B05.10
extract but not in ABcbot2#1 extract (Figure 1A). For B. elliptica isolates, WT 254-8 was able
to produce BOT, while ABebot2#2 and ABebot2#3 mutants were not (Figure 1A).

We observed that all genes of the BOT cluster were highly expressed in B. elliptica 9401 and
9612 during infection in lily, according to the RNA sequencing dataset described in
Malvestiti et al. (2022). Since the expression profile of BOT genes in B. elliptica isolate 254-
8 was unknown, reverse RT-gPCR was performed to examine the Bebot2 transcript levels in
B. elliptica WT isolate 254-8, ABebot2#2 and ABebot2#3 during infection in leaves of two lily
cultivars, Asiatic (A) and Longiflorum-Asiatic 2 (LA2). The mRNA of Bebot2 in B. elliptica 254-
8 WT on both cultivar A and cultivar LA2 was detected at 16 hours post inoculation (hpi),
increased at 24 hpi, and then it slightly decreased at 40 hpi (Figure 1B). No significant
difference in the Bebot2 expression level was found in WT 254-8 between its infection on
cultivar A and cultivar LA2 at each timepoint (Figure 1B). Bebot2 transcript was not detected

in ABebot2#2 and ABebot2#3 mutants during infection on lily leaves (Figure 1B).
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Figure 1. TLC analysis of EtOAc extracts from in vitro solid cultures of B. cinerea wild type (WT) isolate
B05.10, ABcbot2#1 mutant, B. elliptica WT isolate 254-8 , ABebot2#2 and ABebot2#3 mutants using a
mobile phase of 40% EtOAc — 60 % hexane (A). The pink band on the TLC shows the presence and
migration of BOT in the sample (Rf = 0.7), indicated by a pink arrow on the left. The transcript level of
Bebot?2 in B. elliptica WT 254-8, ABebot2#2 and ABebot2#3 during infection on lilies (cultivars A and
LA2) (B).

BOT induces cell death in lily leaves and tepals in different cultivars, with variation

between cultivars

After confirming that B. elliptica WT 254-8 was able to produce BOT during lily infection, we
tested whether BOT can induce cell death in lily leaves and tepals by applying pure BOT on
leaves and tepals of four lily cultivars (cultivars A, LA1, LA2 and L). BOT sensitivity was
guantified as the signal intensity of red light emission (Landeo Villanueva et al., 2021) at 3
days and 2 days after BOT treatment, respectively. We observed that both leaves and tepals
of all four tested lily cultivars were BOT sensitive (Figure 2 and 3). Moreover, the signal
intensity varied among the different lilies. In BOT treated leaves, cultivar LA1 and LA2 were
the most sensitive, while cultivar A was the least sensitive (Figure 2B). Leaves of cultivar L
showed significantly lower sensitivity than cultivar LA1, slightly lower sensitivity than
cultivar LA2 but with no statistically significant difference, and significantly higher sensitivity
than cultivar A. (Figure 2B). Analogously, tepals of lily cultivar A showed the lowest BOT
sensitivity, whereas tepals of cultivar LA2 and L were the most sensitive, and cultivar LA1
was intermediate (Figure 3B). A control treatment with 40% acetone (on the left side of the

treated leaves or tepals) triggered no response at all.
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Figure 2. BOT sensitivity in leaves of lilies cultivars A, LA1, LA2 and L, visualized with the RFP channel
of the ChemiDoc MP imaging system (A). Boxplot showing signal intensities detected at 3 days after
BOT treatment (B). Red light signal intensity detected upon BOT treatment in lily leaves is shown in
the boxplot with the mean value (horizontal line) and the data from min to max (error bar) for each
box. Each box contains 40 datapoints from two independent experiments, and the statistical analysis
was performed by one-way ANOVA with Tukey's honestly significant difference (HSD) test.
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Figure 3. BOT sensitivity in tepals of lilies cultivars A, LA1, LA2 and L, visualized with normal light (upper
panel) and with the RFP channel of the ChemiDoc MP imaging system (bottom panel) (A). Necrotic
spots observed upon BOT treatment are indicated with a black arrow. Boxplot showing signal
intensities detected at 2 days after BOT treatment (B). Red light signal intensity detected upon BOT
treatment lily tepals is shown in the boxplot with the mean value (horizontal line) and the data from
min to max (error bar) for each box. Each box contains 40 datapoints from two independent
experiments, and the statistical analysis was performed by one-way ANOVA with Tukey's honestly
significant difference (HSD) test.

BOT contributes to B. elliptica virulence in lily leaves and tepals

The contribution of BOT to virulence of B. elliptica in lily was evaluated by comparing lesion
development in leaves and flowers upon inoculation of the ABebot2#2 and ABebot2#3

mutants and the B. elliptica WT 254-8. The four tested lily cultivars displayed differences in
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lesion sizes upon inoculation of B. elliptica WT isolate 254-8, on both leaves and tepals
(Figure 4A, B and 5A, B). Among the four tested lilies, cultivar A developed the largest lesions
on leaves ranging between 12 and 22 mm whereas leaves of cultivar L showed the smallest
lesions leaves which ranged between 5 and 12 mm (Figure 4A, B). Leaves of the cultivars
LAl and LA2 developed lesions of similar size whereby the majority ranged between 10 and
15 mm (Figure 4A, B). Analogously to leaves, the largest lesions were found on tepals of
cultivars A and LA2 (ranging between 6 and 16 mm) whereas the smallest lesions were
observed on cultivar L (ranging between 4 and 8 mm) (Figure 5A, B). When the lilies were
inoculated with the mutants ABebot2#2 and ABebot2#3 a reduction in lesion size was
observed on both leaves and tepals of all the tested lilies except from tepals of cultivar L
(Figure 4A, C and Figure 5A, C). When comparing the sizes of lesions developing upon
inoculation with B. elliptica WT and the two ABebot2 mutants, the most pronounced
reduction in lesion size was found on leaves of cultivars A and LA1 (Figure 4C). Upon leaf
inoculation with the two ABebot2 mutants the lesion size observed on cultivar A ranged
between 2 and 22 mm (for B. elliptica WT lesions ranged between 12 and 22 mm) while the
lesion sizes observed on cultivar LAl ranged between 1 and 9 mm (for B. elliptica WT lesions
ranged between 3 and 17 mm). By contrast, when comparing tepal inoculation with the two
ABebot2 mutants to tepal inoculation with B. elliptica WT, differences in lesions size were
less pronounced than in leaves. Except from cultivar L, the lesion sizes of the ABebot2

mutants on tepals were significantly smaller than those of the recipient (Figure 5C).

In parallel, the contribution of BOT to virulence of B. cinerea in lily leaves and tepals was
assessed by comparing lesion size development upon inoculation of B. cinerea WT B05.10
and ABcbot2#1 of the same four cultivars. No expanding lesion was observed when leaves
were inoculated with any of the B. cinerea isolates (Supplementary Figure S2). Small
expanding lesions were observed on tepals inoculated with B. cinerea WT and ABcbot2#1,
and a slight reduction in lesion size was observed for the ABcbot2#1 mutant only on cultivar

A (Supplementary Figure S3).
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Figure 4. Lesions observed at 4 dpi upon inoculation with B. elliptica WT 254-8, ABebot2#2 and
ABebot2#3 on leaves of lily cultivar A, LA1, LA2 and L, shown by (A) photos with normal light, (B) a
boxplot showing only lesion sizes measured upon inoculation with B. elliptica WT 254-8 on all tested
cultivars, and (C) boxplots showing lesion sizes measured upon inoculation with both ABebot2
mutants compared to B. elliptica WT on each cultivar. Each box in plot (B) and (C) contains 24
datapoints from two independent experiments, and the statistical test was performed by one-way
ANOVA with Tukey’s HSD.

95



Chapter 5

B
ABebot2#2
20+
a
B |
£ 15
: =k .
5 y
c -+ %
2
3 5- ;
-
c T T 1 1
A LAl LA2 L
Cultivar
C
A LA1
16 -
124 g 1 1 5
| = s - T
o | ==
B
E ol . . .
&
[}
_g LA2 L
] a
- 161 -
12 -
B a
TTE o :
. | = =
0 1 1 1 1
9
< gF <& gt
o & VAl
© ¥ PN

Figure 5. Lesions observed at 2 dpi upon inoculation with B. elliptica WT 254-8, ABebot2#2 and
ABebot2#3 on tepals of lily cultivars A, LA1, LA2 and L, shown by (A) photos with normal light, (B) a
boxplot showing only lesion sizes measured upon inoculation with B. elliptica WT 254-8 on all tested
cultivars, and (C) boxplots showing lesion sizes measured upon inoculation with ABebot2#2 compared
to B. elliptica WT on each cultivar. Each box contains 24 datapoints from two independent
experiments, and the statistical test was performed by one-way ANOVA with Tukey’s HSD (B) and t-
test (C).
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Discussion

In this study we investigated the role of BOT in the B. elliptica — lily interaction. Given the
presence of the complete BOT biosynthetic gene cluster in B. elliptica (Valero-Jiménez et al.,
2020) BOT production was assessed during in vitro grown fungal culture and during lily
infection. In agreement with RNAseq analysis of B. elliptica isolates 9401 and 9612
(Malvestiti et al., 2022), the gene encoding the key enzyme for BOT biosynthesis (Bebot2)
showed increasing transcript levels in the course of the first 24 h after lily leaves inoculation
with the B. elliptica isolate used in this study (B. elliptica 254-8). In addition, BOT could be
extracted and detected from in vitro grown B. elliptica cultures. These findings confirm the
presence of the functional BOT biosynthetic gene cluster in B. elliptica and provide strong
indications that BOT belongs to the arsenal of the cell death inducing compounds used by
B. elliptica to infect lily. This hypothesis is further supported by the observation that
exogenous BOT application on leaves and tepals of different lily cultivars caused a cell death
response. Even if no necrotic spots (recognizable as brownish, dry and collapsed tissue)
were visible with the naked eye on leaves upon BOT treatment, emission of red light was
detected. This light signal derives from chlorophyl autofluorescence as a result of the
abortion of photochemical activity in dying photosynthesizing plant tissue and is therefore
considered as a sign of the occurrence of PCD (Landeo Villanueva et al., 2021). Necrotic
symptoms were observed on BOT-treated tepals, both by the naked eye and by the red-
light imaging (Landeo Villanueva et al., 2021). After measuring the red light signal intensity
upon BOT application, differences in intensities were observed among the different lily
tissues and cultivars tested. By correlating the red light signal intensity to plant tissue
sensitivity to BOT, it was noticed that the lily cultivars differed in BOT sensitivity (Figures 2
and 3). The variation in red light signal intensity detected on BOT-treated leaves was
influenced by the difference in the size of areas showing red light signal (Figure 2A) despite
that the same volume of BOT solution was applied to all cultivars. This could be affected by
differences in leaf surface architecture, composition and thickness of the epicuticular layers
between the tested lilies. These factors collectively may have influenced the diffusion of the
droplet and the penetration of BOT, and thus may have had an impact on the response of
the plant to the compound. Differently from leaves, the areas on tepals treated with BOT
were not noticeably different among the tested cultivars (Figure 3A). This indicates that the
red light signal intensities detected on tepals may reflect more accurately the plant
sensitivity to BOT.

Next to the differences in BOT sensitivity among the tested cultivars, we found that the

lesions caused by ABebot2 mutants were significantly smaller than the lesions caused by B.
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elliptica WT (Figure 4 and 5) except for lesions on tepals of cultivar L. One would expect that
if a given lily cultivar shows lower sensitivity to BOT than another lilies, the absence of BOT
during infection (as in case of the ABebot2) would affect the fungal virulence to a lower
extent, in comparison to a more BOT-sensitive lily. However, the tested lily cultivars in this
study did not show such correlation. For instance, cultivar A had the lowest red light signal
intensity in response to BOT treatment (both in leaves and tepals, Figure 2 and 3) but
showed the greatest reduction in lesion size when comparing symptoms caused by the
ABebot2 mutants to symptoms caused by B. elliptica WT (Figure 4 and 5). It is possible that
the BOT treatment alone does not provide the complete biological context for the role of
BOT produced by B. elliptica during infection on lilies. Other virulence factors might require
BOT to function in a synergistic manner during the fungal colonization in cultivar A but not
in the other tested cultivars. Therefore, when BOT is not produced in the ABebot2 mutants,
the activity of such additional virulence factors might also be reduced, leading to a more
pronounced reduction in lesion size on cultivar A than on other tested lilies. The observed
reduction in lesion size upon ABebot2 mutants inoculation might be specific for this
particular Asiatic cultivar. Asiatic lily hybrids are derived from crosses of Lilium species which
belong to the phylogenetic section Sinomartagon. This section is characterized by large
genetic diversity because of its polyphyletic origin (J. Huang et al., 2018; H. T. Kim et al.,
2019; J. S. Kim & Kim, 2018) and significant variation in B. elliptica susceptibility was found
among Asiatic cultivars obtained from crosses of different Lilium spp. belonging to the
section Sinomartagon (Malvestiti et al., 2021). It would be interesting to examine some
additional cultivars from the Asiatic group, and check whether they also display low
sensitivity to BOT and a remarkable reduction in lesion size upon inoculation with ABebot2
mutants in comparison to the B. elliptica WT. Opposite to cultivar A, no reduced virulence
of ABebot2#2 compared to the WT B. elliptica 254-8 was observed on tepals of the cultivar
L (Figure 5), which however is one of the most sensitive cultivars to BOT (Figure 3). This
could be explained by considering the fact that tepals of cultivar L might be highly sensitive
to many other cell death-inducing molecules except for BOT produced by the B. elliptica
isolate. Accordingly, the secretion of these molecules by ABebot2#2 could compensate the
absence of BOT and still trigger strong cell death in the plant tissue, resulting in similar

aggressiveness of ABebot2#2 to the WT fungus.

It was surprising to observe that the colony diameters of ABebot2 mutants were slightly
smaller than the B. elliptica WT when the fungi were grown in solid cultures (Supplementary
Figure S1), although the magnitude of reduction in lesion size of ABebot2 mutants in planta
was generally larger than the reduction in colony diameter in vitro. Thus, BOT is still

considered to play a role in the virulence of B. elliptica on these lily cultivars. It is difficult to
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understand how the lack of BOT production would result in the altered growth of B. elliptica,
because the ABcbot2#1 mutant in B. cinerea was reported to show a similar growth rate as
WT (Leisen et al., 2020b). It should be noted that the ABebot2 mutants were generated in
a single experiment. To verify whether this phenotype is caused by a pleiotropic unknown
mutation, it will be important to obtain additional mutants and to complement them in

order to restore BOT production.

This study revealed two major findings. First, we presented that BOT can induce cell death
responses in lilies and different cultivars of lily showed variation in the response to BOT.
This work offers more details as compared to the observations in Chapter 4, which was the
first report of BOT phytotoxicity in monocots. The monocots tested in Chapter 4 included
not only lily, but also onion (Allium cepa, Amaryllidaceae) which can be infected by the leaf-
specific pathogen B. squamosa, which also harbors a BOT biosynthetic gene cluster (Valero-
Jiménez et al., 2020) that is expressed during early stages of onion leaf infection (Malvestiti
et al,, 2022). Whether the molecular mechanisms required for plant cell death induction
upon BOT perception are conserved between monocot and dicot taxa awaits further
investigation. In Chapter 7, we explored the plant genes that are involved in the response
to BOT in the dicotyledonous model plant Arabidopsis thaliana. Secondly, we showed that
BOT can be considered as a virulence factor in the B. elliptica-lily pathosystem. The next
steps would be to quantify how much BOT contributes to fungal virulence and investigate
whether BOT acts in combination with other factors. We have successfully generated
ABebot2 mutants using the CRISPR/Cas9-mediated transformation developed for B. cinerea
(Leisen et al., 2020b), which offers the possibility to generate mutants in multiple virulence

factors.
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Materials and Methods

Plant material and growth conditions

Bulbs of Lilium spp. cultivar “Asiatic” (A), “Longiflorum” (L) and “Longiflorum-Asiatic” (LA1
and LA2) were planted in plastic crates containing potting soil and grown in greenhouse
under natural day light regime at a minimum night temperature between 12 and 16 °C and
maximum day temperature between 25 and 30 °C. Mature leaves as described by Bar and
Ori (2014) were harvested and used for disease assays. Lilies carrying flower buds at
initiation of bud color were harvested as cut flowers and transported to the laboratory to
be inoculated or treated with BOT. Conidia inoculations and exogenous BOT application in

lily flowers were conducted within 2 days after bud opening.
Growth conditions of fungal isolates

B. elliptica and B. cinerea isolates used in this research (Table 1) were stored as conidia
suspensions in 20% glycerol at -80 °C. Fungi were grown on Malt Extract Agar (50 g/L, Oxoid)
at 20 °C and sporulation was induced by illumination with UV-A lamps. After harvesting,
conidia were collected and washed in demineralized water, counted with the Biirker-Ttrk
counting chamber, adjusted to a concentration of 10® conidia/mL (B. elliptica) or 10’

conidia/mL (B. cinerea) and stored until use in darkness at 4 °C.

Table 1. Fungal isolates used in this study

Fungal species Isolate name Source/Reference
B. elliptica 254-8 Malvestiti et al., 2021
B. elliptica ABebot2#2 this study

B. elliptica ABebot2#3 this study

B. cinerea B05.10 van Kan et al., 2017
B. cinerea ABcbot2#1 Leisen et al., 2020

BOT detection in fungal cultures

B. elliptica and B. cinerea isolates were grown on modified Czapek-Dox agar plates (50 g
glucose, 1g yeast extract, 5 g KH2POa4, 2 g NaNOs, 0.5 g MgS04-7H20, 0.01 g FeSO4-7H20 and
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15 g technical agar for 1 I medium, pH adjusted to 6.5 ~ 7.0) were incubated at 20 °C under
constant light for seven days. The agar containing fungal mycelia and conidia were excised
into small pieces (~0.8 cm x 0.8 cm) and transferred into Erlenmeyer flasks. Pure
ethylacetate (EtOAc) was poured into the flasks until the agar pieces were covered, followed
by extraction via ultra-sonication for 15 min. The EtOAc extract was collected through a
filter paper, and the extraction was repeated once using the same agar pieces. The EtOAc
extract was dried by nitrogen flow and subsequently re-dissolved in ca 300 uL pure acetone.
The presence of BOT was analyzed on thin-layer chromatography (TLC). Samples were
spotted on a Silica gel 60 Fzs4 (Aluminum TLC plate, silica gel coated with fluorescent

indicator F254), and a mobile phase of EtOAc : hexane (4:6, v/v) was used.
BOT production and purification

The production and purification of BOT and analysis of its purity were performed as
described in Chapter 4.

Quantification cell death intensity upon BOT application on leaves and flowers

Droplets of 5 uL BOT (500 uM) dissolved in 40% acetone were applied on the right side of
the abaxial surface of lily leaves or adaxial surface of flower tepals 5 pL droplets of 40%
acetone were applied as negative control on the left side. Four droplets of BOT were applied
to each leaf and two to three droplets were applied to each petal. The response was
evaluated by exposing BOT treated leaves and tepals for one sec under the RFP channel of
the ChemiDoc MP imaging system (Bio-Rad) (Landeo Villanueva et al., 2021). Response
evaluation in tepals and leaves was done respectively at 2 and 3 days after BOT treatment.
The mean red light emission intensity in the BOT-treated area was quantified by the circle
volume tool in the ImagelLab software (Bio-Rad), and the signal in the area treated by 40%
acetone (no symptom) was quantified in the same way to be used as a background. The
intensity of cell death response triggered by BOT was shown as the ratio of the mean

intensity (BOT-treated area) to the mean intensity (negative control area).
Generation of ABebot2 mutants by CRISPR/Cas9-mediated B. elliptica transformation

All oligonucleotides used in this study are listed in Supplementary Table S1. Donor DNA
containing the hygromycin resistance cassette (hph) as selection marker was amplified from
purified telomeric vector pTEL-Hyg (Leisen et al., 2020) isolated from E.coli liquid culture
grown with 50ug/mL kanamycin overnight in the shaker incubator (28 °C; 200rpm). To
achieve homologous recombination, the hph cassette was amplified via overhang PCR with
60 bp long flanks which were homologous to the 60 nucleotides at the 5’ and 3’ end of
Bebot2 (BELL_060g00490; Valero-Jimenéz et al., 2020). SgRNAs were designed for targeted
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Cas9-mediated double strand break in exon 1 and exon 2 of Bebot2. SgRNAs were generated
as described in Leisen et al. (2020) and purified using the RNA isolation Kit following the
manufacturer’s instructions (Zymo Research Orange, CA, USA). Cas9-Stu*? protein used for
fungal transformation was obtained from E. coli culture carrying pET24a_Cas9-Stu*2-NLS-His
as described in Leisen et al. (2020). B. elliptica isolate 254-8 transformation was carried out
as described in Leisen et al. (2020) with some modifications. Fungal liquid cultures were
grown for 36h at 20 °C in the shaker incubator (150rpm). No ice chilling was performed after
protoplast collection and all incubation steps were conducted at room temperature.
Ribonucleotide-Protein (RNP) complex assembly was performed as described in Leisen et al.
(2020) adding 2 pg of each sgRNAs to 6 ug of Cas9-Stu*? protein in cleavage buffer (20mMm
HEPES, pH 7.5, 100 mM KCl, 5% glycerol, 1 mM dithiothreitol, 0.5 mM EDTA, pH 8.0, 2 mM
MgClI2). After RNP treatment, protoplasts were plated in SH medium containing 17,5 pg/mL
hygromycin B. Protoplasts were allowed to regenerate in darkness at 20 °C. Four days after
protoplast regeneration, appearing fungal colonies were transferred into MEA plates
containing 80 pg/mL hygromycin B and screened via PCR. Homokaryotic BeAbot2 mutants
were characterized with Phire Plant Direct PCR Kit (ThermoFisher Scientific, Bremen,
Germany) using primers within the Bebot2 gene and outside the 60bp flanks used for
homologous recombination (Supplementary Figure S1C). The development of BeAbot2
mutants was checked by comparing colony growth and sclerotia formation in comparison
to B. elliptica isolate 254-8 WT (Supplementary Figure S1A, B).

Infection assays of B. elliptica and B. cinerea in lily leaves and flowers

From each lily cultivar, 20 mature leaves were detached from 6 different plants and
transported to the laboratory for inoculation. Per cultivar, three random detached leaves
were placed in plastic boxes on petri-dish lids lying on wet filter paper. The leaves were
inoculated with each B. elliptica and B. cinerea isolate as described in Malvestiti et al. (2021).
After 4 days of incubation at constant temperature (19-21 °C) and under ambient day/night
light regime, inoculated leaves were photographed and lesion diameter measurements
were taken with a caliper as described in Malvestiti et al. (2021). Disease assays on flowers
were carried out with two just opened flowers that were harvested from the inflorescence
of lilies and fixed into wet floral foam, which were placed into plastic boxes containing tap
water. Tepal inoculation with each B. elliptica and B. cinerea isolate was conducted as
described in Malvestiti et al. (2021). Three separate rounds of inoculation for leaves and

tepals were conducted for each fungal isolate-lily cultivar combination.
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Gene expression analysis

Leaves of cultivar A and LA2 were inoculated with each B. elliptica as described in Malvestiti
et al. (2021). Each B. elliptica -inoculated area was excised by a scalpel into ~5 mm x5 mm
squares from the infected leaf at either 16, 24 or 40 hours post inoculation (hpi). Three
biological replicates were acquired. Harvested leaf samples were freeze-dried and used for
RNA extraction with the Maxwell® 16 LEV Plant RNA Kit (Promega). Synthesis of cDNA was
performed using 1 pg RNA as input and the M-MLV reverse transcriptase (Promega).
Reverse transcription quantitative real-time PCR (RT-qPCR) was performed using the
SensiMix SYBR Hi-ROX Kit (Bioline).

103



Chapter 5

Supplementary materials
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Supplementary Figure S1. Molecular characterization of ABebot2#2 and ABebot2#3 (A), sclerotia
formation on 11-day-old MEA plates under constant light (B), and radial growth rate of ABebot2#2
and ABebot2#3 compared to WT 254-8 on 4-day-old MEA plates in dark (C). The radial growth rate
was represented by the colony diameter (mm) measured from two dimensions of each colony, which
is shown in the bar chart with the mean and standard error resulted from four separate plates (C).

The statistical test was performed by one-way ANOVA with Tukey’s HSD.
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B05.10 WT ABcbot2i#1 B05.10 WT ABcbot2i#1

Supplementary Figure S2. Non-expanding lesions (indicated by black arrows) were observed at 4 dpi
upon inoculation with B. cinerea WT B05.10 and ABcbot2#1 on leaves of lily cultivars A, LA1, LA2 and
L.

