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Chapter 1

General introduction

Parts of this chapter are published as:

Steentjes, M. B., Scholten, O. E., & van Kan, J. A. (2021). Peeling the onion: Towards a better understanding of
Botrytis diseases of onion. Phytopathology, 111(3), 464-473.



Chapter 1

Background

Onion (Allium cepa) is one of the most important vegetable crops worldwide. It is grown
for its edible bulbous organs, which have a high nutritional value and give a specific
pungent flavour to the diets of many people worldwide. For the production of bulbs,
onion is cultivated as an annual crop that can either be sown from seed or planted from
pre-grown sets that enable early harvest. For the production of seed however, onion is
cultivated as a biennial crop since inflorescences are formed in the second year. After
harvest, bulbs can be consumed directly or processed but some varieties are also well-
suited for storage which makes onion available all year round. In 2018, nearly 100 million
tonnes of onion were produced worldwide, on a total production area of more than 5
million hectares (FAOSTAT 2020).

As for many other vegetable crops, the production of onion bulbs is threatened by
numerous pathogens and pests from a wide variety of taxa (Schwartz and Mohan 2008).
Notorious threats are the insect pest Thrips tabaci, the fungal disease Fusarium basal
rot caused predominantly by Fusarium oxysporum f. sp. cepae, and the lIris yellow spot
virus. All are capable of causing serious diseases that can strongly affect yield (Cramer
2000; Gent et al. 2006; Gill et al. 2015). Remarkably, there are two closely related fungal
genera, Botrytis and Stromatinia, that contain as many as five species that are able to cause
multiple distinct diseases on all organs of the onion plant; roots, bulbs and leaves.

The Ascomycete genus Botrytis consists of approximately 35 species that are known as
necrotrophic plant pathogens (Garfinkel et al. 2019; Hyde et al. 2014). The most well-
known and extensively studied model species is B. cinerea, which is able to infect over
1400 plant species (Elad et al. 2016). Phylogenetic analysis of Botrytis has divided the
genus into two clades. B. cinerea and B. pseudocinerea, both pathogens with a broad host
range, belong to clade 1, while the species in clade 2 are mostly host-specific to one or a
few taxonomically related plant species (Hyde et al. 2014; Staats et al. 2005). As many as
eight Botrytis species are pathogenic exclusively on plants in the genus Allium. In addition
to B. squamosa, B. aclada, B. allii and B. byssoidea, that exclusively infect onion (A. cepa),
four other species are host specific to other Allium species. B. porri is a pathogen of leek
and garlic (A. porrum, A. sativum), B. sphaerosperma is pathogenic on three-cornered leek
(A. triquetrum), B. globosa causes disease on wild garlic (A. ursinum) and B. sinoallii is a
pathogen of Japanese bunching or Welsh onion (A. fistulosum) (Chilvers and du Toit 2006;
Elad et al. 2016; Zhang et al. 2010).

Stromatinia is a closely related genus of Botrytis in the family of Sclerotiniaceae and like
Botrytis contains plant-associated species (Xu et al. 2010). One species of the genus,
Sclerotium cepivorum, is considered a host-specific pathogen of onion and garlic. The
onion pathogenic Botrytis species and S. cepivorum cause a variety of distinct but severe
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General introduction

diseases that all have a different etiology and require different control strategies (Table 1).
This thesis will focus on the interaction of S. cepivorum and Botrytis species with their host
plant onion.

Table 1. Overview of the different Botrytis species and Sclerotium cepivorum with names of diseases they cause
on onion with the corresponding host tissues.

Species Disease Host tissue
B. squamosa Leaf blight Leaves

B. aclada Neck rot Bulbs

B. allii Neck rot Bulbs

B. byssoidea Neck rot Bulbs

S. cepivorum White rot Roots and bulbs
Leaf blight

Pathology

Botrytis leaf blight is a foliar disease of onion caused by Botrytis squamosa. This fungus
was first described in 1925 and was reported to cause a disease of onion named small
sclerotial neck rot (Walker 1925a). Several decades later, B. squamosa was isolated from
diseased leaves and the species was recognized as the causal agent of onion leaf blight
(Hickman and Ashworth 1943; Page 1953). When artificially inoculated on mature onion
leaves, B. cinerea is also able to cause symptoms. However, the superficial leaf flecks
caused by B. cinerea never grow into the intercellular spaces of the leaf and do not cause
blighting (Hancock and Lorbeer 1963). Occasionally B. cinerea is detected on plants
showing symptoms of leaf blight, but it is usually accompanied by B. squamosa and is
thus not considered the causal agent of the disease (Hickman and Ashworth 1943; Misawa
and Takeuchi 2015). Leaf blight is a major disease in almost all onion production areas
worldwide, including Europe, Asia, Australia and North and South America (Carisse et al.
2011). Although information on yield losses caused by leaf blight is limited, in untreated
plots losses up to 30% have been reported (De Visser 1996; Shoemaker and Lorbeer
1977b).

The symptomatology and histopathology of Botrytis squamosa have been reviewed
in the past (Lacy and Lorbeer 2008b; Lorbeer 1992; Lorbeer et al. 2007) and will be
summarized here. When a conidium of B. squamosa lands on the surface of an onion leaf,
it can germinate and form a germ tube. At the tip of the germ tube an appressorium
develops that is able to penetrate the leaf cuticle. The appressorium is often formed on
top of anticlinal walls of epidermal cells and enables the fungus to enter the leaf tissue
by growing through the middle lamella that separates the anticlinal walls. Alternatively,
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germ tubes grow into the leaf tissue directly by entering via stomata. Upon leaf entry,
hyphae grow mostly intercellularly and enter the cavity of the hollow onion leaf. The
collapse of epidermal and mesophyll cells results in the first characteristic symptoms of
leaf blight that can be observed as small necrotic spots on the onion leaves (Figure 1).
The subsequent spreading of hyphae results in the expansion of the lesion. The lesions
are often surrounded by a chlorotic halo and sometimes a characteristic longitudinal slit
develops within the lesion. In a later stage of the infection leaves start to blight, leading
to early leaf senescence and consequently reduced plant growth. On necrotic plant tissue
the fungus produces new conidia that are dispersed by wind to other leaves and initiate a
new infection cycle providing a source of secondary inoculum.

Besides conidia, B. squamosa produces sclerotia on colonized plant parts, especially under
conditions that are not conducive for conidiation. Sclerotia can last on decomposing plant
material for several months and function as overwintering structures (Ellerbrock and
Lorbeer 1977b). When the new growing season starts, sclerotia are able to form apothecia
which play a role in the sexual reproduction of the fungus (Bergquist and Lorbeer 1972).
Alternatively, sclerotia can produce new conidia as a primary source of inoculum (Ellerbrock
and Lorbeer 1977a). Other sources of primary inoculum include conidia grown on colonized
leaves of sprouted bulbs in cull piles, onion plants in seed production fields, and volunteer
onion plants that grow around bulb production fields and remain from bulbs from the
previous year (Ellerbrock and Lorbeer 1977a; Lorbeer 1992; Lorbeer et al. 2007).

Figure 1. Symptoms of leaf blight on a
mature onion leaf caused by B. squamosa
showing necrotic leaf spots.
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The severity of a leaf blight epidemic is strongly influenced by environmental factors. For
development of lesions a temperature of around 20°C is optimal and a leaf wetness period
of at least 6 to 8 hours is required for initiation of infection (Alderman and Lacy 1983;
Alderman et al. 1985; Sutton et al. 1984). Longer leaf wetness periods of up to 48 hours
increase the number of lesions (Shoemaker and Lorbeer 1977a). Conidiation on colonized
plant parts is promoted by moderate temperatures of 14°C to 20°C, and also requires
moist conditions in the form of leaf wetness or high relative humidity (Lorbeer et al. 2007;
Sutton et al. 1983; Sutton et al. 1978).

Control

Due to the fast progression of the disease, onion growers heavily rely on preventative
fungicides applied at 7- to 10-day intervals for up to 14 sprays per growing season (Carisse
et al. 2011; Carisse and Tremblay 2007). Forecasting models for leaf blight help growers
to time their fungicide sprays based on weather conditions and the amount of airborne
conidia above the onion canopy measured by spore traps (Carisse et al. 2012; Carisse et al.
2008; Lacy and Pontius ; Sutton et al. 1986; Vincelli and Lorbeer 1989). Forecasting models
allow fungicides to be used more efficiently, reducing the total number of sprays per
growing season (Carisse et al. 2005; De Visser 1996). Increasing awareness of the negative
effects of fungicide use on the environment, as well as the risk of resistance development
in the target fungus, has resulted in restrictions in the number of admitted fungicides.
Nowadays, there are strains of B. squamosa that have become insensitive to active
ingredients that have been used for control of leaf blight such as iprodione. Due to cross-
resistance, these strains have also become insensitive to vinclozolin which, like iprodione,
belongs to the dicarboximide fungicides (Carisse et al. 2011; Carisse and Tremblay 2007;
Presly and Maude 1982; Tremblay et al. 2003). Currently, fungicides against leaf blight are
based on active ingredients from different classes such as mancozeb (dithiocarbamate),
prothioconazole (triazole) and fluoxastrobin (strobilurin), and using these products in
tandem reduces the probability of resistant B. squamosa populations. However, relying
on fungicide treatments alone is not a durable strategy to combat leaf blight. Some
studies have focussed on biocontrol of B. squamosa by supressing its sporulation using
antagonists, but this has not led to commercially available products against leaf blight
(Kohl et al. 1992; Kohl et al. 2003).

To reduce the reliance on fungicides, scientists and breeders are searching for sources of
natural resistance against Botrytis leaf blight. In general, all commercial onion varieties are
susceptible to leaf blight (Bergquist and Lorbeer 1971; Tremblay et al. 2003), but variation
has been observed in levels of susceptibility among cultivars (Araujo et al. 2018). Strong
resistance to B. squamosa has been reported in a wild relative of onion, Allium roylei.
Resistance was determined to be conferred by a single gene (nhamed Bs7), that behaved in
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a partially dominant manner and resulted in high levels of resistance in progeny plants of
A. cepa x A. roylei (de Vries et al. 1992; van der Meer and de Vries 1991). A QTL for resistance
to B. squamosa from A. roylei was identified on chromosome 6 using SNP markers in an
interspecific three-way cross population [A. cepa x F1(A. roylei x A. fistulosum)] segregating
for resistance (Scholten et al. 2016). The large size of the QTL region indicated that, apart
from the Bs1 gene, minor genes from A. roylei or A. fistulosum may have affected resistance
levels in plants of this population. Backcrossing of the Bs1 resistance gene into A. cepa
resulted in lines that resemble cultivated onion with a quantitative level of resistance
against leaf blight (Hyde et al. 2015). A second source of resistance was found in another
relative of onion, the Japanese bunching or Welsh onion (Allium fistulosum) (Bergquist
and Lorbeer 1971; Currah and Maude 1984).

Onion related Allium species may be used in breeding programmes to breed for resistance
(Kik 2002), however crossing Allium species that range in genome sizes may result in
low fertility in progeny plants (Labani and Elkington 1987; Van Raamsdonk et al. 2003).
An example of a successful introgression of disease resistance is the introgression of
downy mildew resistance from A. roylei into onion. After many years of backcrossing and
subsequent selfing, breeding has led to the development and release of downy mildew
resistant onion varieties (Scholten et al. 2007). For optimal exploitation of related species
in breeding programmes, it is important to gain a better understanding of the molecular
mechanisms underlying leaf blight resistance, for which a lot of research is still needed.

Neck rot

Pathology

Botrytis neck rot is a serious disease of onion bulbs that causes post-harvest losses. As the
name suggests, it results in rotting of the neck area of the onion bulb where tissue softens
and turns brown while it decays (Figure 2). Often, sclerotia develop between the rotting
scales of the bulb. Additionally, mycelium and grey conidia can be observed on the outer
surface of the neck area (Lacy and Lorbeer 2008a; Lorbeer et al. 2007). Although infection
takes place in the field, symptoms of neck rot are typically observed after bulbs are taken
from storage (Maude and Presly 1977a). Neck rot is reported in all major onion production
areas worldwide and yield losses can reach up to 50% yet losses heavily vary between
years (Chilvers and du Toit 2006; Chilvers et al. 2004; Hwang et al. 2016; Khan et al. 2013;
Maude and Presly 1977a, b).

Multiple Botrytis species are known to be associated with neck rot. B. alliiand B. aclada are
considered to be the main causal agents (Chilvers and du Toit 2006). Also B. byssoidea can
cause neck rot, but since the disease usually displays more pronounced mycelial growth
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and less sclerotia and conidia formation, the disease caused by B. byssoidea is sometimes
referred to as mycelial neck rot (Lacy and Lorbeer 2008a; Lorbeer et al. 2007; Owen et al.
1950). B. squamosa has also been associated with a neck rot disease of onion as can be
seen from the original description of the name ‘small sclerotial neck rot’ (Walker 1925a),
which is nowadays sporadically observed in onion plants and is more regarded as a
late stage symptom of severe leaf blight infections (Lorbeer et al. 2007). Occasionally, B.
cinerea is isolated from rotting onion necks, often together with B. allii or B. aclada (Rod
1984) and is therefore not considered as a causal agent of the disease (Yohalem et al.
2003). Furthermore, B. cinerea is able to cause brown stain, a rarely observed superficial
discoloration of the outer dry scales of bulbs that is not causing problems in bulb
production (Clark and Lorbeer 1973a, b).

B. aclada and B. allii occupy the same ecological niche and the morphological differences
between them are subtle. Therefore, B. aclada and B. allii were not distinguished for a long
time and their names were used synonymously for one species causing onion neck rot
(Hennebert 1973). Based on chromosome number and size of conidia, two subgroups could
be distinguished, one subgroup which has 16 chromosomes, like other Botrytis species, and
one subgroup which has 32 chromosomes with conidia approximately double in volume
(Shirane et al. 1989). Molecular fingerprinting studies confirmed the existence of two
subgroups and showed that both differ from B. byssoidea (Nielsen et al. 2001). Sequencing
of DNA fragments elucidated that the subgroup containing 32 chromosomes was the result
of a hybridization event with one ancestor from the subgroup containing 16 chromosomes
and the other ancestor being B. byssoidea (Nielsen and Yohalem 2001). The subgroup
with 16 chromosomes was named B. aclada and the subgroup with 32 chromosomes B.
allii (Yohalem et al. 2003). Since B. aclada and B. allii were used synonymously until 2003,
literature until 2003 could refer to either one of them. Sequence analysis of phylogenetically
informative gene sequences of two B. allii isolates revealed that these isolates arose from
independent hybridization events (Staats et al. 2005).

Figure 2. Symptoms of neck rot on a sliced onion bulb.



Chapter 1

Botrytis neck rot typically remains symptomless during the growing season of onion plants.
First symptoms are generally observed after bulbs have been harvested and stored. The
asymptomatic infection makes it difficult to predict yield losses and to develop control
strategies that can be applied in the field to mitigate the damage. To unravel the infection
biology of neck rot and to elucidate how the fungus reaches the neck area without causing
symptoms, several hypotheses about the infection strategy have been proposed.

One of the infection strategies proposed is a symptomless infection of the leaves followed
by endophytic growth towards the bulb. A study by Tichelaar (1967) suggests that conidia
of B. allii are able to germinate and penetrate the surface of onion leaves without causing
a plant response. The hyphae grow in the epidermis and when the leaves senesce the
fungus colonizes the underlying mesophyll tissue without causing symptoms (Tichelaar
1967). In this way, the fungus will grow through the leaves towards the bulb, resulting in
latent infection of the neck area. By contrast, other studies have reported that inoculation
of onion leaves with spores of B. allii triggers leaf flecks and sometimes expanding lesions
are observed (Presly 1985; Stewart and Mansfield 1984). Since such symptoms are not
observed in the field, artificial inoculations may arguably not be representative for
studying the infection biology of neck rot in the field.

Another infection strategy which potentially highly contributes to the incidence of neck
rot, is infection through seed. B. allii was detected in commercial onion seed batches
with up to 71% of seed samples being infected (du Toit et al. 2004; Maude and Presly
1977a; Stewart and Franicevic 1994). The fungus was detected externally on the seed coat
as well as internally, and was found able to survive for up to 3 years (du Toit et al. 2004;
Maude and Presly 1977a). B. allii was reported to spread from the infected seed to the
seedling, first being detected in the cotyledon, later in the true leaves, and eventually
in the neck of the mature onion (Maude and Presly 1977a; Stewart and Franicevic 1994).
Although growth of the fungus throughout living plant tissue was always symptomless,
conidiophores were observed after colonized leaf tissue senesced and turned necrotic,
indicating that seed transmission is not the only way of spread of the disease (Maude
and Presly 1977a; Tichelaar 1967). Although several studies reported a high correlation
between the percentage of infected seed and the incidence of neck rot in storage (Maude
1983; Maude and Presly 1977b; Stewart and Franicevic 1994), in a wet growing season
the incidence of bulbs with neck rot was greater than the occurrence of infection in seeds
(Maude and Presly 1977b). During storage, no further spread of the fungus was observed
from infected to healthy bulbs, suggesting that infection occurs only in the field (Maude
and Presly 1977b).

In addition to infection through seed and latent infection of leaves, it is hypothesised
that bulb infection occurs just before harvest at the moment the foliage is cut, leaving a
wound above the neck area providing a perfect point of entry for germinating conidia of
neck rot fungi (Maude et al. 1984).
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Control

In order to reduce the incidence of neck rot in storage, several control strategies have
been developed that aim to reduce infection during onion cultivation. Application of
preventative fungicides for the control of neck rot isa common practice in onion cultivation
(Kritzman 1983; Presly 1984), but has also led to B. allii populations that have become
resistant against active compounds such as benomyl and carbendazim (Gladders et al.
1994; Kritzman 1983; Viljanen-Rolinson et al. 2007). Nowadays, fungicide sprays with the
active ingredients fluopyram, tebuconazole, boscalid and pyraclostrobin, are commonly
applied in onion cultivation and are simultaneously effective against leaf blight as well as
against neck rot. Fungicides are also applied on seeds to reduce the level of seed borne
inoculum. Treatment of seeds has been reported to drastically reduce the incidence of
neck rot, but its effectiveness can be countervailed by spread of the disease in the field
under favourable weather conditions (Maude and Presly 1977b). To prevent seed as a
source of neck rot, nowadays, seed batches are tested for the presence of Botrytis spp.
and contaminated batches are disinfected. Also, after harvest, bulbs can be treated with
fungicides to reduce fungal growth inside the bulbs and decrease the incidence of neck
rot in storage (Ali and El Shabrawy 1979; Grinstein et al. 1992).

As an alternative to fungicides, several studies have focussed on biological control of neck
rot. Rod (1984) explored the potential of antagonistic fungi as biocontrol agents to inhibit
the growth of B. allii and identified several candidates. Different strains of Trichoderma
viride were found to have an inhibitory effect on growth of Botrytis spp. (Morris and Lane
1990; Roulston and Lane 1988). Kéhl et al. (1997) reported that amongst others Ulocladium
atrum could be used as a potential biocontrol agent against neck rot. Sporulation of Botrytis
aclada on necrotic leaf tissue could be suppressed by competition for tissue colonization
by the antagonistic fungus, but growth into living leaf tissue could not be stopped (Kohl
et al. 1999; Kohl et al. 1995; Yohalem et al. 2004).

Breeding for onion varieties resistant against neck rot is difficult because of the different
causal agents and the complexity of performing biologically relevant disease assays. There
are differences in susceptibility between onion varieties and the few studies that focussed
on resistance breeding against neck rot concluded that susceptibility is a quantitative trait
that shows continuous variation and is at least in part heritable (Lin et al. 1995; Vik and
Aastveit 1984).

Also cultural control methods are applied to limit the chances of neck rot infection in bulb
storage. To prevent infection through the wound that arises after cutting the leaves, bulbs
are lifted from the soil and left on the field to dry for several days, a process called curing.
During that process, the top of the onion dries, making it more difficult for fungi to grow
into the neck of the bulb (Maude et al. 1984). To speed up that process and to further
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inhibit fungal growth, bulbs are often cured using heated air (Gunkel et al. 1971; Harrow
and Harris 1969; Maude et al. 1984; Walker 1925b).

Despite the development of control strategies, neck rot remains difficult to control and
is thus a major problem in storage of onions. The latent nature of the infection makes
it difficult to predict the incidence of neck rot in storage. However, diagnostic methods
have been developed that detect the presence of neck rot fungi in seeds, plants or bulbs
with the aim to predict the incidence of neck rot in storage. The first method that was
developed is based on the outgrowth of fungi on selective media in which only Botrytis
species are capable to grow (Kritzman and Netzer 1978; Lorbeer and Tichelaar 1970).
Subsequently, the different neck rot species can be distinguished based on their macro-
and microscopic morphological characteristics. An accurate guideline for fungal isolation
and characterisation of species is described by Chilvers and du Toit (2006). To be able to
use diagnostic tools for the prediction of disease incidence, a more efficient and direct
method than traditional fungal isolation is preferred. Nielsen et al. (2002) developed a
diagnostic tool to detect and distinguish B. aclada, B. allii and B. byssoidea. This method,
based on PCR followed by restriction fragment length polymorphism (RFLP), enables
detection of B. aclada in symptomless onion leaves (Nielsen et al. 2002). An adaptation of
the PCR protocol by using a magnetic capture hybridization (MCH-PCR) increased speed
and sensitivity of the detection (Walcott et al. 2004). A real-time PCR (qRT-PCR) method
to quantify the amount of Botrytis neck rot fungi in onion seed was developed by Chilvers
et al. (2007). This assay uses specific primer pairs that are optimized to only anneal to B.
aclada, B. allii and B. byssoidea while not targeting other Botrytis species or other fungi
commonly detected on onion seed. In addition to this qRT-PCR method, which was based
on SYBR Green chemistry, another gRT-PCR was developed for determining the quantity
of B. aclada in bulb tissue based on TagMan probe-based chemistry (Coolong et al. 2008).
Khan etal. (2013) developed a high-resolution melting analysis assay that allowed fastand
simple discrimination between neck rot species. Alternatively to DNA-based detection, an
ELISA assay was developed to detect B. allii using polyclonal antisera (Linfield et al. 1995).
Also volatiles produced by infected bulbs can be used in metabolite profiling to detect
neck rot in bulbs (Li et al. 2011). More specifically, Prithiviraj et al. (2004) distinguished
bulbs infected with B. allii from uninfected bulbs, and also from bulbs infected with
other fungi and bacteria. Bulbs infected with Botrytis allii, Burkholderia cepacia and
mock treated bulbs could be distinguished based on their volatile profile (Li et al. 2011).
Although several methods for the detection and identification of neck rot fungi have been
developed, either for detecting latent leaf infection or contaminated seed, sampling is the
most problematic factor. Optimization of sample size, distribution of samples and timing
are difficult to assess in advance, though they are essential for an accurate prediction
of the incidence of neck rot in storage. The latent nature of neck rot infection remains a
significant problem in developing strategies to mitigate neck rot.
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White rot

Pathology

White rotis an important and widespread disease of onion caused by Sclerotium cepivorum.
Due to its soil-borne nature, the disease is difficult to control and can be destructive for
continued onion cultivation. Apart from onion, S. cepivorum is also able to cause white
rot disease in the related Allium crop garlic. White rot poses a threat to all major onion
production areas worldwide and is reported in countries of all continents including
Mexico, Ethiophia, Hungary, Australia, the USA and India (Amin et al. 2014; Bakonyi et al.
2011; Gupta and Bharat 2017; Lupien et al. 2013; Metcalf et al. 1997; Perez-Moreno et al.
1999).

Since white rot is a soil-borne disease, infection of onion plants starts at their roots. In
the initial phase of infection, the above ground parts do not show symptoms yet and
are seemingly healthy. Only when the fungus grows into the basal plate of the onion
bulb symptoms become apparent (Crowe and Hall 1980b). Symptoms of foliage include
premature yellowing and dying of older leaves followed by stunting. Severe infection of
plants can lead to complete dead of all foliage (Crowe 2008). When onion production fields
contain areas in which the soil is contaminated with S. cepivorum, symptomatic plants can
be observed in clusters (Crowe et al. 1980). Although such clusters may initially be small,
they can expand since neighbouring plants can get infected by the fungus due to physical
contact of their root systems (Crowe et al. 1980). In soils that are heavily contaminated,
symptomatic plants appear in larger areas of the field and symptoms are more severe. In
addition to foliar symptoms, patches of white mycelium can be observed around the base
of the bulb (Figure 3). Once the basal plate and scales of the bulb are infected they start
to rot. On the decaying bulb tissue, many small black sclerotia are formed (Crowe 2008).

In contrast to Botrytis species, S. cepivorum does not produce asexual spores to spread
and establish disease but uses sclerotia to infect and proliferate. The fungus is able to
produce microconidia that can germinate but their role in virulence and spread of the
disease requires further investigation (Coley-Smith 1960; Gindro and L'Hoste 1997).
Genetic comparison of worldwide field populations revealed that the fungus was
clonally disseminated within countries, but also provided evidence for (possibly meiotic)
recombination that occurred before migration of the populations (Couch and Kohn 2000).
Whether S. cepivorum indeed is capable of sexual reproduction remains to be elucidated
as there are no reports of apothecia for this species (Sammour et al. 2011).

The sclerotia of S. cepivorum are thick walled and relative small with a diameter of
approximately 0.2-0.5 mm, although variation in size exists between sampled strains
(Backhouse and Stewart 1987). Sclerotia formed on decaying bulb tissue end up in the
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soil when the infected onion plant senesces and decomposes. Once in soil, sclerotia of S.
cepivorum can survive and stay dormant for many years (Coley-Smith et al. 1990). When a
suitable host plant grows nearby, sclerotia germination is induced by Allium-specific root
exudates and volatiles (Coley-Smith 1960; Coley-Smith and Holt 1966; Davis et al. 2007).
Hyphae emerging from the sclerotia infect the root by formation of appressorium-like
structures or infection cushions (also known as compound appressoria) (Abd-El-Razik et
al. 1973; Stewart et al. 1989b). The fungus spreads throughout the roots and eventually
colonizes the basal plate and bulb tissue (Crowe 2008; Stewart et al. 1989a).

Figure 3. Symptoms of white rot caused by S. cepivorum on the outside of an onion bulb.

There are a many factors that influence the intensity of white rot infection. Temperature
influences the progression of the disease with favourable temperatures for the pathogen
ranging from 6 to 24°C, and elongated periods of soil temperatures over 22°C can
completely eliminate S. cepivorum (Crowe and Hall 1980a; Entwistle et al. 1991). Another
environmental factor that influences the severity of infection is soil moisture (Leggett and
Rahe 1985). The most important variable however, is the density of sclerotia present in the
soil (Crowe et al. 1980). Since white rot is considered to be solely propagated by sclerotia,
spread of the disease is mostly mediated by human handling. Contaminated equipment
or soil that contains sclerotia are often considered as initial sources of inoculum. Also
movement of diseased plant material or even grazing animals have been considered to
spread the disease (Mikhail et al. 1974). When a field is contaminated with a relatively low
amount of sclerotia, the progression of the disease is slow and the distribution patchy
(Crowe 2008). However, if infested fields are continuously used for Allium cultivation, the
spread and number of sclerotia will rapidly increase over subsequent years (Crowe et
al. 1980). Since sclerotia can stay dormant in the soil in absence of host plants for over
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20 years and remain viable, Allium production in infested fields is not feasible anymore
(Coley-Smith et al. 1990).

Control

The most crucial element of control strategies against white rot is to prevent the
introduction of the disease into production fields. Especially movement of contaminated
equipment from infested fields and introduction of diseased plant material should be
prevented (Crowe 2008). Once symptomatic plants are observed, they can be removed
to prevent spread of the disease and accumulation of sclerotia. In addition, removal of
neighbouring asymptomatic plants should be considered since their root system may
have been in contact with the diseased plants and therefore can be infected as well (Crowe
2008; Crowe et al. 1980). Although removal of plant material does not eliminate white rot,
it does help to stop the spread and the increase in number of sclerotia.

Several strategies have been developed to reduce the number of viable sclerotia in the soil.
Inundation of contaminated soil reduced the number of vital sclerotia since they cannot
stand prolonged soil saturation conditions. The efficacy of inundation was dependent
on temperature but predominantly controlled by the duration and time of year (Banks
and Edgington 1989; Leggett and Rahe 1985). Inundation greatly reduces the number
of viable sclerotia, with a decline of up to 93% in heavily invested fields, but it does not
result in complete eradication and therefore onions grown in the subsequent year are
still affected (Coley-Smith et al. 1990; Crowe et al. 2005). Alternatively to inundation, soil
solarization has been tested to eradicate viable sclerotia by heat (Entwistle et al. 1991).
Although laboratory-based trials were successful, solarization is not widely adopted as a
method in the control of white rot (McLean et al. 2001).

In addition to water and heat, also chemicals are used to reduce the number of viable
sclerotia by soil fumigation. Chemicals like methyl bromide were shown to eliminate
nearly all viable sclerotia. However, soil fumigation is not cost effective and has side effects
on the microbial soil community (Crowe 2008; Sammour et al. 2011). As an alternative to
chemicals, compounds that do not directly kill sclerotia, but induce germination in the
absence of host plants have been tested for their efficacy to eliminate viable sclerotia in
soil. Natural products such as Allium root extracts or garlic power were shown to induce
sclerotia germination (Coley-Smith and Holt 1966; Esler and Coley-Smith 1983). Also
synthetic compounds that stimulate germination like diallyl disulphide (DADS) or di-N-
propyl disulfide have been tested for their efficacy to eradicate viable sclerotia (Coley-
Smith and Parfitt 1986). In field trials with DADS, over 90% of all sclerotia germinated,
which is comparable to the reduction of viable sclerotia using chemical fumigation (Davis
et al. 2007; Hovius and McDonald 2002). However, the few remaining sclerotia still cause
severe plant damage and yield losses when onions are grown on the treated plot.
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Instead of preventing infection by eradication sclerotia from soil, other control strategies
focus on preventinginfection or slowing down the progression of the disease. Like for onion
diseases caused by Botrytis species, fungicide sprays are regularly used against white rot.
Because of the soil-borne nature of the disease however, foliar applied fungicides cannot
prevent infection. Fungicide applications to seeds or planting onion do inhibit fungal
growth in the initial phase of root growth, but cannot prevent infection of developing
root systems (Banks and Edgington 1989; Mifiambres et al. 2010). Still, spraying mature
plants with fungicide does help to slow down the progression of the disease and the
amount of new sclerotia produced (Crowe 2008; Fletcher etal. 1971; Sammour et al. 2011).

As an alternative to chemical treatments, the antagonistic effects of several soil microbes
on white rot have been tested (Entwistle et al. 1991; Wong and Hughes 1986). Amongst
others the potential of Trichoderma spp. as biocontrol agents of S. cepivorum was evaluated.
In vitro studies showed extensive growth inhibition of S. cepivorum, but field application
had only very limited effects (Metcalf and Wilson 2001; Rivera-Mendez et al. 2020). Also
the microparasite Coniothyrium minitans was assessed for its potential as biocontrol agent
and was shown to effectively control white rot under laboratory conditions (Ahmed and
Tribe 1977), but biocontrol is not commonly used in onion cultivation to control white rot.

Several studies focussed on host variation in white rot susceptibility. Many of those screens
found differences in disease incidence between Allium species and between commercial
onion cultivars (Bansal and Broadhurst 1992; Brix and Zinkernagel 1992; Hovius and
Goldman 2004; Utkhede and Rahe 1978; van der Meer et al. 1983). The observed differences
might indicate levels of quantitative resistance that can be potentially exploited for
breeding purposes. Some of the differences were proposed to originate from differential
ability of genotypes to stimulate sclerotium germination (Bansal and Broadhurst 1992;
Hovius and Goldman 2004). However, resistant plants have not been further characterized
and contradicting levels of susceptibility were reported for the same cultivars or species.
For example, onion cultivar Ailsa Craig showed relatively low infection incidences in one
study, while in a second study this cultivar did not show any sign of reduced white rot
susceptibility (Brix and Zinkernagel 1992; Utkhede and Rahe 1978). Similarly, the onion
cultivar Pukekohe Longkeeper was found to be most resistant in one study, but belonged
to the group of most susceptible cultivars in another (Bansal and Broadhurst 1992; van der
Meer et al. 1983). Differences in resistance levels were also found between seed lots of the
same cultivars (Utkhede and Rahe 1984). These inconsistencies illustrate the difficulty in
assessing of and breeding for white rot resistance. Lack of standardized inoculation methods
and variation in plant and fungal material compromises the comparability of resistance
screens. Additionally, strong environmental effects impair the detection of presumably
low quantitative differences (Utkhede et al. 1982). Better controllable laboratory trials that
correlate with disease incidence in the field might improve the sensibility of screens for
resistance and enable future breeding efforts (Hovius and Goldman 2004).
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Thesis outline

Research on leaf blight, neck rot and white rot in onion has a long history and most of the
work described was performed several decades ago. It is remarkable how little progress
has been made in the past two decades in increasing our knowledge of the interaction
between Botrytis species and S. cepivorum with their host onion, which can be exploited to
rationally develop novel concepts for controlling these diseases in onion. New approaches
are required to acquire a better fundamental understanding of the biology and ecology
of these fungi. In this thesis, we studied the genetic, biochemical, molecular and cellular
aspects of the interaction of Botrytis species and S. cepivorum with their host onion. New
insights are essential to reveal leads for resistance breeding in onion as a durable solution
against leaf blight, neck rot and white rot in onion cultivation.

In chapter 2, | describe a study on the biology of the early phases of onion infection for
leaf blight, neck rot and white rot. Using GFP-labelled transformants of B. squamosa, B.
aclada and S. cepivorum, we visualized the first contact with host tissue and traced the
fungi during infection. We revealed that all three pathogens have distinct infection
strategies, which has consequences for the development of control measures and
breeding approaches.

Plants protect themselves against microbial invaders by the production of antimicrobial
compounds. In chapter 3, | report on the effect of onion-specific saponins called
ceposides on B. aclada and S. cepivorum. Furthermore, we studied candidate genes that
were potentially involved in the detoxification of ceposides.

The genetic elements underlying differences in host range between Botrytis species are
unknown. In chapter 4, | describe an attempt to resolve the host specificity of Botrytis
species infecting Allium using comparative genomics. By sequencing the genomes of
onion pathogenic Botrytis species and S. cepivorum, as well as closely related Botrytis
species pathogenic on other hosts, we searched for genetic elements underlying onion
pathogenicity. Amongst other secreted proteins and secondary metabolite gene clusters
were analysed in all sequenced species. By performing synteny analysis we were able to
provide insight in the evolution of Botrytis genomes.

In chapter 5, | describe a study that was focussed on effector proteins of B. squamosa.
Using a combination of proteomics and genome-wide effector prediction, we identified
candidate effectors. By heterologous production of proteins in two independent
expression systems, we were able to test the cell death-inducing activity of candidate
effectors. The role of candidate effectors in virulence of B. squamosa on onion was assessed
using knockout mutants obtained by CRIPSR-Cas9-mediated transformation.
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One of the B. squamosa effectors identified in chapter 5 that was able to induce cell death
in onion was necrosis- and ethylene-inducing protein 1 (Nep1). In chapter 6, | report a
more detailed study of microbial Nep1-like proteins on monocot plants including onion,
and assessed the contribution of BsNep1 to virulence of B. squamosa. By infiltrating pure
protein in an interspecific Allium hybrid population, we were able to identify a QTL for
BsNep1 insensitivity that co-localized to a previously identified QTL for B. squamosa
resistance.

In chapter 7, | integrate all aspects of the interaction of Botrytis species and S. cepivorum
with their host onion that are studied in this thesis. | relate facets of pathogenicity to
the host specificity of onion-pathogenic Botrytis species. Furthermore | discuss the
perspectives to incorporate our insights into resistance breeding strategies in order to
generate onions with increased resistance against leaf blight, neck rot and white rot.
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Chapter 2

Abstract

Botrytis squamosa, Botrytis aclada and Sclerotium cepivorum are three fungal species of the
family Sclerotiniaceae that are pathogenic on onion. Despite their close relatedness, these
fungi cause very distinct diseases, respectively called leaf blight, neck rot and white rot,
which pose serious threats to onion cultivation. The infection biology of particularly neck
rotand white rot is poorly understood. In this study, we used GFP-expressing transformants
of all three fungi to visualize the early phases of infection. B. squamosa entered onion
leaves by growing either through stomata or into anticlinal walls of onion epidermal cells.
B. aclada, known to cause post-harvest rot and spoilage of onion bulbs, did not penetrate
the leaf surface but instead formed superficial colonies which produced new conidia. S.
cepivorum entered onion roots via infection cushions and appressorium-like structures.
In the non-host tomato, S. cepivorum also produced appressorium-like structures and
infection cushions, but upon prolonged contact with the non-host the infection structures
died. With this study, we have gained understanding in the infection biology and strategy
of each of these onion pathogens. Moreover, by comparing the infection mechanisms we
were able to increase insight into how these closely related fungi can cause such different
diseases.
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Introduction

Onion is an important vegetable crop that is cultivated worldwide but its production is
threatened by pathogens and pests. There are three main onion diseases that are caused
by species of the fungal family Sclerotiniaceae. Botrytis squamosa is the causal agent of
onion leaf blight, while Botrytis aclada, Botrytis byssoidea and Botrytis allii cause neck rot,
and Sclerotium cepivorum causes onion white rot. Although the species are related, the
diseases they cause are distinct and have their own etiology.

The most notorious disease is Botrytis leaf blight, caused by the necrotroph B. squamosa.
The fungus was first described nearly 100 years ago and even today leaf blight is still a
major disease in almost all onion cultivation areas worldwide (Araujo et al. 2018; Carisse et
al. 2011; Tanovic et al. 2019). The disease is characterized by small necrotic spots on onion
leaves that expand at a later stage leading to blighting of leaves and early leaf senescence,
eventually resulting in a reduction of plant growth and bulb yield and quality (Lacy and
Lorbeer 2008a; Steentjes et al. 2021a). Compared to neck rot and white rot, the disease
cycle of leaf blight is relatively well studied. Spores of B. squamosa are dispersed by
wind and upon landing on the onion leaf surface, the spores germinate to penetrate the
surface and enter the leaf tissue. Once inside the leaf, the fungus spreads intercellularly
and proliferates by obtaining nutrients from killed host cells. Infected onion leaves turn
necrotic and on the outside new conidia are produced that can initiate a new disease
cycle (Lorbeer 1992; Lorbeer et al. 2007).

Botrytis neck rot is a disease that results in rotting of the neck of the onion bulb. Although
infection is initiated in the field, symptoms are observed only after bulbs have been
harvested and stored, making neck rot a post-harvest disease (Lacy and Lorbeer 2008b;
Steentjes et al. 2021a). Neck rot is caused by a complex of the three species Botrytis aclada,
B. byssoidea and a hybrid species of the former two, called B. allii (Chilvers and du Toit
2006; Nielsen and Yohalem 2001). Since the disease remains asymptomatic during the
growing season of onion plants, it is difficult to study its etiology. In the past, symptomless
infection of leaves has been hypothesized to lead to an endophytic growth of the fungus
towards the bulb (Tichelaar 1967). Also endophytic growth from contaminated seed has
been suggested as an infection strategy, as correlations between the numbers of infected
seed and the incidence of neck rot in storage were reported (Maude 1983; Maude and
Presly 1977a; Stewart and Franicevic 1994). Despite these hypotheses, the infection
process of neck rot still remains unclear.

White rot of onion is caused by the soil-borne pathogen Sclerotium cepivorum, which
mainly colonizes roots, basal plate and bulb of the onion plant. Symptoms of infected
plants are premature yellowing, dieback, wilting of older leaves, and stunting of plants
followed by death of all foliage and sometimes root rot (Crowe 2008; Sammour et al. 2011).
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Unlike Botrytis species, S. cepivorum does not produce spores to spread and establish
disease. Instead, spread occurs through sclerotia formed on infected hosts which can
remain dormant in soil for up to many years. Root exudates of Allium plants have been
reported to stimulate sclerotia to germinate and infect the roots (Coley-Smith 1960, 1986;
Davis et al. 2007; Tyson et al. 2000). Once a production field is infested with S. cepivorum,
onion cultivation is no longer possible.

Although all three diseases pose a serious threat to onion cultivation, the infection
biology of these fungi, especially the ones causing neck rot and white rot is still poorly
understood. To provide insight into the early infection biology and to understand the
interaction between plant and fungus, we developed GFP-expressing transformants of
B. squamosa, B. aclada and S. cepivorum and visualized the infection process on onion.
Using epifluorescence and confocal microscopy, we were able to visualize the interaction
between these fungi and onion, and colonization of the host tissues. By comparing
infection strategies of the three related fungi, we aimed to determine how they cause such
distinct diseases on the same host and aimed to provide insights for the development of
new control strategies.

Material and methods

Fungal isolates and culture conditions

B. squamosa isolate MUCL31421, B. aclada isolate 633 and S. cepivorum isolate UFL
were used as recipient strains for transformation. Spores of B. squamosa were obtained
by growth on autoclaved onion leaves on top of water agar (Oxoid) at a temperature
of 20°C in the dark for 3 days. After 3 days, plates were transferred to 16/8h day/night
rhythm of white light supplemented with UV light (330-370nm, Sylvania F15T8/BLB) at
a temperature of 20°C for 4 days. Spores of B. aclada were produced by growth on MEA
(Oxoid) in the dark at 20°C for 7 days, after which plates were exposed to 16/8h day/night
rhythm of white light supplemented with UV light (360-380nm, Phillips TLD 18W/08) for
3 days. Sclerotia of S. cepivorum were obtained by growth on MEA (Oxoid) plates in the
dark at 20°C. For long term storage, spores of B. squamosa and B. aclada were kept in 15%
glycerol at -80°C and sclerotia of S. cepivorum were stored at room temperature.
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Fungal transformation

To fluorescently label the fungi, a gene cassette containing gfp (codon optimized for B.
cinerea) under control of a oliC promotor, together with a hygromycin resistance marker
was amplified from plasmid pNDH-OGG (Schumacher 2012). Using a PEG-mediated
protoplast transformation (Have et al. 1998), the construct was inserted into the genomes
of B. squamosa, B. aclada and S. cepivorum. Protoplasts of B. squamosa and B. aclada were
obtained by digestion of overnight germinated spores in 1% Malt Extract (Difco) using
Glucanex (Sigma-Aldrich). For S. cepivorum, mycelium was grown on PDA (Oxoid) covered
with cellophane for 3 days after which the mycelium was isolated and homogenized
(Kinematica CH-6010). The suspension of mycelial fragments was incubated overnight in
1% Malt Extract (Difco) before protoplasting using Glucanex (Sigma-Aldrich). Transformed
protoplasts were selected using an initial hygromycin concentration of 30ug/ml for
B. squamosa and B. aclada and 75ug/ml for S. cepivorum. Transformant colonies were
assessed for their capacity to fluoresce and the integration of the gfp gene and resistance
cassette was confirmed by PCR. Virulence of transformants was checked by inoculation
on onion leaves and bulb scales, and growth speed was assessed by measuring diameter
of five replicate colonies per strain on MEA plates and calculating growth rates using
trendlines.

Plant material and inoculation

All onion plants used in this study were grown in a climate chamber with 12h light, 70%
relative humidity, 18°C day temperature and 16°C night temperature.

For inoculation assays of B. squamosa, young but fully grown leaves of 2-4 month onion
plants cv. Manesco were used. Detached leaves were placed in humid boxes and the
cuticula of leaves was gently wiped with tissue paper to facilitate inoculation. Spores were
suspended in 12g/L PDB (Difco) to a final concentration of 5x10* or 10° spores/ml and
inoculated in 1ul droplets.

For inoculation assays of B. aclada, leaves of 4-6 weeks old onion plants from sets of cv.
Cupido were used. Spores were suspended in 12g/L PDB to a final concentration of 10* or
10° spores/ml and inoculated in droplets of 1pl. For the long term infection assay, 6 week
old onion sets cv. Cupido were inoculated with one inoculation droplet of 1ul per leaf with
10* spores/ml in 12g/L PDB. On weekly intervals, leaves were segmented into 10mm wide
segments and placed on MEA plates with 100ug/ml hygromycin. Inoculation on non-host
plants species was performed on tomato cv. Motelle, Nicotiana benthamiana and a lily
Oriental x Asiatic hybrid cultivar.

For inoculation of S. cepivorum, seedlings of onion cv. Stuttgarter Riesen, tomato cv.
Moneymaker and white cabbage cv. Express, were placed on object glasses with fixed
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cover slips with roots and part of the hypocotyl in between the glass slides. The prepared
slides were placed upright in 0.25 Murashige & Skoog basal salt mixture (Duchefa). For
inoculation, sclerotia were cleaned and pregerminated on droplets of MEA before they
were placed directly onto the seedling. Inoculated seedlings were placed back in nutrient
solution and visualized at regular intervals.

Fluorescence microscopy and germ tube measurements

For determining fluorescence of the transformant colonies, images were captured with
a Nikon Eclipse 90i fluorescence microscope mounted with a Nikon cooled camera head
DS-5Mc using a Plan Fluor 4x/0.13 lens. For visualization of the S. cepivorum infection
process, Plan Fluor 10x/0.30 and 40x/0.75 lenses were used. With a Nikon Intensilight
mercury lamp, GFP-expressing fungi were visualized using a FGP(R)-BP filter (exitation:460-
500nm, dichroic mirror: 505, barrier wavelength: 500-550nm). For visualization of the
B. squamosa and B. aclada infection, a Zeiss LSM 510-META confocal laser scanning
microscope equipped with a mmi DCA252cF-K07 CellCamera was used with EC Plan-
Neofluor 40x/1.30 Oil DIC and Plan Apochromat 63x/1.4 Oil DIC objectives. An Argon laser
488nm was used for excitation with the GFP signal passing through a BP 505-530 filter
and the chloroplast autofluorescence and propidium iodide signal passing through an
LP 615 filter. To visualize the epidermal cell walls, inoculated leaf segments were stained
in 0.05mg/L propidium iodide. For the visualization of leaf surface penetration, Z-stacks
of optical sections including pathogen, leaf surface, epidermal cells and mesophyll cells
were acquired. 3D-projects of Z-stacks were made using the image analysis tool imageJ.
For the B. squamosa germ tube measurements of different nutrient concentrations in the
inoculum, in total 24 inoculation spots with 4 replicates per nutrient concentration were
imaged resulting in 448 measurable germ tubes. Using imagelJ, a segmented line was
manually drawn from the base of the spore until the apex of the germ tube and length,
fluorescence (measured as average intensity) and curvature (calculated as the ratio feret
value/length) were measured per germ tube. Spore size and germ tube width were
measured similarly using 22 images of germinated spores for both B. squamosa and B.
aclada.

Statistical analysis

All statistical analysis was performed in GraphPad 9.0 (Prism). WT and GFP-transformants’
growth rates were pairwise compared for B. squamosa, B. aclada and S. cepivorum using
unpaired t-tests. Germ tube length, curvature and fluorescence intensity at different
concentrations PDB in the inoculum were side-by-side analyzed using unpaired t-tests.
Differences were considered to be statistically significant with two-tailed P values <0.05.
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Results

Transformation of B. squamosa, B. aclada and S. cepivorum with gfp
yields fluorescently labeled fungi

Tovisualize the infection process of the three different fungiin onion, we used fluorescently
labeled transformants. A GFP (green fluorescent protein) encoding gene was inserted into
the genomes of the fungi using a polyethylene glycol-mediated protoplast transformation,
resulting in multiple GFP-expressing transformants of each fungal species. Transformants
did not show abnormalities in morphology and pathogenicity, and were able to fluoresce
(Figure 1A). Furthermore, transformants were not reduced in growth speed as compared to
WT (Figure 1B). For each species, one fluorescent transformant with normal morphological
appearance and growth rate was selected to study the infection biology.

A S. cepivorum B. aclada B. squamosa B

GFP wT GFP wT GFP wT
= WT

3 GFP-transformants

-
o
1

-

Growth rate (mm/day)

0 T —
B. squamosa B. aclada S. cepivorum

Figure 1. Evaluation of WT and GFP-expressing transformants of B. squamosa, B. aclada and S. cepivorum. (A) No
differences were observed between WT and transformants based on morphology and growth on agar plates
(first row) and pathogenicity on host tissue (second row), and only transformant strains are able to fluoresce
(third and fourth row). Scale bar=500um. (B) No difference was observed in growth rate between WT and
transformants (unpaired t-test, p>0.05, error bars representing standard error).
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B. squamosa enters the onion leaf by growth through stomata or into
anticlinal walls

The average width and length of B. squamosa conidia measured 15.6um and 22.6um
respectively, which is in accordance with previously published measurements (Presly
1985). Spores of B. squamosa applied to the surface of onion leaves germinated within the
first two hours after inoculation (Figure 2A). The majority of spores germinated unipolar
(Figure 2B) but also bipolar germination from opposing sides of the spore was observed
(Figure 2C). Occasionally, germ tubes growing over the onion leaf surface branched,
mostly with one but sometimes with two opposing lateral branches (Figure 2D). The
width of germ tubes measured on average 5.5um. The length depended on the nutrient
concentration applied in the inoculum, with higher nutrient concentrations resulting in
longer germ tubes at 8 hours post inoculation (HPI) on the onion leaf surface (Figure 2E).
Spores inoculated without nutrients in the inoculum did not germinate and did not show
fluorescence. In addition to length, also the curvature of germ tubes and the fluorescence
intensity varied with nutrient concentration in the inoculum (Supplemental figure 1A, 1B).

Most of the germ tubes that penetrated the onion leaf surface did so by entering through
stomata (Figure 2F, 2G). Alternatively, B. squamosa was observed to enter the onion leaf
by growing into anticlinal cell walls of the onion epidermis (Figure 2H, 2I). In several cases,
germ tubes were observed to grow over stomata, presumably when they were closed,
instead of growing through them. Likewise, germ tubes very often grew over anticlinal
walls of onion epidermal cells as compared to growth into anticlinal walls towards
mesophyll tissue, suggesting leaf penetration by growth into the epidermal layer might
be triggered by external stimuli.
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Figure 2. B. squamosa growth on and penetration of the onion leaf surface. Fluorescence microscope images
of spores germinating (A, B) unipolar and (C) bipolar, and (D) a branching germ tube. (E) The effect of nutrient
concentration in the inoculum on germ tube length at 8 HPI on the onion leaf surface, (unpaired t-test, * p<0.05,
error bars representing standard error). Confocal laser scanning microscopy images of B. squamosa penetrating
the onion leaf surface. (F) Top view and (G) front view of a 3D projection of stomatal penetration. (H) Top view
and (1) front view of a 3D projection of growth into anticlinal walls of epidermal cells. All scale bars represent
50um, arrows indicate stomata, B. squamosa-GFP in green and Pl stained onion cell walls in red.
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Botrytis aclada reproduces asexually without penetrating the onion
leaf surface

Botrytis neck rot is a storage disease of onion that does not display symptoms in the
field. To resemble field conditions, inoculations of B. aclada were performed with spore
densities that did not result in disease symptoms or other plant responses. Inoculation
of B. aclada spores on onion leaves resulted in germination within a similar timeframe
and with comparable polarity and branching patterns as for B. squamosa. The conidia
of B. aclada however, measured on average 5.2um wide and 7.0um long which is similar
to previous reports (Nielsen et al. 2001; Yohalem et al. 2003). This is over three times
smaller in size, and therefore approximately 30 times smaller in volume as compared to B.
squamosa. Also germ tubes were smaller than germ tubes of B. squamosa, measuring on
average 3.2um wide. Germ tubes of B. aclada were observed to grow exclusively over the
surface of the onion leaf. Even while we examined inoculated leaf samples up to 48 HPI,
we neither observed penetration of the onion leaf surface by growth into the epidermal
cell layer nor through stomata, even when hyphae grew along or over stomata (Figure
3A, 3B). Instead, the hyphae branched and developed conidiophores with new conidia
from 72 HPI onwards (Figure 3C). No lesion, discoloration, or any other plant response
was observed, while the newly developed conidia could be seen by eye (Figure 3D, 3E).
To ensure that the development of conidiophores was not an artifact of nutrients used in
the inoculum for synchronized spore germination, spores were pre-incubated in nutrient
solution to initiate germination and washed with water before inoculation. Germination,
growth and formation of conidiophores was similar to non-washed inoculum, indicating
that the nutrients for developing conidiophores are acquired from another source than the
inoculum. In addition to inoculating B. aclada on its host plant onion, we also inoculated
non-host plants. Production of new conidia without necrotic symptoms was observed on
leaves of tomato and lily, but not on Nicotiana benthamiana (Supplemental figure 2).

In order to follow the development of the fungus over a longer time period, onion leaves
were inoculated and sampled at weekly intervals, and divided into 10mm segments to
examine outgrowth of B. aclada. The fungus could never be isolated from any leaf segment
other than the segment on which it was inoculated (Supplemental figure 3). B. aclada
could be isolated from the segment with the initial inoculation spot for up to 50 days post
inoculation (DPI) even when leaves were already naturally withered of age, suggesting
regrowth from newly produced conidia instead of outgrowth of invasive hyphae since the
dry and withered leaves unlikely sustain hyphal growth.
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Figure 3. B. aclada on onion leaves. (A) Top view and (B) front view of a 3D projection of confocal laser scanning
microscopy images of hyphae growing over and along stomata of an onion leaf. Scale bars represent 50um,
arrows indicate stomata, B. aclada-GFP in green and PI stained onion cell walls in red. Conidiophores with newly
formed spores of B. aclada on the surface of an onion leaf observed by (C) fluorescence microscopy (scale bar
200um), (D) on a macroscopic scale, and (E) using binocular microscope.

Sclerotium cepivorum infects onion by formation of appressorium-like
structures and infection cushions

To study the infection process of S. cepivorum, onion seedlings were inoculated with
pre-germinated sclerotia of S. cepivorum. During germination of sclerotia the hard shell
burst followed by outgrowth of multiple branched hyphae (Figure 4A). No targeted
growth towards or away from the host plant root was observed. At early time points (12
to 24 HPI) S. cepivorum hyphae attached to the root epidermis of the onion seedling and
developed infection structures. Both appressorium-like structures, formed by swelling of
the tip of a single hypha (Figure 4B), and infection cushions (also referred to as compound
appressoria), formed by one or two branched and curled hyphae resulting in a bundle of
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intertwined hyphae (Figure 4C), were observed. Approximately 10 to 12 hours after the
formation of the infection structures, invasive hyphae were observed growing inside the
onion root (Figure 4D, 4E).

Once inside the root, hyphae grew in cortical tissue while epidermis and hypodermis
remained intact (Figure 4F). Hyphae progressing towards the root tip were also observed
to grow in or around vascular tissue. In advanced stages the cortical root tissue developed
cavities that were enriched with hyphae. Eventually, the fungus exited the root by growing
through the root tip (Figure 4G).

A

Figure 4. S. cepivorum on onion. (A) Binocular microscope image of a germinating sclerotium with outgrowth of
hyphae. S. cepivorum attaching to host surface by forming (B) an appressorium-like structure and (C) an infection
cushion observed by fluorescence microscopy. (D, E) Invasive hyphae growing inside the onion root 10 hours
after the formation of an appressorium-like structure. (F) Hyphae growing through cortical root tissue and (G)
eventually growing through the root tip. (H) Spreading infection through an onion leaf, with (I) disintegrating
onion tissue around leading hyphae. (J) Hyphae growing over the full width of an onion leaf 36 HPI.

Inoculation of S. cepivorum on the basal part of the leaf resulted in different fungal
growth patterns than inoculation on root tissue. After penetration, hyphae grew rapidly
throughout the plant. Approximately 24 HPI, hyphae in the epidermal and subepidermal
layers had grown from the initial infection site towards all directions (Figure 4H). Host
tissue appeared to be macerated around and in front of the leading hyphae (Figure 4l).
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The fungus further colonized and spread across the width of the basal part of the leaf and
grew both towards leaf as well as root tissue (Figure 4J). Approximately 5 DPI the fungus
grew into the roots while all other plant parts were already fully colonized and macerated.

In addition to visualizing the interaction between S. cepivorum and its host plant onion,
we tested the host specificity of S. cepivorum by inoculating seedlings of non-host plants
cabbage and tomato. On cabbage, hyphae grew around plant tissue but no formation
of infection structures was observed (data not shown). On tomato seedlings however,
hyphae that emerged from sclerotia attached to the epidermis of roots and root hairs
and formation of appressoria and infection cushions was observed within 24 hours after
inoculation (Figure 5A, 5B, 5C). Both appressoria and infection cushions morphologically
resembled the structures observed on onion seedlings. In all cases however, the infection
structures lost fluorescence within 10 to 24 hours upon contact with the non-host,
indicating dying of the infection structure (Figure 5D, 5E, 5F). Only the apical cells that
were in direct physical contact with the tomato root epidermis or root hairs died, while
other hyphae retained their fluorescence and continued growing. In none of the observed
cases, hyphae could be detected that had penetrated the tomato root tissue.