105



Chapter 5

A B
B05.10 WT ABcbot2#1 6-
a
B a b
E 4] d
&
]
s
.Q 2
4
0 1 1 1 1
A LA1 LA2 L
Cultivar
C
A LA1
o ] a
a
a
4- ]
b
o =
B
£
.g o T T T T
]
5 LA2 L
] 6 -
3 a
a
4- T -
2- % % I

X0
& o
& ¥

Supplementary Figure S3. Differences in lesion size observed at 2dpi upon inoculation with B. cinerea
WT B05.10 and ABcbot2#1 on tepals of lily cultivars A, LA1, LA2 and L. (A) Photos taken under normal
light condition, in which lesions are indicated by black arrows. (B) A boxplot showing only lesion sizes
measured upon inoculation with B. cinerea WT B05.10 on all tested cultivars. (C) Boxplots showing
lesion sizes measured upon inoculation with ABcbot2#1 compared to B. cinerea WT on each cultivar.
The mean value (horizontal line) and the data from min to max (error bar) are displayed for each box
in the boxplots. Each box contains 24 datapoints from two independent experiments, and the
statistical test was performed by one-way ANOVA with Tukey’s HSD (B) and t-test (C).
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Chapter 5

Application

Primer name Sequence

Bebot2 sgRNA1 AAGCTAATACGACTCACTATAGGATGATAGAACCAAA
GAGGTCGTTTTAGAGCTAGAAATAGCAAG

Bebot2 sgRNA2 AAGCTAATACGACTCACTATAGCGATGAATTTCAACAA

GGCCGG AGAGCTAGAAATAGCAAG

Generation of
sgRNAs for Botrytis
transformation

Bebot2 donor DNA
generation F

ATGGCGATACCAGCACTTGAATCTCAGCTACACGACG

CCGACACGGCCTCCAGCGATATGTGCTGGCC GCTCACATG
CATG

Bebot2 donor DNA
generation R

TCATGCCACGAGCACGTCTTTAGCGGGCGGCAGG

TACATGATACCTGTTTCATGGACATATCGCCGGAAAGGACCCGC
AAATG

Generation of donor
DNA for Botrytis

transformation

Bebot2 check

outside 5’

GCACTTGCACTAGATTTCGACGTC

Bebot2 check

outside 3’

GGAAGACGCAGCAGGAGAGTAATG

Bebot2
transformation check
outside

recombination flanks

Bebot2 check

inside 5’

CAGCGATATGAGCAGCAACAGCAC

Bebot2 check

inside 3’

CGTTGTCACCCATGATGGCAATGGTC

Bebot2
transformation check
inside gDNA

Bebot2 RT-qPCR 5’

ACGAATGCTATAGGCGGTGG

Bebot2 RT-qPCR 3’

CTCAGGACCCAGGTAACGAC

BeactA RT-qPCR 5’

GAGCGGTGGTATCCACGTTACT

BeactA RT-qPCR 3’

CAATGATCTTGACCTTCATCGAT

BeBot2 and BeActA
gene expression

quantification
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Abstract

Botrydial, botcinic acid and their derivatives are the major phytotoxic metabolites produced
by the necrotrophic fungal pathogen Botrytis cinerea. These phytotoxins are able to induce
programmed cell death in the host and thereby promote plant susceptibility to B. cinerea.
We observed that a Abot2Aboa6 double mutant strain, which synthesizes neither botrydial
nor botcinic acid, was almost avirulent on tomato leaves when the disease assay was
performed using Gamborg B5 medium. However, the virulence of this mutant was restored
when the inoculation medium was supplemented with yeast extract. Further virulence
assays which compared the double mutant with other multiple knockout mutants using
both inoculation media, revealed a prominent contribution of botrydial and botcinic acid to
the full virulence of B. cinerea. Therefore, we performed an RNA-sequencing experiment to
identify B. cinerea genes that contribute to the phenotypic switch from an “incompatible”
to a “compatible” interaction between tomato and this Abot2Aboa6 double mutant. Four
genes encoding cell death-inducing effector proteins were upregulated in B. cinerea by the
addition of yeast extract, and their transcript profiles grouped within a co-expression
module that was positively correlated with the compatible interaction. Functional analyses
of these effector genes were performed by overexpressing them individually in the
Abot2Aboab background, followed by disease assays with the Gamborg B5 medium without

yeast extract.
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Introduction

The grey mould fungus Botrytis cinerea is a plant pathogen that can infect more than 1000
host species (Elad et al., 2016). As a necrotrophic pathogen, B. cinerea has to kill its host
cells to feed on the dead tissues after penetrating the plant surface. To achieve host cell
death induction, B. cinerea secretes a cocktail of cell death-inducing molecules (CDIMs),
such as phytotoxic secondary metabolites (SMs) and cell death-inducing proteins (CDIPs)
(van Kan, 2006; Veloso & van Kan, 2018). The most abundantly phytotoxic SMs produced
by B. cinerea are the bicyclic sesquiterpene botrydial (BOT) and the polyketide botcinic acid
(BOA) (Collado et al., 2007; Collado & Viaud, 2015; Reino et al., 2006). The CDIPs secreted
by B. cinerea and their modes of action are more extensively studied, as compared to
phytotoxic SMs. The number of B. cinerea secreted proteins, which were experimentally
proved to induce cell death in at least one plant species, has so far reached at least 19 (Bi
et al., 2021; Denton-Giles et al., 2020; Leisen et al., 2022; Zhang et al., 2021; Zhu, et al.,
2017). However, the number of proteinaceous effectors of this fungus was predicted to be
more than 180 (Sperschneider et al., 2016), which indicates that B. cinerea may secrete
more protein effectors functioning in cell death induction than the currently validated
number of 19. Phytotoxic SMs and CDIPs were reported to contribute together to the fungal
virulence with a high functional complementarity (Leisen et al., 2022), but the quantitative

contribution of each individual CDIM remains to be clarified.

The BOT gene cluster in B. cinerea consists of seven genes (Bchot1-Bcbot7), among which
the gene Bcbot2 encodes a key enzyme, sesquiterpene cyclase, that converts the precursor
farnesyl diphosphate (FPP) to presilphiperfolan-8f3-ol (Pinedo et al., 2008; Porquier et al.,
2016). The BOA gene cluster contains 13 genes (Bcboal-Bcboal3) (Porquier et al., 2019; van
Kan et al., 2017), of which Bcboa6 and Bcboa9 encode polyketide synthases which are the
key enzymes for BOA biosynthesis (Dalmais et al., 2011). The study by Dalmais et al. (2011)
was the first to functionally analyze the roles of BOT and BOA in virulence, either separate
or in combination, by testing knockout mutants in the key biosynthetic genes. Single
mutants that were defective in the production of either BOT or BOA displayed similar
virulence as the wild type (WT) B. cinerea while double mutants that produced neither BOT
nor BOA formed ~50% smaller lesions on French bean (Dalmais et al., 2011). However, a
recent study by Leisen et al. (2020) described no difference in virulence on tomato leaves
between a Abot2Aboa6 double mutant generated by CRISPR/Cas-mediated transformation
and the WT B. cinerea. In Chapter 4 of this thesis, we described that the deletion of either
BOT or BOA biosynthetic genes, or both, had variable impact on the virulence of the mutants

in a host-dependent manner. While deletion of Bcbot2 caused a severe reduction in
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virulence on A. thaliana, the impact on virulence was small in tomato, N. benthamiana and
cowpea (Vigna unguiculata) and negligible in French bean (Phaseolus vulgaris). The effects
of deletion of Bchoa6 were on all hosts very small or negligible, even when combined with
the deletion of the Bcbot2 gene (Chapter 4). The different results between studies suggests
that the role of BOT and BOA in virulence of B. cinerea requires further investigation.
Commonly, the contribution of (single or multiple) genes to fungal virulence is tested by
disease assays in which the lesion sizes of the wild type recipient fungus are compared with
mutant strains lacking the gene(s) encoding putative virulence factors. Such disease assays
can be performed under different conditions, with variations being applied by different labs
either in the inoculation medium, fungal tissue (mycelial plugs or conidia), the plant growth
conditions or the incubation after inoculation. Although Dalmais et al. (2011), Leisen et al.
(2020) and Chapter 4 of this thesis all described disease assays using conidia suspensions to
inoculate tomato leaves, there were differences between the studies regarding the
inoculation media, spore density, the volume of droplets, and in growth conditions for
tomato plants. In this chapter, we aimed to obtain a better understanding of the molecular
basis for the fact that different inoculation conditions with the same set of mutant strains

yields such different results on the virulence of the fungus.

RNA sequencing (RNA-seq) technology is an established and widely used method to study
molecular processes during plant-pathogen interactions. From RNA-seq data, differentially
expressed genes (DEGs) can be identified in the pathogen and the host between distinct
conditions or time points during the interaction. In addition, applying clustering analysis can
categorize groups of genes which display similar expression patterns to provide an overview
of the transcriptome dynamics among all sampled conditions and time points. The clustered
groups of genes can further be correlated with a certain phenotype or biological process of
interest. An elegant RNA-seq study was performed by Lanver et al. (2018) on fungal gene
expression in the Ustilago maydis — maize interaction from the pre-penetration phase to
the penetrating appressoria, the biotrophic invasive phase all the way to tumor
development. In this study, 14 modules of co-expressed genes were described with distinct
profiles, some of which reflected fungal developmental stages, either on the plant surface
or during penetration, while others correlated with the establishment and maintenance of
biotrophy or the onset of tumor induction. Gene Ontology (GO) enrichment analysis
revealed insight into the fungal genes and biological processes that contribute to these
different infection stages (Lanver et al., 2018). Zhang et al. (2019) chose a different
approach and performed a co-transcriptome analysis of fungal and plant genes using 96
distinct B. cinerea isolates inoculated on leaves of three Arabidopsis genotypes. In this

analysis, the authors focused on B. cinerea genes of which transcript levels at 16 hpi were
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correlated to the necrotic lesion area at 72 hpi. The list of 100 B. cinerea genes with the
strongest correlation between these two parameters comprised all seven genes involved in
BOT biosynthesis, as well as a large number of genes encoding plant cell wall degrading
enzymes and peptidases (Zhang et al., 2019). These two studies illustrate of the biological

insights that can be obtained about fungal infection processes from transcriptome studies.

In this chapter, we describe that inoculation of the Abot2Aboa6 double mutant in a minimal
medium can result in the restriction of the fungus to necrotic spots at the inoculation site
(“incompatible interaction”), whereas supplementation of the inoculation medium with
yeast extract can restore the development of expanding lesions (“compatible interaction”).
In order to obtain insights into the mechanisms that regulate such an unexpected binary
outcome of an inoculation, we performed an RNA-seq study. We inoculated the
Abot2Aboa6 double mutant on tomato leaves in two distinct inoculation media resulting in
either compatible or incompatible interactions. As a control, the WT B05.10 isolate was
inoculated in the same two media, which in both cases resulted in a compatible interaction
on tomato leaves. Inoculated leaves were sampled at three time points for RNA extraction
and sequencing. The resulting RNA-seq data were analyzed in several ways to investigate
which functional differences in transcript profiles may underlie the distinction between

compatible and incompatible interactions.
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Results

The importance of BOT and BOA for fungal virulence depends on the inoculation medium

We first performed an infection assay by inoculating tomato leaves with the Abot2#1
mutant that cannot produce BOT, the Aboa6#1 mutant that cannot produce BOA, and the
Abot2Aboa6#6 double mutant that produces neither BOT nor BOA. Mutants were
inoculated on the right half of leaflets, while the WT B. cinerea strain B05.10 was inoculated
on the left half. For the infection assay we used Gamborg B5 medium supplemented with
25 mM glucose and 10 mM potassium phosphate (pH 6.0), as in the study of Leisen et al.
(2020) and other studies describing B. cinerea infection assays. More than 80 % of the spots
inoculated with WT B05.10 produced expanding lesions (Figure 1A, C). The Aboa6 single
knockout mutant displayed similar disease incidence and expanding lesion sizes as the WT
B05.10 (Figure 1A, C), suggesting that BOA alone does not make a detectable contribution
to fungal virulence on tomato. By contrast, disease incidence was significantly lower when
the Abot2#1 was inoculated on tomato leaves: ~70% of the primary lesions formed by the
mutant did not expand beyond the inoculation spot, while ~97% of primary lesions formed
by WT B05.10 did. The few expanding lesions that the Bcbot2 mutant could develop were
~25% reduced in size as compared to B05.10 (Figure 1A, C). This observation suggested that
production of BOT contributes strongly to the ability to expand beyond the inoculation spot,
and also to some extent to the expansion rate of the lesions. Expanding lesions were barely
observed on the leaf half inoculated with the Abot2Aboa6#6 double mutant (average
disease incidence of ~6%) (Figure 1A, C), and the few lesions that were able to expand were
similar in size to the WT B05.10, mainly due to the small sample number which hampered
proper statistical analysis. These observations indicate that the production of either BOT or
BOA is pivotal for the capacity of the fungus to cause expanding lesions under these
inoculation conditions. Moreover, the results suggested that BOT and BOA are functionally
complementary to each other, but BOT plays a more important role than BOA in the

virulence of B. cinerea.

When the infection assay was performed using the same fungal strains but with addition of
0.1% vyeast extract (+y) in the inoculation medium, the capacity of Abot2#1 and
Abot2Aboa6#6 mutants to cause expanding lesions was largely restored and comparable to
the WT. Under this modified condition (+y), disease incidence of WT B05.10 increased to
100% and the lesion size increased by approx. 5 mm compared to the former condition (-y)
(Figure 1B, D). The Aboaé single knockout mutant displayed similar disease incidence and
lesion sizes as the WT B05.10 (Figure 1B, D). Interestingly, almost all inoculations with

Abot2#1 and Abot2Aboa6#6 mutants showed expanding lesions, and the lesion sizes of
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these mutants were slightly, but significantly smaller than those of the WT B05.10 (Figure
1B, D).

BOT and BOA have a larger impact on the virulence of B. cinerea than CDIPs

A recently published study by Leisen et al. (2022) and a presentation by Hahn (2022)
reported that the contribution of B. cinerea CDIMs to the fungal virulence displays a high
level of functional complementarity, as demonstrated by the virulence phenotype of 12xbb,
12xpg and 18x mutants (in which, respectively, 12, 12 and 18 B. cinerea genes are knocked
out; Table 2). We performed infection assays to compare the virulence of the 12xbb, 12xpg
and 18x mutants to WT B05.10 under inoculation conditions as described above. The
Abot2Aboa6#6 strain was assessed along with these mutants in the same experiments.
When no yeast extract was added into the inoculation medium, even fewer spots inoculated
with the 12xbb mutant showed expanding lesions as compared to Abot2Aboa6#6, and the
18x mutant was unable to cause even a single expanding lesion on the tomato leaves (Figure
1). The 12xpg mutant caused expanding lesions at most of the inoculation spots, although
the lesion sizes were significantly smaller than for the WT B05.10 (Figure 1). These
observations collectively suggested that the deletion of BOT and BOA caused a major
reduction in virulence of the fungus, while the 12 genes missing in the 12xpg played a less
pronounced role, as compared to BOT and BOA when tested under this condition (-y). After
adding 0.1% vyeast extract into the inoculation medium, disease incidences for
Abot2Aboa6#6, 12xbb and 18x mutants all increased to above 80% and were no longer
significantly different from the WT B05.10 (Figure 1), but there were notable differences in
the sizes of the expanding lesions. With this inoculation medium (+y), the reduction in lesion
sizes of the 12xpg mutant was similar to the Abot2Aboa6#6 double mutant, but less
pronounced than the reduction in lesion sizes of the 12xbb and 18x mutants (Figure 1). This
observation suggests that the contribution of BOT and BOA to fungal virulence was
guantitatively comparable to the contribution of the 12 CDIP-encoding genes which were
knocked-out in the 12xpg mutant. The 18x mutant showed the most pronounced reduction
in lesion size among the four tested knockout strains (Figure 1), indicating an additive effect
of the deletion of Bcssp2, Bccfem1, Beedil and Becrh1 (genes knocked out in the 18x mutant
but not in the other mutant strains) on the virulence of B. cinerea. Moreover, based on the
reduction in lesion sizes, the 10 extra genes deleted in 12xbb, as compared with
Abot2Aboab#6, seemed to contribute to the virulence to a similar extent as the six extra

genes deleted in 18x, as compared with the 12xbb mutant (Figure 1).
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Figure 1. Infection assays to compare the virulence of Abot2#1, Aboa6 and Abot2Aboa6#6 and 12xbb,
12xpg and 18x mutants with WT B05.10 on tomato leaves using two inoculation media. The assays
were performed using a Gamborg B5S medium without yeast extract (A, C) or with 0.1% yeast extract
(B, D). Symptoms of tomato leaflets inoculated with each mutant strain (on the right of the central
vein) compared with B05.10 (on the left of the central vein) were photographed at 3 days post
inoculation (dpi) (A, B). Pink arrows in (A) indicate non-expanding lesions. Bar charts of disease
incidences (left) and lesion sizes measured by a digital caliper (right) at 3 dpi, present the means with
standard errors from 72 (for Abot2#1, Aboa6 and Abot2Aboa6#6 compared to WT fungus) or 96
inoculations (for 12xbb, 12xpg and 18x mutants compared to WT fungus) collected from three
independent experiments (C, D). The virulence assays for Abot2#1, Aboa6 and Abot2Aboa6#6 were
performed separately from the experiments for 12xbb, 12xpg and 18x mutants. Disease incidence was
calculated as the ratio of the number of expanding lesions to the total number of inoculated spots.
Lesions showing a diameter no larger than 2 mm were considered as non-expanding lesions, which
are indicated by the bars below the horizontal dashed line at 2 mm in bar charts. Statistical analyses
were performed by t-test, and the results are shown by either asterisks indicating the significant
differences (*p<0.05, **p<0.01, ***p<0.001) or ns indicating no significance.
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RNA sequencing of compatible and incompatible interactions

It was remarkable that the incompatible interaction between the Abot2Aboa6#6 mutant
and tomato leaves could be converted into a compatible interaction simply by
supplementation of yeast extract to the inoculation medium. We hypothesized that the
modification of inoculation medium altered the transcriptome of the Abot2Aboa6#6
mutant, leading to suppression of the expression of genes that result in restricting the
fungus in the primary necrotic lesion, or to promoting the expression of genes that overrule
plant resistance mechanisms that lead to fungal restriction. We performed an RNA-seq
experiment to study differences in the fungal transcriptome of the Abot2Aboa6#6 mutant
between the incompatible and compatible interaction. Conidia of the Abot2Aboa6#6
mutant and WT B05.10 were suspended in either of the Gamborg B5 media without or with
yeast extract (indicated by “-y” or “+y”, respectively) and inoculated on tomato leaves,
which were sampled at 0, 12, 16 and 24 hpi. Mock-inoculated tomato leaves as well as in
vitro cultures (both -y and +y media) of Abot2Aboa6#6 mutant and WT B05.10 at the same
time points were included as controls. RNA extracted from these samples was used for
constructing strand-specific libraries followed by paired-end sequencing (Supplementary
Table S1).

In total 13,754 transcripts of B. cinerea were analyzed. Principal Component Analyses (PCA)
showed that all samples clustered as expected (Supplementary Figure S1). Specifically, the
biological replicates clustered within time points and all in vitro samples and all in planta
samples clustered together, respectively. Since we were mainly interested in providing an
explanation for the yeast extract-induced transition from an incompatible to a compatible

interaction with the host plant, we focused our initial analysis on the in planta conditions.
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Table 1. Number of Differentially Expressed Genes (DEGs) in different comparisons

Group In planta In vitro
Up-regulated Down-regulated Up-regulated Down-regulated

WT+y3 (vs) WT-y*_Oh® 0 0 0 0

WT +y (vs) WT-y_12h* 176 226 34 11

WT +y (vs) WT-y_16h° 116 63 640 259

WT +y (vs) WT-y_24h° 1231 1329 314 79
AA%+y (vs) AA-y_Oh 3 3 3 3

AN +y (vs) AA-y_12h 213 445 117 45

AN +y (vs) AA-y_16h 299 166 129 49

AN +y (vs) AA-y_24h 1695 1553 300 37

1Wild type; 2 Abot2Aboa6#6 double knockout mutant; 3 With yeast extract; * Without yeast extract ;° 0, 12, 16, or

24 hours post inoculation in planta or hours post incubation in vitro

To examine the influence of adding yeast extract on the fungal transcriptome, we compared
the samples that were grown in media -y and +y across all time points. The highest number
of DEGs was observed at 24 hpi, reflecting that a large number of genes were affected by
yeast extract at the late time points, in both wild type (WT) and mutant samples (Table 1).
A large number of the DEGs at 24 hpi (1491) overlaps between WT and mutant (Figure 2),
which indicates that the fungal strains were similarly affected by the yeast extract. The up-
regulated genes are mostly enriched in GO terms (p < 0.05) related to gene transcription
and protein synthesis (Supplementary Figure S2). Although there were no significantly
enriched GO terms detected in the set of down-regulated genes, several genes in this list
are involved in iron/copper homeostasis. For example, Bcin15g03090 and
Bcctr2/Bcin01g05510 were annotated as copper transporter and copper homeostasis

protein, respectively. Moreover, Bcatgl3, Bcatg2 (Liu et al., 2022) and Bcatg9 that are
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involved in autophagy (ATG) were also down-regulated. ATG includes a set of programmed
cell developmental changes that occur during cellular remodeling and serves as an adaptive
response during nutrient starvation (Yorimitsu & Klionsky, 2005). In severe stress conditions,
ATG may activate a programmed cell death cascade. The upregulation of transcripts of ATG
genes in the mutant upon inoculation without yeast extract at 24 hpi coincides with the
restriction of lesion outgrowth. There are also 1170 and 571 DEGs that were exclusively
differentially expressed in the mutant or wild type fungus at 24 hpi, respectively.
Interestingly, these two lists of DEGs contain distinct genes, however they share enriched
GO terms, related to rRNA processing, protein translation, gene expression, oxidation-

reduction and transmembrane transport (Supplementary Figure S3).
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Figure 2. UpSet plot summarizing differentially expressed genes (DEGs) of either wild type or double
mutant between samples with and without yeast, at different time points. The vertical bar plot reports
the intersection size, the dot plot reports the set participation in the intersection. Links between
different samples show overlapped DEGs between or among compared samples. The bottom left
horizontal bar graph shows the total number of DEGs per compared group (set size).

Co-expression network analysis reveals gene clusters positively correlated with

compatible interaction

In order to determine which genes show similar expression patterns and are co-regulated

across all conditions, a co-expression network was created using Weighted correlation
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network analysis (WGCNA). A total of 25 modules of co-expressed genes was obtained, of
which the "Grey" module was the residual module, containing all genes that did not show
significant correlation in expression profile with genes other modules (Supplementary
Figure S4). Evaluation of the interconnection between all 25 modules revealed that each

module correlated with its own the best, as may be expected (Supplementary Figure S5).
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Figure 3. Heatmap showing the correlations of co-expression modules with experimental variables,
the presence of yeast extract in the inoculation medium, or in the outcome of the interaction between
B. cinerea and tomato. On the Y-axis are the merged co-expression modules, with both the names and
colors assigned by the WGCNA algorithm. In the heatmap, Pearson correlation with the experimental
conditions (the presence of yeast extract and outcome of the infection) are shown, respectively, left
and right. Dark red colors indicate a high positive correlation, and dark blue colors indicate a high
negative correlation with a condition. Lighter values indicate lower (positive or negative) correlation.
For each module, the top line provides the correlation coefficient r, while the lower line (in a bracket)
provides the p-value for significance.
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To analyze which modules might be functionally involved either in the response to the
presence of yeast extract in the inoculation medium, or in the outcome of the interaction
between B. cinerea and tomato, we correlated genes of each module with their
experimental variables. Both a positive and negative correlation can suggest involvement in
either response and we chose thresholds of [r] >0.30 and p < 0.01 as being significant. There
was no significant correlation between any module and the presence of yeast extract
(Figure 3). By contrast, nine modules show significant (positive or negative) correlations
with the outcome of the infection, i.e. either with a compatible interaction or an

incompatible interaction, respectively.

Three modules are positively correlated to the compatible interaction (conditions in which
the lesions expanded), and their expression peaks were more pronounced in planta than in
vitro (Figure 4). The “bisque4” and “light pink4” modules contain genes with transient peaks
in transcript levels at 12 hpi and 16 hpi, respectively, whereas genes in the "ivory” cluster
showed steady transcript levels at 12 and 16 hpi, followed by a strong increase at 24 hpi,
especially in the compatible interactions. Interestingly, all three modules are enriched in
proteins with a signal peptide for secretion (p < 0.01). It should be noted that two modules
include genes encoding CDIPs. Module “bisque4” contains the Bcnepl, Bcxygl, and Beplpl
genes, while “ivory” contains the genes Bcnep2, BcxynllA, Bcpgl and Bcssp2
(Supplementary Data S1). Surprisingly, the module “lightyellow” that showed negative
correlation to the compatible interaction contains even more of such CDIP-encoding genes,

specifically Bespl1, Bchipl, Bexyll, Begs1, Bcbot2 and Becrhl.

We examined in more detail the three modules that are positively correlated with the
compatible interaction, with emphasis on their expression profiles, gene content and the
ontology enrichment. Despite each showing a positive correlation to the compatible
interaction, these three modules were quite distinct in their enriched GO terms
(Supplementary Figure S6). The “bisque4” module contains 245 genes that showed a
transient peak in expression in planta at 12 hpi, followed by a slight decline, while the in
vitro transcript levels of genes in this cluster remained fairly constant (Figure 4). “Bisque4”
is enriched in genes involved in mitochondrial activity (ATP synthesis, cytochrome c oxidase
activity, electron transport) and gene transcription (splicing). The “lightpink4” module
contains 85 genes that showed a transient peak in expression in planta at 16 hpi for the +y
samples, while there was a steady increase in transcript levels for the -y samples (Figure 4).
“Lightpink4” contains a number or CAZyme-encoding genes, including the pectin
methylesterase genes Bcomel and Bcpme?2, as well as a few cytochrome P450-encoding
genes, including several genes from the BOA gene cluster. The genes in the "ivory” cluster
(118 genes) showed a continuous increase in transcript levels over three infection time
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points, though the increase was more pronounced in the +y samples as compared to the -y
samples. The only GO term that was significantly enriched in the “ivory” cluster was

associated with peptidase activity.