A B C

e o pd

Figure 5. Unsuccessful infection of tomato roots by S. cepivorum. Fluorescent microscopical images of (A)
branching hyphae attached to a tomato root hair, (B) an appressorium-like structure and (C) an infection cushion
attached to the tomato root epidermis. (D) 12 hours, (E) 10 hours and (F) 24 hours later, infection structures lost
their fluorescence, indicated by arrows.
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Discussion

In this study, we transformed B. squamosa, B. aclada and S. cepivorum to obtain
fluorescently labeled fungi that allowed accurate visualization of the infection processes
in onion tissues. This is the first report of transformation of B. aclada and S. cepivorum, and
although B. squamosa was the first Botrytis species that had been transformed (Huang
et al. 1989), this is also the first report on GFP-expressing B. squamosa. Although the gfp
cassette was ectopically integrated, the successful protoplast transformation paves the
way for molecular studies using knock-out mutants of these fungi, possibly by adapting
the CRISPR-Cas9 protocol developed for B. cinerea (Leisen et al. 2020).

When B. squamosa was inoculated on onion leaves, two modes of penetration were
observed: 1) growth through stomata and 2) growth into anticlinal walls of epidermal
cells. This is in accordance with previous observations (Clark and Lorbeer 1976; Lorbeer
1992; Lorbeer et al. 2007), but formation of distinct appressoria was not observed by us.
Botrytis species, including B. squamosa, are known to secrete plant cell wall degrading
enzymes such as cutinases, pectinases and cellulases that facilitate progressive growth of
germ tubes penetrating the leaf surface, thereby diminishing the need to develop distinct
appressoria (Hancock et al. 1964; Kars and van Kan 2007; Mansfield and Richardson 1981).
When inoculating B. squamosa on onion leaves, we observed that the higher the nutrient
concentration in the inoculum the longer the germ tube and the higher the fluorescence
intensity, whereas in water spores did not germinate at all. The availability of nutrients likely
influenced the basal metabolism of the fungus, thereby affecting the speed of polarized
growth as well as expression of the gfp gene. The activity of the Aspergillus nidulans oliC
promotor that was used to control gfp might be influenced by sugar availability, since the
OliC gene encodes a mitochondrial ATP synthase subunit (Ward et al. 1988).

Botrytis neck rot is a post-harvest disease of onion that is initiated in the field but only
becomes apparent upon storage of the bulbs for several weeks or months, as is typically
done for Dutch long day onions (Lacy and Lorbeer 2008b; Steentjes et al. 2021a). From
our leaf infection assays for microscopy, as well as from the long term infection and
resampling assays, we did not observe penetration of the onion leaf surface nor did we
obtain evidence of asymptomatic, endophytic growth of B. aclada through onion leaves.
This is in contrast to a study performed by Tichelaar et al. (Tichelaar 1967) who reported
germ tubes growing through stomata of onion leaves. In contrast to the latter study,
we typically used whole leaves and whole plants in our experimental setup to ensure
biologically relevant conditions. Remarkably, we could observe germ tubes growing
through stomata after the epidermal layer of the onion leaf was peeled off and placed
on agar medium before inoculation (data not shown). The isolation of the single cell layer
likely resulted in cell death and dis-functioning of stomata, providing an artificial host
substrate that B. aclada was able to penetrate.
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Necrotrophs like most Botrytis species are presumed to destruct host cells to obtain
nutrients and proliferate. The formation of conidiophores without penetrating the leaf
surface and killing host cells suggests that B. aclada obtains nutrients from another
source. Several fungal plant pathogens, such as certain Colletotrichum species and
Rhynchosporium secalis, have a subcuticular growth phase in which they grow under
the cuticle and within the periclinal and anticlinal walls of epidermal cells (Carisse et al.
2000; De Silva et al. 2017). Our results suggest that B. aclada has a similar growth, in which
the nutrients required for developing new conidia might be acquired from the cuticle,
consisting of a layer of cutin with embedded polysaccharides and an overlying layer of
waxes, or the polysaccharides from the outer periclinal cell wall of epidermal cells (Yeats
and Rose 2013).

Thereis no consensus about the way in which B. aclada ends up in the neck area of the onion
bulb. It has been hypothesized that the neck area could be reached through endophytic
growth from contaminated seed (Maude and Presly 1977b; Stewart and Franicevic 1994),
through endophytic or epiphytic growth from asymptomatic infection of leaves (Tichelaar
1967), or by growth into wounds in the onion bulbs, neck or leaves (Maude et al. 1984).
The conidia production that we observed on green leaves of onion and even other plant
species may play an important role in the disease cycle. This may especially be the case just
before the harvest of onion bulbs, when relatively dry foliage is cut from the bulbs creating
a wound just above the neck area and thus providing a potential entry point for conidia
of B. aclada during the period the bulbs remain on the field (Maude et al. 1984). Moreover,
the cutting and thus movement of foliage will facilitate spores to become airborne. The
simultaneous induction of a temporary high spore pressure and the availability of entry
points to the onion bulb might result in the initiation of infection. The capacity of B. aclada
to also grow and sporulate on the surface of other plants which are considered to be non-
hosts (e.g. tomato and lily) might also generate a reservoir of spores that may be present
in the vicinity of the crop at the moment that the foliage is cut and bulb tissue becomes
exposed to the air. To what extent non-host plants serve as a source of B. aclada inoculum
is a challenging question to address.

To study the infection biology of S. cepivorum, onion seedlings were inoculated using
pregerminated sclerotia. In the field, sclerotia remain dormant in the soil until a host plant
growing nearby secretes root exudates that induce germination (Coley-Smith 1986; Coley-
Smith and King 1969; Davis et al. 2007; Esler and Coley-Smith 1983). However, several
studies have reported that sclerotia can spontaneously germinate without root exudates
in sterile conditions, suggesting that root exudates do not directly induce germination
but instead might abolish suppression of germination by antagonistic soil microbes (Allen
and Young 1968; Coley-Smith et al. 1987).
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To facilitate visualisation of the infection process, onion seedlings were grown in liquid
and inoculated with germinated sclerotia. Infection progressed rapidly and the infection
process observed is in accordance with previous descriptions (Abd El-Razik et al. 1974;
Metcalf and Wilson 1999; Stewart et al. 1989b; Stewart et al. 1989a). Penetration of the
epidermis occurred after formation of appressorium-like structures and infection cushions.
On roots of cabbage seedlings, no formation of infection structures was observed, possibly
because the cuticle composition or the absence of specific root exudates did not induce
infection structure formation (EI-Samra et al. 1981; Podila et al. 1993; Tsuba et al. 2002).
On tomato seedlings S. cepivorum formed infection structures similar to those on onion
seedlings, although they did not result in successful invasion of the tomato root system.
The abrupt loss of fluorescence of the apical cells of the infection structures indicates that
a successful tomato defense response prevented infection, probably because it triggered
fungal cell death in infection structures, however without affecting the neighboring
hyphal cells of S. cepivorum.The cell death in the infection structure suggests a preinvasive
mode of defense, possibly by antifungal secondary metabolites or antifungal proteins.
For example, Arabidopsis thaliana produces upon infection the phytoalexin camalexin
which is able to induce programmed cell death in B. cinerea (Shlezinger et al. 2011).
Likewise, the tomato saponin a-tomatine is known to kill cells of Fusarium oxysporum
by inducing programmed cell death (Ito et al. 2007). Moreover, tomato roots are known
to contain chitinases and B-1,3-glucanases with strong inhibitory activity on fungal
hyphae, especially on growing tips. However, the observation that infection structures
still contained a seemingly intact outer wall devoid of cytoplasm and GFP, would argue
against the involvement of hydrolytic enzymes in the successful defense in tomato roots
and root hairs against S. cepivorum.

Our research clearly shows that the infection process of onion by B. squamosa, B. aclada
and S. cepivorum involves three completely different infection strategies. Even the sister
taxa B. aclada and B. squamosa showed a completely different biology, despite their
close relatedness and their similar genome structure and gene content, with respect to
secondary metabolites and effector genes (Valero-Jiménez et al. 2020). It is clear that
although B. squamosa, B. aclada and S. cepivorum are related fungal pathogens of onion,
they all have their own unique biology and infection strategy and cause distinct diseases.
When developing control strategies or breeding for onion cultivars resistant against leaf
blight, neck rot and white rot, it is important to consider the fundamental differences
between the causal agents.
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Supplemental figure 1. The effect of nutrient concentration in the inoculum on (A) curvature and (B) intensity
of fluorescence of germ tubes of B. squamosa at 8 HPI on the onion leaf surface. Error bars representing standard
error, unpaired t-test, * p<0.05.
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Supplemental figure 2. Different plant species inoculated with B. aclada at 72 HPI. Not only onion but also non-
host plants tomato and lily show sporulation.
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Supplemental figure 3. B. aclada long term infection assay. Regrowth from inoculated leaf segments over time.
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Abstract

Plants are able to defend themselves against pathogens and pests by producing
antimicrobial secondary metabolites that prevent or slow down infection. Plant
pathogens have evolved ways to circumvent the antimicrobial action of these toxins,
often by enzymatically degrading the host-specific metabolite. Onion is reported to
contain a variety of antimicrobial compounds, including a group of saponins called
ceposides. We propose that onion pathogenic fungi such as Sclerotium cepivorum and
Botrytis aclada, causal agents of respectively white rot and neck rot, are able to detoxify
these antifungal metabolites in order to be virulent on onion. In this work, we compared
the growth inhibitory effect of onion bulb extract on host-specific onion bulb pathogens
S. cepivorum and B. aclada, and the generalist pathogen B. cinerea. Furthermore we tested
10 B. aclada isolates for differences in sensitivity to the onion bulb extract. In addition, we
identified genes that encode enzymes which are potentially involved in the detoxification
of ceposides by their capacity to hydrolyse the terminal sugar residues rhamnose and
xylose. The expression of these candidate genes upon exposure to onion bulb extract was
analysed to investigate their involvement in ceposides detoxification. Finally, the putative
role of the xylosidase as potential ceposides detoxifying enzyme was studied by analysing
B. cinerea knock-out and overexpression mutants for their sensitivity to bulb extract and
their virulence on onion bulb.
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Introduction

Growth of plants and production of crops is hampered by pathogens and pests that
parasitize on host plants for their own benefit. As a consequence, plants have evolved
defence mechanisms against pathogens that actively or passively counteract colonization.
Pathogens in turn, need to overcome these defence mechanisms in order to colonize
and reproduce on host plants. One plant defence mechanism is the production of
secondary metabolites with antimicrobial activity that prevent or slow down infection.
These antimicrobial compounds can be produced and accumulate upon pathogen attack
(phytoalexins), or they can be preventatively present (phytoanticipins) (Tiku 2020). In
the evolutionary arms race of attack, defence and counterattack, some pathogens have
evolved ways to circumvent the antimicrobial action of toxic metabolites of host plants by
enzymatically degrading the toxin (Mansfield 2000; Osbourn 1996).

There are several well-studied examples of species-specific antifungal secondary
metabolites that inhibit plant colonization and pathogens that have evolved ways to
overcome these defence mechanisms. Oat, for example, produces the antimicrobial
saponin avenacin, while wheat cannot produce this compound. Isolates of the cereal
pathogen Gaeumannomyces graminis originating from infected oat (G. graminis var.
avenae, GGA) produce an enzyme called avenacinase that detoxifies avenacin, while
isolates originating from infected wheat (G. graminis var. tritici, GGT) cannot detoxify
avenacin and therefore cannot infect oat. Knock-out mutants of GGA confirmed that the
presence of the avenacinase gene determines host pathogenicity on oat (Bowyer et al.
1995). Moreover, mutant oat lines deficient in avenacin production are compromised in
their basal resistance to a variety of fungal pathogens, including GGT (Haralampidis et al.
2001; Papadopoulou et al. 1999).

Similarly, tomato produces the saponin a-tomatine that is known for its antimicrobial and
antinutritional activity. Pathogens of tomato have evolved ways to detoxify a-tomatine
with at least three distinct types of enzymes that all enzymatically hydrolyze different
glycosidic moieties of the a-tomatine structure (You and van Kan 2021). Isolates of the
generalist pathogen B. cinerea pathogenic on tomato can detoxify a-tomatine, while an
isolate collected from grapevine (M3a) cannot degrade a-tomatine and is therefore not
virulent on tomato (Quidde et al. 1998). The B. cinerea tomatinase was produced in liquid
cultures in the presence of a-tomatine. From breakdown products it was derived that the
tomatinase is a B-xylosidase that is present in tomato infecting isolate B05.10 but not in
isolate M3a (Quidde et al. 1998).

Crop species of the family Allium such as onion (A. cepa), shallot (A. cepa var. aggregatum)
and garlic (A. sativum) possess a variety of compounds that are known for their bioactive,
cytotoxic or antimicrobial activity (Abdelrahman et al. 2019; Lanzotti et al. 2014). Many
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of these bioactive compounds of Allium are sulphur-containing metabolites such as
allicin, a volatile thiosulfinate from garlic that is formed after disruption of tissue due
to an enzymatic reaction of alliinase and the precursor molecule alliin (Lanzotti 2006).
Allicin has a variety of antimicrobial effects, including antibacterial activity against a
wide range of Gram-negative and Gram-positive bacteria and antifungal activity against
Candida and Cryptococcus spp. among others (Ankri and Mirelman 1999; Kyung 2012). In
addition to thiosulfinates, also many species-specific saponins have been reported, such
as voghierosides isolated from the garlic variety Voghiera, ceposides isolated from onion
and Alliospiroside A from shallot (Abdelrahman et al. 2017; Lanzotti et al. 2012a; Lanzotti
et al. 2012b; Sobolewska et al. 2016). Alliospiroside A is a shallot-specific saponin that
inhibits growth of the fungal onion pathogen Fusarium oxysporum f.sp. cepa, the causal
agentof Fusarium basal rotin onion.The biosynthetic and regulatory genes responsible for
the production of Alliospiroside A are present on chromosome 2A of shallot. Monosomic
addition lines of Japanese bunching onion (Allium fistulosum) with shallot chromosome
2A produced Alliospiroside A resulting in an increased resistance against F. oxysporumf.sp.
cepa, demonstrating the potency of using antifungal compounds in resistance breeding
(Abdelrahman et al. 2017; Vu et al. 2012). Ceposides are onion-specific saponins that have
been identified in three forms (A, Band C) with minor changes in terminal sugar residues. All
three forms showed antifungal activity against several plant pathogens including B. cinerea
(Lanzotti et al. 2012b). The antifungal effect of individual ceposides increased with their
concentration and a synergistic effect was observed upon applying all three ceposides in
combination against B. cinerea and Trichoderma atroviride (Lanzotti et al. 2012b).

Although onion possesses various antimicrobial compounds there are also several
pathogens and pests that are capable of infecting onion bulbs. Two major host-specific
fungi of onion are Sclerotium cepivorum and Botrytis aclada, causing white rot and neck
rot, respectively (Crowe 2008; Lacy and Lorbeer 2008; Sammour et al. 2011; Steentjes et
al. 2021a). It seems logical to suggest that pathogens specialized on onion bulbs have
evolved ways to deal with antifungal compounds released from their host cells during
infection. In this study, we aimed to provide insight in the antifungal effect of ceposides
on the onion bulb-specific pathogens S. cepivorum and B. aclada compared to the closely
related generalist pathogen B. cinerea. To do so, we tested the inhibitory effect of bulb
extracts on fungal growth. Moreover, we identified candidate genes for the enzymatic
hydrolysis of ceposides and performed expression analysis and infection assays of mutant
strains to evaluate the involvement of these candidate genes in ceposides detoxification.
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Material and methods

Fungal isolates and growth conditions

Fungal isolates B. aclada 633, S. cepivorum UFL, and B. cinerea strain B05.10 were used
to assess the inhibitory growth effect of bulb extract. To assess differences in sensitivity
between B. aclada isolates, next to strain 633 also strains 501, 513, 518, 543, 559, 633,
651, 654, 662 and 673 were used which were all isolated from infected onion bulbs in
2015 and 2016 in The Netherlands or New Zealand. To assess the role of B. cinerea XYL in
bulb extract sensitivity and onion bulb virulence, strains B05.10, M3a, and mutant strains
BO5.10ABXYL and M3a+BXYL were used. All fungi were grown on PDA (Oxoid) in the
dark at 20°C and for long term storage conidia of B. aclada and B. cinerea were stored at
-80°C in 15% glycerol and sclerotia of S. cepivorum were stored at room temperature. For
preparing liquid cultures of B. aclada to assess gene expression and to perform infection
assays with B. cinerea, conidia were produced. Conidia of B. aclada and B. cinerea were
obtained by growth on MEA (Oxoid) at a temperature of 20°C in the dark for 6 days. After 6
days, plates were exposed to UV light (360-380nm, Phillips TLD 18W/08) for 24 hours. After
approximately 4 days of conidia development in the dark at 20°C, conidia were harvested.

Ceposides-containing onion bulb extract

To detect ceposides using thin layer chromatography, a crude bulb extract was made by
blending 50 g of fresh bulb scales in 500 mL water. The suspension was centrifuged and
the supernatant was filter sterilized and subsequently freeze dried until 100 mL remained.
To test the growth inhibitory effect of ceposides against S. cepivorum, B. cinerea and S.
cepivorum, and to assess the expression of genes potentially involved in detoxification of
ceposides, crude extracts of onion bulb reportedly containing ceposides were prepared
following the procedure described by Lanzotti et al. (Lanzotti et al. 2012b). Onion
tissue (150 g fresh bulb of yellow onions) was blended in 100 mL of water and 200 mL
acetone was added while stirring before the suspension was filtered over filter paper.
The remaining onion tissue was suspended in a second aliquot of 200 mL acetone while
stirring, and was filtered. The filtrates were combined and the acetone was evaporated
overnight using a nitrogen flow. The watery residue was mixed with an equal volume
of ethyl acetate and after phase separation the watery phase was collected. The watery
phase was then partitioned with an equal volume of n-butanol. The butanol layer was
collected and evaporated using nitrogen flow to obtain a powdery residue. This residue
was dissolved in 25 ml Milli-Q water, filter sterilized and stored at 4°C.
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Thin layer chromatography, chemical staining, and C. cucumerinum
growth assay

TLC plates (Silica gel 60-F254) were used to separate onion metabolites and to confirm the
presence of ceposides in bulb extract. 150 ul of crude water extract was evaporated using
a speed vacuum and the remaining compounds were dissolved in 120 ul EtOH/H,O (70:30,
v/v). To prevent diffusion of samples on the plate before migration, samples were loaded
in four aliquots of 30 pl with intervals of a few minutes to allow drying of the plate. Plates
were placed in solvent BUOH/AcOH/H,0 (60:15:25, v/v) for 8.5 hours until the mobile
phase reached the top of the plate, and were subsequently dried. For the detection of
ceposides, plates were sprayed with p-anisaldehyde (SigmaAldrich) in H,SO, and glacial
AcOH. Plates were incubated for 5 minutes at 110°C, and spots that stained red were
indicative for the presence of triterpenes such as saponins (Oleszek et al. 2008). To test the
fungal growth inhibitory effect of the metabolites separated on the TLC plate, plates were
spray inoculated with a spore suspension of Cladosporium cucumerinum of 107 spores per
ml in PDB (30 g/L). Plates were incubated in the dark in boxes with water to ensure high
relative humidity, though plates were prevented of making direct contact with water by
placing them on floral foam. Five days after inoculation plates were assessed for growth
of C. cucumerinum.

Growth inhibition assays

Agar plugs (5 mm diameter) from the edges of growing colonies on PDA (Oxoid) were
transferred to the center of PDA plates containing different bulb extract concentrations
(0%, 1%, 5% or 10% v/v). The volume of water used to prepare the PDA was adjusted
according to the volume of bulb extract to be added to avoid diluting the PDA
concentration and maintain equal nutrient levels over the different treatments. Colony
diameter was measured at consecutive days until plates were fully grown and growth
rates were calculated using trendlines.

Identification of candidates genes for the detoxification of ceposides

To identify putative aRHAs in the genome of S. cepivorum UFL, protein sequences of
aRHAs from S. sclerotiorum 1980 UF-70 were obtained from EnsemblFungi (fungi.ensembl.
org) and BLASTed against the genome assembly of S. cepivorum UFL (Valero-Jiménez et
al. 2020). The best hit for each of the four genes was selected as putative aRHA. For the
identification of aRHAs in the genome of B. aclada 633, genes annotated as aRHAs in the
genome of B. cinerea B05.10 in the CAZy database as well as the four aRHAs of S. cepivorum
were BLASted against the B. aclada 633 genome (Valero-Jiménez et al. 2020). A total of 8
B. aclada genes were identified as putative aRHAs. The BXYL from B. aclada was identified
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by BLASTing the B. aclada 633 genome for homologues of the B. cinerea B05.10 potential
tomatinase gene identified by You et al. (unpublished). All candidate genes are listed in
Supplemental table 1.

Expression analysis dRHAs of S. cepivorum

To assess the expression of putative aRHA genes in S. cepivorum in response to bulb
extract, liquid cultures from blended mycelium were prepared. Mycelium was harvested
from two plates of Gamborg B5 (basal salt mixture, Duchefa) + 0.1 M fructose agar covered
with cellophane sheets, homogenized (Kinematica CH-6010) in 25 mL liquid Gamborg B5
+ 0.1 M fructose and transferred to a conical glass flask with a total of 70 ml medium.
Liquid cultures were incubated at 22°C at 120 rpm. After one hour, the liquid culture was
divided in two conical flasks. To one flask 1 mL of the onion bulb extract was added, to
the other flask 1 mL of the liquid medium was added as a control. In total, three replicates
were performed, each time combining two colonies from separate petri dishes to start
the liquid culture. Mycelium was collected from liquid cultures at 2 and 8 hours after
adding the onion extract or the control. Mycelium was filtered over nylon mesh, frozen
and freeze dried. To isolate RNA, samples were grinded, incubated in Trizol (Ambion, Life
Technologies) and treated with chloroform. Ethanol was added to the aqueous phase and
the mixture was used as input for an RNeasy Plant Mini Kit (Qiagen). This RNA was used
as template for cDNA synthesis following the protocol of M-MLV Reverse Transcriptase
(Promega). A CFX96 Touch™ Real-Time PCR Detection System (Bio-Rad) using SensiMix
SYBR Hi-ROX (Bioline) was used to determine the relative expression of the aRHA genes
in three technical replicates. Averaging quantification cycle (Cq) values for technical
replicates per biological replicate resulted in one Cq value per biological replicate.
These averages were used for subsequent calculations. Primer pair specific amplification
efficiencies were calculated per gene using the LinRegPCR software (Ramakers et al. 2003).
Relative expression ratios of aRHA genes were calculated from Cq values as described by
Pfaffl (2001) using using Actin A and B-tubulin A as reference genes for normalization.
Fold change expression values refer to the expression change in samples treated with
bulb extract compared to the untreated control samples at the same timepoint.

Expression analysis RHAs and BXYL from B. aclada

To evaluate the expression of aRHA genes and the BXYL gene from B. aclada in response
to bulb extract, liquid cultures of B. aclada were prepared using 50 ml liquid Gamborg B5
+ 0.1 M fructose and 106 conidia per ml medium. Cultures were grown for 24 hour at 20°C
and 120 rpm. An aliquot of mycelium was harvested at timepoint 0 hours, and 2 ml of bulb
extract and 50 ml extra medium were added to the remaining culture. 2, 4 and 24 hours
afteradding the extract, mycelium was harvested as well. Processing of mycelium, isolation
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of RNA and cDNA synthesis were performed as described for S. cepivorum. The obtained
cDNA was used as template for semi-quantitative PCR to assess the expression levels
of candidate genes. Primers for candidate genes were designed to yield approximately
500bp amplicons and were preferably spanning an intron. Primers of all candidate genes
and reference gene Actin A were used to amplify the cDNA of timepoint Oh, 2h, 4h and
24h for 45 cycles. PCR products were visualized on a 2% agarose gel.

Onion bulb infection assay

B. cinerea strains B05.10, M3a, and mutant strains B05.10ABXYL and M3a+fXYL were
assessed for their virulence on onion bulb scales. Bulbs of yellow onion were cut into
quarters, the outermost and innermost scales were removed and individual scales were
prepared for inoculation. On all scales a scratch on the surface of 1 mm deep and 10 mm
wide was made using a scalpel. Scales were inoculated using 10° spores per ml in 15mM
sucrose + Gamborg B5 basal salt mixture buffered at pH 6.0 with 10mM KPO,. Droplets of
2 ul were inoculated evenly over the 10mm wide scratch with 12 replicates per B. cinerea
strain. Onion bulb scales were incubated in boxes with wet filter paper to ensure high
relative humidity, though scales were prevented of making direct contact with water
by placing them on petri dishes. Lesion sizes were measured on 3 consecutive days and
lesion growth rates were calculated using trendlines.

Statistical analysis

Statistical analysis of fungal growth rates and lesion growth rates was performed in
SPSS Statistics 25.0 (IBM). A one-way ANOVA with Tukey Post Hoc analysis for multiple
comparisons assuming equal variance was performed to assess if differences were
significant (p<0.05). For growth rates of S. cepivorum, B. aclada and B. cinerea, and B. cinerea
B05.10, B05.10ABXYL, M3a and M3a+OIliCEXYL, significance of differences between
extract concentrations was determined per species or per strain. Differences in growth
rates of different B. aclada strains were evaluated only on 10% extract concentration.
Statistical analysis to test significance of the differences in S. cepivorum aRHA genes
expression in response to bulb extract between treatment and control was performed
using the Relative expression software tool REST (Pfaffl et al. 2002).
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Results

Detection of ceposides from onion bulbs using thin layer chromatography

Since ceposides are not commercially available and cannot easily be purified, ceposides-
containing onion bulb extracts were produced. By lack of an internal standard the
concentrations of individual compounds in these extracts were not determined. Thin layer
chromatography (TLC) of a crude water extract yielded a spot with an Rf value of 0.82 that
stained red upon treatment of the TLC plate with p-anisaldehyde which is indicative for
triterpenes such as saponins (Figure 1A). Spraying the TLC plate with a spore suspension
of Cladosporium cucumerinum in nutrient medium and incubating the plate under humid
conditions facilitated C. cucumerinum growth on the entire plate except at the place
where the spot was located (Figure 1B). LC-MS of one extract confirmed the presence of
ceposides A, B and C and identified an additional ceposide, designated ceposide D, which
is an isomer of ceposide C (Figure 1C). These results confirmed the presence of ceposides
in onion bulbs, and the growth inhibitory activity of ceposides on fungi. Since we used
onion bulbs of unknown cultivars in different seasons, the different batches of extract
produced in this study could differ in chemical composition and ceposide content.

A B C

Ceposide A R=B-D-Xyl R'=OH R"=H

Ceposide B R=B-D-Xyl '=H R"=0OH
Ceposide C R=pB-D-Gal R'=OH R"=H
Ceposide D R=p-D-Gal '=H R"=0OH

Figure 1. Isolation of ceposides from onion bulb extract. (A) TLC plate stained with p-anisaldehyde reagent.
Arrow marks a red spot indicative of the presence of triterpenes such as saponins. (B) TLC plate spray-inoculated
with C. cucumerinum assessed at 5 DPI. Arrow indicates area with growth inhibitory activity. (C) Chemical
structure of ceposides with the three ceposide-specific residues depicted as R, R' and R". The rhamnose present
in all four ceposides is indicated with a circle and the xylose present in ceposide A and B is indicated with a
dashed circle. Adapted from Lanzotti et al. (2012b).
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The growth inhibitory effect of bulb extract on S. cepivorum, B. aclada
and B. cinerea

The antifungal effect of bulb extract was assessed in a radial growth assay with the two
onion-specific pathogenic fungi S. cepivorum and B. aclada, and the generalist pathogen B.
cinerea. Colony diameters were measured at consecutive days in order to calculate growth
rates. Relative to controls without bulb extract, both S. cepivorum and B. cinerea showed a
reduction in growth rate of up to 25% at 10% bulb extract concentration, while B. aclada
was inhibited by <10% (Figure 2A, 2B). On control plates as well as on plates with 5% and
10% bulb extract, all species eventually fully covered the plates after which sclerotia (S.
cepivorum and B. cinerea) or spores (B. aclada) were formed.
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Figure 2. The effect of different concentrations of bulb extract on growth of S. cepivorum, B. aclada and B. cinerea.
(A) Colonies of S. cepivorum, B. aclada and B. cinerea on 0% and 10% bulb extract at 2 days after inoculation. (B)
Growth rate of S. cepivorum, B. aclada and B. cinerea on 5% and 10% bulb extract relative to controls lacking
bulb extract. Values are averages of two replicates and different letters within each fungus indicate significant
differences (Tukey Post Hoc analysis). (C) Growth rate of 10 B. aclada isolates and B. cinerea on 1% and 10% bulb
extract compared to control. (D) Growth rate of B. aclada isolates 501, 513, 633 and 651, and B. cinerea on 10%
bulb extract relative to 0%. Values are averages of three replicates and significant differences are indicated with
letters for 10% bulb extract concentration (Tukey Post Hoc analysis).