We also examined the modules that were correlated with the incompatible interaction,
displaying expression profiles associated with a failure to cause expanding lesions (Figure
3). The “darkgreen” module (1604 transcripts) is typified by generally stable in planta
transcript levels that markedly increase at 24 hpi exclusively in the incompatible interaction.
The genes in this module are enriched in GO terms related to gene expression, chromatin
organization, splicing, mitotic cell cycle, cell division and DNA repair. The “darkturquoise”
module (1811 transcripts) is typified by a high in planta transcript level in the absence of
yeast extract, especially at 0 hpi and 24 hpi, with a steep decline at 12 hpi and 16 hpi, while
the expression in the presence of yeast extract is stable at all time points. The module
contains six genes encoding light-dependent transcription factors (TFs), several light sensors,
proteins from the Velvet complex, both phospholipase C proteins, as well as five polyketide
synthases. The “lightyellow” module (2504 transcripts) is typified by increased in planta
transcript levels in the absence of yeast extract at 24 hpi, and it is markedly higher in the
mutant than in the wild type. The only significantly enriched GO terms for this module are
related to protein translation. The “lightgreen” module (372 transcripts) is typified by a
steady decline of in planta transcript levels over time in the three compatible interactions,
while the expression slightly increases at 24 hpi in the incompatible interaction. The module
contains several RNA polymerase | transcription initiation factors, two HHK histidine kinases
and other signaling proteins, as well as two bicarbonate transporters and other H+
antiporters. The “cyan” module (867 transcripts) is typified by a peak of expression at 12
hpi, which drops at 16 hpi. Only in the inoculation medium with yeast extract, the transcript
level continues to decrease at 24 hpi. The module contains proteins of the proteasome
complex, ATPase complex, as well proteins involved in cytoskeleton binding, glycosylation
and Golgi vesicle transport. The “firebrick4” module (37 transcripts) is typified by stable in
planta transcript levels that markedly increase at 24 hpi exclusively in the Abot2Aboa6#6
mutant without yeast extract, leading to an incompatible interaction. The module contains
5 of the 6 copper transporter genes in the B. cinerea genome as well as a copper-binding
protein and a copper metallochaperone, suggesting that the fungus experiences a depletion

of copper from the environment.
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Overexpressing single CDIPs cannot restore the pathogenicity of Abot2Aboa6

Based on the phenotypic observations of the various mutants in Figure 1, and the fact that
several CDIPs were present in co-expression modules that show a positive correlation with
a compatible interaction (successful lesion expansion from the primary inoculation spot),
we examined in closer detail the expression profiles in the RNAseq dataset of the 18 B.
cinerea CDIP-encoding genes that are deleted in the 18x mutant. A heatmap was generated
of the expression levels in WT B05.10 and in the Abot2Aboa6#6 mutant, both in vitro and

during leaf infection, and in the absence or presence of yeast extract (Figure 5).

This heatmap illustrates that the genes Bcssp2, Bcnep2, Bcxynl1A and Bcpgl, which are
members of the “ivory” module shared a similar transcript profile, that was specifically
characterized by their upregulation during infection on tomato leaves and only upon
addition of yeast extract into the inoculation medium. The Bcssp2 gene was of specific
interest, because it is one of the four genes only deleted in the 18x mutant but not in 12xbb
or 12xpg mutants, while Bcnep2, Bcxyn11A and Bcpgl were deleted in the 12xpg mutant
(Figure 5). As the 12xpg mutant was more virulent than Abot2Aboa6#6 in the absence of
yeast extract and displayed similar virulence as Abot2Aboa6#6 in the presence of yeast
extract (Figure 1), we hypothesized that the Bcssp2 gene may play a more important role in
fungal virulence under these conditions than Bcnep2, Bcxyn11A and Bcpgl. Among the four
extra genes deleted only in the 18x mutant, Bcssp2 was the only gene that was significantly
upregulated by the addition of yeast extract; the transcript level of the Bccfem1 gene was
similar with and without yeast extract, while the Bccdil and Bccrhl transcripts were
downregulated when yeast extract was added. For this reason, the Bccfem1, Beedil and
Bccrh1 did not cluster in the co-expression analysis into a module that is correlated with the

compatible interaction.
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In order to test the hypothesis that the Bcssp2 gene product plays a more important role in
fungal virulence than the other 15 CDIPs of which genes were deleted in the 18x mutant,
we tested whether overexpression of the Bcssp2 gene in the Abot2Aboa6#6 mutant could
restore virulence without addition of yeast extract, by compensating for the absence of BOT
and BOA production. Fungal transformants were generated in order to overexpress Bcssp2,
under control of a strong constitutive promoter, in the genetic background of the
Abot2Aboa6#6mutant. The virulence of the Abot2Aboa6-OEssp2 (AA-OEssp2) mutants was
compared with that of the Abot2Aboa6#6 recipient using inoculation medium without yeast
extract. Even though the potential contribution of Bcnep2, Bcxyn11A and Bcpgl to the
virulence of B. cinerea was expected to be less significant than Bcssp2, these genes grouped
in the same module based on their expression profile. Considering this result, we also
generated transformants that overexpressed, separately, either Bcnep2, Bcxyn11A or Bcpgl
in the Abot2Aboa6#6 recipient, which were named AA-OEnep2, AA-OExyn11A and AA-
OEpgl mutants. At least two independent transformants were obtained for each
overexpression line (Supplementary Figure S7). Unexpectedly, all obtained independent AA-
OExyn11A transformants showed growth retardation during in vitro growth and were thus
eliminated from infection assays. Two transformants of AA-OEssp2, one transformant of AA-
Oepgl, and one for AA-Oenep2 were inoculated on tomato leaves in medium lacking yeast
extract to compare their virulence with the recipient strain Abot2Aboa6#6. Figure 6 shows
that none of the overexpression transformants (AA-OEssp2#10/#55, AA-OEpg1#22 and AA-
OEnep2#4) caused a significantly higher proportion of expanding lesions than
Abot2Aboa6#6 when using the inoculation medium without yeast extract. The result
indicated that overexpressing Bcssp2, Bcnep2 or Bepgl individually cannot compensate for
the defect of the Abot2Aboa6#6 mutant in virulence.
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Figure 6. Infection assays to compare the virulence of overexpression mutants to the recipient strain
Abot2Aboa6#6 on tomato leaves using a Gamborg B5 medium without yeast extract. The comparisons
between WT B05.10 and Abot2Aboa6#6 were also inoculated using both medium without and with
yeast extract in the same experiments, showing similar results as shown in Figure 1. (A) Symptoms of
tomato leaflets infected by each overexpression mutant strain (on the right of the central vein)
compared with Abot2Aboa6#6 (on the left of the central vein) were photographed at 3 days post
inoculation (dpi). (B) Bar charts of disease incidences of inoculations performed using the medium
without yeast extract (left) and the disease incidences of WT B05.10 and Abot2Aboa6#6 inoculated
with the medium with yeast extract in the same experiments (right), which are represented as means
with standard errors from 48 datapoints collected from two independent experiments. (C) Bar charts
representing expanding lesion sizes upon inoculations using the medium without yeast extract (left)
and with yeast extract (right), measured by a digital caliper at 3 dpi. The total number of expanding
lesions caused by each of the mutant strains, which were inoculated with the medium without yeast
extract, was no more than 5 from these two experiments. The inoculations of mutant strains causing
no expanding lesion are indicated as “NA” in the chart on the left. Statistical analyses were performed
by t-test, showing no significance (ns) or significant difference (**p<0.01) in disease incidence and
expanding lesion size between the mutant and the recipient strain (Abot2Aboa6#6 for overexpression
mutants or WT B05.10 for the Abot2Aboa6#6 mutant).
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Discussion

The occurrence of an incompatible interaction between a necrotrophic fungus and its host

Most pathologists will by definition consider a gene to encode a virulence factor if a knock-
out mutant strain of the gene produces lesions with significantly smaller lesion sizes as
compared to the wild type fungus. This definition of a virulence factor is, however, generally
neglecting the contribution of the inoculation medium to the eventual disease development.
The infection assays performed in this study illustrate the significant impact of the
composition of inoculation medium on the disease incidence resulting from inoculation of
B. cinerea mutants, but not the wild type fungus. Using inoculation medium without yeast
extract, the Abot2#1 mutant showed significant reduction in disease incidence and the
Abot2Aboa6#6 mutant was almost non-pathogenic on tomato leaves. The mutants retained
their capacity to cause primary necrotic lesions, but these primary lesions did not expand
beyond the inoculation site, resulting in restriction of fungal outgrowth that reflects an
“incompatible interaction”. The terms “compatible” and “incompatible” interaction are
commonly used for interactions of plants with biotrophic microbial pathogens (Keen,
1990a). In that case the outcome of an interaction is often determined by gene-for-gene
interactions of pathogen effectors, acting as avirulence factors, with cognate receptors in
the host plant that recognize the effector and trigger a hypersensitive cell death and
resistance (Giraldo & Valent, 2013; Jones & Dangl, 2006). We are aware that it appears
unusual to use the term (in)compatible for the infection of a necrotrophic fungus, and
especially in the context of a fungal mutant in combination with the composition of the
inoculation medium. We recently used the same terminology to describe the interaction
between B. cinerea WT strain B05.10 and the wild tomato relative Solanum habrochaites
(You et al., 2023). In that case, the ability of the fungus to produce expanding lesions on S.
habrochaites leaves depended on the sucrose concentration in the inoculum. In Gamborg
B5 medium with 10 mM sucrose, B. cinerea induced primary necrotic lesions, but the
proportion of primary lesions that expanded (disease incidence) was <20%. When the
sucrose concentration was increased to 50 mM, disease incidence increased to >90% (You
et al., 2023). One of the possible explanations for this observation was that the sucrose
concentration may affect gene expression in the fungus in such a way that high sucrose
levels induce the expression of (unknown) fungal genes that suppress an effective
resistance response by the wild tomato. Alternatively, the high sucrose level might repress
the expression of genes that would otherwise trigger a resistance response in S.
habrochaites (You et al., 2023).

128



Chapter 6

In our experiments with Abot2#1 and Abot2Aboa6#6 mutants, as well as the 12xbb and 18x
mutants, the addition of yeast extract to the medium restored the disease incidence to the
level of the WT B05.10 (“compatible interaction”) although lesion sizes caused by the
mutants at 3 dpi were smaller as compared to WT B05.10. The results from virulence assays
using both media indicated a more pronounced contribution of BOT and BOA to the
virulence of B. cinerea than previously reported by Dalmais et al. (2011) and Leisen et al.
(2020). Leisen et al. (2020) reported that the lesion size caused by the Abot2Aboa6#6
mutant was similar to that of WT B05.10, using the same Gamborg B5 medium as in this
study (without yeast extract) but using a lower spore density combined with a larger droplet
size for the infection assay (the total number of conidia in each droplet was similar between
both studies). In addition, we described in Chapter 4 that the Abot2Aboa6#6 mutant caused
expanding lesions on tomato leaves using Potato Dextrose Broth as the inoculation medium,
which differs in the type and concentration of nutrients from the Gamborg B5 media (-y/+y)
used in this chapter. We are not aware of any previous study on B. cinerea or any other
fungus where such seemingly small variation in experimental procedures leads to opposite
outcomes of disease development (incompatible versus compatible interaction). Hopefully,
these observations will encourage the research community to more thoroughly consider
the methodology used for testing the virulence of knockout mutants in B. cinerea and

possibly other fungi.

The obtained results inspired us to implement an RNA-seq strategy to acquire insights into
the “compatible” or “incompatible” interaction of the Abot24boa6#6 mutant (but not WT
B05.10) with tomato leaves and into the effect of adding yeast extract to the inoculum. We
considered that restoration of compatibility for the Abot2Aboa6#6 mutant by the addition
of yeast extract could be mediated by influences on the transcript levels of fungal genes
that govern crucial stages of the infection process, either the primary lesion induction or
the subsequent lesion expansion. In order to study these processes with as few
experimental variables as possible, we performed an RNA-seq experiment using two
Gamborg B5 media (-/+ yeast extract) as the only difference in the inoculation condition to
investigate the molecular mechanisms mediating the transition from an incompatible
interaction between Abot2Aboa6#6 and tomato to a compatible interaction. We cannot
neglect the possible effect of yeast extract in the inoculum on gene expression in the host
plant, specifically of genes involved in immune responses and plant cell death. However,
the analysis of the tomato transcriptome remains to be performed. The focus of our analysis
was on the B. cinerea gene expression in three (early) phases of the infection: penetration
of the host surface (12 hpi), initiation of primary cell death (16 hpi) and onset of lesion
expansion (24 hpi).
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The role of yeast extract

So what could be the physiological impact of yeast extract on a fungus that is in the process
of infecting a host plant? Yeast extract is a concentrate of the water-soluble portion of
autolyzed Saccharomyces cerevisiae cells and provides water-soluble vitamins, amino acids
and small peptides to the medium formulation. The Gamborg B5 medium itself consists of
minerals, vitamins, and it contains both nitrate and ammonium as nitrogen sources but no
carbon source. We supplemented the medium with 25 mM glucose as the carbon source.
The Gamborg B5 medium with glucose suffices to allow B. cinerea germination and it
enables the WT strain B05.10 to achieve primary lesion induction and subsequent expansion
of the lesion (“compatible interaction”) in the absence of supplemented yeast extract.
However, yeast extract provides amino acids that enable the fungus to accelerate protein
biosynthesis, as it sidesteps the requirement to first synthesize an entire set of amino acids
from primary nitrogen and carbon sources in the medium. The immediate availability of (a
small amount of) amino acids would give B. cinerea a head start that can accelerate the
production of proteins and metabolites by a few hours, which stimulates host penetration
and the subsequent induction of a primary lesion. Although the WT B05.10 did not require
yeast extract to achieve a high disease incidence, the addition of yeast extract to the
inoculum resulted in larger lesion sizes at 3 dpi (Figure 1), which was presumably facilitated
by faster, or more effective, activation of pathogenicity-related mechanisms and thereby
enabled the fungus to proceed to the lesion expansion phase at an earlier timepoint. When
WT B05.10 was inoculated in Gamborg B5 medium lacking yeast extract, the development
of primary lesions was commonly observed from 16 hpi onwards but expansion of primary
lesions occurred only beyond 24 hpi. The addition of yeast extract accelerated the onset of

expansion, as the lesions were clearly larger than the inoculation droplet at 24 hpi.
Primary lesion induction and lesion expansion are distinct processes

We propose that a successful infection by B. cinerea involves two aspects, which may be
governed by distinct fungal virulence factors, and which require that the fungus achieves
certain milestones at specific time points. It is not merely sufficient to trigger plant cell
death by producing a cocktail of CDIMs, but these must be produced and operate timely to
prevent the host plant from mounting defense responses that otherwise restrict fungal
outgrowth. In this context it is important to note that the primary lesions that were
produced in the incompatible interaction by the Abot2Aboa6#6 mutant remained unable to
expand once the restriction of lesion outgrowth was observed, regardless how long the
incubation was continued. Apparently, the plant response that restricted the expansion

provided an effective, absolute host resistance response which was achieved around the 24
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hpi benchmark. We thus hypothesize that the lack of BOT and BOA production caused such
significant delay in the capacity of the fungus to induce host (programmed) cell death in a
timely manner, that it allowed the plant to mount an effective resistance. This highlights

the importance of time in the interaction.

Support for our hypothesis that the primary lesion induction and the lesion expansion are
distinct processes in the infection by B. cinerea is provided by several observations. Firstly,
all the multiple gene mutants that were deficient in BOT and BOA production (including the
12xbb and the 18x mutants), remained able to produce a primary necrotic lesion, but they
could only expand when yeast extract was provided in the inoculum. With all tested mutants,
some (tiny) spots of necrotic plant tissue were observed. Secondly, B. cinerea expresses
different genes at the stages of primary lesion development and lesion expansion. One
example is provided by the family of cell death-inducing NEP1-Like proteins that contains
two members, BCNEP1 and BcNEP2. Bcnepl is expressed in very early phases of the
interaction, from 8 hpi onwards and reaches a peak at 12-16 hpi, coinciding with the
appearance of primary lesions (Cuesta Arenas et al., 2010). The Bcnepl transcript levels
then decline sharply at 24 hpi and there is a simultaneous strong increase in Bcnep2
transcript levels that will remain high while the lesion continues to expand (Cuesta Arenas
et al., 2010). The cell death-inducing capacity of BCNEP1 protein, on a molar basis, is ~30
times stronger than of BcNEP2 and also the cell death response triggered by BcNEP1 is
notably faster (usually 4-8 h after protein infiltration) than for BCNEP2 (~24 hpi) (Schouten
et al., 2008). These results support the hypothesis that primary lesion induction and lesion
expansion are distinct processes, involving distinct fungal proteins. Thirdly, You (2022)
reported that during infection on tomato, B. cinerea expresses the BcTom1 gene encoding
a B-xylosidase that hydrolyses the glycoalkaloid a-tomatine and thereby inactivates its
antifungal activity. The expression of BcTom1 is low in the absence of a-tomatine and is
rapidly induced as soon as the fungus comes into contact with a-tomatine. As a-tomatine
is located inside the vacuoles of tomato cells, contact of B. cinerea with a-tomatine can only
occur when host cells are damaged by cell death induction. The expression of the BcTom1
gene can thus serve as a marker for the timing of host cell death in the B. cinerea-tomato
interaction (You, 2022). The expression profile of the BcTom1 gene revealed a different
timing of a-tomatine responses between the wild type and Abot2Aboa6#6 mutant and
between inoculation media. In the absence of yeast extract, both wild type and
Abot2Aboa6#6 mutant at 12 hpi showed similar BcTom1 transcript levels that were equal
to the 0 hpi level, indicating that the fungus did not yet respond to a-tomatine. In the
samples where yeast extract was added, the expression already increased at 12 hpi by 4-

fold and 7-fold in the Abot2Aboa6#6 mutant and wild type, respectively. This observation
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suggests that host cell death was induced and primary lesion development was likely in
progress. The expression of the BcTom1 gene continued to increase in the subsequent time
points. The transcript level in the inoculation without yeast extract at 16 hpi was similar to
the level of the inoculation with yeast extract at 12 hpi, both for the Abot2Aboa6#6 mutant
and wild type, suggesting that the addition of yeast extract accelerated the host cell death
induction by approximately 4h. At 24 hpi, the transcript profiles under the two inoculation
conditions diverged notably. The BcTom1 transcript level for the inoculation of the
Abot2Aboa6#6 mutant without yeast extract was similar between 16 hpi and 24 hpi, while
it doubled for the wild type under the same conditions. By contrast, the transcript levels for
the inoculation of the Abot2Aboa6#6 mutant and the wild type inoculated with yeast
extract were similar at 24 hpi. We propose that the transcriptional response of B. cinerea to
a-tomatine, released from damaged tomato cells, could serves as a marker for estimating

the timing and the extent of tomato cell death during interaction with B. cinerea.
Differential expression of other SM biosynthetic genes

Except for the impact of yeast extract on the B. cinerea transcriptome, many DEGs that were
identified in the Abot2Aboa6#6 mutant strain were different from those in the WT fungus.
One of the reasons that could partially explain these differences is the removal of the two
major phytotoxic SMs in the mutant. More than 40 gene clusters for the biosynthesis of
polyketides, terpenes, nonribosomal peptides and alkaloids were identified in the B. cinerea
genome (Collado & Viaud, 2015). It is unknown whether transcriptional upregulation of
alternative SM biosynthetic genes in the mutant (or the downregulation in the WT) is
mediated by the changes in intracellular levels of farnesyl pyrophosphate and acetyl-CoA,
that serve as substrates for the BOT2 and BOA6 enzymes, respectively. Nevertheless, more
SM biosynthetic genes (except for BOT and BOA) showed upregulation in Abot2Aboa6#6
than in WT B05.10 in the presence of yeast extract. For example, two sesquiterpene cyclase
genes (Bcstc4 and Bcestc7) and two polyketide synthase genes (Bcpks7 and Bcpks11) were
upregulated in the mutant by addition of yeast extract at 16 hpi, while only the Bcpks7 gene
was also upregulated in the WT fungus at the same time point. Besides, the Bcpksi4 gene
was up-regulated in the mutant by adding yeast extract at 24 hpi, while the same gene was
downregulated in the WT at 24 hpi. These findings indicate that the production of BOT
and/or BOA may suppress (or delay) the biosynthesis of other SMs. However, the chemical
structures and biological functions of the products of these clusters remain to be identified,
and it is also uncertain whether the enzymes encoded by these genes catalyze the rate-

limiting step in the biosynthetic pathway.
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Attempts to restore compatible interaction in absence of yeast extract by overexpression
of CDIPs

The WGCNA analysis identified three modules (“lightpink4”, “bisque4” and “ivory”) that
were computationally associated with the compatible interaction (Figure 3), and contained
several genes encoding previously identified B. cinerea CDIPs. Especially the expression
levels of the CDIP-encoding genes in module “ivory” were increased by addition of yeast
extract in both WT B05.10 and Abot2Aboa6#6. Based on this finding, we considered that
the gain of virulence of Abot2Aboa6#6 by addition of yeast extract to the inoculum was
possibly facilitated by the higher production levels of CDIPs that might compensate for the
absence of the cell death-inducing activities from BOT and BOA. The virulence assays that
assessed the virulence of Abot2Aboa6#6, 12xbb, 12xpg and 18x (Figure 1), not only showed
that BOT and BOA play a prominent role in fungal virulence among the 18 CDIMs, but also
provided additional information to select candidate genes for such a compensatory
mechanism. We speculated that BcSSP2 may have a stronger impact on fungal virulence
than the other 15 CDIPs as it was the only gene that was deleted in the 18x mutant but
functional in the 12xbb and 12xpg mutants, while at the same time being induced by yeast
extract in the inoculation medium. For this reason, we generated AA-OEssp2 transformants
and as controls we also generated mutants AA-OEnep2, AA-OExyn11A and AA-OEpgl to
overexpress other members of the ivory module. Neither of these genes could, individually,
restore the virulence of Abot2Aboa6#6 in the absence of yeast extract, which can be
explained by three hypotheses. Firstly, additional single (as yet unknown) CDIMs from the
ivory module are involved in stimulating primary lesion expansion and thereby overcome
the lack of BOT and BOA production. Secondly, multiple previously described CDIPs might
be jointly involved in restoring pathogenicity of the Abot2Aboa6#6 mutant via synergistic
action. To validate this hypothesis, it may be useful to generate overexpression mutants in
which multiple genes are overexpressed, either by using strong constitutive promoters or
by identifying a TF that specifically governs the expression of genes in the ivory module and
generating a transformant expression a constitutively active form of such a TF. At present,
it is unclear which TF(s) regulate the yeast inducible expression of CDIPs, but a recent paper
by Olivares-Yafiez et al. (2021) may help to identify TFs that control the expression of
virulence factors. Lastly, considering that the successful infection of a host by B. cinerea
requires certain milestones to be achieved by the fungus at specific time points, B. cinerea
should induce host programmed cell death (PCD) at a proper intensity and timing. As
proposed by Veloso and van Kan (2018), the early phase of the B. cinerea — host interaction
resembles a “biotrophic infection” (8-16 hpi), during which the fungus needs to avoid PCD

without triggering plant defense responses in order to permit the biotrophic colonization of
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the fungus. Therefore, we hypothesize that only certain modes of action for inducing PCD
at a certain time period could help Abot2Aboa6#6 to break through the critical point and
further cause expanding lesions. When overexpressing a gene with a strong promoter (e.g.,
the oliC promoter used in this study), the gene would be expressed at high level from the
moment of germination of the conidia on the host surface. This would lead to CDIP
accumulation during the “biotrophic stage” of the fungus, which would prematurely induce
host PCD and thereby restrict the invasion of B. cinerea. In order to test this hypothesis, we
could overexpress such gene(s) encoding PCD-inducing molecules in the WT B05.10
background and check whether these transformants trigger host resistance and the invasion

of the fungus would be prohibited.
Summary and future perspectives

Transcriptomic analysis supported by RNA-seq technology and versatile bioinformatic tools
has become a popular tool to study plant-microbe interactions. However, the massive
amount of information may obscure interpretation of the data and prevent researchers
from grasping all relevant biological aspects of the story. In this study, we largely focused
on the relationship between different CDIMs in B. cinerea and their roles in fungal virulence,
especially when selecting genes for experimental validation after examining the output of
computational analyses. This dataset contains immense number of DEGs and interesting co-
expressed gene modules in the fungus that could not all be discussed in this chapter. Further
in depth analyses may reveal genes that will be useful for exploring their contribution to
fungal virulence and their role in the transition from incompatibility to compatibility.
Moreover, we should also analyze in depth the host response to the Abot2Aboa6#6 mutant
and the WT fungus (inoculated without yeast extract), as well as its response to the
Abot2Aboa6#6 mutant (inoculated without and with yeast extract). Insights in the pathways
and mechanisms that tomato activates to achieve complete restriction of primary lesion
outgrowth may on the long run assist in rational strategies to improve tomato resistance to

B. cinerea.
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Materials and Methods

Plant and fungal materials and their growth conditions

B. cinerea strains used and generated in this study are listed in Table 2. All B. cinerea strains
were grown and conidia were harvested as described in Qin et al. (2023) (Chapter 2). S.
lycopersicum cv. Moneymaker plants were grown and compound leaves were excised as

described in Chapter 2.
Inoculation assays and in vitro cultures of B. cinerea for RNA sequencing

The media used were Gamborg B5 + vitamins (Duchefa, Haarlem, NL) and yeast extract
(Oxoid, UK). B. cinerea conidia were diluted in two types of modified Gamborg B5 media (-
yeast extract = Gamborg B5, 25 mM glucose, 10 mM potassium phosphate, pH 6.0; and +
yeast extract = Gamborg B5, 25 mM glucose, 10 mM potassium phosphate, 0.1 % yeast
extract, pH 6.0) to a final density of 1000 conidia/ul. The conidial suspension was pre-
incubated on a rolling bench for one hour before being used for inoculation on plants or in
vitro cultures. For disease assays, each leaf half of the adaxial surface of S. lycopersicum
detached leaves was inoculated with 3-4 droplets containing 2 pl of the inoculum per
droplet. The inoculated detached leaves were incubated in a plastic tray with a transparent
lid (20x40x10 cm) in the lab and disease symptoms were scored at 3 days post inoculation
(dpi). The number of expanding lesions (lesion diameter > 2mm) and non-expanding lesions
(lesion diameter < 2mm) were counted for calculating disease incidence (= the number of
expanding lesions/the total number of inoculations). The diameters of expanding lesions
were measured by a digital caliper and leaves were photographed by a digital camera.
Statistical analyses were performed and bar charts generated using GraphPad Prism

software. Details for the statistics and charts are described in figure legends.

In order to sample tomato leaves for RNA-seq, the adaxial surface of S. lycopersicum
detached leaves was inoculated in six to eight circular areas, and each area included five
droplets containing 2 ul of the inoculum per droplet. Four leaflets of one compound leaf
were inoculated, and one leaflet was sampled at each time point (t =0, 12, 16 and 24 hours
post inoculation (hpi)). Tomato leaves were mock-inoculated with the -yeast extract
medium and collected at 0, 12, 16 and 24 hpi. Eight ml of B. cinerea conidia suspensions in
two different media (- / + yeast extract) were pipetted on glass petri-dishes (diameter = 90
mm) and incubated in a plastic tray with a transparent lid (20x40x10 cm) in the lab, and
fungal tissue was sampled at 0, 12, 16 and 24 hpi for in vitro samples. Three biological
replicates were collected for all infected and mock-inoculated tomato leaf samples

(Supplementary Table S1). Two biological replicates were collected for B. cinerea in vitro
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culture samples (Supplementary Table S1). All biological samples were freeze-dried and
mMRNA was extracted using the Maxwell® 16 LEV Plant RNA Kit (Promega).

Table 2. B. cinerea strains used in this study.

B. cinerea strain  Recipient Description Origin/Reference
B05.10 - wildtype B. cinerea isolate van Kan et al. (2017)
Abot2#1 B05.10 Bcbot2 knockout mutant Leisen et al. (2020)
Aboa6#1 B05.10 Bcboab knockout mutant Dalmais et al. (2011)
(Afg)tZAboas#G B05.10 Bcbot2 and Bcboa6 double knockout mutant Leisen et al. (2020)

Bcbot2, Bcboa6, Bespll, Bcnepl, Becnep2, BexynllA,
12xbb B05.10 Bchipl, Bcxygl, Beplpl, Bciebl, Bcxyll and Bcgsl Leisen et al. (2022)
were knocked-out

Bcpgl, Bcpg2, Bcespll, Bcnepl, Bcnep2, BexynllA,
12xpg B05.10 Bchipl, Bexygl, Beplpl, Bciebl, Bcxyll and Bcgsl Leisen et al. (2022)
were knocked-out

Bcbot2, Bcboa6, Bcpgl, Bcpg2, Bcspll, Bcnepl,
Bcnep2, Bexynl1A, Bchipl, Bexygl, Beplpl, Beiebl,
Bexyll, Begsl, Bcssp2, Becfeml, Beedil and Becrhl
genes were knocked-out

Hahn (2022), 31
Fungal Genetics
Conference

18x B05.10

Bcssp2 was overexpressed with an oliC promoter,
Abot2Aboa6#6 independent transformants #10 and #55 were tested this study
for virulence

AA-OEssp2#10/
#55

AA-OEpg1#18 Abot2Aboa6HE Bcpgl was overexpressed with an oliC promoter,

[H#22 transformant #22 was tested for virulence this study

Bcnep2 was overexpressed with an oliC promoter,

AL-OFnep2#2/#4  Abot2AboatHe transformant #4 was tested for virulence

this study

Bexyn11A was overexpressed with an oliC promoter,
Abot2Aboab#6 both transformants showed growth retardation in This study
vitro and thus were not tested for virulence

AA-
OExyn11A#10/#22
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RNA sequencing and identification of differentially expressed genes (DEGSs)

Strand-specific libraries of the RNA samples were constructed, followed by paired-end
sequencing with a DNBseq platform (BGI Tech Solutions, Hongkong), with a read depth of
20-50 Million as described in Supplementary Table S1. Mapping and quantifying gene
transcripts from sequenced RNA-seq reads of all samples were performed using Kallisto
(v0.44.0) (Bray et al., 2016), with a 100 bootstrap value. The principal component analysis
(PCA) was conducted as transcriptome samples clustered by the ggplot2 package in R. The
R package Sleuth (v0.30.0) was used for differential expression analysis (Pimentel et al.,
2017). DEG analysis was done with default settings, removing all genes that do not have at
least 5 estimated read counts in at least 47% of all the samples. Genes were considered
differentially expressed if they displayed between two samples a fold change > 2 with an
adjusted p-value £ 0.05 (Benchamini—-Hochberg method). UpSet plots were generated using
the R packages UpSetR (Conway et al., 2017).

Network construction and co-expression analysis

A total of 80 samples were used for constructing co-expression analysis using the R package
WGCNA (v1.69) (Langfelder & Horvath, 2008). The normalized gene expression matrix was
imported into WGCNA to construct co-expression modules. The gene expression matrix was
searched for a suitable soft threshold to build gene networks using a scale-free topology
model (N. Wang et al., 2018). The scale-free network obtained by power processing at B =
13, resulted in an adequate fit with r> = 0.85 with average connectivity approaching 0.
Therefore, B = 13 was used to construct a scale-free network. The adjacency matrix was
transformed into a topological overlap matrix (TOM) to evaluate the correlation between
expression profiles of the genes (N. Wang et al., 2018). The dissimilar topological matrix
(dissTOM= 1-TOM) was used to carry out the matrix clustering and module partitioning by
the dynamic shearing algorithm. The minimum number of elements in a module was 30
(minModule Size=30), and the threshold for merging of a similar module was 0.25
(CutHeight = 0.25) (Supplementary Figure S4). Module eigengenes (MEs) were used to
calculate the correlation coefficients to the traits to identify the biologically significant
modules. The Pearson correlation coefficient of the corPvalueStudent () function was used
to calculate the correlations between the infection and yeast extract matrix and the module

feature gene matrix to obtain the p-values.
Functional analysis of module genes

Gene Ontology (Ashburner et al., 2000) (GO) enrichment analysis provides all GO terms that
are significantly enriched in a module, as compared to the genome background, and filters

the module genes that correspond to biological processes or molecular functions. All genes
137



Chapter 6

in a module were mapped to GO terms in the Gene Ontology database
(http://www.geneontology.org/), gene numbers were calculated for every term, and
significantly enriched GO terms in modules were defined by hypergeometric distribution
algorithm. The FDR was set to < 0.05 as a threshold. GO terms meeting this condition were
defined as significantly enriched GO terms in modules. The GO enrichment was visualized
using ggplot2 (R package) (Wickham et al., 2016).

B. cinerea transformation by CRISPR/Cas9-mediated approach

B. cinerea mutant strains used in this study were generated by CRISPR/Cas9-mediated
transformation with minor modification from (Leisen et al., 2020a). The primers for
synthesis of sgRNAs and for amplification of donor templates are provided in
Supplementary Table S2. The donor templates were amplified from reconstructed pNDH-
OGG vector harboring Bcssp2, or pPNAN-OGG vector harboring Bcpgl or Bcnep2. The original
pNDH-OGG and pNAN-OGG plasmids were obtained from Schumacher (2012). Bcssp2,
Bcpgl and Bcnep2 were amplified from WT B05.10 genomic DNA by PCR using Phusion Hot
Start Il DNA Polymerase (Thermo Scientific™) and then cloned into pNDH-OGG or pNAN-
OGG by replacing the GFP cassette using the ClonExpress MultiS One Step Cloning Kit
(Vazyme). Bcssp2 gene was overexpressed by replacing the BcniaD gene in the
Abot2Aboa6#6 recipient strain via homologous recombination upon cleavage of Cas9 at
BcniaD to obtain AA-OEssp2 transformants, while Bcpgl or Bcnep2 was overexpressed by
replacing BcniiA gene to obtain AA-OEpgl or AA-OEnep2 mutants. Molecular
characterization of the transformants was performed as described in Qin et al. (2023) using

primers shown in Supplementary Table S2.
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Supplementary materials
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Supplementary Figure S1. The PCA plot of the RNA-seq dataset shows the differences (distances)
between all samples generated in this study, according to gene expression levels. Each circular dot
indicates an in vitro sample, and each squared dot indicates an in planta sample. Different colors
represent different fungal strains (WT B05.10 and Abot2Aboa6#6 (WT and AA)), different media (- and
+y), and different timepoints (0, 12, 16 or 24 hpi).
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Supplementary Figure $S3. GO enrichment analysis for DEGs (+yeast vs -yeast) that are unique in WT
(A, B) and mutant (C, F) at 24 hpi. WT only contains enriched GO terms in up-regulated DEGs (A, B),
whereas both up- (C, D) and down- (E, F) regulated genes of mutant contain enriched GO terms. (A,
C, E) Molecular function. (B, D, F) Biological process.
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Gene Dendrogram and module colors
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Supplementary Figure S4. Dendrogram of gene co-expression network. In the top part of the figure,
a dendrogram of the filtered set of genes is shown, constructed using the topological overlap between
genes. Below the dendrogram, the top colored bar indicates the co-expression modules produced by
the dynamic tree cutting algorithm, and the bottom colored bar indicates the merged co-expression
modules.

Merged Dynamics
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Supplementary Figure S5. Module significance correlation based on the Pearson correlation.
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Supplementary Figure S7. Molecular characterization of overexpression mutants AA-OEssp2#10, AA-
OEssp2#55, AA-OEpg1#18, AA-OEpg1#22, AA-OEnep2#2, AA-OEnep2#4, AA-OExyn11A#10 and AA-
OExyn11A#22. WT B05.10 and Abot2Aboa6#6 double mutant were used as controls. (A) PCR results
confirmed that the overexpression of ssp2, pgl, nep2 and xynllA were successful, and two
independent transformants for each contrast were obtained. The OEssp2-donor-template was
inserted ectopically inside of the niaD gene via non-homologous end joining (NHEJ), instead of
replacing the whole niaD gene via homologous recombination. Similar situation happened to the AA-
OExyn11A#10 transformant. The other transformants were obtained via replacing the niiA gene by
corresponding overexpression-donor-template. (B) The insertion of OEssp2-donor-template by NHEJ
was confirmed to be located at the sgRNA3 cleavage site for AA-OEssp2#55 which was a homokaryotic
transformant. AA-OEssp2#10 was either a heterokaryon or the ectopic insertion location cannot be
confirmed by these PCR. (C) AA-OEpg1#18, AA-OEpg1#22, AA-OExyn11A#10 and AA-OExyn11A#22
were confirmed to be homozygous transformants, while AA-OEnep2#2 and AA-OEnep2#4 were
heterokaryons. Names of the B. cinerea strains are indicated above each DNA gel picture, and the
aims for the primer combinations are indicated below the gel.
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Supplementary Table S1. Overview of all samples in this study

Sample Strain Inoculation | In planta In vitro
name medium (# of replications) (# of replications)

Oh 12 h 16 h 24 h Oh 12 h 16 h 24 h
WT-y B05.10 -yt 3 3 3 3 2 2 2 2
WT+y B05.10 +y? 3 3 3 3 2 2 2 2
AA-y Abot2Aboab#6 -y 3 3 3 3 2 2 2 2
AD+y Abot2Aboa6#6  +vy 3 3 3 3 2 2 2 2

1 Gamborg B5, 25 mM glucose, 10 mM potassium phosphate, pH 6.0; 2Gamborg B5, 25 mM glucose, 10 mM

potassium phosphate, 0.1 % yeast extract, pH 6.0
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Primers used in this study
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Primer name

sequence (5'-3')

Description

BcNiaDsgRNA1

AAGCTAATACGACTCACTATAGGAGGAAAACGATA
TTCGACGAG AGAGCTAGAAATAGCAAG

BcNiaDsgRNA3

AAGCTAATACGACTCACTATAGGATGGATGGCCAT
GAATTCGTGTTTTAGAGCTAGAAATAGCAAG

To synthesize sgRNAs
targeting at BcniaD gene,
both sgRNA1&3 were used
for generating transformants
to overexpress Bcssp2 at
BcniaD locus

sgRNA_BcNiiAl

AAGCTAATACGACTCACTATAGGATCTGCCATCTCG
ATCCCAGGTTTTAGAGCTAGAAATAGCAAG

sgRNA_BcNiiA2

AAGCTAATACGACTCACTATAGGTAAAAATCTACC
GATCAGGGG AGAGCTAGAAATAGCAAG

To synthesize sgRNAs
targeting at BcniiA gene, both
sgRNA1&2 were used for
generating transformants to
overexpress Bcssp2 at BeniaD
locus

Bcssp2_Ncol_F

TCACAATCGATCCAACcCATGGTCCGCATCTCCTCCAT
CGTC

Bcssp2_Notl_R

ATCTACATACGCTAagcggccgcTTACTGCTTGTAACA
TGGGGTACGAT

To amplify the Bcssp2 gene
with overhangs that can be
cloned into pNDH-OGG
vector through Ncol
(ccATGG) - Notl (gcggcege)
sites.

AGATGGGAGACC

Nep2_Ncol_F TCACAATCGATCCAACcATGGTTGCCTTCTCAAAAT To amplify Bcnep2 gene with

CATTACAGCT overhangs that can be cloned

into  pNAN-OGG  vector

Nep2_Notl_R ATCTACATACGCTAagcggccgcCTAGAAAGTAGCCT through Ncol (ccATGG) - Notl
TCGCAAGATTGTCTG (gcggcecgc) sites.

Bcpgl_Ncol_F TCACAATCGATCCAACCATGGTTCAACTTCTCTCAAT | To amplify Bcpgl with

GGCCTC overhangs that can be cloned

into  pNAN-OGG  vector

through Ncol (ccATGG) - Notl

(gcggecgce) sites;

Bcpgl_Notl_R was also used

together with primer pNDH-

Bcpgl_Notl_R ATCTACATACGCTAagcggccgc TTAACACTTGACACC | PoliC-Fw to check whether

the cloning of Bcpgl gene
into pNAN-OGG vector is
successful

Xyn11A_Ncol_F

TCACAATCGATCCAACCATGGTTTCTGCATCTTCCCT
CCTC

Xyn11A_Notl_R

ATCTACATACGCTAagcggccgc TTAAGAAACAGTGA
TGGAAGCGGAACCA

To amplify BcxynllA gene
with overhangs that can be
cloned into pNAN-OGG
vector through Ncol
(ccATGG) - Notl (gcggcege)
sites.
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pNDH-PoliC-Fw

GCTGTGGAGCCGCATTCCCG

Primer in oliC promoter, use
it together with other
primers to check whether the
cloning of target gene into
pNDH-OGG/pNAN-OGG
vector is successful

pNDH-ssp2-Rv

AGCTGTGAAAGCACTCGCGC

Use it together with primer
pNDH-PoliC-Fw  to  check
whether the cloning of
Bcssp2 gene into pNDH-OGG
vector is successful

Nep2_RT_rev

GGCTCGTCCTTTGGCATGTAC

Use it together with primer
pNDH-PoliC-Fw  to  check
whether the cloning of
Bcnep2 gene into pNAN-OGG
vector is successful

BcXyn1l1A_rv

CGTACGCTTGCTAGTACGGAC

Use it together with primer
pNDH-PoliC-Fw  to  check
whether the cloning of
Bcxyn1lA gene into pNAN-
OGG vector is successful

OE-dt-pNDH-3'NiaD

GCAGTTCAATGGCAAAAACTACAAC

OE-dt--pNDH-5'NiaD

CATATCAATTGTGTCTCGAGATCGGAAA

To amplify the donor
template for overexpressing
Bcssp2  from  the  re-
constructed pNDH-0OGG
plasmid containing Bcssp2

pNAN_bcniiA-5'_FW

TCATTGAGGCTCTGGTGAACAGTTCA

pNAN_bcniiA-3'_RV

CGCTAGTATCAATGAGATCATAGAGCTAATGC

To amplify the donor
template for overexpressing
Bcnep2/Bexyn11A/Bepgl
from the re-constructed
pNAN-OGG plasmid
containing
Bcnep2/Bexyn11A/Bepgl

pNDH-ssp2-Rv

AGCTGTGAAAGCACTCGCGC

NiaD_3'_screenRv

GATACTATATTCAAACATCCTCTCTCCC

To screen the integration of
donor template at NiaD site
in AA-OEssp2 transformants,
the primer pNDH-ssp2-Rv is
in the donor template, and
NiaD_3'_screenRv is outside
of the flanks of the donor
template.

BcniaD_WT_sgRNAL1 site

ACCTTCGTCGAATATCGTTTTCCTCT

BcniaD_midRv

GCTAGGAGCTGCGGTAACAA

To check if AA-OEssp2
transformants are
homokaryons, and if the
OEssp2 donor template is
inserted at the cleavage site
of sgRNA1
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BcniaD_midFw

CGGAAACCGCCGTAAAGAAC

BcniaD_WT_sgRNA3 site

GATGGCCATGAATTCGTCGGTG

To check if AA-OEssp2
transformants are
homokaryons, and if the
OEssp2 donor template is
inserted at the cleavage site
of sgRNA3

Bcniia_screenFw

CTGCTAGACAGATTGTGGCTGGT

Bcpgl_Ncol_F TCACAATCGATCCAACCATGGTTCAACTTCTCTCAAT
GGCCTC
Nep2_Ncol_F TCACAATCGATCCAACCATGGTTGCCTTCTCAAAAT

CATTACAGCT

Xyn11A_Ncol_F

TCACAATCGATCCAACCATGGTTTCTGCATCTTCCCT
CCTC

To screen the integration of
donor template at NiiA site in
the AA-OEpgl/nep2/xynl1lA
transformants, the primer
Bcpgl/Nep2/Xyn11A_Ncol_F
is inside of the corresponding
donor template, and
Bcniia_screenFw is outside of
the flanks of the donor
template.

Bcniia_ WT-Fw

GGAATTAAATGCGCTGAACGCG

Bcniia_WT-Rv

GTCGAAGAAACTCCCCACTAGCTC

To check if AA-
Bcnep2/Bexyn11A/Bepgl
transformants are
homokaryons in which the
WT BcniiA is no longer
present, primers are inside of
the flanks of the donor
template

The following Supplementary Data is available to be downloaded from the “Supplementary

materials_PhD thesis_Qin(2023).zip” file, and thus only the legend is shown below.

Supplementary Data S1. Genes encoding secreted proteins in three modules are positively correlated
to the compatible interaction. Sheet 1 (named “Summary”) contains an overview of the total number
of genes encoding secreted proteins in each module resulted from the GGCNA analysis. Sheet 2-4
contains the gene list for module “lightpink4”, “bisque4”, and “ivory”, respectively.
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Chapter 7

Abstract

Plants naturally possess genetic resources conferring resistance and susceptibility to
pathogens. To cope with the notorious necrotrophic pathogen Botrytis cinerea, which is the
causal agent of the grey mold disease, introducing resistance (R) genes and abandoning
susceptibility (S) genes in host plants open up a dual path for breeding against the pathogen.
It has been studied in the previous chapters that the phytotoxic secondary metabolite
botrydial (BOT) produced by B. cinerea, which can trigger host programmed cell death, has
a significant contribution to the fungal virulence, especially on Arabidopsis. It is presumed
that a host gene conferring sensitivity to BOT would also function as an S gene to the fungus.
In this study, we used BOT as a tool to explore natural variation in resistance against B.
cinerea by unraveling BOT-(in)sensitivity genes or genetic loci in Arabidopsis, with the
application of two different forward genetic approaches in parallel. Interestingly, from 36
candidate genes selected from a genome-wide association study (GWAS), we identified four
genes encoding three positive and one negative player in BOT-sensitivity. Functions of these
genes were demonstrated by altered cell death intensity responding to BOT treatment in
mutant lines of each individual gene. The Arabidopsis mutant of a serine/threonine kinase
(STK) gene that functions as a suppressor in the BOT-triggered cell death also showed
increased host susceptibility to B. cinerea, indicating that STK'is an R gene against the fungus.
Inversely, the genes that positively participate in the cell death response to BOT would likely
function as S genes to B. cinerea. Our work provides a deeper understanding of the
molecular mechanisms underlying BOT-induced programmed cell death in host plants.
Moreover, the characterized novel candidate genes in this study can (potentially) function
as R/S genes to B. cinerea, which offers prospects in crop protection against grey mold

disease.
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Chapter 7
Introduction

Botrytis cinerea has been ranked as the second most important plant pathogenic fungus
from an economic and scientific perspective (Dean et al., 2012). This fungus can infect more
than a thousand plant species and causes gray mould disease both in the pre- and post-
harvest period, leading to an annually worldwide economic loss of more than $1 billion
(Dean et al., 2012). Therefore, effective control of B. cinerea is necessary for optimization
of crop production and storage. A sustainable way to control this fungal disease is to breed
for resistant plants, either by introducing resistance (R) genes or by abandoning
susceptibility (S) genes in the host plants. Forward genetics has been exploited to excavate
genes or quantitative trait loci (QTL) associated with host resistance to B. cinerea (Anuradha
et al., 2011; Coolen et al., 2019; Davis et al., 2009; Denby et al., 2004; Rowe & Kliebenstein,
2008), although none of the identified genes or QTL functions as a major R gene against this
disease. In recent years, genes or QTL conferring increased host susceptibility to B. cinerea
have also been identified (Audenaert et al., 2002; Bessire et al., 2007; Davis et al., 2009; Fiil
& Petersen, 2011; Sun et al., 2017). Notably, the Botrytis-resistant 1 (brel) mutant of
Arabidopsis thaliana (Arabidopsis) showed a complete arrest of invasion by B. cinerea. A.
thaliana BRE1 encodes a long-chain acyl-CoA synthetase2 (LACS2) that is essential for the
biosynthesis of cutin (Bessire et al., 2007). This finding encouragingly suggests that deletion
of particular S genes could provide a more complete resistance to B. cinerea than utilizing
individual R genes. In order to discover S genes, a promising strategy is to identify plant
targets for virulence factors of B. cinerea, as the presence of plant targets can facilitate the
infection of the pathogen. Conversely, plant components that act antagonistically in the

plant response to the fungal virulence factors may confer resistance to B. cinerea.

The necrotrophic pathogen B. cinerea employs several virulence factors to kill plant cells in
order to consume nutrients from the host. Three groups of virulence factors play important
roles in killing host cells: phytotoxic metabolites, phytotoxic proteins and reactive oxygen
species (ROS) (Choquer et al., 2007b). One of the most well-studied phytotoxic metabolite
of B. cinerea is the sesquiterpene botrydial (BOT), which plays a role in the full virulence of
B. cinerea on different host species, especially on A. thaliana (Chapter 3). A B. cinerea
mutant unable to produce BOT was almost non-virulent on leaves of A. thaliana (Chapter
3). Rossi et al. (2011) reported that application of BOT on A. thaliana could induce the
expression of the HYPERSENSITIVITY-RELATED 3 (HSR3) gene, callose deposition and the
accumulation of ROS and phenolic compounds. Arabidopsis mutant lines which accumulate
very little salicylic acid (SA) also showed lower sensitivity to BOT, while the jasmonic acid

(JA)-insensitive mutant was more sensitive to BOT (Rossi et al., 2011). These observations
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indicate that BOT can initiate programmed cell death (PCD) in the host and that the host
response to BOT is mediated through SA/JA signaling pathways. However, the molecular
basis of the PCD triggered by BOT in the host has not been revealed yet.