Since B. aclada appeared less sensitive to bulb extract than S. cepivorum and B. cinerea, we
aimed to test for variation between multiple B. aclada isolates in their sensitivity to bulb
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extract. To do so, the growth inhibitory effect of bulb extract was assessed on 10 strains
isolated in 2015 and 2016 in The Netherlands and New Zealand. As a control, B. cinerea
strain B05.10 was included since it showed a relatively high sensitivity in the previous
assay. As expected, B. cinerea showed the highest growth inhibition with a reduction in
growth rate of almost 50% at an extract concentration of 10% compared to the control
without extract. All 10 B. aclada isolates showed a comparable inhibition in growth. At
10% extract concentration, growth inhibition ranged from 30% for isolate 501 to 18%
for isolate 651 relative to growth of controls without extract (Figure 2C). The latter two
isolates together with isolate 513 and 633 were selected for further analysis using more
replicates per isolate. Again, B. cinerea showed the largest reduction in growth rate while
all four B. aclada isolates were comparably inhibited in growth (Figure 2D). Of all B. aclada
isolates, isolate 633 showed the largest growth inhibition with a growth inhibition of 40%
relative to the control.

Expression of S. cepivorum and B. aclada alpha-L-rhamnosidase genes,
encoding candidate enzymes for ceposides detoxification

To enable fungal growth in presence of antifungal compounds, production of fungal
enzymes involved in the detoxification is often induced in response to the presence of
these compounds. All ceposides contain a terminal rhamnose at the same position, while
other moieties differ between the individual ceposides (Figure 1C). A single rhamnosidase
that is able to remove terminal rhamnoses might be sufficient to detoxify all three
ceposides and to contribute to pathogenesis of onion bulb pathogens. Rhamnose-specific
glycosidases are classified as alpha-L-rhamnosidases (aRHAs) (Yanai and Sato 2000), and
in the genome of S. cepivorum four putative aRHAs were identified (Supplemental table 1).
To evaluate if any of the putative aRHAs is involved in detoxifying ceposides, expression
of these four genes in S. cepivorum cultures exposed to bulb extract was compared to
expression in medium without bulb extract. Relative expression of each candidate gene
was determined 2 and 8 hours after adding the bulb extract to the liquid medium (Figure
3A).aRHA2 showed the highest upregulation 2 hours after adding the extract. The average
of three biological replicates measured an almost 4-fold higher expression as compared to
the control at the same timepoint without bulb extract. However, none of the expression
levels was significantly different for any of the candidates at either time point.

To assess whether expression of aRHAs of B. aclada is induced upon contact with
ceposides, we first identified the aRHAs of B. aclada strain 633 (Supplemental table 1). A
semi-quantitative RT-PCR was performed on mycelium that was harvested at 2h, 4h and
24h after adding bulb extract to the medium with t=0h representing mycelium in absence
of bulb extract. Amplicons were obtained for all aRHA transcripts except aRHA5 and
bands were of expected sizes, suggesting expression of seven of the eight genes (Figure
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3B). For aRHA3 and aRHA4 double bands were observed, likely as a result of splicing
variants. All aRHA transcripts that we detected were already expressed in absence of the
bulb extract (t=0h) and none showed clear upregulation at any timepoint in response to
the extract. Since every bulb extract is unique, the extract used for the aRHA expression
study in B. aclada was tested for its antifungal activity. The inhibitory effect on the growth
of S. cepivorum, B. aclada and B. cinerea was similar as observed before (Supplemental
figure 1). The observation that aRHA transcript levels in both S. cepivorum and B. aclada
were not upregulated upon bulb extract exposure does not imply a role for aRHAs in the
detoxification of ceposides.
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Figure 3. Expression of alpha-L-rhamnosidases of S. cepivorum and B. aclada in response to bulb extract. (A)
Relative expression of the four aRHAs of S. cepivorum at 2 and 8 hours after adding bulb extract as compared
to control medium without extract at the corresponding timepoints using Actin A and B-tubulin A as reference
genes. Each bar represents the average of three biological replicates with three technical replicates respectively.
(B) Expression of eight aRHAs of B. aclada assessed by semi-quantitative RT-PCR with Actin A as reference gene
at 0, 2, 4 and 24 hours after exposure to bulb extract.

B-xylosidase as a candidate enzyme for the detoxification of ceposides

B. cinerea is able to detoxify the tomato saponin a-tomatine using a -xylosidase (BXYL)
(Quidde et al. 1998). The gene encoding this BXYL is strongly upregulated upon contact
with a-tomatine, and is not present in the genome of the B. cinerea grapevine isolate M3a
that is not virulent on tomato (You et al. unpublished data). The tomatinase gene is not
widely distributed in Botrytis species; apart from B. cinerea homologues are only present
in B. calthae and B. aclada (Supplemental table 1). Two ceposides contain a terminal xylose
and we considered that the BXYL present in B. aclada might be able to remove the xylose
moiety of ceposides and thereby play a role in their detoxification (Figure 1C).

To evaluate if the BXYL of B. aclada is upregulated upon contact with ceposides,
expression analysis was performed on mycelium exposed to bulb extract using a semi-
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quantitative RT-PCR. The BXYL amplicon was detected at 2h, 4h and 24h after adding the
ceposides containing extract as well as in absence of extract (t=0h), suggesting there is no
upregulation upon contact with ceposides (Figure 4A).

Because of the role of B. cinerea BXYL in the detoxification of a-tomatine, knockout
mutants of strain B05.10 that naturally possesses BXYL and overexpression mutants of
strain M3a that naturally lacks the BXYL gene, have been made (You et al. unpublished
data). To assess the capacity of B. cinerea BXYL to detoxify ceposides, wild type strains
and mutants of B. cinerea were tested for their sensitivity to the presence of different
concentrations bulb extract. All tested B. cinerea strains showed a comparable growth
inhibition to increasing concentrations of bulb extract (Figure 4B).

Figure 4. The role of BXYL in detoxification of ceposides and virulence on onion bulbs. (A) Expression analysis
of B. aclada BXYL assessed by semi-quantitative RT-PCR using Actin A as reference gene at 0, 2, 4 and 24 hours
after exposure to bulb extract. (B) Growth rates of B. cinerea strains B05.10, B05.10ABXYL, M3a and M3a+BXYL
on increasing concentrations of bulb extract relative to controls without extract. Values are averages of two
replicates and different letters within each fungus indicate significant differences (Tukey Post Hoc analysis). (C)
Onion bulb scale infected by B. cinerea showing an expanding lesion. (D) Lesion growth of B. cinerea strains
B05.10, B05.10ABXYL, M3a and M3a+BXYL on onion bulb scales. Values are averages of twelve replicates and
significant differences are indicated with different letters (Tukey Post Hoc analysis).
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The contribution of the B. cinerea BXYL activity to pathogenesis on onion bulb was tested
in an infection assay using a set of strains that differed in the possession of the BXYL gene.
Spores of the strains B05.10, deletion mutant B05.10ABXYL, M3a and overexpression
mutant M3a+pXYL were inoculated on wounded onion bulb scales and lesion diameters
were measured at consecutive days in order to calculate lesion growth rates (Figure 4C).
Although there was variation in lesion growth between strains, lesion growth rates did
not significantly differ between isogenic strains containing or lacking the BXYL gene
(Figure 4D). Altogether, the steady expression level of B. aclada XYL upon exposure to
bulb extract and the unaltered sensitivity to bulb extract, as well as the virulence on onion
bulbs of B. cinerea strains with and without BXYL suggest that BXYL does not participate
in the detoxification of ceposides.

Discussion

Bulbs of onion were used as source for the isolation of ceposides by extraction and
partition. According to Lanzotti et al. (2012b), only a small fraction of the bulb extract
consists of the onion-specific saponins called ceposides. Moreover, there is no information
about variation in ceposide production between onion cultivars nor is it known whether
ceposide levels decrease during long term storage of bulb, which is common practise
in Dutch onion trade. Since the quantity and purity of ceposides in bulb extract used in
our experiments may have varied between extracts, it is difficult to compare the effects
of different extracts. Moreover, the bulb extract likely contained other metabolites and
other saponins that possibly also have antimicrobial activity. Lanzotti et al. (2012b) tested
the growth inhibitory effect of ceposides on a number of fungi, including B. cinerea and S.
cepivorum. Almost all tested fungi were inhibited in growth, but the onion bulb pathogen
S. cepivorum was not affected in their study. In our growth assays we did observe an
inhibitory effect on S. cepivorum, suggesting that next to ceposides possibly other
antifungal compounds were present in our bulb extract as well. Alternatively, different
isolates of S. cepivorum may display different sensitivity to ceposides.

We speculated that ceposides could be detoxified by hydrolysis of terminal sugar residues,
similar to detoxification of other saponins (Bowyer et al. 1995; Quidde et al. 1998), although
no information is available about degradation products of ceposides and their effect on
fungal growth. We assessed the expression of aRHAs of S. cepivorum and B. aclada and
BXYL of B. aclada upon exposure to bulb extract. Most candidate genes were already
expressed in absence of bulb extract, and none of them showed significantly increased
transcript levels in presence of the extract. It is commonly known that the expression of
fungal enzymes capable of hydrolysing antifungal saponins is induced upon exposure
to their target compound. For example, tomatinase activity from B. cinerea, Fusarium
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oxysporum f.sp. lycopersici and Cladosporium fulvum is highly induced upon exposure to
a-tomatine (Okmen et al. 2013; Pareja-Jaime et al. 2008; Quidde et al. 1998). The enzymatic
activity required for detoxification of other phytoalexins such as pisatin from pea and
resveratrol from grapevine is also rapidly and strongly induced upon contact with their
target compound (Hirschi and VanEtten 1996; Schouten et al. 2002). Expression profiles of
the selected genes considered to be candidates for the detoxification of ceposides did not
match the pattern expected for true ceposidases.

To assess the role of BXYL in ceposides detoxification, we not only evaluated B. aclada
BXYL expression levels, but also tested wild type and mutant strains of B. cinerea that
differed in their ability to produce BXYL for sensitivity to bulb extract and their virulence
on onion bulbs. There are numerous examples that fungal mutants lacking a host
saponin detoxifying enzyme are more sensitive to the saponin and often reduced in host
virulence. G. graminis mutants with a disrupted avenacinase gene lost complete virulence
on the avenacin containing host oat (Bowyer et al. 1995). F. oxysporum f. sp. lycopersici
tomatinase-disrupted mutants were reduced in virulence on tomato and were more
sensitive to a-tomatine (Pareja-Jaime et al. 2008). Septoria lycopersici tomatinase deficient
mutants were more sensitive to a-tomatine however, were not affected in their ability to
cause disease (Martin-Hernandez et al. 2000). We observed that B. cinerea strains lacking
BXYL were not altered in sensitivity to bulb extract and not affected in virulence on onion
bulbs, suggesting that BXYL does not contribute to detoxification of ceposides. However,
despite the fact that B. cinerea and B. aclada BXYL display 85% amino acid identity, fXYL
mutants of B. aclada are required to confirm that BXYL does not play a role in ceposides
detoxification and virulence of B. aclada.

In addition to ceposides, onion bulbs are known to contain many other bioactive
metabolites such as characteristic organosulfur volatiles. These thiosulfinates are released
upon cellular damage of onion bulb tissue and have antimicrobial activity (Lanzotti et al.
2014). In Pantoea ananatis, a bacterial pathogen of onion that causes center rot, a gene
cluster was identified that encodes tolerance to thiosulfinates via sulfur redox genes (Stice
et al. 2020). The plasmid-borne allicin tolerance (alt) gene cluster facilitates growth of P.
ananatis in onion extract and promotes onion bulb colonization. Likewise, a gene cluster
was identified in Pseudomonas fluorescens isolated from garlic that confers resistance to
allicin, and Pseudomonas salominii strains isolated from garlic were reported to contain
similar clusters as well (Borlinghaus et al. 2020; Gardan et al. 2002). Since thiosulfinate
metabolites like allicin inhibit both bacteria and fungi (Borlinghaus et al. 2014; Leontiev
et al. 2018), it seems logical to propose that onion pathogenic fungi like S. cepivorum and
B. aclada possess tolerance mechanisms to these compounds. Bioinformatic analysis may
reveal thiosulfinate tolerance genes or gene clusters homologous to those identified in
bacteria or new genes based on annotation as sulphur redox genes. Alternatively, RNA
sequencing of fungi grown in the presence of pure antifungal onion metabolites, whether
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organosulfur compounds or saponins, may be an effective way to identify genes or gene
clusters involved in tolerance or detoxification of antifungal metabolites.
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Supplemental tables and figures

Supplemental table 1. Names and gene identifiers for genes of S. cepivorum and B. aclada used in this study.

Name Gene ID
aRHA1 SCEP_033g00080
aRHA2 SCEP_007902780
S. cepivorum
aRHA3 SCEP_030g00730
aRHA4 SCEP_029901180
aRHA1 BACL_001g00160
aRHA2 BACL_003g06650
aRHA3 BACL_003g09000
oRHA4 BACL_005g05350
B. aclada aRHA5 BACL_007g02540
aRHA6 BACL_008g01030
aRHA7 BACL_010g04470
aRHA8 BACL_010g04840
BXYL BACL_015g04100
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Supplemental figure 1. Relative growth rates of S. cepivorum, B. aclada and B. cinerea on 1% and 10% onion
bulb extract as compared to 0%. The extract used for this assay was also used to study the expression of aRHAs
and BXYL in B. aclada.
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Abstract

Fungi of the genus Botrytis infect >1,400 plant species and cause losses in many crops.
Besides the broad host range pathogen Botrytis cinerea, most other species are restricted
to a single host. Long-read technology was used to sequence genomes of eight Botrytis
species, mostly pathogenic on Allium species, and the related onion white rot fungus,
Sclerotium cepivorum. Most assemblies contained <100 contigs, with the Botrytis aclada
genome assembled in 16 gapless chromosomes. The core genome and pan-genome of
16 Botrytis species were defined and the secretome, effector, and secondary metabolite
repertoires analyzed. Among those genes, none is shared among all Allium pathogens
and absent from non-Allium pathogens. The genome of each of the Allium pathogens
contains 8-39 predicted effector genes that are unique for that single species, none
stood out as potential determinant for host specificity. Chromosome configurations of
common ancestors of the genus Botrytis and family Sclerotiniaceae were reconstructed.
The genomes of B. cinerea and B. aclada were highly syntenic with only 19 rearrangements
between them. Genomes of Allium pathogens were compared with ten other Botrytis
species (nonpathogenic on Allium) and with 25 Leotiomycetes for their repertoire of
secondary metabolite gene clusters. The pattern was complex, with several clusters
displaying patchy distribution. Two clusters involved in the synthesis of phytotoxic
metabolites are at distinct genomic locations in different Botrytis species. We provide
evidence that the clusters for botcinic acid production in B. cinerea and Botrytis sinoallii
were acquired by horizontal transfer from taxa within the same genus.
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Introduction

Fungi have great societal impact because of their utility for nutritional, industrial, and
medical purposes, as well as their pathogenic behavior on humans and plants. In recent
years, the sequencing of fungal genomes has progressed at tremendous pace thanks
to their small genome size and decreases in sequencing costs (Spatafora et al. 2017).
Many species of industrial fungi from the genera Aspergillus, Penicillium, and Trichoderma
have been sequenced e.g., de Vries et al. (2017), whereas for human pathogens such as
Cryptococcus neoformans, Candida spp., or Aspergillus fumigatus, numerous isolates were
sequenced to obtain insight in population diversity (e.g., Ashton et al. (2019); Lind et al.
(2017)). Similarly, many dozens of plant pathogenic fungi species have been sequenced in
order to gain insight into their evolution and the traits that enable the infection of plants
(Moller and Stukenbrock 2017). Studies on plant pathogenic fungi have provided evidence
for evolutionary adaptations that confer dynamics and plasticity on the genome, such
as the presence of repeat-rich, gene-poor genomic regions or the possession of entire
“dispensable” or “lineage-specific” chromosomes that contain effector genes which confer
the capacity to specifically infect certain host plant species or plant genotypes (Bertazzoni
etal. 2018; Dong et al. 2015; Presti and Kahmann 2017; Sipos et al. 2017).

The fungal genus Botrytis comprises ~35 recognized species that all are pathogenic on
plants (Garfinkel et al. 2017; Hyde et al. 2014) with the exception of Botrytis deweyae, which
colonizes Hemerocallis (daylily) as an endophyte (Grant-Downton et al. 2014). Botrytis spp.
are notorious pathogens with a necrotrophic infection behavior, that is, they kill host cells
and invade the dead cells to acquire nutrients. Two species that have been extensively
studied are Botrytis cinerea and Botrytis pseudocinerea, morphologically indistinguishable
taxa that cause gray mold on >1,400 host plant species (Elad et al. 2016). Other Botrytis
species are considered to be restricted to a single host or a small number of taxonomically
related hosts (Elad et al. 2016; Staats et al. 2005). In these cases, each host plant usually
is infected by its own specialized Botrytis species. There are two exceptions in the pattern
of specialized host-pathogen relationships within the genus: as many as eight Botrytis
species can infect onion (Allium cepa) or other Allium species (Staats et al. 2005), and a
recent study reported as many as 15 previously unknown, phylogenetically distinct Botrytis
taxa sampled from peony in Alaska (Garfinkel et al. 2019). Phylogenetic analysis separated
the genus Botrytis into two distinct clades, and Botrytis species that infect Allium are widely
dispersed throughout the largest clade (Garfinkel et al. 2019; Hyde et al. 2014; Staats et
al. 2005). Their closest relatives are often pathogenic on hosts that are phylogenetically
distant from Allium. For example, the closest relatives of Botrytis squamosa (onion leaf
blight) are the lily pathogen Botrytis elliptica and Hemerocallis endophyte B. deweyae.
Furthermore, the closest relative of Botrytis aclada (onion neck rot) is the peony pathogen
Botrytis paeoniae. By contrast, Botrytis globosa and Botrytis sphaerosperma are sister taxa
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and both able to infect Allium hosts. The fact that Allium pathogens are dispersed over
the phylogeny of the genus Botrytis suggests that the capacity to infect Allium has either
been acquired multiple times or lost multiple times, independently, during evolution in
the genus.

Pathogens with a necrotrophic lifestyle such as Botrytis spp. actively manipulate the cell
death balance in their host plant, and in the necrotrophic phase exploit the host cell death
machinery by secreting cell death-inducing metabolites and effector proteins (Veloso and
van Kan 2018). In the necrotrophic wheat pathogen Parastagonospora nodorum, several
cell death-inducing effector proteins were identified that contribute to pathogenicity
only on wheat genotypes carrying a cognate receptor for these effectors, following an
inverse gene-for-gene interaction (Faris et al. 2010; Liu et al. 2009; Liu et al. 2012; Shi et al.
2015; Shi et al. 2016). Each effector-receptor pair contributes in a quantitative manner to
disease severity. At least one of the Parastagonospora nodorum effector genes has been
horizontally transferred between distinct fungi pathogenic on wheat and barley (Friesen
et al. 2006; McDonald et al. 2019).

The genome of the generalist B. cinerea has been extensively studied in the past decade.
A gapless genome assembly was generated comprising 18 contigs, representing
(near-)full-length chromosomes. Two contigs are minichromosomes (209 and 247 kb,
respectively) with few genes and neither seems relevant for plant infection (van Kan et
al. 2017), indicating that the core genome of B. cinerea consists of 16 chromosomes. Light
microscopic studies by Shirane et al. (1989) showed that five Botrytis species (B. aclada, B.
byssoidea, B. cinerea, B. squamosa, and B. tulipae) all contain 16 mitotic chromosomes. The
B. cinerea reference assembly was supported by a genetic and optical map (van Kan et al.
2017) and a manually curated community annotation (Ensembl Fungi; Pedro et al. 2019).
In a follow-up study, we analyzed the genomes of nine Botrytis species, mainly pathogens
on flower bulb crops, using short-read sequence technology (Valero-Jiménez et al. 2019).
In the present study, we sequenced the genomes of eight additional host-specific Botrytis
species and one Sclerotium species, most of which are pathogenic on Allium, in order to
compare their predicted proteome content and possibly identify host range determinants.
The comparison focused on genes that are present in (and possibly shared among) Allium
pathogens and absent from the non-Allium pathogens. The genome assemblies were of
sufficiently high quality to analyze chromosome architecture and synteny and to infer the
genome organization of ancestors of the genus Botrytis and the family Sclerotiniaceae.
Furthermore, analysis of secondary metabolite (SM) biosynthetic gene clusters (BGCs) in
Sclerotiniaceae and 25 other fungi within the Leotiomycetes showed a patchy distribution
of these clusters and provided evidence for two horizontal transfer events of an SM BGC
within the genus Botrytis.
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Materials and methods

Strains and culture conditions

The fungal isolates that were sequenced are listed in Supplemental table 1. For long-term
storage, all Botrytis species were kept as conidial suspensions in 15% glycerol at —80°C,
whereas Sclerotium cepivorum was stored as sclerotia at room temperature. The fungi
were grown on malt extract plates at 20 °C before DNA extraction.

DNA and RNA isolation

High molecular weight DNA was isolated from freeze-dried and grinded mycelium
upon treatment with cell lysis solution (Qiagen), proteinase K, and protein precipitation
solution (Qiagen). DNA was precipitated using isopropanol, redissolved in Tris—
ethylenediaminetetraacetic acid buffer, and treated with RNase A. The obtained DNA was
cleaned using a Salt: chloroform wash (Pacific Biosciences shared protocol).

RNAs used for producing RNA-Seq libraries were pools of RNA isolated from different
sources: 1) 5-day old mycelia grown on malt extract plates supplemented with blended
onion leaves, 2) conidia, 3) sclerotia, 4) infected onion bulbs, and 5) infected onion leaves.
For isolation of RNA, freeze-dried, grinded samples were incubated in Trizol (Ambion, Life
Technologies) and treated with chloroform. After adding ethanol to the aqueous phase,
the mixture was used as input for an RNeasy Plant Mini Kit (Qiagen) to isolate RNA.

Sequencing and assembly

All genomes were sequenced with one Pacbio SMRT cell using the Sequel instrument at
Keygene N.V. (Wageningen, the Netherlands). De novo assembly was done with HGAP
(Chin et al. 2013) and CANU (Koren et al. 2017) using default settings. The resulting
assemblies were combined with quickmerge (Chakraborty et al. 2016), then two steps of
corrections were done with Arrow, and erroneously merged contigs (based on inspection
of mapped reads coverage) were manually corrected. Completeness of the genome
assembly was assessed by the Benchmarking Universal Single-Copy Orthologs (BUSCO)
(Simdo et al. 2015). The transcriptome of each genome was sequenced using strand-
specific paired-end libraries with a read length of 2x 150bp using an Illumina HiSeg-X
sequencer at the Beijing Genome Institute (BGI, Hongkong, China).
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Genome annotation

Genome annotation was performed using the FUNGAP pipeline (Min et al. 2017), which
included the annotation by MAKER (Cantarel et al. 2008), AUGUSTUS (Stanke et al. 2006),
and BRAKER (Hoff et al. 2016). The gene prediction tools were supported with RNA-Seq
libraries. Gene models of the manually curated genome of B. cinerea (van Kan et al. 2017),
and all the fungal proteins available in the Swissprot database were provided as evidence
for gene prediction. Furthermore, the predicted proteins were manually inspected and
curated. The genome curation was done in Webapollo (Dunn et al. 2019), and each gene
was inspected to confirm that prediction was supported by the evidence tracks (RNA-
Seq, B. cinerea as reference and the Swissprot proteins); for instance, some gene models
were deleted if they were overlapping a repetitive region, whereas other gene models
were changed to have a correct Methionine start, or correct splice junctions. The manual
curation was done to all the predicted proteins of B. aclada, B. squamosa, and S. cepivorum,
and to the secretome of all other genomes. The predicted proteins were functionally
annotated using the funannotate pipeline (Love 2019).

Phylogenetic and phylogenomic analysis

The phylogenetic relationships of the Botrytis genus and other related species of
Sclerotiniaceae were determined between all species sequenced in this study and
including the previously sequenced species B. cinerea B05.10 (van Kan et al. 2017), and
other Botrytis species (Valero-Jiménez et al. 2019). The other species that were included
were Sclerotinia sclerotiorum and Sclerotinia borealis, and Marssonina brunnea as the
outgroup of the tree. The tree was constructed using 4,746 single-copy ortholog genes,
identified with Orthofinder (Emms and Kelly 2015). The protein sequence for each gene
was aligned and concatenated into a single matrix using MAFFT (Katoh and Standley
2013), and a maximum-likelihood phylogenetic tree was inferred with RAXML v.8.2.10
(Stamatakis 2014) using a generalized time reversible plus GAMMA amino acid substitution
model with 100 rapid bootstraps. A pan-genome analysis was done to calculate the
number of core genes and was estimated using OrthoMCL (Li et al. 2003) implemented
in GET_HOMOLOGUES-EST (Contreras-Moreira and Vinuesa 2013) with e-value 1e~® and
75% coverage. For the pan-genome analysis, only the orthogroups present in at least two
species were included.

Secretome and effector prediction

Genes encoding putatively secreted proteins were identified for each genome using
several prediction tools. Signal-P v4.1 (Petersen et al. 2011) was initially used to screen
for a signal peptide, followed by TMHMM v.2.0 (Krogh et al. 2001) to identify putative
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transmembrane domains. Proteins that did not have a signal peptide or that had a
transmembrane domain (a single transmembrane domain in the first 60 amino acids was
allowed) were discarded. TargetP was used to predict protein localization (Emanuelsson
et al. 2007). Effectors were predicted using the EffectorP tool v1.0 and v2.0 (Sperschneider
etal. 2016).

Ancestral genome reconstruction

The ancestral genome of Botrytis was constructed using the CHROnicle package that
comprises SynChro, ReChro, and Anchro (Vakirlis et al. 2016). In order to identify conserved
synteny blocks, pairwise comparisons between the genomes were done with SynChro.
Subsequently, reconstruction of the ancestral chromosome gene order was done with
Anchro.

SM gene cluster analysis

Putative gene clusters that are predicted to be involved in biosynthesis of SMs were
identified using antiSMASH using default settings (antibiotics and Secondary Metabolite
Analysis SHell) version 4.0.1 (Weber et al. 2015). The data set used for this analysis included
45 genomes from the order Leotiomycetes that were publicly available and published
(Supplemental table 3). BiG-SCAPE version 20181005 (Navarro-Muhnoz et al. 2020) was
used to analyze all the SMs clusters predicted by antiSMASH. In the BiG-SCAPE analysis, a
cutoff of 0.65 as well as the MIBiG parameter that included the MIBiG repository version 1.4
of annotated SMC was used (Medema et al. 2015). The output of BiG-SCAPE was visualized
using Cytoscape version 3.7.1 (Shannon et al. 2003).

Reconstruction of BGC evolution

Presence/absence and additional fragmented homologs of BOT and BOA genes for
each species was confirmed by TBlastN against the genome assemblies. Pseudogenes
were manually identified by inspection of TBlastN reports for in-frame stop codons, and
interrupted reading frames and truncations that could not be explained by novel intron
sites.

Phylogenetic analyses were performed on all BGC genes, both with and without
pseudogenes and outgroup taxa. Outgroup taxa were obtained by searching a database
of 529 genome annotations (Gluck-Thaler and Slot 2018) using BlastP. Protein sequence
data sets for each gene were aligned using mafft v. 7.221 (Katoh and Standley 2013), and
ambiguously aligned characters were removed using TrimAl v. 1.4 (Capella-Gutiérrez
et al. 2009). Maximum-likelihood analysis was performed in RAXML v. 8.2.9 (Stamatakis
2014) with automated model selection and topological robustness was assessed by 100
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bootstrap replicates. In order to evaluate alternative hypotheses versus inferred horizontal
genetransfer (HGT) events, we applied minimal topological constraints to exclude putative
transferred genes from the donor clade. Constrained trees were built with automated
model selection and their likelihoods were compared using the Approximately Unbiased
test with 10,000 multiscale bootstrap replicates (Shimodaira 2002) as implemented in 1Q-
TREE v. 1.6.12 (Nguyen et al. 2015).

In order to determine synteny in the BOT and BOA loci, each locus including up to ten
genes on either side of the BOA/BOT genes of interest (if present) was combined and
assigned to a homology group using usearch cluster_agg method with a minimum
linkage identity of 0.6 in usearch v. 8.0.1517 (Edgar 2010). The loci were then manually
aligned according to their homology group and manual blasts were performed to confirm
true orthology where ambiguous.

Ancestral state reconstructions were performed using a substitution matrix weighted
against gain of functional genes and pseudogenes, except where HGT was already
determined by gene trees and synteny analysis for BOA clusters in Mesquite v 3.6
(Maddison and Maddison 2019).