Evidence suggests that phytotoxic metabolites produced by plant pathogens can interact
with plant targets to induce host cell death. A well-known example is the fungal cyclic
peptide victorin and its corresponding sensitivity locus in oat and Arabidopsis. Victorin is a
host-selective toxin (HST) secreted by the fungus Cochliobolus victoriae, the causal agent of
oat victoria blight disease. The dominant allele at the Vb locus confers victorin sensitivity
and Victoria blight disease susceptibility in oats (Wolpert et al., 2002). In A. thaliana, the
LOV1 locus, encoding an intracellular coiled-coil nucleotide-binding site-leucine rich repeat
(CC-NBS-LRR) receptor, confers sensitivity to victorin and susceptibility to C. victoriae
(Lorang et al., 2007). Moreover, victorin physically interacts with thioredoxin h5 (TRXh5),
which regulates the activity of NPR1 (a receptor of SA and the central regulator of systemic
acquired resistance (SAR)) and is probably guarded by the LOV1 receptor, creating a
victorin-TRXh5-LOV1 complex triggering host PCD (Gilbert & Wolpert, 2013; Wolpert &
Lorang, 2016). Other modes of action for phytotoxic secondary metabolites from fungal
pathogens have also been reported. For instance, the HC-toxin produced by C. carbonum
inhibits host histone-deacetylases and leads to H3 and H4 histone-hyperacetylation so that
transcript levels of many genes are disturbed, which eventually results in host cell death, as
demonstrated in maize (Broschla et al., 1995). Furthermore, T-toxin and PM-toxin secreted
by C. heterostrophus (also known as Bipolaris maydis) and Mycosphaerella zeae-maydis,
respectively, can directly bind to the mitochondrial protein URF13, leading to aberrant
mitochondrial activity (Rhoads et al., 1995; Yun et al., 1998). Finally, the perylenequinone
toxins cercosporin from Cercospora spp. and elsinochromes from Elsinoé spp. are able to
react with oxygen to produce ROS in a light-dependent manner, inducing the peroxidation
of plant membrane lipids (Daub & Briggs, 1983; Daub & Ehrenshaft, 2000; Daub et al., 2005).

The hypersensitive response (HR) induced upon binding of ligands by receptors can
effectively restrict the invasion of biotrophic phytopathogens, whereas the cell death
response would be advantageous to necrotrophs for taking up nutrients from their hosts,
leading to host susceptibility (Govrin & Levine, 2000). Therefore, identification of the plant
targets and signaling components, which participate in the PCD triggered by necrotrophic
factors, is an obvious step in the exploration of S genes in the host. We hypothesize that
plant components involved in the PCD signaling pathway activated by BOT, may lead to host
sensitivity to BOT and susceptibility to B. cinerea. Mining the molecular mechanisms
involved in BOT-induced PCD (or BOT-sensitivity) in the host plant thus might reveal novel
S genes. In order to realize the goal, forward genetic screens that have been extensively
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exploited in studies on plant-pathogen interactions can be applied to our study as well. For
example, the previously mentioned LOV1 gene was characterized by an initial screen with
433 ecotypes of A. thaliana which identified six accessions sensitive to victorin (Lorang et
al., 2004), and a subsequent fine mapping with the F2 population of a cross between a
sensitive and an insensitive accession (Lorang et al., 2007). Similarly, the plant receptor for
B. cinerea endopolygalacturonases, which induces cell death in a subset of A. thaliana
accessions, was identified via a map-based cloning from an F2 progeny (Zhang et al., 2014).
By analogy, it is anticipated that loci conferring BOT-sensitivity can be pinpointed by

screening an A. thaliana population for their responses to BOT.

Here we report that BOT triggers a series of plant defense responses and activates PCD in
the model plant species A. thaliana. We further explored natural variation in BOT-
(in)sensitivity in A. thaliana by adopting two different forward genetic approaches in
parallel. We performed a genome-wide association study (GWAS) on a population of 333
accessions, as well as a bulk segregant analysis (BSA) in an F2 population of an experimental
cross between two accessions which differed substantially in the BOT-sensitivity. Our work
provides a number of candidate genes (and genomic regions) that are associated with the

(in)sensitivity to BOT, which may function as potential S or R genes against B. cinerea.
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Results

BOT induces immune responses and a SA mediated apoptotic-like PCD in A. thaliana

The toxicity of BOT to A. thaliana was assessed by applying droplets containing 30-1000 pM
BOT (dissolved in 40% acetone) or control solution (40% acetone) on leaves of Col-0 plants.
Necrotic lesions were observed on leaves with all concentrations of BOT at the site of
application. Additionally, the intensity of chlorotic symptoms as well as the area displaying
necrotic symptoms were dose-dependent (Figure 1A). In this study, the concentration of
BOT that still exerted toxic effects on A. thaliana (30 uM) was much lower than a previously

reported effective concentration range of 322-3220 uM (Rossi et al., 2011).

As BOT is considered to be an effector as discussed in Chapter 1, it is likely that it can induce
a number of plant defense responses that resemble typical effector-triggered immunity
(ETI). Plant defense responses associated with ETI not only include PCD but also earlier
responses such as ROS burst and mitogen-activated protein kinase (MAPK) activation (Tsuda
& Katagiri, 2010). ROS burst and MAPK activity assays with Col-0 leaves upon BOT treatment
at sublethal concentrations triggered ROS burst in Col-0 at all tested BOT concentrations
(1.5, 5and 15 uM). Moreover, higher BOT concentration levels resulted in a more rapid and
narrower temporal peak in the ROS-burst curve, albeit with similar magnitude (Figure 1B).
Likewise, the MAPKs in A. thaliana (MPK6 and MPK3) were transiently activated to a high
level 15 min after BOT treatment and the MAPK phosphorylation level decreased after 30
min (Figure 1C).

The BOT-triggered PCD is most likely mediated by SA/JA signaling, as BOT-induced necrotic
symptom is reduced in SA-accumulation deficient mutants and enhanced in JA-insensitive
mutants of A. thaliana (Rossi et al., 2011). Here we further evaluated the correlation
between the BOT-induced PCD response and the SA signaling/SAR pathway by examining
the BOT-sensitivity in an A. thaliana mutant that is deficient in the NPR1 (nonexpressor of
PR genes 1) gene. NPR1 is known to act as a receptor of SA and plays a master role in the
activation of SA-dependent defense genes and SAR (Wu et al., 2012). NPR1 mutant plants
(Table 1) displayed significantly lower sensitivity to BOT than wild type (WT) Col-0 plants
(Figure 1D), in line with previously reported findings (Rossi et al., 2011).

Furthermore, we hypothesized that BOT may induce apoptotic-like PCD, which can be
important for the initiation of necrotic lesions at the onset of B. cinerea infection (Veloso &
van Kan, 2018). Plant apoptotic PCD is mediated by metacaspases (MCs) and the A. thaliana
genome contains nine MC genes, including three Type-l MCs (MC1-3) and six Type-ll MCs
(MC4-9) (Tsiatsiani et al., 2011). Five A. thaliana lines, which have mutations in different MC
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genes (mc1#1, mc2#1, mc4#1, mc7#1 and mc8#1, respectively), were compared to the WT
Col-0 accession for sensitivity to BOT. One of these matacaspase mutants (mc1#1) exhibited
significant reduction in BOT-sensitivity compared to the WT Col-0 background (Figure 1E),
in contrast to all other tested MC mutants (Table 1, Supplementary Figure S1A & Table S1).
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Figure 1. BOT triggers ROS burst and MAPK activation, and induces cell death in an NPR1- and MC1-
dependent manner. (A) Necrotic symptom on Arabidopsis leaves, photographed on the 5t day after
applying 4 pl droplets containing different concentrations of BOT (dissolved in 40% acetone) or control
solution (40% acetone) using a digital camera under natural light. In addition, an image of red light
emission that shows necrotic symptoms upon 30 uM BOT treatment is provided on the right side of
the panel. (B) ROS burst over a 6 h period following application of different concentrations of BOT or
controls (0.4% acetone and water) to leaf discs, quantified by relative luminescence units (RLU). The
line chart shows mean RLU values with standard errors from 8 leaf discs at each time point in the
measurement. The ROS burst assay was performed four times, with similar results. (C)
Phosphorylation status of MPK6 and MPK3 at 15 and 30 min after infiltration of 50 uM BOT (dissolved
in 1% acetone) or 1% acetone (as control), as detected in a western blot. The MAPK activation was
repeated twice, with similar results. (D, E) Cell death quantification by red light emission in (D) npr1#1
and (E) mc1#1 mutant plants compared to WT Col-0 plants, represented by a Tukey box plot of data
from ~ 160 BOT-treated leaves (40 plants) in two independent experiments. Each leaf was infiltrated
with 50 uM BOT and the left side was infiltrated with 1% acetone, and the treated leaves were
examined 5 days after BOT treatment. Relative integral intensity (RII) was quantified based on red
light images and statistical analysis was performed by t-tests, resulting in significant differences that
are indicated by asterisks (* p< 0.05 and ** p<0.01).
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Table 1. A. thaliana mutant lines used in this study, together with their corresponding candidate
genes selected from the GWAS result or from literature.

Origin Gene ID Protein description** Gene name| Mutant line #1*** | Mutant line #2***
Impaired salicylic acid nprl (Caoetal.,
At1g64280 o NPR1 Salk_117100
signaling 1997)
Literature &
hypothesis |At1g02170 Metacaspase 1 MC1 Salk_132275C -
Atl1g16420 Metacaspase 8 MC8 Salk_047489C -
AT1G69580* |Myb transcription factor PHL8 Salk_208737C Gabi_272G02
AT3G11010 |Receptor-like protein 34 RLP34 Salk_023381C Salk_127176C
AT3G11080 |Receptor-like protein 35 RLP35 Salk_057434C Salk_096171
AT3G46160 |Protein kinase PK Salk_208779C -

Cysteine/Histidine-rich C1
AT4G11390 CHC1A Salk_067928C Salk_087757C
domain family protein

Cysteine-rich receptor-like

AT4G11490 CRK33  |salk_148136C Salk_119041C
kinase 33
GWAS  |AT4G11830* |Phospholipase Dgamma2 |PLDy2  |salk_078226C Salk_014510C
AT4G11845* (Serine/threonine kinase STK Salk_209109C Salk_076790C2

Dirigent protein 15/ Disease
AT4G38700 R . DIR15 Salk_023786C Salk_102871C
resistance-response protein

Cysteine/Histidine-rich C1
AT5G39471 CHC1B Salk_208188C Salk_131544
domain family protein

Galactose oxidase/kelch
AT5G39560* X GO Salk_148581C Salk_066527C
repeat protein

AT5G51640 |Yellow-leaf-specific gene 7 YLS7 Salk_044425C Salk_029464

The table includes gene ID, description, gene abbreviation and the corresponding mutant accession(s).

*These mutant lines showed significantly different BOT-sensitivity compared to WT Col-0, and the genes
highlighted in bold were checked for expression levels in Col-0 upon BOT treatment by RT-qPCR.

**Information of the descriptions of proteins was from Uniprot (https://www.uniprot.org) and the Arabidopsis
Information Resource (TAIR: https://www.arabidopsis.org/index.isp).

***All of the mutant lines #1 were tested first for one experiment (including 80 leaves from 20 plants infiltrated
by BOT) and showed a difference in sensitivity to botrydial compared to the WT Col-0. Subsequently, the mutant
line #1 was tested for a second experiment and the mutant line #2 were tested in parallel to confirm the function
of the target gene. The T-DNA insertion lines generated by SALK institute which are named with a “C” in the end
were indicated to be homozygous lines by NASC institute for (one of) the target gene. Nevertheless, accessions
ordered from NASC in this study were still genotyped by PCR regardless whether the line was claimed to be
homozygous or heterozygous by NASC.
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Chapter 7
Natural variation in sensitivity to BOT among accessions of A. thaliana

To assess natural variation in the sensitivity to BOT in the global population of A. thaliana,

a HapMap panel of 359 accessions (https://naturalvariation.org/hapmap/) was examined.

Ten leaves from five individual plants of each accession were treated by surface application
of droplets containing 50 uM BOT and control solution on different leaf-halves. Five days
after the treatment, the cell death intensity triggered by the application of BOT or control
solution was quantified using red light emission imaging (Landeo Villanueva et al., 2021).
The BOT-sensitivity of a tested leaf was represented by the relative intensity (RI), of which
the quantification method is described in detail in Materials and Method. The RI value of
each ecotype was later normalized to the Rl of Col-0 (the reference Rlcol-0=1) followed by a
logarithm transformation (logRI) before being used as the input data for the GWAS analysis
(Supplementary Data S1). Out of the 359 A. thaliana accessions, 333 are incorporated in the
fully imputed single-nucleotide polymorphism (SNP) dataset, a union of 1386 accessions
with a 250k SNPs matrix (Horton et al., 2012) and 1135 accessions from the 1001 genomes
project with a 10M SNPs matrix (Alonso-Blanco et al., 2016) employed by the online GWAS
tool GWA-Portal (https://gwas.gmi.oeaw.ac.at/) (Seren et al., 2012).

A wide range of variation in BOT-sensitivity was observed among the 333 ecotypes (Figure
2A). The estimated narrow sense heritability (pseudo heritability) of BOT-sensitivity in the
examined population was 0.35, indicating substantial heritable genetic variation. However,
the BOT-sensitivity in the tested A. thaliana accessions exhibited no correlation with the

geographical location of the site of origin (Supplementary Figure S2).

The reference accession Col-0 was one of the relatively sensitive genotypes (log(Rlco-0)= -
0.62), as 258 out of the 333 tested accessions were less sensitive than Col-0 (Figure 2 and
Supplementary Data S1). The moderate red light intensity as well as the size of affected
areas observed in Col-0 reflected the medium BOT-sensitivity (Figure 2B). The BOT-treated
areas on leaves of the least sensitive accessions Uk-1 and Li-5:2 (with respective logRI of -
4.07 and -4.22) exhibited the faintest red light signal and sometimes scattered spots of
detectable signal (Figure 2B). Leaf areas of the most sensitive accessions Pa-1 and Ra-0 (with
respective logRI of 0.77 and 1.16) displayed the most intense red light signal upon treatment
with BOT, covering (almost) the whole area (Figure 2B). These observations validate the
relationship between the calculation of Rl (and logRI) and the severity of necrotic symptoms

detected by the red light imaging system.
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Figure 2. Variation in the sensitivity to BOT among 333 ecotypes of A. thaliana. (A) Frequency
histogram of the number of accessions corresponding to sub-classes of sensitivity to BOT. (B)
Symptoms of representative insensitive (Uk-1 and Li-5:2), medium sensitive (Col-0 and Can-0), and
most sensitive (Pa-1 and Ra-0) accessions at spots treated with BOT at the right side of the central
vein of leaves, revealed by red light emission.

GWAS reveals genetic loci associated with BOT-sensitivity

To map genetic factors explaining the observed variation in the BOT-sensitivity levels (logRI
values) of the 333 ecotypes, a GWA approach using a standard linear regression model (LM)
was performed in GWA-Portal (Seren et al.,, 2012). Although a number of loci clearly
reflected statistical associations escaping the neutral background of the bulk of SNPs only
very few of the representing SNPs passed the stringent thresholds commonly used for
multiple testing statistics (Figure 3). The GWA-Portal, for instance, calculates a Benjamini-
Hochberg-Yekutieli multiple testing cut-off of log(P-value) = ~7.0 (Seren et al., 2012). Other
studies used similar false discovery rate (FDR) or permutation-based thresholds (Z. Chen et
al.,, 2021). Nonetheless, valuable results have also been obtained applying less stringent

thresholds. Notably, SNP association with host susceptibility to B. cinerea under different
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biotic and abiotic stresses in A. thaliana was previously investigated with a very loose
threshold of -log(P-value) = 4.0 (Coolen et al., 2019). Here, we set an arbitrary threshold of
-log(P-value) = 6.0, which was stringent enough to exclude the majority of false positives
(type | error) and relaxed enough to avoid false negatives (Type Il error). Applying this
threshold resulted in 22 loci containing multiple significant SNPs located in close physical

proximity and 21 SNP singletons (i.e. loci represented by a single significant SNP).

From these 43 genomic regions, a list of candidate genes that might be involved in BOT-
sensitivity was selected according to the following criteria or steps: i) ~240 genes located in
a window of 20 kb surrounding the significant SNP (10 kb up- and down-stream),
(Supplementary Data S2); ii) genes that are expressed in leaves

(https://www.arabidopsis.org/index.jsp); iii) genes with sequence polymorphisms between

a sub-group of the sensitive and insensitive ecotypes

(http://signal.salk.edu/atg1001/3.0/gebrowser.php); iv) genes manually selected for

annotation of protein domains. Finally, a set of 36 candidate genes, meeting all criteria,
were selected for further validation, including genes encoding 12 receptor(-like) proteins or
kinases, 7 cysteine- or cysteine/histidine-rich proteins, 4 kinases, 4 proteins related to

biotic/abiotic stress responses, and 4 transcription factors (Supplementary Data S2).
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Figure 3: Manhattan plots of the five chromosomes of Arabidopsis after GWA mapping of sensitivity
to BOT in 333 accessions. The horizontal pink dashed line indicates the logarithm of odds (LOD)

significance threshold of 6.0 (- log(p-value) = 6.0), and the vertical yellow dashed lines indicate the
coordinates of four candidate genes that were subjected to further analysis.
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Functional validation of candidate genes by testing BOT-sensitivity of mutant plants

In order to validate the role in sensitivity to BOT of the candidate genes selected from the
GWAS, we analyzed for each of the candidate genes at least one A. thaliana mutant line in
a Col-0 background (or two lines, if available from NASC), in which the coding sequence was
mutated by T-DNA insertion or EMS mutagenesis (Table 1 and Supplementary Table S1).
The acquired knock-out (KO) lines were genotyped in order to assess whether the mutation
was homozygous or heterozygous. Homozygous mutants were obtained for 14 of the 36
candidate genes. These homozygous mutant plants were propagated and examined for
their sensitivity to BOT alongside the WT Col-0. In total, 15 mutant lines for 12 candidate
genes (two separate mutant lines were available for three of the 12 genes) were tested for
sensitivity to BOT in two independent experiments (Table 1). Mutant lines for two other
genes were not included in the second experiment (BOT-sensitivity data not shown)
because they showed similar BOT-sensitivity as WT Col-0 in the first experiment

(Supplementary Table S1).

Interestingly, mutant plants for four candidate genes showed a significant difference in
sensitivity to BOT, as compared with the WT Col-0 (Figure 4 A, B), while the sensitivity of
the other 11 mutants (for 8 candidate genes) was similar to the WT Col-0 (Supplementary
Figure S1). Specifically, mutant lines for the genes encoding the MYB family transcription
factor PHL8 (phl8#1), the cysteine-rich receptor-like kinase 33 (crk33#1), and phospholipase
D gamma 2 (pldy2#1) displayed reduced sensitivity to BOT, while the mutant line for a
serine/threonine kinase gene (stk#1) showed enhanced sensitivity to BOT as compared to
the WT Col-0 (Figure 4 A, B). These observations suggest that PHL8, CRK33 and PLDy2
positively participate in the PCD response triggered by BOT, whereas STK may function as a
negative regulator. It is important to note that the CRK33, PLDy2 and STK genes are in close
proximity in the A. thaliana genome (at chromosome 4), and that the PLDy2 and STK genes
were both selected because of their location in close proximity of the same significant SNP

(Figure 3).

We next assessed the gene expression levels of three candidate genes (PHL8, PLDy2 and
STK) in WT Col-0 plants at different time points after BOT or mock treatment. The STK
transcript level was shown to be down-regulated in BOT-treated leaves at 10 and 24 hours
after the treatment, as compared to the control (Figure 4C). Transcript levels of PHL8 and
PLDy2 in BOT-treated leaves were similar to those in mock-treated leaves at all tested time

points (Figure 4C).
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Figure 4. Characterization of candidate genes. (A) Necrotic symptoms of Col-0 and four mutant lines
(phl8#1, crk33#1, pldy2#1 and stk#1), visualized by red-light emission on the 5t day after BOT
treatment. The right side of each leaf was infiltrated by 50 uM BOT and the left side was infiltrated
with 1% acetone at the same time. (B) Tukey box plots representing the difference in cell death
intensity triggered by BOT between Col-0 and mutant lines. Each box plot includes 160 datapoints
from two independent experiments (20 plants/experiment and 4 leaves/plant, and thus 80
leaves/experiment were treated by BOT). Asterisks indicate a significantly different BOT-sensitivity of
a mutant line compared to the WT Col-0. Statistical analysis was performed by t-test (*p<0.05,
**p<0.01 and ***p<0.001). (C) Relative expression levels of four candidate genes (PHLS8, PLDy2 and
STK) in Col-0 plants at 0, 3, 10 and 24 hours post infiltration of 50 uM BOT or control (1% acetone).
The transcript levels were normalized to the reference gene A. thaliana UBIQUITIN-10 at each
examined time point, using the calculation of 2"(A¢t), Data are presented in bar charts (mean value and
standard errors from 4 biological replicates), and statistical analysis was performed by a t-test to
compare the mRNA level between leaf samples treated with BOT to the control at each time point.
The significant differences are shown by asterisks (* p< 0.05, ** p< 0.01). The CRK33 gene was not
examined by RT-gPCR yet which remains to be done (C), though the mutant line for this gene displayed
a reduced BOT-sensitivity (A, B).
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STK plays a role in resistance to B. cinerea in A. thaliana

Six A. thaliana mutant lines were tested for their susceptibility to B. cinerea WT strain
B05.10 and a Abot2 mutant strain. The B. cinerea Abot2#1 mutant caused expanding lesions
at a low frequency on leaves of WT Col-0, while expanding lesions were observed in ~ 97 %
of the WT B05.10-inoculated Col-0 leaves (Figure 5A, B). These observations are in line with
the findings in Chapter 4. Five out of the six tested A. thaliana mutant lines did not show a
significant difference in susceptibility to B. cinerea compared with the WT Col-0
(Supplementary Figure S3), and these mutants were also not significantly different in BOT-
sensitivity compared to the WT plant (Supplementary Figure S1B). Interestingly, the stk#1
mutant, which showed a significantly higher BOT-sensitivity compared to the WT Col-0
(Figure 4), exhibited enhanced susceptibility to both WT B05.10 and Abot2#1 mutant (Figure

5A, C). This indicates that STK may contribute to host resistance against B. cinerea.

Despite that the disease incidences of WT B05.10 and the Abot2#1 mutant were not
significantly higher in the stk#1 mutant than in WT Col-0 (Figure 5B), the difference in
virulence between Abot2#1 and WT B05.10 was slightly larger in the stk#1 mutant than in
WT Col-0 (Figure 5C). The expanding lesion size of Abot2#1 was not significantly different
from the WT B05.10 on leaves of WT Col-0, while the lesion size of Abot2#1 was significantly
smaller than the WT fungus on the stk#1 mutant (Figure 5C). Since the difference in
virulence of Abot2#1 compared to the WT B05.10 in a plant could suggest the importance
of BOT for the fungus to infect the host, the higher reduction in virulence of the Abot2#1
mutant on the stk#1 mutant plant reflects that BOT contributes to the virulence of B. cinerea
to a larger extent during the fungal infection on stk#1 mutant than WT Col-0. This again

illustrates that STK might function as a negative regulator in the response to BOT.
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Figure 5. Susceptibility of the A. thaliana mutant line stk#1 to the WT B. cinerea strain B05.10 and the
Abot2#1 mutant, compared to WT Col-0. (A) Necrotic lesions on leaves of Col-0 and stk#1 upon
infection, photographed at 3 days post inoculation (dpi). Orange arrows indicate the non-expanding
lesions caused by inoculation of Abot2#1 mutant on Col-0 and stk#1 leaves. (B) Disease incidence (the
ratio of the number of expanding lesions to the number of total inoculations) of WT B05.10 and
Abot2#1 on leaves of Col-0 and stk#1. The bar chart shows the mean disease incidence and standard
errors from three independent experiments. The statistical analysis was performed using a t-test for
each pair-wise comparison. Significant differences are shown by an asterisk (*p<0.05) and
nonsignificant differences as “ns”. (C) Tukey box plot depicting the lesion size (diameter in mm) caused
by the infection of WT B05.10 and Abot2#1 B. cinerea strains on leaves of Col-0 and stk#1. The non-
expanding lesions are defined by lesion diameters below 2 mm. Statistical analysis was performed
using Brown-Forsythe and Welch ANOVA tests (multiple comparisons) for plot (C), and significant
differences are indicated by asterisks (*p<0.05; *** p<0.001) and “ns” for nonsignificant difference.
The filled bars/boxes represent infection results from WT B05.10, and hatched bars/boxes represent
Abot2#1 B. cinerea in (B) and (C).
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Bulk segregant analysis reveals genomic association with BOT-sensitivity

Broad variation in the sensitivity to BOT was observed between the 333 A. thaliana
accessions, among which Uk-1 was one of the ecotypes displaying the lowest BOT-sensitivity
(Figure 2). Col-0, on the other hand, grouped with the sensitive accessions. The genome of
Col-0 is the best sequenced and assembled A. thaliana genome so far, and it is used as the
reference genome for the GWAS. The observation that Col-0 and Uk-1 display a very
pronounced difference in sensitivity to BOT (Figure 2), opens up the opportunity of a
forward genetics approach by bulk-segregant analysis (BSA), in parallel with the GWAS to
identify genetic loci associated with BOT-sensitivity. Uk-1 and Col-0 were crossed
(reciprocally) and the BOT-sensitivity of the two parental lines and Fi1 plants were
subsequently examined. The sensitivity of Col-0 to BOT was significantly higher than that of
Uk-1 and F1 plants, while there was no significant difference in sensitivity between Uk-1 and
F1 (Figure 6A). In the next generation, a BOT-sensitivity test was performed on 217 F2 plants
grown from seeds collected from a single F1 plant. A large quantitative variation in sensitivity
levels was observed among the 217 F2 plants, ranging from values that resembled the
insensitive and sensitive Uk-1 and Col-0 parents, respectively. However, many F2 plants
displayed intermediate levels of sensitivity to BOT and also strong transgression in both

directions occurred (Figure 6B).