Results

Sequencing and assembly

Eight Botrytis species and S. cepivorum (Supplemental table 1) were sequenced using
long-read single-molecule technology at 34-120x coverage. The genome assembly sizes
ranged from 42.98 to 61.28 Mb (Table 1). The genomes of six species are similar in size to the
previously described genome of B. cinerea (43.5 Mb; (van Kan et al. 2017)), whereas genomes
of B. squamosa, B. sinoallii, and S. cepivorum exceed a size of 54 Mb. The B. aclada genome
could be assembled into 16 distinct chromosomes, with eight chromosomes containing
telomeric repeats at both ends, and six containing a telomeric repeat on one end.

The most fragmented assembly of the nine species is that of B. elliptica, despite its genome
size of <48 Mb, with 137 contigs and a contig N50 of 652 kb. BUSCO analysis indicated that
all genomes had a high level of completeness (98.0-99.2%). Prediction of gene models
was performed using the FUnGAP pipeline and supported by RNA-Seq data (from in vitro
samples and infected plant material) and by alignment to the manually curated genome
of B. cinerea B05.10 (van Kan et al. 2017). After prediction by this pipeline, proteomes
of B. aclada, B. squamosa, and S. cepivorum were entirely manually curated, whereas for
the other six species, only the (predicted) secreted proteins were manually curated. The
curated proteomes of the nine species contain between 11,107 and 12,480 genes (Table 1).
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Table 1. Assembly and gene prediction information of Botrytis spp. genomes from this study. Taxa in the table
are ordered as they appear in the phylogenetic tree in Figure 1.

0

Species Contigs Asssei:nebly Lcac:r?;;t Ns0 canl::g:)e/ Predicted Secr.etome sec/::tfed

(Mb) (Kb) (Kb) partial genes size proteins
B. byssoidea 59 42.98 2599 1263 98.0 (99.3) 12212 898 7.35
B. globosa 27 45.68 4093 2511 98.0 (99.0) 12073 864 7.16
B. elliptica 137 47.66 2119 652 99.2 (99.9) 12442 932 7.49
B.squamosa 29 54.60 4659 2938 98.7 (99.1) 11963 897 7.5
B. deweyae 76 44.36 243 1076 98.0 (99.0) 12480 942 7.55
B. sinoallii 47 61.28 6466 2252 98.3(99.5) 12281 885 7.21
B. porri 31 46.78 4253 2706 98.2 (98.9) 12088 888 7.35
B. aclada 16 48.31 4155 3028 99.1(99.3) 11870 867 7.30
S.cepivorum 48 55.66 4533 1651 98.2 (99.5) 11107 790 7.11

Phylogenetics and phylogenomics

A phylogenetic tree was constructed based on a concatenated amino acid alignment of
4,746 conserved core genes totaling 409,576 positions, using Marssonina brunnea (order
Helotiales, family Dermataceae) as the outgroup (Figure 1). The relationship among the
Botrytis species is fully concordant with previous studies (Hyde et al. 2014; Staats et al.
2005), which divided the genus in two clades based on three protein-coding genes
(G3PDH, HSP60, and RPB2). All Botrytis species newly sequenced in this study group in
Clade 2, which contains taxa that mostly infect monocot host plants (only B. paeoniae
infects dicots). A pan-genome analysis for 16 Botrytis species (eight species sequenced
in this study, seven species previously sequenced with short-read technology (Valero-
Jiménez et al. 2019), and the previously sequenced B. cinerea B05.10 (van Kan et al. 2017)
indicated that the core genome of Botrytis spp. consists of 7,524 orthogroups (>60% of
genes within any individual species) (Supplemental figure 1A), whereas the pan-genome
consists of 13,856 orthogroups (Supplemental figure 1B).
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Figure 1. Phylogenetic tree based on single-copy orthologous genes of different Botrytis species and three
Sclerotiniaceae, with Marssonina brunnea as the outgroup to root the tree. All branches have a high bootstrap
support (ML > 90). Two clades previously reported in the genus Botrytis are highlighted. The bulb symbols next
to the species names indicate species that infect monocotyledonous bulbous plants, species without symbol
infect dicot hosts.

Analysis of secreted proteins

Secreted proteins are important tools of plant pathogenic fungi to either manipulate the
physiology and immune responses of their host plants (effector proteins) or decompose
the plant tissue that they colonize in order to acquire carbohydrate nutrients (plant cell
wall degrading enzymes, PCWDEs). Orthologous groups of all secreted proteins from 16
Botrytis species sequenced in this work, as well as previously published (Valero-Jiménez et
al. 2019; van Kan et al. 2017) and S. cepivorum were determined using Orthofinder. From
a total of 14,838 proteins, 14,326 were assigned to 1,116 orthologous groups. From these,
376 orthologous groups are shared among all 17 species (Supplemental figure 2). Besides
orthologous groups shared by all species, 171 groups (columns 2-18 in Supplemental
figure 2) are common to all species but one, whereas 454 orthologous groups are
unique to a single species (columns 19-37 in Supplemental figure 2). The secretome of S.
cepivorum lacks 55 secreted proteins that are present in all Botrytis species and contains 83
singletons that are unique to S. cepivorum, as to be expected for a species from a distinct
genus in the same family.

In view of the relevance of secreted effector proteins in fungus—plant interactions, an
effector prediction was performed on the set of secreted proteins discussed above. For
each of the 16 Botrytis species and S. cepivorum, a total of 121-152 candidate effector
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genes was identified which were assigned to 244 orthologous groups. Among these
groups, 25 are represented in all 17 species and another 25 are shared among all but one
species. On the other hand, each of the 17 species contains between 8 and 39 predicted
effector genes that remained unassigned to orthologous groups, because they are unique
for that single species. There were no predicted effectors which are shared among Allium
pathogens but absent from non-Allium pathogens. Furthermore, pairwise comparisons
between related Botrytis species with distinct hosts did not identify any effector genes
that stood out as potential determinants for host specificity.

We also analyzed the secreted proteins that are related to the degradation of plant cell wall
carbohydrates (Supplemental table 2). The genomes of 16 Botrytis spp. and S. cepivorum
contain between 109 and 132 PCWDEs. Sclerotium cepivorum has fewer PCWDE-encoding
genes than the Botrytis species. The PCWDEs were further subdivided depending on their
substrate: cellulose, hemicellulose, or pectin. The numbers of secreted enzymes capable
of degrading cellulose, hemicellulose, and pectin were mostly similar among Botrytis spp.,
with some deviations: B. sinoallii has notably fewer genes encoding pectinases (22 vs. 27—
38 for other species; Supplemental table 2).

SM gene clusters

Fungi produce a wide array of SMs, usually synthesized by proteins encoded by genes
that are physically clustered in the genome, referred to as SM BGCs (Keller et al. 2005). SMs
contribute to the adaptation and survival in different environments and in the competition
with other (micro)organisms (e.g., (Chatterjee etal.2016).In a previous study on nine Botrytis
genomes assembled from short sequence reads, a patchy absence/presence pattern was
observed for orthologs to BGCs that were functionally annotated in B. cinerea (Valero-
Jiménez et al. 2019). Because of the fragmented assemblies resulting from short-read
sequencing technology, the latter analysis only considered SM key biosynthetic enzymes,
but not the entire gene cluster. In the present study, the analysis of SM gene clusters was
extended to all 16 Botrytis species (short- and long-read technology based), four related
taxa from the family Sclerotiniaceae, and 25 other taxa from the class Leotiomycetes, for
which an annotated genome was publicly available (Supplemental table 3). The analysis
was conducted by predicting BGCs in all 45 genomes using AntiSMASH, and grouping
them by families using BiG-SCAPE. The 45 Leotiomycete genomes each contained
between 3 and 67 BGCs. The 1,571 BGCs were grouped over 438 BGC families, which
were further categorized based on their phylogenetic distribution. Category 1 contains
342 families of SM BGCs that are distributed among taxa across Leotiomycetes. This
category includes a few BGCs that encode enzymes involved in biosynthesis of common
metabolites such as melanin and siderophores, however, the exact chemical structures
of compounds produced by the vast majority of BGCs in this category remain unknown.
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Category 2 contains 36 families of BGCs that are present in Sclerotiniaceae (including
the genus Botrytis) but not represented in the other 25 Leotiomycete taxa. This category
includes the BGCs encoding enzymes involved in production of botcinic acid, and other
yet unknown compounds. Category 3 contains 60 families of BGCs that are unique to the
genus Botrytis, such as the cluster involved in production of botrydial, however, all other
SMs produced by the other 59 BGCs in this category are unknown.

BGCs are commonly annotated on the basis of the type of compound that is produced,
often a polyketide (PKS), nonribosomal peptide (NRPS), or terpene (TS). The evolutionary
trajectory of BGCs can be complex, and the distribution of specific BGCs can be scattered
throughout the fungal kingdom (Slot and Gluck-Thaler 2019). Several cases of HGT of BGCs
have been documented in fungi (Campbell et al. 2012; Navarro-Munoz and Collemare 2020;
Reynolds et al. 2018; Ropars et al. 2015). We examined the distribution of the predominant
classes of BGCs (PKS, NRPS, and TS) over the 45 Leotiomycete species analyzed (Figure 2 for
PKS; Supplemental figure 3 for NRPS; Supplemental figure 4 for TS).

The distribution of BGCs is largely consistent with phylogenetic patterns, with related
fungal taxa containing a similar distribution. A set of 20 PKS families (as identified by
BiG-SCAPE) are most abundant in Botrytis species. Six families from this set are exclusive
to Botrytis (highlighted red in Figure 2), whereas 14 families are also present in other
Sclerotiniaceae or in more distantly related Leotiomycete taxa (highlighted in ocher).
Conversely, a set of nine PKS clusters that are most abundant in Leotiomycetes outside
the family Sclerotiniaceae have sparse and patchy distributions within the genus Botrytis
(highlighted in blue).

Botrytis species possess at least five (Botrytis convoluta) and at most 11 (B. cinerea) NRPS
clusters (Supplemental figure 3). Five families of NRPS clusters are unique to the genus
Botrytis (Supplemental figure 3, highlighted in red), whereas eight other families are
largely confined to the family Sclerotiniaceae, although two of them (FAM_02547 and
FAM_02047) are also shared with the distant taxa Phialophora hyalina or Phialocephala
scopiformis (Supplemental figure 3, highlighted in ocher). Notably, B. cinerea contains two
NRPS clusters that are not shared with any other Botrytis species but have orthologs in
several distant Leotiomycetes (Supplemental figure 3, highlighted in blue). The families
of terpene cyclase (TS) clusters are relatively simple in pattern, with each Botrytis
species containing 3-6 TS cluster families (Supplemental figure 4). Eight of the families
are exclusively detected in Botrytis species (Supplemental figure 4, highlighted in red),
whereas four are also present in other Sclerotiniaceae, and two of the TS cluster families are
even detected in distant Leotiomycetes (Supplemental figure 4, highlighted in ocher). The
family FAM_03197 is conserved in all Sclerotiniaceae, as well as in six other Leotiomycetes,
whereas FAM_02531 is present in nine Sclerotiniaceae and six distant Leotiomycetes.
Except for the family FAM_02168, involved in the synthesis of the phytoxic metabolite
botrydial, the chemical nature of the products of these clusters is unknown.
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Ancestral genome reconstruction of the genus Botrytis and the family
Sclerotinaceae

The high quality of the long-read assemblies and the previously published B. cinerea
genome, as well as the extensive manual curation effort of gene models, enabled
us to perform a synteny analysis and a reconstruction of the ancestral chromosome
configuration of the genus Botrytis, in order to understand the extent and nature of
chromosomal rearrangements over the course of evolution of the extant species. Botrytis
elliptica was excluded from the ancestor reconstruction for two reasons: first, the assembly
was the most fragmented of all (137 contigs) and second, the phylogenetic relation of
B. elliptica to its sister taxa B. squamosa and B. deweyae could not be resolved (Figure
1), which hampered the analysis. The inferred ancestral genome of the entire genus
Botrytis (ABO) consists of 17 syntenic blocks (Figure 3). Thirteen of the 16 B. cinerea core
chromosomes are entirely syntenic to the ABO ancestor, and 17 balanced rearrangements
(mostly inversions) are inferred between the ancestor ABO and the extant B. cinerea (Table
2 and Supplemental table 4).
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Figure 3. The most parsimonious evolutionary trajectory from the ancestral (AO) configuration toward extant
Botrytis species. Colored boxes represent syntenic blocks. A1-A6 represent intermediate ancestors. Numbers
above the branches represent the total number of balanced rearrangements (interchromosomal translocations
and fusions/fissions; intrachromosomal inversions) accumulated between two genomes.
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The A1 genome is the inferred ancestor of members of clade 2 in the genus Botrytis,
whereas B. cinerea is the single representative of clade 1 in the analysis (Figure 1). The
inferred A1 genome is identical to ABO (Figure 3). The extant B. aclada genome contains
ten rearrangements as compared with A1.The A2 intermediate ancestor was inferred to be
derived from A1 upon fusion of A1 contigs 13 and 17, and fission of A1 contig 3 (resulting
in A2 contigs 5 and 17). Downstream of the A3 intermediate ancestor, the interpretation
becomes complex as numbers of contigs increase due to the more fragmented assemblies
of some species, for example, B. deweyae, B. byssoidea, and B. sinoallii. Nonetheless, the
number of contigs of intermediate ancestors remains 25 or lower and the number of
rearrangements between nodes in the tree ranges from 3 to 43 (Table 2).

Reconstruction of ancestral genomes was extended to the family Sclerotiniaceae using
the genomes of S. cepivorum (this study) and Sclerotinia sclerotiorum (Derbyshire et al.
2017) (Supplemental figure 5). Due to the more fragmented assembly of the S. cepivorum
genome, the inferred common ancestor AS1 comprised 21 syntenic blocks, five of which
were quite small and probably represent only parts of chromosomes. However, the
common ancestor ABSO of the family Sclerotiniaceae contains 16 syntenic blocks, and
the configuration of ABSO differs from the ancestral Botrytis genome ABO by just a single
rearrangement (Supplemental figure 5).

Table 2. Numbers of balanced genomic rearrangements between inferred ancestral genomes (AB0-A6) and
extant Botrytis species, as shown in Figure 3. Note—Further details of the types of rearrangements are provided
in Supplemental table 4. BCIN, B. cinerea; BACL, B. aclada; BSIN, B. sinoallii; BSQU, B. squamosa; BDEW, B. deweyae;
BBYS, B. byssoidea.

ABO- ABO- A1- A1l- A2- A3- A3- A4- A4- A5- A5- A6-
BCIN A1 BACL A2 A3 A4 A6 A5 BSIN BSQU BDEW BBYS

Inversions 15 0 3 0 2 3 6 1 6 2 1 3
Translocations 1 0 1 0 0 0 1 0 2 2 0 4
Transpositions 1 0 1 0 0 0 0 0 1 0 0 0
Fusions 0 0 0 1 2 1 0 1 2 1 2 0
Fissions 0 0 5 1 1 6 2 1 19 3 40 27
Sum 17 0 10 2 5 10 9 3 30 8 43 34

Synteny between B. aclada and B. cinerea

In order to explore genome rearrangements between individual species in more detail, we
further examined the synteny between the genomes of B. aclada and B. cinerea (the most
complete and best annotated) by pairwise alignments. Botrytis cinerea minichromosome
18 (BCIN18) was excluded from this analysis because it contains only 13 genes, none of
which is orthologous to genes in B. aclada. The second minichromosome of B. cinerea,
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BCIN17, did show some homology to the tip of BACL10 and was therefore included in
the analysis. Graphical representation of the alignment (Figure 4) reveals that four
chromosomes represent fully syntenic blocks, though some of these blocks contain
segmental inversions of ancestral regions on the same chromosome (not visible in the
color display). In the remaining 12 chromosomes, the alternation of colored boxes reflects
the occurrence of six interchromosomal rearrangements, as well as 13 small translocations
or transpositions, of which seven occurred at or close to the telomeres (Figure 4).

Strikingly, we noted that SM BGCs were present in some of these translocated segments.
Specifically, BACLO5 is almost perfectly syntenic to BCINO7, with the exception of an
insertion of acluster of seven genes (Figure 4, green box marked by an asterisk) representing
the BGC for the sesquiterpene metabolite botrydial (Pinedo et al. 2008; Porquier et al.
2016; Siewers et al. 2005), which in B. cinerea is located in BCIN12. Conversely, the only
difference between BACL12 and BCIN12 is the insertion (in BCIN12) of a segment that
exactly contains the BGC for botrydial. Furthermore, BACL9 is entirely syntenic to BCIN11,
however, it contains an insertion of the BGC for the phytotoxic metabolite botcinic acid
(Dalmais et al. 2011; Porquier et al. 2019) close to the 3’-telomeric region, which in B.
cinerea is located at the start of BCINO1 (van Kan et al. 2017).

Botrytis cinerea Botrytis aclada
1234567891 1,23 4 5 6 7

11 12 13 14 15 16
=< =2 =4

Figure 4. Synteny analysis between Botrytis aclada and Botrytis cinerea. The 17 chromosomes of B. cinerea are
color-coded uniformly, the corresponding syntenic regionsin B. aclada have identical colors. White regions reflect
repetitive regions or lack of homology. Arrowheads indicate large reciprocal interchromosomal rearrangements.
Asterisks indicate small interchromosomal transpositions. Plus symbols indicate interchromosomal telomeric
translocations. Intrachromosomal inversions are not indicated.
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Genomic locations of botrydial and botcinic acid BGCs

The synteny analyses described above provided indications that SM BGCs occur in
regions that possibly underwent translocation at some moment in the evolution of
Botrytis species. The distribution of botrydial (BOT) and botcinic acid (BOA) BGCs over the
Sclerotiniaceae and the genus Botrytis appeared to be patchy. Specifically, the BOT cluster
is present in eight Botrytis species and absent in other Sclerotiniaceae. We compared
the BOT clusters and their flanking sequences in seven species: B. aclada, B. cinerea, B.
elliptica, B. deweyae, B. porri, B. sinoallii, and B. squamosa. The B. peaoniae genome, though
containing a BOT cluster, was sequenced by Illlumina technology (Valero-Jiménez et al.
2019) and its assembly was too fragmented for synteny analysis. The order of the genes
BcBOT1-7 within the cluster was identical in all species, however, the most upstream gene
(BcBOT4), was in inverted orientation in B. aclada and B. porri as compared with the other
five species (Figure 5). The BOT clusters were in all cases flanked by gypsy/copia repeats,
with lengths up to 160kb, either on one side (B. cinerea, B. deweyae, B. elliptica, and B.
squamosa), or on both sides (B. porri, B. aclada, and B. sinoallii) and some species even
contained internal transposon repeats within the BOT cluster (B. aclada, B. cinerea, and
B. sinoallii; Figure 5). Based on the RNA-Seq reads used for structural annotation, it was
observed that all species that do contain intact BOT clusters express all of the seven genes.
As these expression data were based on pooled RNAs, representing multiple fungal tissue
types and infection stages, it was not possible to compare the expression levels between
species or to determine under which conditions the genes were expressed.

The BOA cluster was detected, in whole or in part, in all but one Botrytis species (B.
paeoniae), and in Sclerotinia sclerotiorum as well as S. cepivorum. In many cases, the BOA
cluster in Botrytis species is located close to the end of a contig. It was previously reported
that in B. cinerea, the BOA cluster is at the very start of BCINO1, only 5kb away from the
telomere (van Kan et al. 2017). Alike for the BOT clusters mentioned above, all species that
contain intact BOA clusters express all of the 13 genes, however, the use of pooled RNAs
prevented us from comparing expression levels between species or determine under
which conditions the genes were expressed.
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Figure 5. Organization of BOT clusters in seven Botrytis species. BCIN, B. cinerea; BACL, B. aclada; BPOR, B. porri;
BSIN, B. sinoallii; BSQU, B. squamosa; BDEW, B. deweyae; BELL, B. elliptica. The number of the contig is given behind
the species name tag. The seven BOT gene orthologs (not drawn to scale) are color-coded uniformly; the arrow
indicates direction of transcription. Repeats are indicated with a gray box. Repeats are not drawn to scale and
range in length from 1 to 160 kb.

In view of the high synteny between Botrytis species, we examined whether the BOT and
BOA clusters in the different species are in syntenic locations as compared with B. cinerea.
Surprisingly, analysis of flanking genes revealed that BOT clusters are in four distinct
genomic regions in the seven Botrytis species analyzed. None of the species other than
B. cinerea contained the BOT cluster in a region syntenic to BCIN12 (Figure 6). The genes
directly flanking the BOT cluster in B. cinerea (Bcin12g06360 and Bcin12g06440) in all but
one of the six species have orthologs that are directly adjacent to one another in these
genomes, with intergenic regions ranging from 2 to 5 kb.
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Figure 6. Distinct genomic locations of BOT clusters in seven Botrytis species. Four different loci are provided
in the columns. Species name tags are in the left hand margin: BCIN, B. cinerea; BACL, B. aclada; BPOR, B. porri;
BSIN, B. sinoallii; BSQU, B. squamosa; BDEW, B. deweyae; BELL, B. elliptica. Contig numbers in the seven species
are provided underneath the locus. In each column, orthologous genes are indicated by identical colors. Gene
numbers in the contig are provided above the gene; the arrow indicates direction of transcription. The red
triangular blocks represent the location of a BOT cluster. Synteny breaks are shown by interrupted lines with
dots marking the break.

No indication was found for the occurrence of truncated remnants of BOT genes at this
position in the six genomes. Also in all but one of the other species lacking a BOT cluster,
orthologs to Bcin12g06360 and Bcin12g06440 are directly adjacent to one another in
these genomes. Through similar analyses and reasoning, the BOT cluster in B. aclada is
present in a unique position that is syntenic to BCINO7, whereas the BOT cluster in B. porri
is present in a unique position that is syntenic to positions in five other species (all except
in B. cinerea, where a synteny break has occurred); lastly, the BOT clusters in B. squamosa,
B. deweyae, B. elliptica, and B. sinoallii are all located in a syntenic genomic region, which is
equivalent to a location between Bcin08g05830 and Bcin08g05810 (Figure 6).

In Sclerotinia sclerotiorum, the BOA cluster is dispersed over two chromosomal locations
on SSCLO5 (genes BOAT and BOA2) and SSCL15 (genes BOA3-13). A recent study by
Graham-Taylor et al. (2020) reported that SSCL can express the 13 BOA genes in a
coregulated manner despite their spatial separation. For the largest cluster on SSCL15, its
flanking genes on both sides are orthologous to syntenic regions in eight Botrytis species
(BACLO06, BBYS014, BCINO6, BDEW0O05, BELL059, BGLO010, BSIN006, and BSQUO018) that
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do not contain any trace of BOA gene remnants. For the smaller cluster on SSCLO5, its
flanking genes on both sides are orthologous to genes located on BCINO5 (Bcin05g05060
and Bcin05g07100); however, the region is not syntenic, because the genes are far
separated in B. cinerea.

Inheritance and structural evolution of BOT and BOA clusters

BOT and BOA gene loci were carefully examined for evidence of pseudogenization to
infer which of the clusters are fully functional. BOT clusters in B. sinoallii and B. paeoniae
contain one and two pseudogenes, respectively, whereas six species (B. aclada, B. cinerea,
B. elliptica, B. deweyae, B. porri, and B. squamosa) have clusters with seven apparently
functional genes. Seventeen of the 19 Sclerotiniaceae analyzed contained (parts of) BOA
clusters, however only seven species (B. aclada, B. byssoidea, B. cinerea, B. globosa, B. porri,
B. sinoallii, and Sclerotinia sclerotiorum) appeared to contain a fully functional BGC. The
majority of species contain two or more pseudogenes of catalytic enzymes. The most
extreme cases of gene loss were in B. squamosa, B. deweyae, B. elliptica, and B. tulipae,
which lost all but one of the BOA cluster genes. By contrast, B. calthae, B. convoluta, and
B. narcissicola contained 2-3 pseudogenes, either in genes encoding accessory enzymes
or in the BOA13 gene, which is the transcriptional regulator for the cluster (Porquier et al.
2019). Of the two species outside the genus Botrytis, Sclerotinia sclerotiorum contains a
functional BOA cluster (Graham-Taylor et al. 2020), whereas S. cepivorum lacks four genes,
including polyketide synthase gene BOA9, and in addition contains two pseudogenes.

Ancestral state reconstructions of genes and pseudogenes (considering HGT events, see
below) on the Botrytis species tree (Figure 7A) suggest that the BOT cluster was gained
in the common ancestor of Botrytis and has been lost five times; three times leaving no
gene remnants (in B. calthae, B. convolute, and in the subclade containing B. galanthina),
and twice leaving a mix of functional genes and pseudogenes (in B. paeoniae and B.
sinoallii). The BOT gene trees are in agreement with the species tree and the clusters
are thus inferred to be derived from strictly vertical inheritance. Reconstructions of the
BOA clusters (Figure 7B) revealed a more dynamic process involving 12 losses of cluster
function after being gained in the common ancestor of Botrytis and Sclerotinia, and two
recent gains by HGT in B. cinerea and B. sinoallii. HGT of the two clusters is supported by
maximum-likelihood gene trees, which suggests that both clusters were acquired from a
relative of B. porri or B. aclada.
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Figure 7. Ancestral state reconstructions of genes and pseudogenes of the BOT cluster (A) and the BOA cluster
(B) on the phylogenetic tree of 20 Sclerotiniaceae species. The status of the cluster is indicated with colored
boxes: blue = functional cluster, vertically transmitted; black = functional cluster, horizontally transmitted; green
= all cluster genes nonfunctional or absent; green/blue = some genes nonfunctional or absent; gray = total
absence of cluster. The ancestral gene states of seven BOT genes and 13 BOA genes are indicated with colored
lines in similar way.

Most gene trees became significantly worse than the maximume-likelihood trees, according
to Approximately Unbiased tests (Shimodaira 2002), when potential HGT homologs were
excluded from the putative donor clade. Strong support for a HGT origin of the functional
BOA cluster in B. sinoallii comes from two additional observations. First, the inferred HGT
cluster is adjoined by a putative amino acid transporter (Bsin003g06700) and alcohol
acetyltransferase (Bsin003g06560), which are either adjacent or a few genes removed
from the BOA cluster in B. aclada; only the homolog of Bsin003g06700 is adjacent to the
BOA cluster in B. porri. Second, B. sinoallii contains an additional, heavily pseudogenized
BOA cluster on contig BSINO27, which more closely tracks the species phylogeny and
retains flanking genes that are consistent with the species phylogeny. The remnants of
the ancestral B. sinoallii BOA cluster comprise only three pseudogenes that are embedded
in a 330-kb genomic region saturated with transposons.

The HGT of the BOA cluster to B. cinerea is supported by the phylogenetic proximity to B.
aclada and B. porri (Figure 7), however, it cannot be corroborated by synteny information,
as the B. cinerea BOA cluster is located at the start of chromosome 1, and the 25-kb region
immediately downstream of the cluster is not syntenic with any Botrytis species.
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Discussion

Following the efforts to sequence B. cinerea isolate B05.10 and nine other Botrytis species
mainly infecting flower bulb crops (Valero-Jiménez et al. 2019), the present study, focusing
on eight species from clade 2 of the genus, brings the number of Botrytis genome
sequences to 16. This represents about half of the currently recognized species in the
genus, though a recent study (Garfinkel et al. 2019) identified at least 15 phylogenetically
distinct, new taxa sampled from Paeonia in Alaska, which remain to be described and
named. There is thus far one single fungal genus, that is, Verticillium, for which the
genomes of all recognized species have been sequenced (Shi-Kunne et al. 2018). It will
take more effort to complete the sequencing of the entire genus Botrytis.

The present study aimed to identify genes potentially involved in determining host
specificity, by comparing genomes of Botrytis species pathogenic on Allium with each
other and with the genomes of their closest relatives pathogenic on other host plants.
Specifically, we compared the genomes of the onion (Allium cepa) pathogens B. squamosa
and B. sinoallii, with those of their sister taxa B. elliptica and B. deweyae, which infect lily and
Hemerocallis, respectively, and we compared the genomes of B. aclada (infecting onion)
and B. porri (infecting Allium porri, leek) with that of B. paeoniae (infecting the dicot peony).
In order to make a meaningful comparison, the effort was made of manually curating
all (>11,000) gene models in the genomes of three species (B. squamosa, B. aclada, and
S. cepivorum), and manually curating the gene models of all proteins with a (predicted)
signal peptide in the other six species. Comparison of the effector repertoires did not
reveal candidate effectors that were shared among all Allium pathogens but absent in
non-Allium pathogens. Each of the species analyzed contained 8-39 predicted effector
genes that were unique to the species, however, most had no homologs in other fungi and
these genes often had little RNA-Seq support (even in RNA samples from infected onion
tissue), questioning the importance of these predicted genes for pathogenicity on onion.
The repertoire of cell wall degrading enzymes was also similar between all 16 Botrytis
species studied, despite the fact that only three species infect dicot hosts, whereas the
vast majority infect monocot hosts. Dicots and monocots are considered to have different
compositions of cell wall polysaccharides (Jarvis et al. 1988). Thirteen Botrytis species in
this study infect monocot hosts from the families Alliaceae, Amaryllidaceae, Iridiaceae,
and Liliaceae. Plants from these families contain high levels of pectin in their cell walls as
compared with the Poaceae (Jarvis et al. 1988), which are more intensively studied as they
comprise major staple crops of global relevance: rice, wheat, and maize. In view of the high
pectin content in the monocot hosts of Botrytis species in this study, the large repertoire
of pectin degrading enzymes in their genomes appears logical. Altogether, we did not
identify (sets of) genes that are shared among the Allium pathogens and distinguish them
from related species with different hosts. The lack of shared genomic features may reflect
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the pathology of the Allium pathogens, some of which infect the leaves (B. squamosa),
whereas others infect the bulb (B. aclada) or the roots and scale bases (S. cepivorum).

Despite the failure to identify host specificity determinants, many interesting features
were unraveled by the extensive genome analyses that were performed. The genome of
B. aclada was assembled into 16 gapless chromosomes, eight of which were full-length
(telomere-to-telomere) and six contained telomeric repeats on one end. The B. aclada
assembly was based on sufficiently high coverage to avoid the requirement for short-read-
based correction, nor did it require an optical map or genetic map for assembly verification,
as was done for B. cinerea (van Kan et al. 2017). Cytogenetic studies on four Botrytis species
(B. byssoidea, B. cinerea, B. squamosa, and B. tulipae) revealed that they each contain 16
mitotic chromosomes, whereas the same study reported 16 or 32 mitotic chromosomes in
different isolates of B. allii (Shirane et al. 1989). Subsequent studies (Nielsen and Yohalem
2001; Yohalem et al. 2003) revealed that the species earlier named B. allii in fact comprised
isolates of B. aclada (having 16 chromosomes) as well as isolates representing a hybrid of
B. byssoidea and B. aclada (having 32 chromosomes), which is presently still named as B.
allii (Staats et al. 2005). Strikingly, Sclerotinia sclerotiorum also contains 16 chromosomes
(Amselem et al. 2011; Derbyshire et al. 2017). These observations suggest a bias for the
possession of 16 chromosomes in the genus Botrytis and possibly even in related genera.
Conservation of chromosome numbers is not commonly observed in fungal genera,
especially Ascomycota. As an example, the core chromosome numbers in the genus
Fusarium vary from four (Fusarium graminearum) to 12 (Fusarium fujikuroi) (Waalwijk et
al. 2018). Could this conservation of chromosome numbers in distant species of the same
genus be related to functional constraints for sexual reproduction during the evolution
of Botrytis species? As sexual reproduction requires chromosome pairing during meiosis,
any fusion or fission event that affects core chromosome numbers would have serious
repercussion on sexual compatibility and the fertility of offspring. We further explored
the conservation of chromosome numbers and architecture by examining synteny and
reconstructing ancestral genomes of the genus Botrytis and the family Sclerotinaceae.

The ancestral genome reconstruction inferred as few as 17 syntenic blocks for the common
ancestor (ABO) of all Botrytis species. The inferred ancestral genome of the Sclerotiniaceae
(ABSO0) consisted of 16 syntenic blocks, and it differed from the ABO genome by a single
rearrangement. Thirteen of the 16 core chromosomes of B. cinerea were represented in
these blocks, and only three interchromosomal rearrangements were proposed between
the ancestor ABO and the extant B. cinerea genome. Moreover, the common ancestor of
the entire genus (ABO) was identical to the common ancestor of extant Botrytis species
in clade 2. Only six interchromosomal rearrangements were proposed between the
genome of ancestor A1 and the extant B. aclada genome. The genomes of B. cinerea and
B. aclada were thus remarkably syntenic, considering the phylogenetic distance between
the two species. Representatives of the two clades within the genus Botrytis (Staats et al.
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2005) were recently included in molecular clock-based estimates of divergence times for
Ascomycota, and these species were estimated to have diverged 5.9 Ma (Shen et al. 2020).
The maintenance of 16 chromosomes and the stability of their overall configuration
would facilitate chromosome pairing during meiosis. This observation thus suggests the
occurrence of a strong selection pressure on sexual reproduction within the genus Botrytis
over time. The suggestion is further supported by the fact that Sclerotinia sclerotiorum also
possesses 16 chromosomes (Derbyshire et al. 2017) and that the ancestral genome of the
Sclerotiniaceae differs from the ancestral Botrytis genome only by a single rearrangement,
despite the divergence between the genera Sclerotinia and Botrytis being estimated to
have occurred around 21.5 Ma (Shen et al. 2020). The extent of synteny among Botrytis
species from distinct clades could only have been retained if sexual reproduction in this
genus has been prominent over the course of evolution. Of the 22 Botrytis species used in
the initial phylogeny of the genus (Staats et al. 2005), 14 were reported to have a sexual
stage, whereas eight were not, including B. aclada. Population studies may shed more light
on the modes of reproduction of Botrytis species. Thus far, only B. cinerea, B. pseudocinerea,
B. tulipae, and B. elliptica have been subject of population analyses (Fournier et al. 2005;
Giraud et al. 1999; Mercier et al. 2019; Soltis et al. 2019; Staats et al. 2007a; Walker et al.
2015), whereas other species have received less attention.

Although synteny analyses indicated a strong overall conservation of chromosome
architecture between Botrytis species, it was striking to detect a substantial number of
small translocations between B. cinerea and B. aclada, both in telomeric and internal
chromosomal regions. Telomeric translocations are relatively “safe” rearrangements, as
they have limited impact on genome architecture and chromatin organization, minimizing
the risk of causing major genome stress. However, such rearrangements have the potential
risk of (partial or complete) loss of the telomeric region during the translocation. The BOA
clusters that were detected in multiple Botrytis species were, with two exceptions, located
at the end of contigs, presumably because they were flanked by repetitive sequences.
In Sclerotinia sclerotiorum, however, the BOA cluster is located internally in chromosome
SSCLE15,and itis not flanked by repetitive sequences. Although it seems logical to propose
a role of repetitive sequences in the translocation of chromosomal segments (whether
telomeric or internal), further studies need to establish such a role. Sequencing multiple
isolates of some of the species by long-read technology might reveal the frequency of
translocation events within a species.

It was remarkable to note that the BOT clusters appears to be located in four distinct
genomic locations in the seven Botrytis species in which it was analyzed, and each of
the loci was flanked by transposons, and in three cases even interrupted by transposons.
It is tempting to speculate that these transposons have played a role in the mobility of
the BOT cluster within the genome. The phylogeny of the BOT gene clusters was in full
agreement with the species phylogeny, arguing against a horizontal transfer event. Thus,
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the data suggest that there have been independent translocations of the BOT gene cluster
to distinct chromosomes, culminating in the four distinct genomic locations presently
observed in extant fungal isolates. Only within B. squamosa, B. deweyae, and B. elliptica
was the BOT cluster in the equivalent genomic location, as could be expected from their
phylogenetic proximity within a subclade of clade 2. This suggests a unique transposition
event in the lineage toward the common ancestor of species in this subclade (A5 in Figure
4). It is not currently possible to estimate the timing of these translocations, nor could the
position of the BOT cluster in the ancestral genome be inferred in the Anchro analysis.

Polymorphism in genomic locations of SM BGCs was recently described within a collection
of Aspergillus fumigatus isolates, suggesting that mobility of BGCs may occur even within
a single species. In this study, there was even one case of two isolates carrying idiomorph
BGCs, that is, two distinct clusters residing in the same genomic locations (Lind et al.
2017). It will be interesting to analyze multiple isolates of the different Botrytis species
and explore whether mobility of BGCs occurs within a single species as well. Long-read
sequence technology will be essential for such purpose, to obtain flanking sequence
information that permits to infer the correct genomic locations of the various BGCs.

The evolution and dynamics of BOT and BOA clusters

The BGCs involved in the production of phytotoxic SMs BOT and BOA were specifically
interesting because they trigger (programmed) cell death in dicots (Rossietal.2011) and in
monocots (our unpublished results) and contribute to the virulence of B. cinerea (Dalmais
et al. 2011). The unusual observation of the distinct genomic locations of BOT and BOA
clusters encouraged us to explore two distinct evolutionary scenarios: that either clusters
were vertically transmitted but were able to excise from their location and reinsert at
distinct locations; or that clusters were lost and then regained through HGT. We carefully
evaluated the functionality, synteny, and phylogeny of BOT and BOA genes and avoided
assuming that vertical gene duplication is the source of multiple paralogs within a lineage.
Indeed, half the BOA clusters inferred to be functional in Botrytis appear to have been
acquired by HGT from other Botrytis species, and the functional BOA cluster in B. sinoallii
is inferred to be a xenolog (horizontally acquired paralog) of the pseudogenized cluster in
the same species. The fact that the inferred donor of the BOA cluster in B. sinoallii (a taxon
closely related to B. aclada and B. porri), which also is a pathogen of Allium, is consistent
with host-specific functions selecting for cluster HGT. BGC birth and death processes
appear to involve the horizontal replacement of commonly lost clusters; however, the
trajectories of BOT and BOA contrast in their evolutionary dynamics. Although BOT is
less frequently lost/nonfunctionalized and has not been gained by HGT in this data set,
BOA is frequently lost or nonfunctionalized and also replaced by HGT. It is possible that
BOT is more readily retained by natural selection due to its role in microbial competition
(Vignatti et al. 2020).
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This genome comparison has not revealed any host range determinants that enable so
many Botrytis species (and S. cepivorum) to infect Allium hosts, likely because fungus—plant
interactions may depend on a multitude of factors. Especially the fact that some of these
species infect leaf tissue, whereas others infect the bulb or the root, and some species
induce blight symptoms, whereas others cause maceration and rot, adds another layer
of complexity when comparing species pathogenic on the same host. The high synteny
and conservation of chromosome architecture between such distant species across the
genus Botrytis is remarkable and contrasts with the dynamics of genome evolution in
many other plant pathogens.
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Supplemental tables

Supplemental table 1. Information about the strains used in this study.

Botrytis species Acronym Isolate Main host
B. aclada BACL 633 Allium cepa
B. byssoidea BBYS MUCL94 Allium cepa
B. deweyae BDEW B1 Hemerocallis
B. elliptica BELL Be9612 Lilium

B. globosa BGLO MUCL444 Allium ursinum
B. porri BPOR MUCL3234 Allium porrum
B. sinoallii BSIN Onion Bc23 Allium cepa
B. squamosa BSQU MUCL31421 Allium cepa
S. cepivorum SCEP UFL Allium cepa

Supplemental table 2. Comparison of plant cell wall degrading enzymes (PCWDEs) among Botrytis spp..
Enzymes were categorized according to their substrate based on information from CAZY database (www.cazy.
org). Data taken from this study and earlier studies by van Kan et al. (2017) and Valero-Jiménez et al. (2019).

Hemicellulose Plant or

Species Cellulose C::leu Tc:;e or pectin side Pectin Fungal Total Reference
chains CWDEs

B. aclada 17 27 13 32 31 120 This study

B. byssoidea 17 29 13 29 31 119 This study

B. calthae 17 30 12 32 21 112 Valero-Jiménez et al. 2019
B. cinerea 20 34 13 38 27 132 van Kan et al. 2017

B. convoluta 18 31 12 34 25 120 Valero-Jiménez et al. 2019
B. deweyae 19 32 13 34 33 131 This study

B. elliptica 19 33 12 33 30 127 This study

B. galanthina 19 35 12 36 23 125 Valero-Jiménez et al. 2019
B. globosa 17 26 12 31 30 116 This study

B. hyacinthi 20 34 13 35 23 125 Valero-Jiménez et al. 2019
B. narcissicola 20 31 1 28 21 11 Valero-Jiménez et al. 2019
B. paeoniae 19 31 12 32 22 116 Valero-Jiménez et al. 2019
B. porri 17 27 12 33 33 122 This study

B. sinoallii 17 28 12 22 28 117 This study

B. squamosa 19 34 12 34 33 132 This study

B. tulipae 18 32 1 29 22 112 Valero-Jiménez et al. 2019
S. cepivorum 15 27 1 27 29 109 This study
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Supplemental table 3. The 45 Leotiomycete genomes used for orthogroup analysis of secondary metabolite

biosynthetic gene clusters (SM BGCs).

Species Genus Family NCBI accession
A.resinae Amorphotheca Myxotrichaceae MADK00000000
A. sarcoides Ascocoryne Helotiaceae AIAA00000000
B. graminis f. sp. hordei Blumeria Erysiphaceae CAUH00000000
B. graminis f. sp. tritici Blumeria Erysiphaceae ANZE00000000
B. aclada Botrytis Sclerotiniaceae RCSV00000000
B. byssoidea Botrytis Sclerotiniaceae RCSW00000000
B. calthae Botrytis Sclerotiniaceae PHWZ00000000
B. cinerea Botrytis Sclerotiniaceae CP009805-CP009822
B. convoluta Botrytis Sclerotiniaceae PQXN00000000
B. deweyae Botrytis Sclerotiniaceae RCSX00000000
B. elliptica Botrytis Sclerotiniaceae RCSY00000000
B. galanthina Botrytis Sclerotiniaceae PQXL00000000
B. globosa Botrytis Sclerotiniaceae RCSZ00000000
B. hyacinthi Botrytis Sclerotiniaceae PQXK00000000
B. narcissicola Botrytis Sclerotiniaceae PQXJ00000000
B. paeoniae Botrytis Sclerotiniaceae PQXI00000000
B. porri Botrytis Sclerotiniaceae RCTA00000000
B. sinoallii Botrytis Sclerotiniaceae RCTB00000000
B. squamosa Botrytis Sclerotiniaceae RCTC00000000
B. tulipae Botrytis Sclerotiniaceae PQXH00000000
Cadophora sp. Cadophora Helotiales incertae sedis PCYN00000000
C. crateriformis Coleophoma Helotiales incertae sedis PDLN00000000
C. cylindrospora Coleophoma Helotiales incertae sedis PDLM00000000
D. rosae Diplocarpon Dermateaceae MVNX00000000
E. necator Erysiphe Erysiphaceae JNVNO0000000
E. pulchra Erysiphe Erysiphaceae PEDP00000000
G. lozoyenzis Glarea Helotiaceae ALVEO0000000
M. brunnea f. sp. multigermtubi ~ Marssonina Dermateaceae AFXC00000000
M. bicolor Meliniomyces Hyaloscyphaceae LXP100000000
M. variabilis Meliniomyces Hyaloscyphaceae LXPR00000000
M. fructigena Monilinia Sclerotiniaceae QGLU00000000
O. maius Oidiodendron Myxotrichaceae JMDP00000000
P.subalpina Phialocephala Helotiales incertae sedis FJOG00000000
P. scopiformis Phialocephala Helotiales incertae sedis LKNI0O0000000
Phialophora cf. hyalina Phialophora Leotiomycetes incertae sedis ~ NPICO0000000
P. destructans Pseudogymnoascus Pseudeurotiaceae LAJJ00000000
P.verrucosus Pseudogymnoascus Pseudeurotiaceae LAJO00000000
R. ericae Rhizoscyphus Ericaceae LYBPO0000000
R. agropyri Rhynchosporium  Helotiales incertae sedis FJUX00000000
R.commune Rhynchosporium  Helotiales incertae sedis FJUW00000000
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Species Genus Family NCBI accession

R. secalis Rhynchosporium  Helotiales incertae sedis FJVC00000000

S. borealis Sclerotinia Sclerotiniaceae AYSA00000000

S. sclerotiorum Sclerotinia Sclerotiniaceae CP017814-CP017829
S. cepivorum Sclerotium Sclerotiniaceae RCTD00000000

S. lignicola Scytalidium Leotiomycetes incertae sedis ~ NCSJO0000000

Supplemental table 4. Details of chromosomal rearrangements in the genus Botrytis. Details of balanced
genomic rearrangements between inferred ancestral genomes (AB0-A6) and extant Botrytis species, as provided
in simplified form in Table 2. Inferences were made using the tool Anchro.

ABO- ABO- A1- A1- A2- A3- A3- A4- A4- A5- A5- A6- A6-

Type of t
ypeotrearrangement  peiN A1 BACL A2 A3 A4 A6 A5 BSIN BSQUBDEW BBYS BGLO

Terminal Inversion of one
block

Inversions of one block

(ex: (AB,BC)->(A-B,-BC) or 9 0 2 0 2 3 5 1 6 2 1 3 1
(-CB,B-A))

Terminal Inversion of several

blocks (because on same 2 0 0 0 0 0 0 0 0 0 0 0 0
chr)

Inversions of several blocks

(ex: (AB,CD)->(A-C,-BD) or 2 0 1 0 0 0 0 0 0 0 0 0 1
(A-C,-DB)

Non-reciprocal translocation

of one block

Translocations of two blocks 0 0 0 0 0 0 0 0 0 1 0 2 0

Terminal Translocations 1 0 0 0 0 0 0 0 1 0 0 1 0
Translocation 0 0 1 0 0 0 1 0 0 0 0 0 1

Inversions/Translocations
(for long cycles)

Terminal Transpositions (ex:
(0OA,AB,EF)->(0B,EA,AF))

Transpositions (ex:
(CA,AB,EF)->(CB,EA,AF))

Fusions 0 0 0 1 2 1 0 1 2 1 2 0 2
Fissions 0 0 5 1 1 6 2 1 19 3 40 27 3
Sum 177 o0 10 2 5 10 9 3 30 8 43 34 8
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Supplemental figures
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Supplemental figure 1. Core genome and pan-genome analysis of 16 Botrytis species. (A) Estimation of Botrytis
spp. core genome, in which the number of shared genes is plotted as a function of the number of species
sequentially added. (B) Estimation of Botrytis spp. pan-genome size, in which the number of all genes is plotted
as a function of the number of species sequentially added.
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Supplemental figure 2. Presence/absence of orthologous groups of secreted proteins among 16 Botrytis
species and S. cepivorum (species listed in descending alphabetical order). Dark circles indicate the presence of
different subgroups in each species, while white circles indicate absence. The number of orthologous groups for
each subgroup is shown above the bars.
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Chapter 5

Abstract

Fungal plant pathogens secrete effector proteins that manipulate the host in order
to facilitate colonization. Necrotrophs have evolved specialized effector proteins that
actively induce plant cell death by co-opting the programmed cell death machinery of the
host. In this study we aimed to identify and validate cell death-inducing effectors of the
onion pathogen Botrytis squamosa. Using a combination of proteomics and genome-wide
effector prediction, we identified candidate effector genes. The cell death-inducing activity
of effector proteins was tested by transient expression via Agrobacterium tumefaciens-
mediated transformation of Nicotiana benthamiana. Additionally, we produced a subset
of effector proteins in Pichia pastoris which allowed us test the cell death-inducing activity
ononion.To evaluate if the effectors had been subject to diversifying selection, the genetic
diversity of protein coding sequences was compared among seven B. squamosa isolates.
Finally, the contribution of two effector proteins to the virulence of B. squamosa on onion
was assessed using knockout mutants obtained by CRISPR-Cas9-mediated transormation.
Identifying effector proteins of B. squamosa might provide insights in their contribution to
host specificity of Botrytis species.
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Introduction

Botrytis squamosa is a member of the fungal genus Botrytis and is the causal agent of onion
leaf blight. The disease poses a serious threat for onion cultivation in all major production
areas worldwide and control measures mainly involve fungicide sprays (Carisse et al.
2011; Steentjes et al. 2021a). The disease is characterized by small necrotic spots on the
onion foliage, often surrounded by a chlorotic halo. In a later stage of the infection, the
lesions expand and leaves start to blight, resulting in reduced plant growth and decreased
bulb development (Lacy and Lorbeer 2008a; Lorbeer et al. 2007). On necrotic leaf parts,
B. squamosa produces conidia that are dispersed by wind to initiate a new disease cycle
(Lorbeer 1992).

For a long time, fungi with a necrotrophic lifestyle have been considered to invade their
hosts in a rather unsophisticated manner. Using lytic and degradative enzymes, the
fungus first kills and subsequently grows into host cells and eventually colonizes host
tissue. In the past decades however, evidence has been accumulating that the interaction
between necrotrophs and their hosts is more subtle and sophisticated than previously
appreciated. Necrotrophs actively induce plant cell death by co-opting the programmed
cell death machinery of the host using specialized effector proteins, to a certain extent
similar to biotrophs (Dickman et al. 2001; van Kan 2006). The induction of plant cell death
using effectors is vital for the success of infection (Stergiopoulos et al. 2013; Tan et al. 2010;
Veloso and van Kan 2018). Moreover, for some necrotrophic effectors the corresponding
plant receptor proteins required for effector recognition and for triggering of the cell
death response have been identified (Abeysekara et al. 2009; Gao et al. 2015; Schiirch et al.
2004).The cell death response to necrotrophic effectors is based on similar mechanisms as
the recognition of effectors from biotrophic pathogens, but leads to disease susceptibility
instead of disease resistance as is the case for biotrophs (Lorang et al. 2007; Tan et al. 2010).

Therole of necrotrophiceffectorsin plant-pathogensinteractionsis best studiedin Septoria
nodorum blotch (SNB) in wheat, caused by the Ascomycete fungus Parastagonospora
nodorum.The first identified effector from P. nodorum was SnTox1, a small, secreted protein
that induced necrosis upon infiltration in wheat lines carrying the sensitivity gene Snn1
(Liu et al. 2004). SnTox1 knockout mutants lost virulence on Snni-carrying wheat lines,
and introduction of SnTox1 into an avirulent P. nodorum strain rendered pathogenicity
on wheat lines harbouring Snn1 (Liu et al. 2012). By genetic analysis, more P. nodorum
effectors and corresponding wheat sensitivity genes were identified such as SnToxA-Tsn1,
SnTox4-5nn4,and SnTox6-5Snn6 (Abeysekara et al. 2009; Faris et al. 2010; Gao et al. 2015; Tan
et al. 2012). To date, nine necrotrophic effectors and corresponding host sensitivity genes
have been identified in the P. nodorum-wheat pathosystem (Cowger et al. 2020; Duba et
al. 2018). The severity of infection depends in a quantitative manner on the number and
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identity of pathogen effectors and corresponding wheat sensitivity genes (Haugrud et al.
2019; Oliver et al. 2012; Phan et al. 2016; Ruud et al. 2017).

The broad host range model necrotroph Botrytis cinerea is also known to secrete proteins
that induce cell death upon recognition by the host. B. cinerea endopolygalacturonases
(PGs) induce necrosis upon infiltration in Arabidopsis thaliana, but only in lines
harbouring leucine-rich repeat (LRR) receptor-like protein RBPG1 (Zhang et al. 2014).
Other proteinaceous virulence factors that function as cell death-inducing proteins
identified in B. cinerea are BcXyl11a and BcXyl1, xylanases that induce necrosis in plant
tissue independent from their catalytic activity (Noda et al. 2010; Yang et al. 2018). Also a
xyloglucanase, BcXYG1, was found to induce cell death, but not with its enzymatic activity
(Zhu et al. 2017). Xylanases are recognized by the LRR receptor-like proteins LeEix1 and
LeEix2 and the cell death response to BcXyl1 and BcXYG1 requires the LRR receptor-like
kinases BAK1 and SOBIR1 (Ron and Avni 2004; Yang et al. 2018; Zhu et al. 2017). In addition
to the cell wall degrading enzymes with cell death-inducing activity, often considered as
PAMPs or catalytic necrosis-inducing proteins (NIPs), B. cinerea also secretes cell death-
inducing proteins that lack a known enzymatic domain and are referred to as effectors.
Amongst others BcNep1, BcNep2, BcSpl1 and BclEB1 have been heterologously produced
and induced cell death upon infiltration in dicot plants (Arenas et al. 2010; Frias et al. 2011;
Frias et al. 2016).

Since B. squamosa is a host-specific necrotrophic pathogen of onion, we hypothesize that
during infection B. squamosa secretes effector proteins that induce cell death specifically
in its host plant onion. In this study, we aimed to identify such effectors of B. squamosa
and validate their cell death-inducing activity. A combination of genome-wide effector
predictions and proteomics approaches provided a list of candidate effector genes. By
heterologous production of several proteins in Pichia pastoris or transient expression via
Agrobacterium tumefaciens-mediated transformation, we were able to test the plant cell
death-inducing activity of the candidate effectors. Genetic diversity of candidate effectors
in B. squamosa isolates was assessed to check for diversifying selection, a characteristic
often observed for effector genes. For two candidate effectors, B. squamosa knock-out
mutants were made using a CRISPR-Cas9-mediated transformation. Here, we present the
result of attempts to characterize B. squamosa effector proteins and study their role in
virulence.
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Material and methods

Fungal strains, culture conditions and transformation procedure

B. squamosa isolate MUCL31421 was used for RNA isolation and sequencing and as
recipient strain for transformation. Spores of B. squamosa were obtained by growth on
autoclaved onion leaves on water agar and exposure to UV light as described in (Steentjes
et al. 2021b). Spores were kept in 15% glycerol at -80°C for long term storage. To obtain
B. squamosa P11 and E14 knockout mutants, we used the CRISPR-Cas9-mediated
protoplast transformation protocol optimized for B. cinerea as described by Leisen et al.
(2020). Protoplasting conditions were optimized for B. squamosa by using 5x10° spores to
inoculate the liquid culture and allow growth for 24 hours. Mutants were selected using
an initial concentration of 17.5 pg/ml hygromycin B. Knockout mutants were confirmed
by PCR and sequencing of the gene fragment and obtained mutants were tested for their
in vitro growth rate and ability to produce sclerotia and conidia.

Proteomics approach to identify effectors

Liquid cultures of B. squamosa were made by adding 5x10° spores to 50 mL PDB (24g/L)
in a round bottom flask. The culture was incubated at 22°C for 4 days while shaking at
100 RPM. After 4 days of growth, the culture was filtered over 22pm nylon mesh and filter
sterilized (0.45 um, Millipore). To test for proteinaceous origin of necrotic activity, culture
filtrate was boiled in a heating block at 99°C for 1 and 5 minutes, or treated with 10 mM
DTT at room temperature. To fractionate the proteinaceous content, the culture filtrate
was subjected to both cation and anion chromatography using streamline SP XL (GE
Healthcare) at pH 5.5 and streamline Q XL (GE Healthcare) at pH 8.0, respectively. Proteins
were eluted from the resin using eluents with 0, 20, 100, 200, 500 and 1000 mM Nacl.
Crude extracts and protein fractions were subjected to mass spectrometry. Peptides were
mapped to the annotated B. squamosa genome (Valero-Jiménez et al. 2020).

Genome-wide effector prediction

The genome of B. squamosa was analysed for secreted proteins using Signal-P and the
secretome was assessed for predicted effector genes using effectorP as described in
Valero-Jiménez et al. (2020). Predicted effector genes that were represented by fewer than
6 reads in all transcriptome libraries were discarded. Subsequently, all predicted effectors
that had a domain with a known function not related to effector activity were removed, as
well as effectors that had orthologous in many Ascomycete fungi outside Botrytis. Finally,
effectors that were predicted to possess a GPl anchor by TMHMM were eliminated.
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Agrobacterium-mediated expression

Mature protein coding sequences of candidate effectors were amplified from ¢cDNA of
B. squamosa infected onion leaves. Amplicons were inserted into digested expression
vector pAJ21. Ligation of the fragment was checked by PCR and sequencing, and
correctly ligated plasmids were transformed into Agrobacterium tumefaciens strain
GV3101 by electroporation. Cultures of transformed A. tumefaciens were suspended in
MMAI infiltration buffer. This suspension was mixed 1:1 with A. tumefaciens cultures
expressing P19 to suppress post-transcriptional gene silencing, to a final OD of 1.6.
Bacterial suspensions were infiltrated into leaves of 4-6 weeks old N. benthamiana plants
using needleless syringes and plant responses were assessed at 3 DPI. For apoplastic
fluid isolation, agroinfiltrated N. benthamiana leaves were submerged under water using
a vacuum. Release of the vacuum allows water to fill up the apoplast, and subsequent
centrifugation yields the apoplastic fluid. Concentration of apoplastic fluid was performed
using centrifugal concentrators (Pierce) with a 3.5 kDa cutoff threshold.