To perform a BSA with the aim to identify genetic loci associated with BOT-sensitivity, we
applied a whole-genome sequencing (~220x coverage) to two DNA pools. Each of these
pools contained DNA samples from the 20 F individual plants that displayed the lowest and
the highest sensitivity to BOT, respectively. The two DNA pools were designated as ATI (A.
thaliana insensitive) and ATS (A. thaliana sensitive). The sequencing data were analyzed for
SNP frequency based on the reference (parental) genome Col-0 using SHOREmap
(Schneeberger et al., 2009). The frequencies of all SNPs in all five chromosomes in ATl and
ATS were then plotted and analyzed for distortions of the expected 1-to-1 segregation ratio
(Figure 7). As the sensitive parental line Col-0 provided the reference alleles, the genetic loci
associated with insensitivity to BOT were expected to be overrepresented by SNPs
descending from the insensitive parent Uk-1. Genomic regions, containing a relatively high
frequency of SNPs (0.8-1.0) in the ATl pool but a medium to low frequency (< 0.5) in the ATS
pool, were predominantly found in chromosomes 1, 3 and 5. These regions might represent
genetic variation explaining the insensitivity to BOT (Figure 7). A region at the end of
chromosome 4 showed a contrasting pattern, as the frequency of SNPs was high in the ATS
pool but low in ATI (Figure 7). This region might contain genetically variable loci explaining

higher sensitivity to BOT.

168



Chapter 7

o

L

A KKK
HHRx
159
3
Z 10 ns Col-0 F1 Uk-1
>
= 0o
g -
$ 5 oG] Q' ® " (
5 ﬂ :
m -L r j\ =1
0 T T T
Col-0 F1 Uk
B 40 — =
30 — —
Uk-1
> v -
S 20 Col-0
2 v
g
[T
10 - H
I—I |_| H 1 |_| [l i
T T T T T T T 71T 1
PN PO DY >R D PN P QDS NP

0\‘ N :b' :5. ‘r\y 'u. 'Cy 'c). ‘6' '6' :\. 'Q)' 'Q)' ’g. ‘g. \Q‘ \y\. \'\' \(v \cb.

G P M Y I A A - A R S N M R PR P
VAT R 42 N 0P WS (P gV P AP N ¢V 0P (P S R S
LR\ NN
BOT - sensitivity (RI)
Insensitive m—— eesssssmmm Sensitive

Figure 6. BOT-sensitivity of Col-0, Uk-1, F1 and F2 plants. (A) The Tukey box plot on the left shows the
difference in BOT-sensitivity between Col-0 (16 individual plants), Uk-1 (16 plants) and F1 plants (20
plants). The statistical analysis was performed using a one-way ANOVA test, and the significant
differences are shown in asterisks (*** p<0.001) and the non-significance is shown as “ns”. On the
right of panel (A), images show the red light emission by representative leaves of Col-0, Uk-1 and F1
which were infiltrated with 50 uM BOT on the 5 day after treatment. (B) Histogram representing the
quantitative variation in BOT-sensitivity (RI) among 217 F; plants. The BOT-sensitivity levels (mean RI)
of Col-0 and Uk-1 are indicated in this histogram by the blue and pink arrows, respectively.
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Figure 7. SNP frequency in BSA pools of ATl and ATS in each of the five chromosomes of A. thaliana
Col-0, represented by dot plots. The x-axis shows the position of the SNPs and the y-axis shows the
frequency of each SNP. A scale is shown at the bottom of this figure, which is applied to all five
chromosomes. The SNP-frequency of 0.5 is indicated by grey dashed lines. Regions marked by both
blue and black dashed frames indicate contrasting landscapes of the two pools. The blue frames
indicate regions with higher SNP frequency in ATI than ATS, and the black frame indicates a region

where higher SNP frequencies were found in ATS than ATI.
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Discussion

This study demonstrates that BOT can induce a cell death response in A. thaliana in a dose-
dependent manner, as well as other plant responses (ROS burst and MAPK activation) that
resemble common outputs of ETI (Figure 1). BOT makes an important contribution to the
virulence of B. cinerea on A. thaliana (Chapter 4 and Figure 5). Therefore, this non-
proteinaceous effector acts as a virulence factor which might be useful as an appropriate
tool to explore Susceptibility or Resistance genes in A. thaliana. This can be implemented
by identifying plant genes involved in the PCD response induced by the toxin. The A. thaliana
npr1#1 mutant displayed a reduced sensitivity to BOT (Figure 1D), which further confirms
that SA signaling plays a positive role in the BOT-induced PCD response, as previously
proposed by Rossi et al. (2011). Secondly, BOT may induce a specific type of plant PCD
referred to as apoptosis (‘self-killing’), considering the following aspects. 1) The PCD balance
between apoptosis and autophagy was suggested to be key to disease progression in the
early phases of B. cinerea infection (Veloso & van Kan, 2018); 2) BOT triggers plant
responses that are commonly thought to be associated with HR (Rossi et al., 2011); the
Bcbot2 gene is the key gene in the BOT-gene cluster and displays a transient expression
peak at 12-16 hpi (the initiation and completion of forming the primary necrotic lesion)
while its expression decreases at 24 hpi (the onset of lesion expansion) as shown in Chapter
6.

Plant apoptotic PCD is mediated by metacaspases (MCs), which are homologs of caspases
that are classified in the clan CD of cysteine proteases and were initially identified in animals
(Tsiatsiani et al., 2011; Vercammen et al., 2007). Two A. thaliana type | MCs, MC1 and MC2,
have been reported to antagonistically regulate PCD. MC1 positively regulates cell death
while MC2 counteracts the promoted cell death effect of MC1 (Coll et al., 2010). We
observed that the BOT-induced necrotic symptoms were less severe in leaves of mc1#1
mutant than the WT Col-0 (Figure 1E), suggesting that the PCD induced by BOT is (at least
partly) activated through the function of MC1. However, we did not detect obviously
increased cell death intensity upon BOT treatment in the mc2#1 mutant (data not shown).
In addition, some of the six other A. thaliana type Il MCs have been annotated. For instance,
MC4 (alternatively named MC2d) positively regulates cell death induction upon biotic or
abiotic stress, demonstrated by the phenotypes of MC4-knockout, -overexpression, or -
inactivation mutants (Watanabe & Lam, 2011). Furthermore, the MC8-knockout and -
overexpression mutants display reduced and increased PCD triggered by UV light and H20-,

respectively (He et al., 2008). It requires further investigation to validate whether (and
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which) members of the metacaspase family can also suppress the PCD response triggered
by BOT in A. thaliana.

After applying a reverse genetics approach to validate the roles of NPR1 and MC1 in the
plant response to BOT, two forward genetic approaches (GWAS and BSA) were adopted in
parallel to identify more genes (or loci) associated with the sensitivity to BOT. These forward
genetic approaches are considered to be (almost) non-biased, as they may reveal genes that
have never before been reported to be correlated either with sensitivity to phytotoxins,
susceptibility to B. cinerea or PCD signaling. By comparing the results of our GWAS study
with that from Coolen et al. (2019), which reported a GWAS performed for traits regarding
Botrytis susceptibility in combination with additional biotic or abiotic stresses, we found
that the loci associated with BOT-sensitivity in this study (mostly) do not overlap with the
loci correlated to the resistance to B. cinerea revealed by Coolen et al. (2019)
(Supplementary Figure S4). This is not surprising since the plant susceptibility to B. cinerea
involves many more variables besides the response to BOT. Using the fungus to screen the
same HapMap population could have identified loci associated with plant responses to
multiple B. cinerea virulence factors, but also with the level of camalexin, or with the
structure or composition of the cuticle. In contrast, we only used the toxin in the screening,
which restricted the range of plant components involved in the response to this single
virulence factor. The GWAS in our study identified a serine/threonine kinase-encoding gene
(STK, At4g11845) as a candidate, and the A. thaliana stk#1 T-DNA insertion mutant indeed
showed increased sensitivity to BOT, as well as enhanced susceptibility to the fungus (Figure
4 and 5). These observations suggest that STK not only acts as a suppressor of the cell death
response to BOT, but also confers partial resistance to B. cinerea. The STK protein is
annotated as positive regulator of brassinosteroid (BR) signaling downstream of the
receptor kinase BRI1 ( the receptor for brassinolide) and is predicted to be located at the
cell membrane, based on annotation in Uniprot (UniRule - UR001627761). BRI1 is able to
form heterodimeric complexes with another LRR-RLK, BRI1-associated receptor kinase 1
(BAK1), and thereby modulate BR signaling (J. Li et al., 2002). We speculate that STK binds
to BRI1 which can subsequently associate with BAK1, thereby preventing BAK1 from
interacting with other receptor proteins, which would lead to the induction of PCD. This
could explain the increased susceptibility of stk1#1 mutants, and future research should
include experiments to test whether the bril mutant also shows higher sensitivity to BOT

and increased susceptibility to B. cinerea.

In contrast to the phenotype of the stk#1 mutant, the phI8#1, crk33#1, and pldy2#1 plants
were less sensitive to BOT compared with WT Col-0 (Figure 4). The susceptibility of these
three mutants to B. cinerea will be further tested in the near future. It is anticipated that
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these mutants confer increased resistance to B. cinerea, and thus that PHL8, CRK33 and
PLDy2 function as S genes in A thaliana. PHL8 belongs to the Myb transcription factor (TF)
family, which in A. thaliana contains ~200 members that participate in a broad spectrum of
processes, including responses to biotic stresses and HR induction (de Vos et al., 2006;
Repetti & Staskawicz, 2002). Transient overexpression of CaPHL8 in pepper (Capsicum
annuum) induces an HR, increased ROS production and up-regulation of immunity-
associated marker genes (Noman et al., 2019). Although CaPHL8 in pepper is
phylogenetically relatively distant from AtPHLS in A. thaliana, it is likely that the PHL8 Myb
TFs play a positive role in plant PCD in both plant species.

The family of cysteine-rich receptor-like kinases (CRKs) in A. thaliana contains 44 members,
which have been suggested to play roles in mediating defense responses and PCD (Wrzaczek
et al., 2010). An earlier study examined the transcription profiles of the 44 CRKs, revealing
that the expression levels of a subset of CRKs were upregulated (e.g., CRK11, 36, 37 and 45)
or downregulated (e.g., CRK4 and 21) during B. cinerea infection, while CRK33 was not
transcriptionally regulated in either direction (Wrzaczek et al., 2010). Other studies
reported similar findings of different CRKs having opposite functions in defense against
pathogens. For instance, CRK45 contributes to resistance against Pseudomonas syringae (X.
Zhang et al., 2013), while CRK20 contributes to susceptibility to P. syringae (Ederli et al.,
2011). In addition, our study suggests CRK33 as a participant in the PCD response induced
by a fungal phytotoxin.

PLD is responsible for the production of phosphatidic acid (PA) through hydrolyzing
membrane phospholipids. Both PLD and its product PA exert influence on signal
transduction cascades. The plant PLD family is large and diverse PLD isoforms participate in
responses to various stresses (Bargmann & Munnik, 2006; J. Li & Wang, 2019). A recent
study reported that an A. thaliana mutant in PLDy1 displayed increased resistance against
B. cinerea (Schloffel et al., 2019). By contrast, B. cinerea inoculation on pldy2 and pldy3
mutant plants results in lesions with similar sizes but elevated fungal biomass (indicated by
DNA content), as compared to the WT Col-0 plant (Schloffel et al., 2019). The increased B.
cinerea biomass in the p/dy2 mutant supports our hypothesis that PLDy2 may contribute to

the susceptibility of A. thaliana to B. cinerea.

The identification of host genes that contribute to susceptibility offers perspectives for
engineering resistance (van Schie & Takken, 2014). The S genes participating in the
sensitivity to BOT may serve as a starting point for identifying orthologs in crop species and
for testing whether mutants in these orthologs indeed display increased resistance to B.

cinerea. Alternatively, it may be feasible to test germplasm of crop species with BOT and
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perform GWAS to find associations to the sensitivity to BOT, as well as susceptibility to the
fungus. As described in Chapter 6, BOT plays an important role in promoting disease
incidence of B. cinerea on tomato leaves, since inoculation with the B. cinerea Abot2#1
mutant caused significantly lower symptom development than the WT fungus on this host.
Hence, altering plant genes that contribute to BOT-sensitivity offers perspectives for
obtaining (partial) resistance to B. cinerea in tomato. Molecular markers of >770 tomato
accessions are available, and GWA studies using these tomato accessions have already been
performed (Zhang et al., 2015; Zhao et al., 2019). Based on these technical advances, it
seems resourceful to perform GWAS to find genetic variants explaining the variation in

sensitivity to BOT in tomato.

This study identified novel genes involved in the PCD signaling cascade triggered by BOT,
which demonstrates that mining the molecular mechanisms underlying the mode of action
of a virulence factor of a necrotrophic pathogen can contribute to increasing host resistance.
Nevertheless, a number of additional experiments need to be performed to corroborate our
findings or to answer emerging questions derived from our observations. Firstly, since only
a single mutant line was tested for each of the genes (STK, PHL8, CRK33 and PLDy2) in this
study, it would strengthen our conclusions to perform BOT-sensitivity and B. cinerea
virulence assays with additional mutant lines or with a complemented transformant line to
verify the functions of these genes. Secondly, apart from studying the role of individual
genes in the plant response to BOT, the simultaneous effect of two genes can be evaluated
by investigating the BOT-sensitivity of double-mutant plants, generated from crossing two
single mutant lines. Notably, the list of 36 candidate genes selected by GWAS contains six
members from the family of cysteine/histidine-rich C1 domain (CHC1) genes. Mutants for
two of them (CHC1a and CHC1b) do not express a significant difference in BOT-sensitivity
as compared to the WT plant, but that does not necessarily imply that these CHC1 proteins
do not participate in the response to BOT. Instead, it is possible that CHC1 proteins function
redundantly and could compensate for each other’s loss of function in single mutants.
Therefore, generating double mutants or even multi-mutants may offer a chance to
elucidate the roles of multiple functionally redundant genes. Thirdly, the genetic
approaches taken in this study have explored genes associated with BOT-sensitivity at the
DNA level (by SNPs between sensitive and insensitive accessions), but the differential
expression of genes involved in the response to BOT has not been taken into account yet.
Figure 4C confirms that BOT treatment suppresses the expression level of STK, which acts
as a negative regulator in the PCD response to the toxin. In contrast, genes that are
commonly considered to be markers of HR, JA (or SAR) and JA signaling were reported to

be upregulated at different time points in Col-0 leaves after application of BOT (Rossi et al.,
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2011). Moreover, more than 600 A. thaliana genes are induced by B. cinerea infection, and
A. thaliana mutants of two Botrytis-induced genes show increased susceptibility to the
fungus (AbuQamar et al., 2006). Therefore, performing an RNA-sequencing experiment
using Col-0 together with the most insensitive and sensitive accessions may offer novel
insight about genes that affect BOT-(in)sensitivity via dynamics in their transcript levels.
Finally, the BSA approach in the F2 population (Uk-1 x Col-0) lacked resolution because BOT
sensitivity was associated with genomic regions that covered around a quarter to two thirds
of chromosomes 1, 3 and 5. This finding can be explained by the small population (and pool)
sizes and the limited recombination frequency in the F2 population. For these reasons,
linkage disequilibrium (LD) can be high, leading to a genetic hitchhiking effect. It can be seen
that SNP frequencies within the marked regions in Figure 7 between the two pools were
not remarkably distant (ASNP-frequency was around 0.3). This might be the consequence
of stochastic distortions which could mask or confound with causal associations. The
genomic region in chromosome 4, displaying an inverse landscape in ATI/ATS - SNP
frequency from the three regions in chromosome 1, 3 and 5, appeared to be positively
correlated with sensitivity to BOT (Figure 7). This explains that Uk-1 is not completely
insensitive to BOT (Figure 2B and 6A) and that it still possesses alleles that increase the cell
death response induced by BOT. Finally, in order to narrow down the genomic regions
harboring associations with BOT-sensitivity, it is worthwhile performing the BSA with
additional F2 individuals that are recombinant in those candidate regions and then a fine
mapping using the BSA approach with an inbred F6 or F8 population (Uk-1 x Col-0).
Collectively, our study provides better understanding of molecular mechanisms underlying
the host response to the B. cinerea virulence factor BOT. We unraveled a considerable
amount of candidate genes associated with BOT-sensitivity, of which four have been
validated in this study and more remain to be further verified as potential S/R genes to B.

cinerea.
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Materials and Methods

Plant materials and growth conditions

A. thaliana plants were grown as described in Chapter 2 (Qin et al., 2023). The core set of
360 accessions from the HapMap population was kindly provided by the Laboratory of
Genetics from Wageningen University. The detailed mapping information of these

accessions is available at https://naturalvariation.org/hapmap/. Seeds of T-DNA mutant

lines used in this study, summarized in Table 1 and Supplementary Table S1, were ordered
from the Nottingham Arabidopsis Stock Centre (NASC). Genotyping of the mutant lines was

performed by PCR using primer combinations shown in Supplementary Table S2.
B. cinerea strains and growth conditions

B. cinerea WT strain B05.10 (van Kan et al., 2017), Abot2#1 (Leisen et al., 2020b), and
Aboa6#1 (Dalmais et al., 2011) were used in this study. The fungal strains were grown and
conidia were harvested as described in Chapter 2 (Qin et al., 2023). Conidia suspensions

were stored in darkness at 4 °C until use.

Extraction and purification of BOT

BOT was extracted and purified as described in Chapter 4 of this thesis.

BOT application on Arabidopsis plants and quantification of cell death intensity

For the BOT toxicity test using different concentrations of BOT and the screening of 359 A.
thaliana accessions, droplets of four pl containing a defined concentration of BOT (dissolved
in 40% acetone) were applied to the adaxial surface of A. thaliana leaves in living plants. To
achieve a higher reproducibility and more distinct variation between plants with different
BOT-sensitivities, the mutant plants used for functional validation of candidate genes and
F1/F2 plants (Col-0 x Uk-1) together with their parental lines were treated by infiltration of
50 uM BOT (dissolved in 1% acetone) on the right side of the central vein of each leaf. The
left side of each BOT-treated leaf was infiltrated by 1% acetone as control. The treated
plants were incubated in closed boxes with transparent lids in a climate chamber at 21 °C
for day and 19 °C for night under a 12-hour day/night cycle. BOT-treated leaves were
detached from the living plants on the 5% day after the treatment, and photographed using
the red fluorescent protein (RFP) channel in the ChemiDoc™? machine (model Universal
Hood lll, Bio-Rad) (Landeo Villanueva et al., 2021) with 1 sec exposure time. The BOT-
triggered cell death intensity was quantified by two different approaches depending on the
method of BOT treatment. 1) The leaves treated by applying BOT droplets on the adaxial

surface were scored using a relative red light intensity (RI) approach. The mean red light
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emission intensity in the BOT-treated area was quantified by a circle with a fixed size,
drawing by the circle volume tool in the ImagelLab software (Bio-Rad). The signal in the area
treated by 40% acetone (no necrotic symptom) was quantified in the same way to be used
as a background. The intensity of cell death response triggered by BOT (RI) was shown as
the ratio of the mean intensity (BOT-treated area) to the mean intensity (negative control
area). 2) The leaves treated by infiltrating the leaves with BOT solution were scored using a
relative integral intensity (RIl) approach. The images generated by the ChemiDoc? machine
were first converted from .scn to .tiff format using the software Fiji/Imagel) (Supplementary
Data S3). To measure the intensity of each treatment per leaf from the images, a python
script was used (Supplementary Data S3). The results were then processed and adapted by
an R studio script (Supplementary Data S3 and Supplementary Figure S5). However, the
quantification of BOT-sensitivity in the F2 population (Uk-1 x Col-0) was performed using
the Rl approach, since the RIl method had not been developed when the F2 plants were
scored. The quantification results using the RIl method to compare BOT-sensitivity between
mutant plants and WT Col-0 were plotted as Tukey box plots and tested for statistical

significance by t-test, following the guidelines of the GraphPad Prism software.
B. cinerea infection assay

The B. cinerea infection assay was performed as described in Chapter 2 (Qin et al., 2023).
The measured lesion sizes were plotted in Tukey box plot and the statistical analysis was

performed using an ANOVA test following the recommended approach in GraphPad Prism.
Assays for plant immune responses

Mature rosette leaves in 5-week-old A. thaliana plants were used for both the ROS burst
and MAPK activation assays. The ROS burst was performed as described in Huang et al.
(2021), and the applied concentrations of BOT are shown in the legend of Figure 1. The
MAPK activation in A. thaliana leaves that were infiltrated with 50 uM BOT or 1% acetone
(control solution) was assessed by performing a western blotting experiment using an a-
phospho-p44/42 MAPK antibody, mainly as described in Wan et al. (2019). The sampling
time points after BOT/control treatment for the MAPK assay are shown in the legend of

Figure 1.
Quantification of gene expression level by RT-qPCR

A. thaliana leaves were fully infiltrated by 50 uM BOT or 1% acetone (control) were excised
from living plants at defined time points (t=0, 3, 10 and 24 hours post infiltration). The leaf
samples were further processed for RNA extraction, cDNA synthesis and RT-gqPCR using 30

177



Chapter 7

ng cDNA, mainly as described in Chapter 2 (Qin et al., 2023). The reference gene and the
calculation of relative expression are described in the legend of Figure 4.

GWAS analysis

The logRl values of the 333 tested accessions were used as the input phenotype, the GWAS
was performed using a standard linear regression model (LM) in GWA-Portal as described
by Seren et al. (2012). The GWAS result can be viewed as a Manhattan plot in an interactive
way, which exhibited the negative log P values for the SNP association and positions of the
SNPs in all five chromosomes of A. thaliana. The minor allele count was set to be no lower
than two (MAC 2 2) and an arbitrary threshold of -log(P-value) = 6.0, resulting in the

Manhattan plot shown in Figure 7.
BSA analysis

The most insensitive and sensitive 20 individuals from the F2 (Uk-1 x Col-0) population were
chosen to be combined, which resulted in two pools named ATl and ATS, respectively. DNA
extraction was performed using one mature leaf of each plant by a CTAB-based chloroform-
isoamylalcohol method. DNA concentrations from the 20 plants of the ATI (or ATS) pool
were measured by a Qubit fluorometer and then confirmed by a 0.8% agarose gel. DNA
samples from the 20 plants of each pool were mixed by adding equal amount of DNA from
each plant, resulting in two DNA samples named ATl and ATS. These two DNA samples were
constructed for two separate DNBseq Normal DNA libraries, followed by whole genome
sequencing with a DNBSEQ platform (paired-end sequencing with 150 bp-reads and an
output of 150 Million read depth per sample) which was executed by BGI TECH SOLUTIONS
(HONGKONG) CO., LIMITED. The sequenced short reads were processed for mapping and
SNP calling using the pipeline of SHOREmap with default settings (Schneeberger et al., 2009).
The SNP frequencies ATl and ATS on each chromosome were plotted using R packages
karyoploteR (Gel & Serra, 2017) and Sushi (Phanstiel et al., 2015). Scripts are provided by
Supplementary Data S4.
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Supplementary Figure S1. Cell death response to BOT quantified by red light emission in various
mutant plants compared to WT Col-0 plants. These mutant lines displayed no significant difference in
BOT-sensitivity (measured by RIl) compared to the WT Col-0, depicted by Tukey box plots. Each box
plot includes ~ 160 datapoints collected from two independent experiments (20 plants/experiment
and 4 leaves/plant, and thus 80 leaves/experiment were treated by BOT). (A) The mc8#1 mutant was
selected based on the hypothesis that BOT might induce apoptotic-like PCD, and (B) the mutants were
selected from the GWAS to identify candidate genes associated with BOT-sensitivity.
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Supplementary Figure S3. Susceptibility to WT B. cinerea and a Abot2#1 mutant in five A. thaliana
mutant lines, compared to WT Col-0. The Tukey box plots depict the lesion size caused by the infection
of WT and Abot2#1 B. cinerea strains on leaves of Col-0 and mutant plants, and the lesion size is
indicated by diameter (mm) measured at 3 dpi. Each box plot includes around 60 total inoculations
collected from 2 independent experiments. Statistical analysis was performed using Brown-Forsythe
and Welch ANOVA tests (multiple comparisons), significant differences are indicated by asterisks (***
p<0.001) and “ns” for nonsignificant difference.
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Supplementary Figure S4 Comparison of GWA studies involving B. cinerea resistance. (A) Genomic
SNP association with sensitivity to BOT (this study). (B) Genomic SNP association with the level of B.
cinerea resistance and QTL mapping in the MAGIC population (in green) (Coolen et al., 2019).
Significance of SNPs is indicated on the y-axis (- logl0(p-values), SNP positions on the five

chromosomes are depicted in alternating colours. Horizontal lines indicate significance threshold
levels.
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A Leaf treated by a droplet of BOT on the surface

Intensity measured by the volume tool in ImageLab

NAO‘ Label Mean Value (Int) Std. Dev. Area (mm2)
1 u1 1,372.5 8234 6.7
2 u2 322.0) 435 6.7

Relative Intensity (RI) = Mean Value (Intensity) BOT-treated area

Mean Value (Intensity) control-treated area

B Leaftreated by infiltration of BOT

Intensity measured by the python script and data processed in R

*x 8 4
ne
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B E-
=" integrated
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£
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Radius (pixel)

Integrated intensity BOT-treated area

Relative Integral Intensity (RIl) =
Integrated intensity control-treated area

Supplementary Figure S5. The BOT-sensitivity of a tested leaf was quantified by either (A) the relative
intensity (RI) approach or (B) the relative integral intensity (RII) approach, depending on whether the
leaf was treated by a droplet containing BOT or infiltrated by BOT solution, respectively.
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Supplementary Table S1. A. thaliana T-DNA mutant lines used in this studies, shown together with
their corresponding candidate genes selected from the GWAS result or literature.

protein kinase 31

Origin Gene ID Protein description* Gene name |Mutant line #1**  |Mutant line #2**
. Mengiste et al.
At3g06490 Redox stress sensitivity BOS1 Salk_076395C
(2003)
At5g03280 Impaired ethylene responses |EIN2 Alonso et al. (1999) | Salk_086500C
At3g20770 Impaired ethylene responses |EIN3 Chao et al. (1997) |
Literature & — — -
. Impaired jasmonic acid Staswick et al.
hypothesis |At2g46370 . . JAR1 Salk_059774C
signaling (1992)
At1g79340 |Metacaspase 4 Mc4 Salk_097134 -
At1g79310 Metacaspase 7 mc7 Salk_054230 Salk_148148C
At4g25110 |Metacaspase 2 mc2 Salk_009045 -
Disease resistance protein
AT5G51630 . TNL Salk_014431C Salk_124803C
(TIR-NBS-LRR class) family
GWAS
Cysteine-rich receptor-like
AT4G11470 CRK 31 Salk_106993C Salk_113269C

*Information of the descriptions of proteins encoded by these genes was supported by the publicly available

sources of Uniprot (https://www.uniprot.org) and the Arabidopsis Information Resource (TAIR:

https://www.arabidopsis.org/index.jsp).