Protein production and purification

The mature protein coding sequences of Nep1, Spl1, P11, P12 and E14 were amplified from
cDNA and cloned into the vector pPIC9k (Invitrogen) via restriction enzymes EcoRl and Notl.
After confirmation of the insert by PCR and sequencing, the plasmids were transformed
into Pichia pastoris strain GS115 by electroporation. Fermentation was performed on a
large scale using a BioFlo 120 fermentor (Eppendorf) applying the fermentation protocol
described in Schouten et al. (2008). Briefly, approximately 3 L of P. pastoris culture was
grown at 30°C for 5 days, including 3 days on methanol as sole carbon source to induce
protein production. After 5 days the supernatant was separated by centrifugation and
concentrated to 200 mL via diafiltration using a VivaFlow 200 Cassette MWCO 5000 Dalton
(Sartorius, VF20P4). This concentrated supernatant was desalted, washed twice with 10
mM KPO, pH 7.0, and filter-sterilized.

Protein purification was performed by affinity chromatography. Briefly, 5 mL of resin was
equilibrated with 3 volumes of 10 mM KPO,, in a glass Econo-column (Biorad 7371012),
and transferred to a 50 mL tube containing 40 mL of concentrated crude protein sample.
Proteins were allowed to bind by agitation on a horizontal rotor at 4°C for 90 min, and
the glass column was filled again with the protein bound-resin. The resin was rinsed
by flushing the column twice with two column volumes 10 mM KPO,, and the bound
proteins were recovered by eluting with an increasing salt concentration. The eluted
fractions were pooled, desalted, and concentrated using Amicon Ultra-15 PLBC filters.
Protein concentrations were quantified using Bradford assays (Biorad). Purified protein
was analyzed by polyacrylamide gel electrophoresis.
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For Nep1, resin Streamline SP XL (GE Healthcare) at pH 7.0 was used as described in
Schouten et al. (2008). Nep1 was recovered by eluting with an increasing salt concentration
between 0.1 M and 0.3 M NaCl. Spl1 was bound to resin Streamline Q XL (GE Healthcare)
at pH 5.5 and eluted with increasing salt concentration between 0.05 M and 1 M NacCl.
The majority of Spl1 was obtained with the eluent corresponding to 0.05 M NaCl and
no additional desalting was performed. For both protein P11 and P12, resin Streamline
Q XL was used at pH 7.0. Proteins were eluted from the resin using salt concentration
between 0.05 M and 1M NaCl. The majority of protein was eluted on by 0.05M and 0.1M
NaCl. Fractions were pooled and no additional desalting was performed. Protein E14 was
bound to resin Streamline SP XL at pH 5.5. Also here, the majority of Bs14 was eluted on
fractions with 0.05 M and 0.1 M NaCl and fractions were pooled but not desalted.

Plant material and protein infiltration

N. benthamiana (WT) used for Agrobacterium-mediated expression and protein infiltration
and eight onion genotypes for protein infiltration were grown from seed under greenhouse
conditions. In addition, proteins were infiltrated in parental lines A. cepa, A. fistulosum, A.
roylei, and the F1 (A. roylei x A. fistulosum), as well as a subset of six F2 (A. cepa x ((A. roylei
x A. fistulosum)) offspring lines of the tri-hybrid population as described in Scholten et al.
(2016). The tri-hybrid population as well as the parental genotypes were maintained in
tissue culture and plants of all genotypes were transferred to the greenhouse, transplanted
in potting soil and grown for several weeks before infiltration. Plants were infiltrated using
a syringe on the abaxial side of their leaves (where possible) with purified protein samples
or with buffer, and plant responses were assessed at 3 DPI. Proteins were infiltrated in a
range of pH from 5.5 to 7.0 in 10 mM KPO, buffer, as well as a range of concentrations. The
highest protein concentrations that could be tested were dependent on initial protein
yield and purification efficiency. The maximum concentrations tested for Nep1, Spl1, P11,
P12 and E14 were 50, 175, 400, 60 and 300 pg/mL, respectively.

Infection assays and RNA isolation for expression analysis

For inoculation of B. squamosa, young but fully grown leaves of 2-4 month onion plants
were used. For testing the virulence of the P11 knockout mutant, onion genotypes
‘Centurion’and 2012-19' were used for infection assays 1 and 2, respectively. To assess the
virulence of the E14 knockout mutant onion genotype ‘Centurion’ was used for infection
assays. For expression analysis onion genotype DH was used. Detached leaves were placed
in humid boxes and the cuticle of leaves was gently wiped with tissue paper to facilitate
inoculation. Leaves were inoculated with 2 ul droplets B. squamosa spores at 10° spores/
mL in 12 g/L PDB. To assess the virulence, lesion sizes were measured at three consecutive
days and the area under the diseases progression curve was calculated for inoculations
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with a secondary lesion growth. For RNA isolation, 16, 24 and 48 hour after inoculation
plant tissue was sampled in three replicates and also the used inoculum at 0 hours was
sampled. Samples were frozen in liquid nitrogen, freeze dried and grinded to powder. For
RNA extraction, samples were incubated in Trizol (Ambion, Life Technologies) and treated
with chloroform. Ethanol was added to the aqueous phase and the mixture was further
purified using an RNeasy Plant Mini Kit (Qiagen). This RNA was sent for sequencing. Reads
were mapped to the annotated genome of B. squamosa (Valero-Jiménez et al. 2020).

Analysis of genetic diversity

B. squamosa isolates MUCL_31421, MUCL_9112, MUCL_3812, 026, 1306, BS_878 and
BS_1126 were grown on a cellophane layer on top of PDA. Mycelium was harvested, frozen
in liquid nitrogen and freeze dried before it was grinded to powder. The mycelial power
was used to extract genomic DNA by incubation in cell lysis solution (Qiagen) followed
by protein precipitation solution (Qiagen). DNA was precipitated using 100% isopropanol
and washed with 70% ethanol and finally eluted in T, E,. Genes encoding Nep1, Spl1, P11,
P12, E14 and E28 were amplified by PCR and the amplicons were sequenced. 5'UTR, 3'UTR
and introns were removed and the mature protein coding sequences were aligned using
MEGA-X.

Statistical analysis

Differences in virulence between B. squamosa WT and knockout mutants were statistically
assessed in SPSS Statistics 25.0 (IBM) using independent samples t-tests. Differences were
considered to be statistically significant with two-tailed P values <0.05.
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Results

Liquid cultures of B. squamosa contain cell death-inducing proteins

The potential effector activity of B. squamosa was tested with culture filtrates of B.
squamosa grown in liquid medium. The culture filtrate appeared to induce strong cell
death responses upon infiltration into two onion cultivars and the non-host Nicotiana
benthamiana (Figure 1A). The cell death-inducing activity of the filtrate was reduced upon
heat treatment and upon reduction of disulphide bonds by DTT, suggesting that at least
part of the cell death-inducing activity of the culture filtrate was from proteinaceous
origin (Supplemental figure 1A). To investigate the protein composition of the filtrate,
we fractionated the sample using cation and anion exchange chromatography yielding
fractions with different combinations of proteins (Supplemental figure 1B). Infiltration
of these protein fractions into onion cultivars caused necrosis only for specific fractions,
suggesting that they contained one or more active proteins from the B. squamosa culture
filtrate. For the protein fractions obtained by cation exchange chromatography, infiltration
of solely fraction 3 caused a necrotic plant response in onion cultivar DH, but not in onion
cultivar Centurion nor in N. benthamiana (Figure 1B), suggesting the presence of a cultivar-
specific cell death-inducing protein in this fraction.

To reveal the identity of proteins present in the culture filtrate and in the fractions
that showed cell death-inducing activity, protein fractions were analysed using mass
spectrometry. By matching the detected peptides to predicted proteins of the annotated
B. squamosa genome (Valero-Jiménez et al. 2020), the identity of proteins present in the
culture filtrate and in several ion exchange chromatography fractions was determined
(Supplemental table 1).

All of the identified B. squamosa proteins had orthologs in B. cinerea and B. aclada. Two
proteins were specifically present in cation exchange fraction 3, that caused cell death in
onion cultivar DH, and 13 proteins were specifically present in the active anion exchange
fractions 4 and 5. Since protein concentrations differed between samples and were
sometimes low, some proteins may have escaped detection. Therefore, the conclusion
that only proteins identified specifically in the active cation and/or anion fractions possess
cell death-inducing activity is invalid. Moreover, some proteins identified in ion exchange
chromatography fractions were not detected in the crude culture filtrate, demonstrating
that the list with identified genes cannot be used to pinpoint which protein is responsible
for the cell death-inducing activity of a protein fraction, but rather as a collection of
proteins that needs further validation.
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A Onion cv. Centurion Onion cv. DH N. benthamiana

Culture
filtrate

B

Fraction 2

Fraction 3

Fraction 4

Figure 1. Cell death responses of two onion cultivars and N. benthamiana upon infiltration of (A) culture
filtrate of B. squamosa and (B) different protein fractions of the culture filtrate obtained by cation exchange
chromatography.

Genome-wide effector prediction yields candidates that are not
unique to B. squamosa

In addition to identifying effector genes by a proteomics-based approach, we also used a
genome-wide effector prediction approach to identify putative effectors in the genome
of B. squamosa. First the sequenced and annotated genome of B. squamosa was filtered
for secreted proteins and subsequently the probability of genes being effectors was
predicted using EffectorP (Valero-Jiménez et al. 2020). The secretome of B. squamosa
contained 897 genes (7.5%) and the total repertoire of predicted effectors was 132
genes. To prioritize these candidates, genes were discarded that were either expressed to
extremely low levels, had a protein domain with a known (enzymatic) function unrelated
to effector activity, were predicted to have a glycosylphosphatidylinositol (GPI) cell surface
anchor, or that had homologues in many fungi outside the genus Botrytis. These filtering
steps yielded a list with 52 remaining candidate effectors (Supplemental table 2). All 52
candidates had homologues in related Botrytis species. Furthermore, none of the effector
candidates was exclusively present in Allium-infecting Botrytis species (B. squamosa, B.

104



B. squamosa effector proteins

aclada, B. globosa, B. byssoidea, B. sinoallii and B. porri), suggesting that these candidates
likely not function as host specificity determinants. None of the candidates identified
using genome-wide effector prediction was detected in the cell death-inducing protein
fractions from B. squamosa culture filtrates.

Heterologousexpressionofcandidateeffectorgenesbyagroinfiltration
in Nicotiana benthamiana

From the two lists of candidate effector genes, a number of candidates was selected for
further characterization. For candidates identified by the proteomics-based approach,
genes were prioritized based on classical effector characteristics such as small size and
high number of cysteines, as well as absence of known enzymatic domains. Also the
amount of peptides of a specific protein detected in samples was taken into consideration.
Furthermore, to prioritize candidates from both effector prediction and proteomics
approaches, expression data of early infection timepoints of B. squamosa on onion leaves
was used. Effector genes that play an important role during infection are thought to be
highly expressed during the early stages of infection. Expression levels of B. squamosa
genes from infected leaf tissue 16, 24 and 48 hours after inoculation as well as in spores
were analyzed using RNAseq (Figure 2A). In addition to candidate effectors identified by
genomic prediction and proteomics, homologues of characterized effector genes of B.
cinerea (Spl1, Nep1 and CND1), as well as the negative control a-Tubulin were included in
the validation of B. squamosa effectors.

In total 18 B. squamosa genes were cloned into expression vectors and transformed into
Agrobacterium tumefaciens (Table 1). To analyze their cell death-inducing activity, the
candidate effector constructs were agroinfiltrated into N. benthamiana and infiltrated
areas were assessed for cell death at 3 DPI. Agroinfiltration with negative controls a-Tubulin
(Tub) and GFP, as well as the empty vector did not cause any visible plant response
(Supplemental figure 2). Infiltration with B. squamosa Nep1 resulted in a strong necrotic
plant response that covered the complete infiltrated area (Figure 2B). Infiltration of most
candidate effectors as well as homologues of effectors from B. cinerea did not cause any
visible plant response (Supplemental figure 2), whereas candidates P11 and E14 caused
small necrotic spots dispersed over the infiltrated area (Figure 2B). The agroinfiltration of
candidate E28 resulted in slight discoloration of the infiltrated area, however this response
was not consistently observed over multiple infiltrations (Supplemental figure 2). To test
the activity of candidate effector genes on onion, we could not perform agroinfiltrations
since the A. tumefaciens-mediated expression system is not functional in onion. Instead,
we isolated apoplastic fluid of agroinfiltrated N. benthamiana leaves and infiltrated this
fluid, either crude or concentrated, into onion leaves. No plant response was observed
upon infiltration of the apoplastic fluid of any of the agroinfiltrated candidate effectors.
Also re-infiltration of the apoplastic fluid into N. benthamiana did not cause any visible
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plant responses. For Nep1, we could not verify its activity in onion using this method,

since agroinfiltration rapidly resulted in dry necrotic tissue which constrained the isolation

of apoplastic fluid.

154
< 10- o P11
e; & P12
g -4 E14
.
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Spores 16 HPI 24 HPI 48 HPI

P11

E14 P12 Nep1

Figure 2. (A) Expression of three candidate
effector genes during early stages of onion
leaf infection by B. squamosa analyzed in
spores, at 16,24 and 48 HPI. (B) Plant response
upon infiltration of A. tumefaciens expressing
candidate effector genes assessed at 3 DPI,
arrows indicate small necrotic spots.

Table 1. List of candidate effector genes that were cloned and transformed into A. tumefaciens to test their
in planta activity. Column source indicates how the candidate effector was identified and columns size and
cysteines show respectively the total number of amino acids and the number of cysteines in the protein

including signal peptide.

Name Protein ID Source Size Cysteines
Tub BSQU_002g00810 Control a-Tubulin 450 14
P1 BSQU_002g06800 Proteomics 540 14
Spl1 BSQU_003g00420 Prot./ Homol. BcSpl1 137 4
P3 BSQU_003g01170 Proteomics 175 6
P4 BSQU_003g05450 Proteomics 607 38
P5 BSQU_003g05460 Proteomics 155 4
E33 BSQU_004g02520 Effector prediction 61 4
E34 BSQU_004g04600 Effector prediction 183 3
P7 BSQU_005g00770 Proteomics 380 8
CND1 BSQU_006g01720 Homologue BcCND1 249 2
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Name Protein ID Source Size Cysteines
E36 BSQU_006906210 Effector prediction 95 10
P11 BSQU_008g05540 Proteomics 189 4
P12 BSQU_009g00250 Proteomics 160 2
P13 BSQU_011g02090 Proteomics 390 2
E14 BSQU_012g04030 Effector prediction 147 8

Nep1 BSQU_015g03410 Homologue BcNep1 246 3
E28 BSQU_018g01640 Effector prediction 175 4
E31 BSQU_020g00110 Effector prediction 152 2

Activity of candidate effectors produced in Pichia pastoris

To test the cell death-inducing activity of candidate effectors on onion, we produced the
proteins in the heterologous expression system Pichia pastoris. After cloning of candidate
effector genes into expression vectors and transformation, P. pastoris was grown in a
bioreactor to allow optimal control over growth conditions and methanol-induced gene
expression. Obtained proteins were purified by ion exchange chromatography. For the
majority of produced candidate effectors a relatively pure protein could be obtained, as
exemplified by the purification of Spl1 (Figure 3A). In total 5 proteins were successfully
produced and purified; Spl1, P11, P12, E14 and Nep1. Purified protein samples were
infiltrated into onion as well as N. benthamiana, a non-host for B. squamosa. Infiltration of
Nep1 into N. benthamiana resulted in a strong necrotic response, similar as observed for
the agroinfiltration of Nep1. However, infiltration of Nep1 into onion also caused a strong
and consistent necrotic response (Figure 3B). Candidate effector E14 did not induce any
visible symptoms in either N. benthamiana, nor in onion (Figure 3B). For all three other
tested candidate effectors (Spl1, P11, and P12) some responses could be observed in
onion leaves, but they were weak and variable in consistency, particularly when compared
to Nep1. For P12, some infiltrated areas showed slight discoloration at the border of
infiltration or close to the syringe mark, but only in a minority of infiltrated leaves (Figure
3B). All purified candidate effector samples were infiltrated in buffers with a pH range
from 5.5 to 7.0, and in a range of concentrations (dependent on initial protein yield and
purification efficiency). Infiltrations were performed in a set of eight onion genotypes, but
none of the tested samples and conditions induced a consistent plant response, except
for Nep1. In addition to different cultivars of onion (Allium cepa), the proteins were also
infiltrated in leaves of an interspecific tri-hybrid population of A. cepa with A. roylei x A.
fistulosum that shows a segregating resistance to B. squamosa (Scholten et al. 2016). The
parental lines A. cepa, A. fistulosum, A. roylei, and the F1 (A. roylei x A. fistulosum), as well
as a subset of six F2 (A. cepa x ((A. roylei x A. fistulosum)) offspring lines were used to test
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their response to these candidate effectors. None of the infiltrated plants showed visible
symptoms upon infiltration of any of the candidate effectors, except for Nep1.

B 2 3 a B 67 “7asT 8 1L R OFEEM N. benthamiana Onion
J 250
150 Buffer
100
—T75
—50
-_ - -
- Nep1
— 25
20
— 15
Spl1

P11

Figure 3. (A) Purification of protein Spl1 by anion

exchange chromatography. FT=flow through, numbers P12
indicate different fractions eluted with increasing

salt concentration, M=marker. Bands at the expected

molecular weight of Spl1 are marked by a rectangle. (B)

Visual responses of N. benthamiana and onion leaves

upon infiltration of candidate effector proteins assessed

at3 DPI.

E14

Genetic diversity of candidate effectors

Effector genes are suggested to display genetic diversity since their protein products
are in contact with the environment, in this case the host plant. There are many reports
of microbial effector genes that are under diversifying selection. We sequenced the
candidate effector genes Nep1, Spl1, P11, P12, E14 and E28 in seven B. squamosa isolates.
Five isolates (MUCL_31421, MUCL_9112, MUCL_3812, 026 and 1306) originated from a
culture collection and two isolates (BS_878 and BS_1126) were field isolates sampled from
infected onions. Candidate effector genes Spl1, P11, P12, E14 and E28 did not show any
sequence polymorphism in the seven tested B. squamosa isolates. Only Nep1 showed
polymorphisms, with in total six SNPs of which five were exclusively present in isolate
BS_1126. The sixth SNP was shared between isolates BS_878, BS_1126 and MUCL_9112
(Figure 4). All identified SNPs were synonymous and therefore did not affect the amino
acid sequence of Nep1 in the different B. squamosa isolates.
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Figure 4. Genetic diversity of Nep1 among seven B. squamosa isolates. Selected parts of the sequence show
(from left to right) the start codon, the six identified SNPs, and the stop codon with numbers indicating
nucleotide positions of the mature protein coding sequence.

Role of candidate effectors in virulence of B. squamosa on onion leaves

To assess the role of candidate effectors P11 and E14 in the virulence of B. squamosa,
knock-out mutants of these genes in B. squamosa were made using a CRIPSR-Cas9-
mediated transformation. Although candidate effectors P11 and E14 did not induce clear
cell death responses upon infiltration of the protein into onion, it cannot be excluded
that these genes play a role during infection. The knock-out mutants and WT strain were
inoculated on onion leaves and lesion diameters were measured at consecutive days
in order to calculate the area under the disease progression curve (AUDPC). The AP11
mutant was not significantly reduced in virulence compared to WT in either of the two
performed infection assays (Figure 5A). For the AE14 mutant the first infection assay
suggested a slight increase in virulence and in the second infection assay a slight decrease
in virulence was observed as compared to WT. The differences in both experiments were
not statistically significant.

A B
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Figure 5. Virulence of WT and knock out mutants of (A) candidate effector P11 and (B) candidate effector E14
measured as AUDPC. Two infection assays per knockout strain were performed (P11 n=83 and n=80, E14 n=81
and n=96). Differences were statistically assessed with an independent samples t-test, and error bars represent
standard error.
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Discussion

In this study, we identified candidate effector proteins of B. squamosa and tested these
proteins for their cell death-inducing activity. In total 52 candidate effector proteins were
identified by genome-wide effector predictions and another 14 proteins were identified
in culture filtrate-derived protein fractions that caused cell death upon infiltration in
onion leaves. By heterologous production, we tested the cell death-inducing activity
of 17 different candidate effectors via A. tumefaciens-mediated transformation, and
subsequently six of those via production in P. pastoris. Hence, many candidate effectors
remain unexplored, some of which showed relatively high expression during early stages
of infection, that are worth studying in more detail.

Heterologous expression of candidate effectors using A. tumefaciens-mediated
transformation was functional in N. benthamiana. Since many monocotyledonous plants
including onion are notoriously difficult to be transformed by A. tumefaciens (Koetle
et al. 2015; Sood et al. 2011), candidate effectors could not be transiently expressed in
onion leaves. In order to test the activity of candidate effectors in onion, we isolated the
apoplastic fluid of agroinfiltrated N. benthamiana leaves, and subsequently infiltrated
the apoplastic fluid. No plant response was observed for any of the 17 candidates tested,
whether infiltrated into onion or re-infiltrated into N. benthamiana. The amount of effector
candidate protein that eventually reached the apoplast of the infiltrated leaf using this
method is difficult to assess, since expression levels of transiently transformed leaves are
difficult to control and protein stability might be affected by proteases present in the
apoplast (Grosse-Holz et al. 2018; Jutras et al. 2020). Moreover, once an effector protein
triggers cell death, as observed upon agroinfiltration of Nep1, isolation of apoplastic fluid
becomes impossible because the apoplast collapses in the cell death process.

As an alternative to testing the cell death-inducing activity of candidate effectors via
A. tumefaciens-mediated transformation, we produced candidate effectors using the
heterologous expression system P. pastoris. Infiltration of the purified proteins Spl1, P11
andP12inonionresulted in weak and inconsistent plant responses. The observed variation
may be a result of impurity of the infiltrated protein samples. Endogenous P. pastoris
proteins might have co-eluted during ion exchange chromatography purification and
ended up in protein samples. Candidate effectors were produced without a purification
tag to avoid the risk of an altered charge, structure and activity of the relatively small
effector proteins. However, adding a C-terminal epitope tag would have allowed affinity-
based purification and likely have resulted in more pure protein samples (Walls and
Loughran 2011; Yadav et al. 2016). Only for Nep1 we observed a rapid and strong cell
death response in all replicate infiltrations, both in N. benthamiana and onion. The cell
death-inducing activity of Nep1-like proteins (NLPs) from other plant pathogens on dicot
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plants has been extensively studied and fits our observation of the necrotic response in
N. benthamiana upon infiltration of B. squamosa Nep1. The cell death-inducing activity
of Nep1 on onion, however, is striking since NLPs supposedly do not induce cell death
on monocotyledonous plants (Lenarcic et al. 2017; Seidl and Van den Ackerveken 2019).
These observations raised the question whether B. squamosa Nep1 might function
differently from other characterized NLPs or whether the sensitivity of onion to NLPs is
different from other monocotyledonous plants. A more detailed study of the activity of B.
squamosa Nep1 on onion is presented in chapter 6 of this thesis.

In addition to testing the cell death-inducing activity of candidate effectors, we also
assessed the genetic diversity of candidate effectors among seven different B. squamosa
isolates. Effector genes are often observed to display genetic diversity within pathogen
populations as a result of diversifying selection imposed by the host (Stergiopoulos and
de Wit 2009). Indeed many effectors, including those of necrotrophic plant pathogens,
show a variety of haplotypes in population studies. Effectors SnToxA, SnTox1 and SnTox3
of P. nodorum were all found to display different haplotypes and to be under diversifying
selection (Hafez et al. 2020; Richards et al. 2019; Stukenbrock and McDonald 2007). In our
analysis of B. squamosa candidate effectors, we did not observe any SNPs, except for Nep1.
The absence of polymorphisms, although only assessed in seven isolates, suggests that
there is no diversifying selection exerted on these genes. The genetic diversity of NLPs
on a species level in the genus Botrytis has been studied before. Several protein positions
appeared to be under diversifying selection, which is congruent with our observation of
polymorphisms between isolates of B. squamosa (Staats et al. 2007¢).

Despite the absence of cell death-inducing activity of the tested candidate effectors, these
genes can still play important roles during infection and function as virulence factors
without being involved in killing of host cells. To assess the role of P11 and E14 in virulence
we made knockout mutants of these genes in B. squamosa using CRISPR-Cas9-mediated
transformation. According to literature, this is the first report of the use of CRISPR-Cas9 in
any Botrytis spp. other than B. cinerea. The functionality of this technique allows rapid and
efficient molecular gene characterization in B. squamosa and likely other Botrytis species
as well. Knockout mutants of P11 and E14 were not reduced in lesion size on onion,
suggesting that these genes do not have an essential contribution in virulence. Due to
functional redundancy in the effector repertoire, disruption of individual genes does not
necessarily lead to a reduction in virulence. For example, B. cinerea strains disrupted in
cell death inducing proteins Nep1, Nep2, or IEBT were not affected in virulence (Arenas
et al. 2010; Frias et al. 2016). However, since P11 and E14 did not have cell death-inducing
activity, were genetically uniform, and did not contribute to virulence, we can exclude
them as effectors.
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Concluding, we have made a start in the identification and validation of effector proteins
of B. squamosa. The obtained list with putative effectors provides a resource for future
validation of cell death-inducing activity and contribution to virulence. The identification
of effectors of B. squamosa will provide insights in their role as host determinants and
furthermore, the identification of corresponding onion sensitivity genes might have
implications for onion resistance breeding against Botrytis leaf blight.
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Supplemental tables

Supplemental table 1. List of proteins detected by mass spectrometry in culture filtrate and ion exchange
chromatography-based protein fractions. Proteins that are detected specifically in the active cell death-inducing
fraction of the cation or anion exchange chromatography are indicated. Columns size and cysteines show,
respectively, the total number of amino acids and the number of cysteines of the protein including signal
peptide. Secretion signal indicates whether the gene has a predicted secretion signal and PFAM shows the
known domains of the detected proteins.

Specific for Specific for 2 §
Protein ID active active ° K] 9 ‘s PFAM
. . . . N v v
fraction cation fraction anion 7 S g g’

BSQU_001g00680 No Yes 714 1 Yes Multicopper oxidase

BSQU_001g01150 No Yes 372 6 Yes Common central domain of
tyrosinase

BSQU_001g09360 No Yes 593 7 Yes Multicopper oxidase

BSQU_002g06800 No Yes 540 14 Yes X8 domain

BSQU_003g00420 No No 137 4 Yes  Cerato-platanin

BSQU_003g01170 No No 175 6 Yes  None

BSQU_003g03140 No No 248 2 Yes  Glycosyl hydrolase family 12

BSQU_003g05350 No Yes 442 4 Yes Phosphoesterase family

BSQU_003g05450 No Yes 607 38 Yes Polysaccharide deacetylase/
Chitin recognition protein

BSQU_003905460 No No 155 4 Yes None

BSQU_005900520 No No 371 9 Yes  Glycosyl hydrolases family 28

BSQU_005900770 No No 380 8 Yes  Glycosyl hydrolases family 28

BSQU_005g00780 Yes Yes 327 3 Yes Pectinesterase

BSQU_007g02910 No No 676 10 No  Glycosyl hydrolases family
15/Starch binding domain

BSQU_008902230 No Yes 415 1 Yes Phosphoesterase family

BSQU_008g05540 No No 189 4 Yes None

BSQU_011g02090 Yes No 390 2 Yes Eukaryotic aspartyl protease

BSQU_012g04570 No Yes 888 1 No Pectate lyase superfamily
protein

BSQU_013g00020 No No 591 8 No Berberine and berberine like/
FAD binding domain

BSQU_013g04240 No Yes 529 10 No Histidine phosphatase
superfamily (branch 2)

BSQU_014903460 No No 450 2 Yes Glycosyl hydrolases family 17

BSQU_015g00480 No Yes 456 6 Yes Glucanosyltransferase

BSQU_015902090 Yes Yes 321 2 Yes Glycosyl hydrolase family 62

BSQU_0169g03170 No Yes 355 3 Yes None

BSQU_0269g00140 No No 423 13 Yes None
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Supplemental table 2. List of selected candidate effector genes predicted by EffectorP. Column effectorP
shows the predicted probability of genes to be effectors, columns size and cysteines show, respectively, the
total number of amino acids and the number of cysteines of proteins including signal peptide. Column blast
hits shows to which genomes the candidate effector has a blast hit, with subject genomes being all sequenced

Botrytis spp. and Sclerotium cepivorum as described in (Valero-Jiménez et al. 2020).