** All of the mutant lines #1 were tested first for one experiment and did not show a significant difference in
sensitivity to botrydial compared to the WT Col-0, and thus the mutant line was not repeated to be assessed for

the BOT-sensitivity and mutant line #2 was not further tested.
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Supplementary Table S2. Primers used in this study.

Primer name

sequence (5'-3)

Description

Fw_AT5G39560 | TAGTTATGTGGCGTCCGGTG gPCR primers for the Arabidopsis gene GO (AT5G39560)
_gPCR

Rv_AT5G39560 CACACAACTTGGGGACCGTA

_qPCR

Fw_AT1G69580 | CTCGGAAGTGATGAAGGGGA gPCR primers for the Arabidopsis gene PHL8
_gPCR (AT1G69580)

Rv_AT1G69580 | TTCGTACACGCCTCCATGTC

_qPCR

AT4G11845_qgP | TTTTGGAACCGTTTTGCTCGAT gPCR primers for the Arabidopsis gene STK (AT4G11845)
CR_fw

AT4G11845_qgP | AGATTCCTGCATCTGGGTTGT

CR_Rv

Fw_AT4g11830 | TTGGGGACAGTATGCAGCAG gPCR primers for the Arabidopsis gene PLDy2
_qPCR (AT1G69580)

Rv_AT4g11830_ | TCCTATGATCTTGCCACCGA

qPCR

Fw_UB_ori_shif
ted

CCCTGATGAATAAGTGTTCTACT
ATGTTTCCG

Rv_UB_ori_shift
ed

AACGAAGCGATGATAAAGAAG
AAGTTCG

gPCR primers for the Arabidopsis reference gene
UBQUITIN10 (AT4G05320)

Salk_LBal

TGGTTCACGTAGTGGGCCATCG

universal primer for screening SALK T-DNA lines; use it
together with specific primers of each mutant line for
genotyping

pAC161_02588 CGCCAGGG CCCAGTCACG universal primer for screening GABI T-DNA lines; use it
ACG together with specific primers of each mutant line for
genotyping
SALK_023381C_ | ACAAGTCGTCCAATTTGGTTG genotyping mutant line rlp34#1

LP

SALK_023381C_
RP

TCCAATTGAAGACGGAAACTG

Salk_127176C_ ACAAGTCGTCCAATTTGGTTG genotyping mutant line rip34#2
Fw

Salk_127176C_ GCCAAAAGAAGATGGGATTTC

Rev

SALK_148581C_ | AAAAACGTTGCGTTTTGAATG genotyping mutant line go#1

LP

SALK_148581C_
RP

ATAGTACCGGTACCGGTGAGG

185



Chapter 7

Salk_066527C_
Fw

AAAAACGTTGCG GAATG

Salk_066527C_
Rev

ATAGTACCGGTACCGGTGAGG

genotyping mutant line go#2

SALK_067928C_ | ACGACAACTTCCAAACGTTTG
LP
SALK_067928C_ | ATTTTGCAGGGTGTGTGAGTC

RP

genotyping mutant line chcla#1

Salk_087757C_
Fw

GGAGTCTGATGATGACGATCG

genotyping mutant line chcla#2

Salk_087757C_ | TTTCTAGGAGATTCAGCGCAG

Rev

GABI_272G02_ TCCGAGTTGATCTCCATCAAC genotyping mutant line phl8#1
Fw

GABI_272G02_ TCATCGAAGCCGTTAATCAAC

Rev

SALK_057434C_ | ATCAG CGGGTCAAATCC genotyping mutant line rip35#1
LP

SALK_057434C_ | TCATAGATGGTTTCCGGACAG

RP

SALK_148136C_ | ACCGGAGTTGTCATCTCTGTG genotyping mutant line crk33#1
LP

SALK_148136C_ | TTCTTGCCATTCCAAAATCTG

RP

Salk_119041C_
Fw

TATAATCCGAGGATGCGTCAG

Salk_119041C_
Rev

ATTGTACCATGGAAGCGTCTG

genotyping mutant line crk33#2

Salk_102871C_
Fw

CTGAGGGTGAACAGGCTGTAG

genotyping mutant line dir15#1

Salk_102871C_ | TGTTTACAGGAAAAAGA CcT

Rev cc

Salk_014510C_ GAAACCCTAGATGTTCTGCCC genotyping mutant line pldy2#1
Fw

Salk_014510C_ TGGGATTCAAACAAGGACTTG

Rev

SALK_208188C_ | TATTGGTCAAATGGCTTGTGC genotyping mutant line chc1b#1
LP

SALK_208188C_ | TGATTCATGCGCTAATCTTCC

RP
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The following Supplementary materials are available to be downloaded from the
“Supplementary materials_PhD thesis_Qin(2023).zip” file, and thus only legends are shown

below.

Supplementary Data S1. The Rl value and logRI of each ecotype (sheet 1) as well as their origins
(country, longitude and latitude, in sheet 2) that were used as the input data for the GWAS analysis.

Supplementary Data S2. Sheet 1 contains all ~240 genes located in a window of 20 kb surrounding
the significant SNP (10 kb up- and down-stream), (Supplementary Data S2); Sheet 2 contains a final

set of 36 candidate genes.

Supplementary Data S3. Contains scripts (a python script and an R studio script) used for the
quantification of integrated red light intensity upon BOT treatment and control treatment.
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Chapter 8

The necrotrophic plant pathogen Botrytis cinerea secretes an array of effectors during
infection on host plants. In this thesis, the term effector is defined as any secreted molecule
from a pathogen that can suppress or induce plant defense responses and modulate plant
physiology (Chapter 1). Effector molecules can be classified into four groups: 1. secreted
proteins that are usually cysteine-rich and small; 2. small RNAs (sRNAs) that can be
translocated into host cells and interfere with the expression of genes involved in plant
immunity; 3. secondary metabolites (SMs) that modulate host immunity and physiology;
and 4. plant hormones produced by a pathogen. Experimental results of this thesis
especially encompassed the contribution of B. cinerea sRNAs (Chapter 2) and two major
phytotoxic SMs (Chapter 4 and 6) to the virulence of the fungus on different plant species.
Besides, we examined the role of one phytotoxin, botrydial (BOT), in triggering cell death in
lilies and in the virulence of the lily specialist B. elliptica (Chapter 5). To investigate the plant
— B. cinerea interaction from an inverse angle, we studied the effect of a plant sRNA that
was predicted to target an effector protein of B. cinerea (Chapter 3) and attempted to
identify plant genes that participate in the response of Arabidopsis thaliana to BOT (Chapter
7).

The effectiveness of the natural occurrence of cross-kingdom RNA interference is
disputable

The phenomenon that sRNAs derived from B. cinerea (Bc-sRNAs) can be naturally
transferred into plant cells and subsequently down-regulate the transcript level of matching
host genes by RNA interference (RNAi) was first reported by Weiberg et al. (2013). As some
of the targeted plant genes participate in immune responses, the silencing mediated by
fungal SRNAs may favor the invasion of the pathogen (Weiberg et al., 2013). For this reason,
fungal sRNAs which play a role in regulating host immunity via the natural occurrence of
cross-kingdom RNA interference (ckRNAi) can be considered as effectors. These Bc-sRNAs
are initially generated through the cleavage of non-coding single-stranded RNAs with
hairpin structures and double-stranded RNAs (dsRNAs) by DCL proteins in the fungus,
before being translocated into host cells (Weiberg et al., 2013). Complexes composed of
fungal sRNAs, plant AGOs and auxiliary proteins execute silencing of target transcripts in
the host plant (Weiberg et al., 2013). The contribution of Bc-sRNAs to fungal virulence was
tested by Weiberg et al. (2013) and later by our study in Chapter 2 (Qin et al., 2023), via the
generation of B. cinerea double mutants that were defective in the only two Dicer-like genes
Bcdcll and Bcdcl2. The virulence of the mutant obtained by Weiberg et al. (2013) was
strongly impaired, but this ABcdcl1/ABcdcl2 mutant displayed pleiotropic phenotypes in

vitro (namely retardation in growth rate and aberrant sporulation).By contrast, three
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independent ABcdcl1/ABcdcl2 transformants that we generated showed neither reduction
in virulence on four distinct host species, nor any detectable growth defects as reported by
Weiberg et al. (2013). The divergent observations for the virulence of ABcdcl1/ABcdcl2
mutants from Weiberg et al. (2013) and Chapter 2 of this thesis triggered a debate on

whether Bc-sRNAs truly play a role in the virulence of B. cinerea.

Except for B. cinerea, the occurrence of ckRNAi has been reported in other plant-associated
microbes. The obligate biotrophic oomycete Hyaloperonospora arabidopsidis (Hpa) was
reported to deliver sSRNAs to silence Arabidopsis thaliana (Arabidopsis) defense genes and
these Hpa-sRNAs contribute to the virulence of the pathogen (Dunker et al., 2020). The
conclusions were supported by the enhanced resistance to H. arabidopsidis in Arabidopsis
agol mutants and also by transgenic Arabidopsis plants expressing a short-tandem-target-
mimic RNA to block three specific Hpa-sRNAs (Dunker et al., 2020). Besides, it has been
recently reported that a microRNA from the ectomycorrhizal fungus Pisolithus microcarpus
can enter root cells of its host plant and regulate host transcript levels to stabilize the
mutualistic interaction (Wong-Bajracharya et al., 2022). The application of synthetic SRNAs
that inhibit the endogenous fungal microRNA led to reduced capacity of the fungus to
colonize root tips (Wong-Bajracharya et al., 2022). It is worthwhile to further investigate
whether the sRNAs produced by H. arabidopsidis and P. microcarpus are indeed important
for the colonization on their respective host plants, via more direct approaches such as
generating mutants of the microbes lacking their respective dcl/ genes. Furthermore, it
seems plausible that the sSRNAs derived from the biotrophic pathogen H. arabidopsidis and
the mycorrhizal P. microcarpus could contribute more effectively to the colonization of the
host via ckRNAi than is the case of a versatile killer like B. cinerea. We have extensively
discussed in Chapter 2 the possible explanations why, in my opinion, the Bc-sRNAs may not
significantly contribute to virulence of B. cinerea, especially the highly aggressive strain
B05.10 which was used in both studies of Weiberg et al. (2013) and Qin et al. (2023).
Considering that the decisive processes for determining a successful or failed infection by B.
cinerea in the host occur roughly at 16 hours post inoculation (hpi), the ckRNAi would have
an impact on the fungal colonization only if essential plant immunity genes could be
suppressed by Bc-sRNAs at even earlier phases. However, the amount of fungal biomass is
extremely low as compared to plant biomass at the early interaction stage, reflected by ~1%
fungal sSRNAs (or mRNAs) in the total pool of SRNA (or mRNAs) in the whole dataset (Chapter
2). Therefore, it is highly unlikely that the sSRNAs produced by B. cinerea at this phase would
achieve a vigorous silencing effect on plant transcripts. Although it may happen that the
primary silencing of a target gene in the plant cell(s) would result in the production of larger

amounts of secondary sRNAs, this procedure would take some time and may not be
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sufficiently rapid to interfere with the fungal invasion processes mediated by cell-wall
degrading enzymes and phytotoxic molecules (proteins and SMs). Once lesion expansion
has been initiated, triggering plant defense responses, such as reactive oxidative species
(ROS) production and host programmed cell death, would actually facilitate the expansion
and consumption of dead tissues by B. cinerea instead of restricting the fungal invasion.
Unlike necrotrophs that feed on dead host tissues, the compatible colonization of
biotrophic and symbiotic microbes that grow in between living plant cells requires
continuous suppression of host immune responses and ultimately prevention of HR. In such
cases, the interaction would last sufficiently long for microbial biomass to accumulate, and
the power of ckRNAi mediated by sRNAs derived from these microbes might be effective in

attenuating host immunity during the interaction.

When turning to the inverse side of the plant-microbe interaction, plant sRNAs have also
been reported to regulate transcript levels in microbial pathogens through naturally
occurring ckRNAI. It has been demonstrated that a host plant can secrete exosome-like
vesicles containing sSRNAs which can subsequently be taken up by B. cinerea hyphae at the
infection site (Cai et al., 2018). In Chapter 3 of this thesis, we studied the effect of a single
tomato sRNA on silencing its sole predicted Bc-mRNA target. Although we could not observe
any impact of sSRNA1187 on the transcript level of Bespll, we discussed why it is still possible
for plant sRNAs to have an impact on the expression of B. cinerea genes that are involved
in fungal development or virulence. To directly prove the effect of plant sSRNAs in naturally
occurring ckRNAI, however, it remains challenging to design feasible experiments without
disturbing the plant genes that may be important for the endogenous RNAi machinery or

for plant fitness.

The role of BOT is not confined to the induction of host (programmed) cell death

As one of the two major phytotoxic SMs produced by B. cinerea, BOT has been studied more
extensively than other phytotoxins of this fungus. Purified BOT can induce chlorotic
symptoms and tissue collapse on leaves and fruits of several dicotyledonous plant species
(Colmenares et al., 2002; Rebordinos et al., 1996; Rossi et al., 2011). The phytotoxic activity
of BOT was further studied in Chapters 4, 5 and 7, resulting in several novel findings. First,
BOT-triggered necrotic symptoms were observed on leaves of dicots, some of which have
not been tested before (Chapter 4). In addition, we report for the first time that BOT can
also induce cell death in monocots, including lily, onion, wheat, maize and two model grass
species from the Digitaria genus (Chapters 4 and 5). In Chapter 7, we present evidence that
BOT-triggered plant responses resembling the common outputs of effector-triggered

immunity in Arabidopsis, and the BOT-induced programmed cell death (PCD) was likely
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activated through the signaling cascade for apoptosis (Figure 1A). Despite that all tested
plant species and cultivars responded to BOT treatment in this thesis, we observed notably
different BOT-sensitivity levels and necrotic symptoms. For instance, we observed a large
variation in BOT-sensitivity among 333 tested Arabidopsis ecotypes, which was used as
input for a genome-wide association study (GWAS) in order to identify plant genes that are
involved in the response to BOT. Since the BOT-deficient ABcbot2 mutant was almost
avirulent on Arabidopsis (Col-0) (Chapter 4), we hypothesized that Arabidopsis genes
contributing to BOT-sensitivity should also confer some degree of susceptibility to B. cinerea.
In line with this hypothesis, the Arabidopsis mutant in a serine/threonine kinase gene (STK,
AT4G11845) identified by the GWAS showed enhanced cell death response to BOT as well

as increased susceptibility to B. cinerea.

However, this correlation could not be simply applied to other pathosystems which were
studied in this thesis. When investigating the role of BOT in the B. elliptica — lily interaction
in four lily cultivars (Chapter 5), we did not observe a complete correlation between the
BOT sensitivity and the relative virulence of the B. elliptica ABebot2 mutants as compared
to the wild type (WT) fungus. Specifically, there was one Asiatic cultivar showing low BOT-
sensitivity, while exhibiting the most significant difference in the susceptibility to ABebot2
mutants compared to the WT B. elliptica. To explain this observation, we propose a
synergistic action of BOT with other virulence factors of B. elliptica only in this lily genotype
but not in three other genotypes (Chapter 5). Furthermore, Chapter 6 illustrates that
deleting BOT (and botcinic acid, BOA) had a drastic impact on the capability for B. cinerea
to produce expanding lesions and on the lesion expansion rate when inoculated in a
medium without yeast extract. We observed that BOT (and BOA) have a quantitative
contribution in fungal virulence that is at least as important as that of 12 cell death-inducing
proteins (CDIPs), although some of these CDIP genes had higher expression levels during
the first 24 h after inoculation. It is possible that BOT either induces cell death more rapidly
or more effectively, or that the type of PCD triggered by BOT is unique, and more favorable
for the pathogenicity of B. cinerea than the cell death inflicted by CDIPs. Nonetheless, we
could not exclude that the simultaneous production of BOT and other virulence factors may
act synergistically to manipulate the host physiology and/or the induction of PCD (Figure
1B), which was eventually manifested by a dramatic reduction in virulence of the ABcbot2
(and ABcbot2ABcboab).

In addition to the aforementioned effects on physiological process in the host plant, BOT
has been reported to have an antagonistic effect on other microbes. Vignatti et al. (2020)
demonstrated that the in vitro growth of several bacteria, collected from the rhizosphere
or phyllosphere of horticultural crops, was inhibited when incubated with either pure BOT
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or with BOT-producing B. cinerea strains, alongside BOT-deficient strains serving as controls.
Vignatti et al., 2020 proposed to include the tolerance to BOT as one of the biological criteria
for selecting biocontrol agents against B. cinerea. Furthermore, studies by Malmierca et al.
(2015 & 2016) showed that BOT can participate in a chemical dialogue between fungi when
confronted with one another. On the one hand, BOT as a pure chemical strongly reduced
the transcript levels of Trichoderma arundinaceum genes involved in biosynthesis of the
antimicrobial sesquiterpene, Harzianum A (HA). Conversely, HA as a pure chemical strongly
enhanced the expression of the BOT biosynthetic gene cluster in B. cinerea. When T.
arundinaceum was co-cultured with B. cinerea the amount of HA production was reduced
as compared to the T. arundinaceum single culture, but when T. arundinaceum was co-
cultured with a B. cinerea mutant strain lacking BOT production, the HA production
increased to levels even higher than in the T. arundinaceum single culture. These results
indicate that fungi may communicate by means of SMs during microbial interaction and one
should consider that BOT may play such a role in B. cinerea besides its activity as a

phytotoxin.

Since B. cinerea is an airborne pathogen that infects all above-ground host tissues, it will be
most relevant to study the potential of BOT for manipulating the phyllosphere and
endosphere microbiome rather than the rhizosphere microbiome (Figure 1C). On the one
hand, BOT might inhibit plant-associated beneficial microbes that enhance host immunity
or physiological development. On the other hand, B. cinerea may inhibit the growth of other
(competing) pathogenic microbes by secreting BOT to favor the niche adaptation of the

fungus in the host.

To study the effect of botrydial on the phyllosphere microbial community in vitro and in vivo,
| have performed some pilot experiments (data not shown in this thesis). To obtain a first
overview of whether bacteria or fungi from the tomato leaf phyllosphere could tolerate or
thrive in the presence of BOT, healthy tomato leaves were ground and incubated with
botrydial in MS medium. After two days the samples were plated on solid media upon serial
dilution. Bacterial and fungal colonies with different appearances were observed between
BOT treatments and the acetone control, and also between different media. This
observation encouraged me to perform 16S sequencing with DNA samples extracted from
tomato leaf tissues infected by B. cinerea WT and the ABcbot2 mutant. The results were
inconclusive due to the high abundance of plant DNA which yielded mainly 16s rDNA
sequence from plant chloroplasts with the primer sets that the sequencing company used
for 16S sequencing. This issue can technically be solved by using specific blockers for
chloroplast rDNA and more specific primers to amplify the microbial 16S rDNA before
sequencing the PCR amplicons. Once those technical issues can be solved, one could obtain
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a comprehensive view of the distribution of bacteria and fungi in the samples containing
WT B. cinerea or the BOT-deficient mutant. Besides such experiments, it is recommended
to compare the virulence of WT B. cinerea and the ABcbot2 mutant on plants, grown under
sterile conditions from sterilized seeds, with that on plants grown under normal greenhouse
conditions. If an effect of BOT on the host microbiome indeed contributes to the infection
of B. cinerea, one might expect a stronger reduction in virulence of ABcbot2 on non-sterile
plants than on sterile plants. However, though the sterile plants are supposed to be free of
acquired phyllospheric and rhizospheric microbes, the endophytic microbes in seeds could

still be present in such plants and may still participate in host immunity against B. cinerea.

.\

Figure 1. The (proposed) multi-functional roles of the phytotoxin botrydial (BOT) produced by Botrytis
during fungal infection. (A) The phytotoxic activity that directly induces PCD in the host; (B) The
hypothetical synergistic effect of BOT together with other virulence factors of Botrytis; and (C) The
potential manipulation of the host microbiome which favors the niche adaptation of the pathogen.
The figure is created with BioRender.com and the chemical structure is drawn using PubChem
Sketcher V2 (https://pubchem.ncbi.nIm.nih.gov//edit3/index. html).

In contrast to the functions of BOT as a virulence factor of Botrytis species for their
necrotrophic infection, it is unlikely that BOT contributes to asymptomatic colonization. The
BOT gene cluster is not only present in pathogenic Botrytis species, but also in B. deweyae

(Valero-Jiménez et al., 2020) colonizing Hemerocallis (daylily) in an asymptomatic manner
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as an endophyte. This fungus can occasionally cause necrotic symptoms on the tips of young
shoots referred to as “spring sickness” (Kan et al., 2014). Assuming that Hemerocallis is
sensitive to BOT, it would be logical to assume that BOT is not produced the asymptomatic
colonization phase. Also B. cinerea can under certain circumstances colonize plants in an
asymptomatic manner on several plants including Primula hybrids, lettuce and Arabidopsis
(Barnes & Shaw, 2002; Sowley et al., 2010; Shaw et al., 2016). Also in such interactions, one
could propose that production of BOT by the fungus would disturb the delicate harmonious
balance between the host and the endophytic fungus. A study on the gene expression in B.
cinerea in asymptomatically colonized Arabidopsis plants indeed revealed that the
expression of the BOT biosynthetic gene Bcbot1 in such plants was undetectable (Emmanuel
et al., 2018). This indicates that BOT is redundant for B. cinerea to colonize its hosts as an

endophyte and the same might be true for the B. deweyae — daylily interaction.

Inoculation conditions dramatically affect Botrytis disease development during

artificial infections

In studies on plant-pathogen interactions, it is common to illustrate the contribution of
virulence factors to the aggressiveness of a pathogen based on the difference in lesion size
or biomass of mutant strains lacking the corresponding gene(s) as compared to the recipient
WT fungus, using artificial infection assays in the laboratory. These infection assays can be
performed under different conditions, with variables in the inoculation medium, the fungal
tissue (mycelial agar plugs or conidia), the plant growth conditions, and/or the incubation
conditions after inoculation. In this thesis, all B. cinerea virulence assays were performed by
inoculating small droplets of conidia suspensions on the surface of non-wounded plant
tissues. When the same tomato genotype was inoculated with the same ABcbot2ABcboa6
mutant using three different media in Chapter 4 and Chapter 6, we observed three different
levels of reduction in the virulence of this mutant, ranging from non-virulent to slightly less
virulent than the WT fungus. Thereby, the roles of BOT and BOA could have been

interpreted to be from minor to essential in the virulence of B. cinerea.

In view of the high impact of inoculation conditions on the disease severity, it is worthwhile
to assess the virulence of some Botrytis strains used in this thesis again by adjusting the
inoculation method. For instance, the three ABcdcl1/ABcdcl2 transformants generated in
Chapter2 displayed similar virulence to the recipient strain on tomato, Nicotiana
benthamiana, Arabidopsis and French bean plants. Since the WT fungus could not expand
from the primary inoculation areas on Arabidopsis and French bean plants when the conidia
were suspended in the Gamborg B5 medium, we performed all infection assays in Chapter

2 using PDB as the inoculation medium on all tested hosts. If the inoculum contains a less
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nutrient-rich medium or/and a lower spore density, we might be able to witness a

detectable reduction in virulence of the ABcdcl1/ABcdcl2 mutants on tomato.

B. cinerea infection assays can also be performed by placing agar plugs of the fungus on
plant tissues. Agar plugs of an aggressive B. cinerea isolate containing physiologically active
mycelia grown on potato dextrose agar (PDA) were found to be more virulent than conidia
suspended in the liquid PDB medium (Qirdi et al., 2009). In our research group, we always
wash the freshly collected B. cinerea conidia with sterile water and store them in cold
condition to prevent these conidia from (fast) germination before using them in infection
assays. Thus, when inoculation is performed with conidia suspensions, the first few hours
are required for conidia to reactivate their metabolism before they germinate. It can be
imagined that mycelia from agar plugs penetrate the plant surface more rapidly than the
germ tubes that emerge from conidia, and there are likely many genes that are differentially
expressed in those active mycelia as compared to young germlings. Moreover, the
inoculation with B. cinerea agar plugs will result in a specific infection structure, referred to
as “ infection cushions” which are multicellular appressoria, distinct from the unicellular
appressoria commonly formed when using a conidial suspension as the inoculum (Choquer
et al., 2007a). Choquer et al. (2021) reported that genes related to the production of SMs,
cell death inducing proteins and cell wall-degrading enzymes, were up-regulated in
infection cushions in vitro and in planta. A recent study reported that a ABcLysM1 mutant
displayed a lower disease incidence and retarded expansion of the secondary lesions only
when the bean leaves were inoculated with mycelial plugs, while the same mutant was
similarly virulent as the WT fungus when inoculated with conidia (Crumiére et al., 2022).
This study also showed up-regulation of the BcLysM1 gene exclusively in infection cushions
in the early phase of infection, and demonstrated an additional role for the BcLysM1
effector in adhesion to the host besides the chitin-binding feature that is commonly shared
among fungal LysM effectors (Crumiere et al., 2022). Additionally, the agar plugs containing
fungal hyphae are likely to contain CDIPs and phytotoxic SMs that have been produced and
accumulated in the pre-culture (where the agar plugs are excised from), which could boost
the fungal infection from the very early phase of the interaction. Finally yet importantly,
one should consider that the number of conidia in a droplet containing spore suspension
can be quantified and standardized across different experiments, while the fungal biomass
of mycelia in an agar plug cannot be strictly unified. Therefore, | would recommend to
perform the disease assay using conidia inoculations in most cases when investigating the
role of novel virulence factors, unless the gene of interest is known or anticipated to be

exclusively expressed in infection cushions.
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The utilization of effectors of filamentous pathogens as tools in mining host

resistance resources

It is conceptually well accepted that using effectors as tools can simplify or accelerate the
breeding process for resistance against the pathogens producing these effectors. Host
receptor proteins that are responsible for the perception of effectors, which are secreted
by (hemi)biotrophic pathogens and act as Avirulence (Avr) proteins, have been extensively
studied and this perception was described to be based on gene-for-gene interactions (Flor,
1954; Keen, 1990b). The hypersensitive response (HR) triggered by such interactions allows
the host receptor genes for the matching Avr genes to be used as resistance (R) genes in
breeding practice (Giraldo & Valent, 2013). Conversely, host receptor genes for matching
cell death-inducing proteinaceous effectors produced by necrotrophs serve as susceptibility
(S) genes, and these interactions fit an inverse gene-for-gene model (Faris & Friesen, 2020).
Well-developed and newly emerging experimental and bioinformatic methods have
effectively contributed to the in-depth understanding of the interactions between protein
effectors and their receptor proteins. For instance, yeast two-hybrid screening and co-
immunoprecipitation (Co-IP) have been widely employed over the past three decades
(Cristea et al., 2005; Fields & Song, 1989) to study the physical interactions between
proteins. New techniques are recently emerging such as the proximity labelling based on
systems like Biotinylation (BiolD) (P. Li et al., 2017) and TurbolD (Branon et al., 2018) which
have enabled the detection of weak interactions and indirect binding between proteins. A
recent exciting study has reported that the artificial fusion of an intracellular nucleotide-
binding, leucine-rich repeat immune receptor (NLR) to a “nanobody”, which is a single-
domain antibody generated against a given antigen, can confer plant resistance against
pests (Kourelis et al., 2023). As a proof-of-concept, Kourelis et al. (2023) replaced the
effector-binding domain of an NLR by a nanobody perceiving the green fluorescent protein
(GFP) and transiently expressed this NLR-nanobody fusion protein in N. benthamiana,
resulting in resistance against the recombinant GFP-labeled Potato Virus X. Although the
study did not yet provide evidence for a NLR-nanobody that recognizes a real effector
derived from a pathogen, such “pseudo-adaptive immunity” has the potential to create
functional antibodies against effector proteins derived from plant parasites in the near

future.

Compared to effector protein — plant receptor pairings, much less is known for the
phytotoxic SM-plant target interactions that are more difficult to be experimentally
validated. Within the category of phytotoxins that include host specific toxins (HSTs) and

non-host-specific toxins (nHSTs), the plant targets for HSTs have been better studied as their

198



Chapter 8

interactions usually fit the inverse gene-for-gene model. For example, The sensitivity to the
HST victorin produced by the oat fungal pathogen Cochliobolus victoriae as well as
susceptibility to this fungus are conferred by a single locus in oat for which the causal gene
has not been characterized or by the LOV1 gene in Arabidopsis (Wolpert & Lorang, 2016).
For the wheat- Bipolaris sorokiniana (spot blotch fungus) pathosystem, all wheat accessions
carrying the Tsn1 allele were susceptible to B. sorokiniana isolates possessing the ToxA gene
(Navathe et al., 2020). By contrast, a nHST might target some conserved plant components
or activate conserved signaling cascades among different plant species. Therefore, we
should aim for identifying plant components that are dispensable for the fitness of the host
and (specifically) important for the response to the nHST of interest. As reported by Rossi
et al. (2011) and described in Chapter 7 of this thesis, the salicylic acid (SA) signaling
pathway is positively associated with the strong response to BOT. Nevertheless, it may not
be a viable strategy to manipulate SA signaling in a crop to reduce the sensitivity to BOT and
thereby increase resistance to B. cinerea, since the host may consequently become more
susceptible to biotrophic pathogens (van Butselaar & Van den Ackerveken, 2020). It would
be interesting to test the Arabidopsis mutant lines, which showed decreased BOT-sensitivity
in Chapter 7, for their resistance to B. cinerea as well as other pathogens with different

lifestyles (e.g., the biotroph H. arabidopsidis and hemibiotroph Verticillium dahliae).

Prior to using necrotrophic effectors as tools to accelerate the resistance breeding against
the corresponding pathogens, one should select appropriate effector individuals by
prudently setting certain criteria. In our opinion, the most important features should be that
the effector is important for virulence or host-specificity, and/or the sensitivity to this
effector is quantitatively correlated with the susceptibility to this necrotrophic pathogen
among the tested accessions of certain host species (or closely related species). In this thesis,
we observed that BOT plays an important role for B. cinerea in infecting Arabidopsis and
tomato. Hence, it is rational to explore Arabidopsis genes that are involved in the response
to BOT and these plant genes are predicted to function as S genes against the fungus. We
also proposed in the discussion of Chapter 7 that a similar GWAS approach can be applied
to tomato, in order to identify tomato S genes to B. cinerea. On the contrary, the BOT-
sensitivity level of the four tested lily cultivars did not correlate to their susceptibility to B.
elliptica. This suggests that screening lily cultivars for low sensitivity to BOT will probably
not distinguish resistant from susceptible lilies. An interesting but puzzling example is the
utilization of the cytotoxic protein NEP1 produced by the onion pathogen B. squamosa as a
tool in screening onion accessions. Steentjes et al. (2022) detected by quantitative trait
locus (QTL) mapping a genomic region that confers sensitivity to BsNEP1 in an interspecific

Allium trihybrid population (A. cepa x (A. roylei x A. fistulosum)), and this region colocalized
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with a QTL that had been previously identified for the host susceptibility to B. squamosa in
A. roylei. However, the ABsnep1 mutant was similarly virulent as the WT B. squamosa on
seven tested onion cultivars, and the severity of the necrotic response to BCNEP1 was not
correlated with the host susceptibility to B. squamosa within these seven onions (Steentjes
et al., 2022). One logical hypothesis would be that the QTL characterized for the BsNEP1-
sensitivity in onion may contain genes that participate in a downstream signaling pathway,
which is convergent from the activation by multiple cytotoxic effectors derived from the
pathogen. In this case, BsNEP1 on its own is not a virulence factor of B. squamosa, but a
group of effectors including BsNEP1 could function as a virulence pool of the fungus. Then,
using such pool of effectors to screen onion cultivars may result in an association between

cell death response to the effector cocktail and the host resistance to B. squamosa.

Urgency for improving reference genome assemblies and annotation

Genomic, transcriptomic and sRNA-sequencing approaches have been exploited in the
studies described in this thesis. A sRNA/mRNA-sequencing dataset and another
independent mRNA-sequencing dataset of B. cinerea-tomato early-phase interactions were
generated as described in Chapters 2 & 3, and in Chapter 6, respectively. Reads from these
datasets were mapped and analyzed according to genome assemblies and annotations of B.
cinerea (van Kan et al., 2017) and tomato (Sato et al., 2012). The gapless fungal genome
allowed us to identify a much larger number of Bc-sRNAs in our dataset as compared to that
in the B. cinerea-tomato sRNA pool earlier reported by Weiberg et al. (2013), which made
use of a draft assembly of the B. cinerea genome (Amselem et al., 2011). In addition, we
used a much higher read depth than Weiberg et al. (2013) for sequencing the in planta
samples. However, we noticed during our data analyses that the latest annotation of the
tomato genome (ITAG4.0) (Hosmani et al., 2019) had eliminated multiple gene models or
altered the lengths of transcripts which were previously annotated in the earlier version
ITAG3.2 (Sato et al.,, 2012). We performed the molecular quantification experiments for
nine selected tomato mRNAs that were predicted targets of Bc-sRNAs in 2017, when
ITAG3.2 was the latest version of annotation at that moment. Unexpectedly, only two out
of the nine selected tomato transcripts remained unchanged in the “upgraded” ITAG4.0
annotation of tomato genes, and several of the seven ITAG3.2 transcripts were shortened
or deleted from ITAG4.0, despite the fact that we detected their expression in RT-qPCR
experiment. As a result, we decided to stay with the older version of the annotation
(ITAG3.2) in Chapter 2. This experience raised serious questions regarding the quality of the

tomato genome annotation, and it might be worthwhile for the tomato community to invest
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in improving the genome annotation to a more satisfactory level for such an economically

and scientifically important plant species in the future.

By virtue of the 1001 Genomes project for the model plant species A. thaliana, we
performed GWAS (Chapter 7) with publicly available single nucleotide polymorphism (SNP)
markers for more than a thousand accessions (Weigel & Mott, 2009). However, it is
inevitable that there are some heterozygous regions in the genomes of accessions from the
HapMap population. Raw reads from these heterozygous regions have been discarded and
then became “invisible” in the genomes, and were not included in the SNP matrix. For
instance, the accession Uk-1 was (almost) insensitive to BOT, and thus was chosen to be
crossed with the sensitive accession Col-0 for a bulk segregant analysis (Chapter 7). One the
one hand, when we redid the mapping using public raw sequence reads of this accession
(1001 Genomes project), we found that Uk-1 contains up to 0.3 — 0.8 % heterozygous SNPs
in some regions throughout all five chromosomes (data not shown in this thesis). The Uk-1
seed batch that was used for sequencing was apparently not homozygous, either because
the stock center did not make an effort, or because homozygosity of some loci could be
lethal and only plants with heterozygous alleles in these loci have survived. On the other
hand, the SNP matrix only provides information for SNPs and indels in Uk-1 that are distinct
from the reference Col-0 genome, as reads of Uk-1 were only mapped to the Col-0 genome
instead of being assembled de novo. Therefore, regions or genes that are uniquely present
in Uk-1 and absent in Col-0 are overlooked. It is conceivable that heterozygous alleles and
unique genes in Uk-1 might be associated with the insensitivity to BOT, which is the trait
that we investigated in Chapter 7. Therefore, the Uk-1 genome should preferably be re-
sequenced in a higher read-depth using our own seed stock and assembled to obtain a
reliable reference Uk-1 genome. This new assembly, including information about

heterozygosity, should be shared with the Arabidopsis community.

The functional annotation, which refers to the assignment of functional roles to coding
sequences (CDSs) in (predicted) gene models, is the key to the genomic and transcriptomic
analyses for unraveling biological significance. Typically, the functional annotation process
includes the identification of domains and motifs and ontology description (Dominguez et
al.,, 2018). The combined data resulting from these three sources would finally present
highly valuable gene definitions. Among the differentially expressed genes in the
transcriptomic data or candidate genes identified from the GWAS in this thesis, we usually
focused on B. cinerea genes that are related to virulence and development, and on plant
genes that are involved in defense responses. One would assume that the gene functions in
the model plant A. thaliana should have been reasonably well-annotated, especially in the
dataset published on The Arabidopsis Information Resource (TAIR,
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https://www.arabidopsis.org/index.jsp). However, we observed that the candidate gene
AT4G11845 identified from our GWA mapping, is described as “Interleukin-1 receptor-
associated kinase 4 protein” according to the latest Arabidopsis genome information
(Araport11). This annotation cannot be meaningful, as Interleukin-1 receptors are involved
in response to inflammations and are only present in vertebrates. Subsequently, we

inspected the annotation of this gene in the UniProt database (https://www.uniprot.org/),

which resulted in an automatic annotation of “serine/threonine kinase that acts as a
positive regulator of brassinosteroid (BR) signaling downstream of the receptor kinase BRI1.”
However, there is no published information that provides even a hint that the STK gene
product participates in BR signaling or interacts with BRI1. We speculate that this
Serine/threonine kinase (STK) gene functions in the response to BOT in a pathway (likely)
mediated by BRI1. In Chapter 6, we applied gene ontology (GO) enrichment analysis to the
gene clusters that were correlated with successful infection, in order to obtain insights into
the biological processes that operate in B. cinerea and participate in the eventual
(in)compatible host-pathogen interaction. Despite the presence of multiple CDIPs in the co-
expressed modules that were (positively or negatively) correlated with the compatible
interaction, this was not reflected in the GO enrichment analysis, because there are no
terms like “effector” or “cell death-inducing activity” defined in the molecular function or
biological process domains of GO databases. Moreover, the GO terms or functional
annotations for some B. cinerea genes do not necessarily make sense in the context of plant-
microbe interactions. We are aware that a Plant-Associated Microbe Gene Ontology
(PAMGO) consortium has collaborated with the GO Consortium and added more than 700
GO terms related to biological processes that are relevant in plant- and animal-associated
microbes (Torto-Alalibo et al., 2009). However, the PAMGO terms have not been updated
since 2009, while other prediction tools for functional protein annotations (such as SignalP,
TargetP, EffectorP and so on) have been updated throughout the past 10 years. A re-union
of the PAMGO consortium and resumption of the manual curation of plant-microbe

interactions-specific GO terms would be of great benefit to our research community.

Collectively, the genome assemblies and annotations for both pathogens and plants
deserve more effort in maintenance and improvement. | propose to improve the quality of
assemblies and annotations for the organisms that have been already sequenced, especially
for (model) organisms that were sequenced in the early days of the ‘omics’ era. This might
have more added value than generating new sequencing data of fungal isolates or plant
accessions that have not been previously examined. In the future, if we map the sequencing

datasets generated by studies in this thesis to the newer genome assembly and analyze the
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data with the improved annotations, we will probably be able to gain deeper understanding
of the biological and molecular mechanisms behind the same subjects.

Summary and perspectives

From the research in this thesis, | have acquired novel insights on some B. cinerea non-
proteinaceous effectors that had been studied before, and have unraveled novel
mechanisms of the interaction between plants and the phytotoxic SM effector BOT.
Nonetheless, | have experienced that several experimental details can be improved and the
research questions that were addressed at the onset of these studies are not yet fully

resolved.

In order to examine the function of individual effector molecules in B. cinerea, a
methodology that was applied to studying the effector repertoire of the pathogenic
bacterium Pseudomonas syringae might currently be feasible for implementation. The
model strain P. syringae pv. tomato DC3000 possesses 28 effectors that are delivered into
host cells by the type Ill secretion system, and Cunnac et al. (2011) managed to generate a
DC3000D28E mutant in which all 28 effector genes were knocked out. Subsequently, small
sets of effector genes were reintroduced into the “effector-free” DC2000D28E background,
revealing that a minimal effector repertoire of five members was sufficient for the
restoration of full virulence in a host plant (Cunnac et al., 2011). Since marker-free
CRISPR/Cas9-mediated transformation has been well established in B. cinerea (Leisen et al.,
2022) and a 18x mutant (lacking Bcbot2, Bcboa6 and other 16 genes encoding CDIPs) has
been successfully generated (Hahn, oral presentation in BotrySclero2022), the approach
used for P. syringae becomes amenable for B. cinerea. In Chapter 6, we observed that the
18x B. cinerea mutant still showed a similar disease incidence as the WT fungus albeit with
a ~50% reduced lesion size on tomato leaves when inoculated in Gamborg B5 medium with
additional yeast extract. | presume that a B. cinerea mutant lacking dozens of effector genes
(maybe about 30 genes, including Bcbot2 and Bcboa6) might lose the ability to cause
expanding lesions under this particular inoculation condition. Once such multiple mutant
has been obtained, one can exploit it as a recipient strain to reintroduce individual (or
combinations of) effector genes and study their contributions to the fungal virulence.
Undoubtedly, the effector repertoire of B. cinerea is much more elaborate than that of P.
syringae, as the number of predicted proteinaceous effectors in B. cinerea is over 180
(Sperschneider et al., 2016) and there would be a larger pool of effectors in this pathogen
according to the broad definition provided in Chapter 1. For this reason, there are

challenges accompanied with opportunities for us to unravel the functions of individual
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effector molecules and the interaction (including additive or epistatic effects) between
multiple effectors.

At the onset of this thesis project, | did not expect that the inoculation conditions would
have such a remarkable impact on the virulence of B. cinerea until we tested different
inoculation media for various purposes. There should have been more in-depth
investigations on the molecular basis for the phenomenon that different inoculation
methods with the same set of mutant strains can yield such different outcomes on the
virulence of B. cinerea on the same host species. | am not aware of any other pathosystem
where similar observations were reported. Analogously, the issues regarding genome
assemblies and annotation only became apparent to us when we had already started
bioinformatic analyses. It is conceivable that such obstacles would also hamper research
into other plant-microbe interactions. It may be important for more plant scientists and
microbiologists to be aware of this situation, and to improve our information resources

collaboratively.
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Summary
Summary

Plant pathogens deploy multiple distinct strategies in order to enable them to colonize their
hosts. Among these strategies, the secretion of molecules which are referred to as
“effectors” can effectively facilitate the infection of the hosts by pathogens. Chapter 1
defines the term effector as any secreted molecules from filamentous plant pathogens that
can suppress or induce plant defense responses and modulate plant physiology. Plant
pathogens can produce four different categories of effectors: secreted cysteine-rich small
proteins; small RNAs (sRNAs) that can be translocated into host cells and interfere with the
expression of genes involved in plant immunity; secondary metabolites (SMs) that modulate
host immunity and physiology; and plant hormones produced by a pathogen. The broad-
host range necrotrophic fungus Botrytis cinerea produces and secretes all four types of
effectors. The molecular basis of the interactions between B. cinerea effectors and their
(potential) plant targets are discussed. The advances in studying and utilizing the effectors
of B. cinerea, and future perspectives for identifying plant genotypes as natural sources of

resistance are summarized.

The natural occurring SRNA warfare between B. cinerea and Solanum lycopersicum (tomato)
has been studied as described in Chapter 2 and Chapter 3. sRNAs and mRNAs from B.
cinerea and tomato during early phases of interaction were identified by high-throughput
sequencing. Massive numbers of B. cinerea sRNAs were predicted to target massive
numbers of mMRNAs in tomato, and vice versa. In Chapter 2, the causal relation between B.
cinerea sRNAs and their predicted mRNA targets in tomato were investigated. Correlations
between the high production of B. cinerea sRNAs and the down-regulation of predicted
target genes in tomato were observed for eight out of nine selected fungal sSRNA — host
mMRNA pairs. Moreover, in order to investigate the contribution of fungal sRNAs to the
virulence, two types of B. cinerea mutants were generated. The first type of mutants lacks
a transposon region which is the source of about 10% of the fungal sRNAs; and the second
type of mutants lacks either one or both Dicer-like genes (Bcdcll and Bcdcl2) which are
responsible for the production of most transposon-derived sRNAs. However, neither of
these mutants showed a significant reduction in virulence on any tested plant species,
indicating that the role of B. cinerea sRNAs in fungal virulence was undetectable under the

tested conditions.

In Chapter 3, we examined the effect of plant SRNAs on suppressing the expression of their
predicted mRNA targets in B. cinerea. The correlations between the abundance of three
specific plant sSRNAs and their respective three target mRNAs in the fungus were examined.

A unique tomato sRNA, which was produced at high levels during infection by B. cinerea,
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was predicted to target a sole fungal gene, named Bcsp/1. The BcSPL1 protein had been
reported to be important for the virulence, and its transcript showed a transient decrease
around 20 hours post inoculation and contained a unique target site for the tomato sRNA.
We generated a fungal mutant that contained a 5-nucleotide substitution in Bcspl1, which
would abolish the interaction between the transcript and the sRNA without changing the
encoded protein sequence. A transient downregulation of the Bcspll transcript was
observed in both the mutant and the wild type fungus, and the virulence of the Bcspl1 target

site mutant was similar to the wild type fungus.

The contribution of the two major phytotoxins botrydial (BOT) and botcinic acid (BOA) to
the virulence of B. cinerea has been assessed as described in Chapter 4. Different levels of
reduction in the virulence of B. cinerea mutants lacking the capacity to produce BOT and/or
BOA were observed on five different plant species. We showed that BOT was essential for
B. cinerea to infect Arabidopsis successfully, whereas deficiency in BOA production did not
affect the virulence of B. cinerea on Arabidopsis. Mutants that do not produce BOT or BOA
were slightly less virulent as compared to the wild type fungus on tomato, while the
ABcbot2ABcboab mutant lacking both phytotoxins showed a more prominent reduction in
virulence on this host. The same B. cinerea double mutant displayed subtly but significantly
reduced virulence on Nicotiana benthamiana and cowpea but not on French bean.
Moreover, this chapter presents the phytotoxic activity of BOT on these five different
dicotyledons and shows for the first time that BOT also induces cell death in

monocotyledons.

Chapter 5 describes the quantitative variation in cell death responses to BOT between the
different tissues (leaves and tepals) sampled from four different lily cultivars. BOT
production is demonstrated in the specialized lily pathogen B. elliptica during in vitro
cultures, and we analyzed the transcriptional activity of the BOT biosynthetic gene Bebot2
during infection in lily. CRISPR/Cas9-mediated transformation enabled us to obtain B.
elliptica ABebot2 knockout mutants, which lost the capacity to produce BOT . We observed
a significant reduction in lesion size upon inoculation with the B. elliptica ABebot2 mutants
as compared to the wild type fungus on all tested lily cultivars. In addition, the levels of
reduction in virulence of ABebot2 mutants were different between lily cultivars, suggesting

that BOT contributes to fungal virulence in the B. elliptica-lily interaction.

In Chapter 6, we show that the B. cinerea ABcbot2ABcboa6 double mutant was almost
avirulent on tomato leaves when Gamborg B5 medium was used for the infection assay.
However, the virulence of this mutant was restored when yeast extract was added to the

inoculation medium.We performed a transcriptome analysis to identify B. cinerea genes
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that contribute to the restoration of the virulence of this ABcbot2ABcboa6 mutant on
tomato. A co-expression analysis resulted in the identification of three modules containing
genes with similar expression profiles that were positively correlated with the successful
infection. One of the three modules contained four cell death-inducing effector genes that
were upregulated in B. cinerea by the addition of yeast extract. These four genes were
individually overexpressed in the Abot2Aboa6 background, to examine whether this could

restore successful infection in the absence of yeast extract.

Traits conferring resistance and susceptibility to pathogens are naturally present in
populations of plant accessions. To cope with the grey mold disease caused by B. cinerea,
introducing resistance (R) genes and eliminating susceptibility (S) genes in host plants can
provide a dual path for breeding against the pathogen. Host genes conferring sensitivity to
BOT are presumed to function as S genes to this necrotrophic pathogen. In Chapter 7, we
screened a large panel of Arabidopsis accessions for their sensitivity to BOT, and
subsequently performed a genome-wide association study (GWAS). This approach resulted
in a list of 36 candidate genes associated with the BOT-sensitivity. From these 36 genes, we
validated their function in response to BOT by assessing the BOT-sensitivity of Arabidopsis
T-DNA insertion mutants for each individual gene. We identified three genes positively
contributing to the BOT-sensitivity and one gene functioning in suppressing host response
to BOT. The Arabidopsis mutant of a Serine/threonine kinase (STK) gene that acts as a
negative regulator of the BOT-triggered cell death was also more susceptible to B. cinerea,
indicating that STK is an R gene against the fungus. The experiments described in this
chapter unravel novel molecular mechanisms underlying the host programmed cell death

induced by BOT, and provide (potential) S and R genes against B. cinerea.

Chapter 8 provides a general discussion of the main results in this thesis and presents a
model illustrating the (potential) multiple modes of action of BOT during the infection of
hosts by B. cinerea. It pinpoints several issues encountered during this PhD project and

makes a number of recommendations for to be adopted by the plant sciences community.
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