Protein ID EffectorP Size Cysteines  Blast hits

BSQU_001g03530 1 91 5 Ex. SCEP

BSQU_001g04100 0.527 225 2 Only BELL, BDEW &BSIN
BSQU_001905780 0.857 228 13 All Botrytis spp.
BSQU_001g07210 0.75 82 0 Ex. BCAL, BNAR, BHYA, BPAE & BTUL
BSQU_002g00710 1 89 0 Ex. SCEP & BBYS
BSQU_002g01130 0.847 141 8 All Botrytis spp.
BSQU_002g02180 0.981 120 6 Ex. BCAL

BSQU_002902320 0.895 102 0 All Botrytis spp.
BSQU_002903900 0.966 371 32 All Botrytis spp.
BSQU_002903920 0.504 235 13 All Botrytis spp.
BSQU_002g04240 0.977 162 6 Ex. SCEP

BSQU_002g06930 0.996 280 0 Ex. SCEP

BSQU_002g07810 0.853 1M 8 All Botrytis spp.
BSQU_003g03100 0.997 233 4 All Botrytis spp.
BSQU_003g03520 0.996 246 7 Ex. SCEP

BSQU_004902520 0.71 61 4 All Botrytis spp.
BSQU_004904600 0.792 183 3 All Botrytis spp.
BSQU_004g06110 0.981 321 0 Ex. SCEP, BACL
BSQU_0059g00320 0.667 377 40 All Botrytis spp.
BSQU_005904110 0.66 143 0 All Botrytis spp.
BSQU_006900280 0.856 128 All Botrytis spp.
BSQU_006905020 0.86 164 6 Ex. BCON, BHYA, BTUL, BNAR & BPAE
BSQU_006g06170 0.985 82 8 All Botrytis spp.
BSQU_006906210 0.835 95 10 All Botrytis spp.
BSQU_007g03200 1 213 5 Ex. SCEP

BSQU_007g04500 0.831 105 13 All Botrytis spp.
BSQU_007904610 0.643 175 8 All Botrytis spp.
BSQU_008900440 1 148 6 Ex. BSIN

BSQU_008g00850 0.949 184 2 Ex. SCEP

BSQU_008g02380 0.605 87 8 Only BCAL, BCIN, BGAL, BTUL
BSQU_008g02390 0.99 116 4 Only BCIN, BCAL, BGAL
BSQU_0089g03270 0.932 220 0 Ex. BCAL, SCEP
BSQU_009g02370 0.854 145 7 Ex. BHYA

BSQU_009g02900 1 170 6 Ex. SCEP, BGAL, BNAR, BPOR & BTUL
BSQU_010g00470 0.671 283 0 Ex. SCEP & BACL
BSQU_010g02260 0.789 170 8 All Botrytis spp.
BSQU_011g01650 0.986 97 6 All Botrytis spp.
BSQU_011g03360 0.999 201 4 Only BELL, BDEW & BSIN
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Protein ID EffectorP Size Cysteines  Blast hits
BSQU_012g00270 1 153 3 All Botrytis spp.
BSQU_012g00830 0.982 242 0 All Botrytis spp.
BSQU_012g03700 0.715 82 1 Only BDEW, BTUL, BGLO
BSQU_0139g02760 0.956 147 4 All Botrytis spp.
BSQU_015g02590 0.976 316 6 All Botrytis spp.
BSQU_016g00040 0.889 104 8 Ex. SCEP & BNAR
BSQU_017g00230 0.687 247 0 Ex. B0510, BCAL, BGLO & SCEP
BSQU_017904470 0.995 178 9 All Botrytis spp.
BSQU_018900730 0.991 181 4 All Botrytis spp.
BSQU_018g01640 0.992 175 4 Ex. BPOR & BACL
BSQU_018g04130 0.55 252 0 All Botrytis spp.
BSQU_020g00110 0.926 152 2 All Botrytis spp.
BSQU_021g00930 0.929 165 4 Ex. SCEP
BSQU_025g00170 1 154 8 All Botrytis spp.
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Supplemental figures

Supplemental figure 1. (A) Effects of treatment of B. squamosa culture filtrate with heat and with DTT on its
cell death-inducing activity upon infiltration in onion. First row: untreated culture filtrate, boiled for 1 minute
and boiled for 5 minutes. Second row: untreated culture filtrate, culture filtrate with 10mM DTT, and water
with T0mM DTT. (B) Protein gel showing different fractions obtained by anion exchange chromatography of
the culture filtrate. CF=culture filtrate, FT=flow through of proteins that did not bind to ion exchange column,
F=fraction and M=marker.
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Abstract

Necrosis- and ethylene inducing peptide 1 (Nep1)-like proteins (NLPs) are found
throughout several plant-associated microbial taxa and are known to possess cytolytic
activity exclusively on dicot plant species. Despite the dicot-specific activity, cytolytic
NLPs also are present in pathogens of monocot plants such as the onion pathogen Botrytis
squamosa. In this study, we assessed B. squamosa BsNep1, as well as other previously
characterized NLPs for their cytolytic activity on various monocot plant species including
onion. Leaf infiltration of NLPs showed that onion genotypes are differentially sensitive
to NLPs and analysis of their sphingolipid content revealed that the GIPC composition
did not correlate to NLP sensitivity. Infiltration of BsNep1 in the tri-hybrid population
CCxRF derived from a cross between onion (Allium cepa) and an interspecific F1 hybrid
(Allium roylei x Allium fistulosum) showed that there is variation in NLP sensitivity within
the population. QTL mapping revealed a QTL for NLP insensitivity that co-localized with
a previously identified QTL for B. squamosa resistance. B. squamosa knockout mutants in
the BsNep1 gene were not reduced in their virulence on onion leaves. Our results on the
cytolytic activity of NLPs on several monocot plant species contravenes the dogma of
dicot-specific NLP activity.
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Introduction

Microbial plant pathogens are dependent on their host as a source of nutrients that are
required for proliferation and reproduction. Pathogens with a necrotrophic lifestyle, as
well as hemibiotrophs that initially interact with their host as biotrophs but in a later stage
of infection switch to necrotrophy, kill host cells to obtain nutrients and colonize host
tissue. The killing of host cells is effectuated by the secretion of toxic molecules, referred
to as effectors, that are able to induce host cell death responses. Some of the necrotic
effector genes are uniquely present in certain pathogens and have host-specific activity,
while other effector genes are widely dispersed over several microbial taxa and are
active in a broad range of hosts. One of the most notorious broad host range effectors is
necrosis- and ethylene-inducing peptide 1 (Nep1), that was originally identified in culture
filtrates of Fusarium oxysporum pathogenic on coca plants. Infiltration of Nep1 into leaves
of coca, as well as other dicot plant species, resulted in necrosis and ethylene production,
which clarifies the etymology of Nep1 (Bailey 1995). Since the discovery of Nep1, Nep1-
like proteins (NLPs) have been identified in many plant pathogenic fungi as well as other
plant-associated microbes such as bacteria and oomycetes (Seidl and Van den Ackerveken
2019). Not all identified NLPs are able to induce necrosis, though the function of these
proteins, classified as noncytolytic NLPs, remains to be discovered (Baxter et al. 2010; Dong
etal. 2012; Lenarcic et al. 2019). All functionally characterized cytolytic NLPs however, are
able to induce necrosis upon leaf infiltration in dicot plant species, but not in monocots
(Gijzen and Nirnberger 2006; Seidl and Van den Ackerveken 2019).

The dicot-specific activity of NLPs was resolved relatively recently by the elucidation
of the NLP plant target (Lenarci¢ et al. 2017). NLPs interact with glycosylinositol
phosphorylceramide (GIPC), sphingolipids which are integral plant plasma membrane
components. More specifically, NLPs bind to the terminal hexose residues of GIPCs which
results in a conformational change that brings a loop with a hydrophobic amino acid
residue in close contact with the plasma membrane. It is proposed that the interaction
between the plasma membrane and the loop of NLPs results in the formation of a pore
with subsequent cytoplasmic leakage, ultimately causing cell death (Lenarcic et al. 2017).
In dicot plants, GIPCs possess two terminal hexoses while in monocot plants they contain
three hexoses (Cacas et al. 2013). Although NLPs can bind to GIPCs of both dicots and
monocots and in both cases undergo conformational change, the third hexose residue
of monocot GIPCs was proposed to create a physical distance between the protruded
loop and the plasma membrane that prevents their interaction and the subsequent pore
formation (Lenarcic et al. 2017).

Apart from its necrotic activity, NLPs play an additional role in plant-pathogen interactions
by triggering plant innate immune responses (Qutob et al. 2006). Leucine-rich repeat
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receptor protein (LRR-RP) RLP23 was shown to recognize NLPs and trigger immunity in
Arabidopsis thaliana (Albert et al. 2015). Both cytolytic and noncytolytic NLPs can trigger
immunity, and the recognition is thus independent from the necrotic activity (Oome et
al. 2014). Moreover, recognition did not require the full length protein, as a conserved
fragment of only 20 amino acids found in most NLPs could trigger immunity as well (B6hm
et al. 2014). Overexpression of RLP23 in potato conferred enhanced immunity against the
NLP secreting pathogens Phytophthora infestans and Sclerotinia sclerotiorum (Albert et al.
2015).

Although the necrotic activity of NLPs is considered to be exclusively effective on dicots,
cytolytic NLPs also occur in the genomes of plant pathogens that are host-specific on
monocots. The lily pathogen Botrytis elliptica for example has two NLPs that could induce
necrosis upon infiltration in dicot plants, but not in the monocot host plant lily (Staats et al.
2007b). The presence of NLPs with dicot-specific cytolytic activity in microbial pathogens
of monocot plants has for a long time been enigmatic. In this study, we aimed to analyze
the biological activity of NLPs of the onion pathogen Botrytis squamosa and elucidate
the role of cytolytic NLPs in the interaction between pathogens and monocot plants. B.
squamosa is the causal agent of onion (Allium cepa) leaf blight and is considered to use
effector proteins to induce host cell death (Lorbeer et al. 2007; Steentjes et al. 2021a). Here,
we report cytolytic activity of NLPs on several monocot plant species, and demonstrate
that onion genotypes show differential sensitivity to NLPs. Furthermore, we were able to
map a QTL for NLP insensitivity in an interspecific Allium hybrid population.
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Material and methods

Fungal strains, culture conditions and transformation procedure

B. squamosa isolate MUCL31421 was used to inoculate onion leaves for RNA isolation
and sequencing, and as recipient strain for transformation. Spores of B. squamosa were
obtained by growth on autoclaved onion leaves on top of water agar and exposure to UV
light as described in Steentjes et al. (2021b). For long term storage spores were keptin 15%
glycerol at -80°C. To obtain B. squamosa BsNep1 knockout mutants, we used the CRISPR-
Cas9-mediated protoplast transformation protocol optimized for B. cinerea as described
by Leisen et al. (2020). Protoplasting conditions were optimized for B. squamosa by using
5x10° spores to inoculate the liquid culture and allow growth for 24 hours. Mutants were
selected using an initial concentration of 17.5 pg/ml hygromycin B. Knockout mutants
were confirmed by PCR and sequencing of the gene fragment and obtained mutants were
tested for their in vitro growth rate and ability to produce sclerotia and conidia.

Plant material and NLP infiltration

Plant material used for NLP infiltration was as following: N. benthamiana (WT), A. thaliana
(Col-0), Maize (Golden Bantam), Wheat (Tadinia), Leek (Toledo), Lily (Asiatic), Onion
(Allium cepa genotype 1-8). Plant material from the Allium interspecific hybrid population
(A. cepa x (A. roylei x A. fistulosum)) was selected as described in Scholten et al. (2016).
The population as well as the parental genotypes were maintained in tissue culture and
plants of all genotypes were transferred to the greenhouse, transplanted in potting soil
and grown for several weeks before infiltration. Plants were infiltrated using a syringe on
the abaxial side of their leaves (where possible) with one of the four NLP proteins BsNLP,
BcNLP, PyaNLP, PoNLP or with buffer. NLP proteins were dissolved in 10mM KPO, buffer
with a pH of 6.0. The final concentration of NLP proteins infiltrated in assays depicted in
figure 2 is 1 uM, while for assays depicted in figures 4, 5 and supplemental figures 3 and
5 the final concentration was 0.5 pM. Plant responses were assessed at 3 DPI, either by
evaluation of symptoms or by measuring cell death intensity as described in Villanueva
et al. (2021).

Onion leaf infection assays and RNA isolation for expression analysis

For inoculation of B. squamosa, young but fully grown leaves of 2-4 month onion plants
were used. For testing the virulence of BsNepl knockout mutants, onion genotype
‘Centurion’was used for infection assay 1, 3 and 4, and for infection assay 2 onion genotype
2012-19'was used. For expression analysis onion genotype DH was used. Detached leaves
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were placed in humid boxes and the cuticle of leaves was gently wiped with tissue paper
to facilitate inoculation. Leaves were inoculated with 2 ul droplets B. squamosa spores at
10 spores/mL in 12 g/L PDB. To assess the virulence, lesion sizes were measured at three
consecutive days and the area under the diseases progression curve was calculated for
inoculations with a secondary lesion growth. For RNA isolation, 16, 24 and 48 hour after
inoculation plant tissue was sampled in three replicates and also the used inoculum at 0
hours was sampled. Samples were frozen in liquid nitrogen, freeze dried and grinded to
powder. For RNA extraction, samples were incubated in Trizol (Ambion, Life Technologies)
and treated with chloroform. Ethanol was added to the aqueous phase and the mixture
was used as input for an RNeasy Plant Mini Kit (Qiagen). This RNA was sent for sequencing.
Reads were mapped to the annotated genome of B. squamosa (Valero-Jiménez et al. 2020).

Production and purification of BsNepl

The mature protein coding sequence of BsNep1 was amplified from cDNA and cloned into
the vector pPIC9k (Invitrogen) via restriction enzymes EcoRl and Notl. After confirmation of
the insert by PCR and sequencing, the plasmid was transformed into Pichia pastoris strain
GS115 by electroporation. Fermentation was performed on a large scale using a BioFlo
120 fermentor (Eppendorf) applying the fermentation protocol described in Schouten
et al. (2008). Briefly, approximately 3 L of P. pastoris culture was grown at 30°C for 5 days.
After 5 days the supernatant was separated by centrifugation and concentrated to 200
mL via diafiltration using a VivaFlow 200 Cassette MWCO 5000 Dalton (Sartorius, VF20P4).
This concentrated supernatant was desalted and washed twice with 10 mM potassium
phosphate pH 7.0, and filter-sterilized.

Protein purification was performed by affinity chromatography using Streamline SP XL
(GE Healthcare) at pH 7.0 as described in Schouten et al. (2008). Briefly, 5 mL of resin SP
was equilibrated with 3 volumes of 10 mm KPi, pH 7.0 in a glass Econo-column (Biorad
7371012), and transferred to a 50 mL tube containing 40 mL of concentrated crude protein
sample. Proteins were allowed to bind by agitation on a horizontal rotor at 4°C for 90 min,
and the glass column was filled again with the protein bound-resin. The resin was rinsed by
flushing the column 2 times with two column volumes 10 mm KPi, pH 7.0, and the bound
proteins were recovered by eluting with an increasing salt concentration between 0.TM
and 0.3M NaClin 10mM Kpi. The eluted fractions were pooled, desalted, and concentrated
using Amicon Ultra-15 PLBC filters. BsNep1 concentrations were quantified using Bradford
assays (Biorad). Purified protein was analyzed by polyacrylamide gel electrophoresis.
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GIPC composition analysis

Young but fully grown leaves of onion genotypes 3-7 were used to analyse GIPC
composition. GIPC extraction and determination of terminal hexoses using mass
spectrometry was performed as described in Lenarci¢ et al. (2017). GIPC ratios are an
average of three independent measurements.

Protein sequence alignment and structure modelling

Mature protein sequences of BsNep1, BsNep2, BcNep1, BcNep2 and PyaNLP were used as
input for a clustal W alignment and visualized using ESPript (Robert and Gouet 2014). The
tertiary structure of BsNep1 was predicted by Raptor X (Kallberg et al. 2012). The 3GNZ
protein model of PyaNLP was used as structure template for the prediction. Both models
were compared using 3D-Match (Softberry) and visualized using Cn3D (Wang et al. 2000).

Reactive oxygen species measurements

Leaves of 4-6 week old A. thaliana Col-0 and ARLP23 (Albert et al. 2015) were used to
perform ROS measurements. Leaf disks were obtained using a disposable biopsy punch
and were placed on water in a 96-well plate and were incubated overnight. After the
water was removed, disks were treated with 50 pl assay solution containing 10 pg/ml
horseradish peroxidase (Sigma) and 50 pM luminol L-012 (Fuijifilm). Immunity responses
were triggered by the synthesized peptides nlp20 (1 uM) as described in Bohm et al.
(2014), nlp27 (1 uM) from BsNep1 and BcNep1 (GIMYAWYFPKDQPAAGNVVGGHRHDWE),
or with flg22 (0.1 uM) as a positive control or water as a negative control. Luminescence
was measured by a microplate reader for 4 hours.

Statistical analysis

Statistical analysis of cell death intensity quantified by red light emission, as well as
alteration in virulence of BsNep1 knockout mutants was performed in SPSS Statistics 25.0
(IBM). To assess cell death intensities, a one-way ANOVA with Tukey Post Hoc analysis for
multiple comparisons was performed per NLP. To test the significance of the differences
between the two independent BsNep T knockout mutants and WT, independent samples
t-tests were performed. Differences were considered to be statistically significant with
two-tailed P values <0.05. QTL mapping for NLP insensitivity was performed in MapQTL®
6 using interval mapping and mean values of red light emission per genotype as input,
and the QTL was visualized on chromosome 6 using MapChart (Voorrips 2002).

125



Chapter 6

Results

Botrytis squamosa contains two NLP genes that are expressed during
onion leaf infection.

All species in the genus Botrytis are reported to possess two NLP genes (Staats et al. 2007¢).
In the genome of B. squamosa (Valero-Jiménez et al. 2020), genes BSQU_015g03410 and
BSQU_002g07590 encode orthologs of previously characterized proteins Nep1 and Nep2
from B. cinerea (Arenas et al. 2010). The protein sequences of Nep1 and Nep2 display
respectively 95% and 91% amino acid identity between B. squamosa and B. cinerea
(Supplemental figure 1).

Analysis of RNA-sequencing data from B. squamosa-infected onion leaves indicated that
both genes are expressed during infection at different levels and with different temporal
dynamics. BsNep1 transcript levels gradually increased from the moment of inoculation
until 24 hours post inoculation (HPI), and declined at 48 HPI. The BsNep2 transcript levels
slightly increased at 16 HPI and then remained steady over the course of the experiment,
but were always at lower levels than the BsNep1 transcript (Figure 1).
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Figure 1. Expression levels of B. squamosa BsNep 1 and BsNep2 genes (in counts per million) in spores and during
the infection of onion leaves at 16, 24 and 48 HPI. Values represent the average of three biological replicates, with
error bars representing standard deviation.

BsNepl induces necrosis in a subset of monocot plant species and
onion genotypes are differentially sensitive

We cloned the mature protein coding sequence of BsNep1 in vector pPIC9k and produced
the BsNep1 protein using the heterologous expression system Pichia pastoris. lon-
exchange chromatography-based purification yielded a protein of ~25kDa (Supplemental
figure 2). To evaluate its cytolytic activity, BsNep1 was infiltrated into leaves of the dicot
plants Arabidopsis thaliana and Nicotiana benthamiana which induced clear necrotic
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responses. Infiltration in leaves of the monocot plants onion, maize and lily, however, also
resulted in necrotic leaf tissue, while leek and wheat did not show cell death response
upon infiltration of BsNep1, indicating a differential response to BsNep1 between
monocots (Figure 2A).
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Figure 2. Plant responses upon infiltration of BsNep1. (A) Infiltration of BsNep1 and buffer into the dicot plants
N. benthamiana and A. thaliana and the monocots onion, leek, lily, wheat and maize. Displayed infiltrated areas
are a representative of three replicate infiltrations that yielded similar plant responses and were assessed at
3 DPI. (B) Cell death response of 8 onion cultivars upon infiltration of BsNep1. Left column shows symptoms
as seen by eye and right column shows the cell death intensity as observed by red light imaging. Displayed
infiltrated areas and red light images are a representative of three replicate infiltrations and were assessed at 3
DPI. (C) Quantification of cell death intensity of eight onion genotypes infiltrated with BsNep1 as measured by
red light imaging at 3 DPI. Values are averages of three replicates and error bars represent standard deviation
with significant differences being indicated by different letters (Tukey Post Hoc analysis).

Because of the unexpected necrotic activity of BsNep1 on onion and other monocots, we
verified the BsNep1 activity on monocots by infiltrating a set of eight onion genotypes. A
variation in response was observed between the genotypes ranging from strong necrosis
in genotypes 1 and 6 to almost no visible symptoms in genotypes 5 and 7 (Figure 2B).
In order to objectively quantify the plant responses, we used a red light imaging system
that allows quantification of cell death intensity of the infiltrated area (Villanueva et al.
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2021). Cell death signal intensities correlated to visual scoring of necrosis (Figure 2B).
Quantification of the red light emission yielded significant differences between onion
genotypes that corresponded to the severity of visible symptoms (Figure 2C).

Structural modeling of BsNepl

The unprecedented observation of NLP activity on monocots by BsNep1 evokes the
hypothesis that BsNep1 functions in a different manner than previously characterized
NLPs. Comparison of the protein structures of BsNep1 and the well-characterized NLP
of Pythium aphanidermatum (PyaNLP), of which the protein structure was dissolved
by crystallography (Ottmann et al. 2009), may provide insight in the mechanisms
underpinning the cytolytic activity of BsNep1 on monocot plants. Aligning the amino
acid sequences of BsNep1 and PyaNLP yielded a sequence identity of 43% (Supplemental
figure 1). The protein structure of BsNep1 was predicted using PyaNLP as a template.
The modelled structure of BsNep1 very much resembled the structure of PyaNLP and
contained identical loops and sheets (Figure 3). One substantial difference between the
two protein structures is the elongation of loop 2 (L2) in BsNep1, which is a consequence
of the insertion of three hydrophobic amino acids. Loop 3 (L3) is considered to be required
for the interaction of NLPs with the plasma membrane and the subsequent insertion and
pore formation. It could be hypothesized that the elongated L2 of BsNep1 may be able to
take over or accompany the function of L3 and bridge the physical distance between the
NLP and the plasma membrane when bound to monocot GIPCs, and therefore effectuate
cytolytic activity on monocot plants.

Figure 3. Predicted protein structure of
BsNep1 (red) using PyaNLP (gray) as a
template. Loops 1-3 are marked at the lower
part of the structures as L1, L2, and L3 and
disulfide bonds are represented as yellow
triangles. The proposed GIPC binding site is
indicated by a green sphere.

L1 L3
L2
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Necrotic activity of NLPs on monocots is not specific for BsNepl and
variation in sensitivity cannot be explained by GIPC composition

To assess whether the predicted differences in protein structure between BsNep1 and
PyaNLP lead to differential activity, we compared the necrotic effect of BsNep1 with the
well-characterized NLPs from B. cinerea (BcNep1), Phytophthora parasitica (PpNLP) and
PyaNLP in a set of monocot plant species. Surprisingly, all tested NLPs induced necrosis
upon infiltration in onion (Figure 4A). Moreover, in all monocot plant species in which
BsNep1 induced necrosis (onion, maize and lily), also all other NLPs were active, suggesting
no difference in activity between BsNep1 and other NLPs (Supplemental figure 3). Also the
ability of BsNep1 to trigger immunity by RLP23-mediated recognition in A. thaliana was
similar to other NLPs. Both the nlp20 peptide (derived from PyaNLP) and a corresponding
BsNep1 peptide fragment of 27 amino acids (nlp27) were equally able to induce a ROS-
burstin A. thaliana WT but not in RLP23-defective mutant lines (Supplemental figure 4).

In addition to testing the necrotic activity of the four NLPs in monocot plants, we also
infiltrated the proteins in a set of onion genotypes (3-7) that showed variation in response
to BsNep1 infiltration before (Supplemental figure 5). Quantification of the cell death
intensity by red light imaging yielded differences in NLP sensitivity between onion
genotypes (Figure 4B). The differences in plant response had the same trend as observed
upon infiltration of BsNep1, with genotype 6 being relatively sensitive and genotype 5
and 7 being relatively insensitive. Although there was variation in cell death intensity
upon infiltration of different NLPs in the same onion genotype, the differences in NLP
sensitivity between genotypes were seemingly independent of which of the four NLPs
was infiltrated.

To examine a correlation between the variation in NLP sensitivity and the membrane
sphingolipid composition, we assessed the GIPC composition of the different onion
genotypes. The heretofore assumed dicot-specific activity of NLPs was considered to
rely on a difference in the ratio of terminal hexose residues of GIPCs between monocots
and dicots. Dicots were shown to contain predominantly GIPCs with two hexose residues
(Series A) and monocots purportedly had a majority of GIPCs with three hexoses (Series B),
that structurally prevent NLPs from exerting their cytolytic activity (Lenarci¢ et al. 2017).
GIPCs were extracted from leaf material of onion genotypes 3-7 and the ratio series A :
series B GIPCs was determined using liquid chromatography-mass spectrometry. All five
analyzed onion genotypes showed a similar GIPC composition with a series A content
varying between 50 and 62% (Figure 4C). There was no correlation between GIPC ratios of
the five onion genotypes and their sensitivity to NLPs.
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Figure 4. Cell death responses of onion genotypes upon infiltration with NLPs and their GIPC composition. (A)
Cell death response of onion genotype 6 upon infiltration of buffer and the four different NLPs BsNep1, BcNep1,
PyaNLP and PpNLP. Upper row shows symptoms as seen by eye and lower row shows the cell death intensity as
observed by the red light imaging system. Displayed infiltrated areas and red light images are a representative
of six replicate infiltrations and were assessed at 3 DPI. (B) Quantification of cell death intensity of five onion
genotypes (3-7) infiltrated with buffer and four different NLPs as measured by red light imaging at 3 DPI. Values
are averages of six replicates and error bars represent standard error. Different letters per NLP indicate significant
differences (Tukey Post Hoc analysis). (C) GIPC quantification of onion genotypes with Series A representing two
hexose moieties (Hex(R1)-HexA-IPC), and Series B representing three hexose moieties (Hex-Hex(R1)-HexA-IPC).
Ratios are averages of three technical replicates.

BsNepl sensitivity segregates as quantitative trait in an interspecific
Allium hybrid population

In view of the observed variation in sensitivity to BsNep1 between onion genotypes
that are known to be susceptible to B. squamosa, we decided to test the sensitivity to
BsNep1 in the tri-hybrid population CCxRF that was derived from a cross between onion
(Allium cepa) and an interspecific F1 hybrid (Allium roylei x Allium fistulosum). The CCxRF
population segregates for resistance to B. squamosa with a QTL on Chromosome 6 from A.
roylei (Scholten et al. 2016). BsNep1 was infiltrated into leaves of 140 individual genotypes
of the CCxRF population, as well as into the parental species A. cepa, A. roylei, A. fistulosum,
and the hybrid plant A. roylei x A. fistulosum in three replicates. The response to the protein
was quantified using the red lightimaging system. Responses to BsNep1 infiltration varied
between progeny lines of the population as well as between the parental genotypes with
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Figure 5.BsNep1 sensitivity and QTL mapping
in an interspecific Allium hybrid population
(A) Cell death response of parental and
progeny lines of the population ((A. cepa x ((A.
roylei x A. fistulosum) as measured by red light
imaging at 3 DPI. Values are averages of three
replicates and error bars represent standard
error of the mean. Parental lines are indicated
by arrows. (B) Genetic map of chromosome
6 of the interspecific trihybrid population
showing the newly identified QTL for NLP
insensitivity and the QTL for B. squamosa
resistance. Lines show the LOD region above
the threshold value 3 and solid bars represent
the 1 LOD interval from the maximum LOD
score fitted within the significant region.
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the most intensive cell death observed for A. cepa and A. roylei and the least for A.
fistulosum (Figure 5A). The mean values of red light emission per genotype were used for
QTL mapping. A QTL region originating from A. fistulosum was identified on Chromosome
6. This region fully co-localized with the QTL region earlier discovered for resistance to B.
squamosa from A. roylei (Figure 5B).

BsNepl does not contribute to virulence of B. squamosa on onion leaves

In view of the cytolytic activity of BsNep1 in onion leaves and the observation of cell death
and tissue collapse during B. squamosa infection, we studied the contribution of BsNep1
to the induction of disease symptoms and the virulence of the fungus. BsNep1 knockout
mutants were generated using the CRISPR-Cas9 protocol developed for B. cinerea (Leisen
et al. 2020). Two homokaryotic mutants with the desired gene deletion were assessed
for their virulence on onion leaves, in four separate infection assays. A small, statistically
significant difference in area under the disease progression curve (AUDPC) was observed
between ABsNep1-1 and the wild type only in infection assay 2 (Figure 7). In the other
three assays, the virulence of ABsNep7-1 was not reduced as compared to WT. Also
another, independent mutant, ABsNep1-2, did not show a difference in AUDPC compared
to WT, suggesting that BsNep1 does not play a role in the virulence of B. squamosa on

onion leaves.
a0 WT
Bl ABsNep1-1
Ea ABsNep1-2
L . 5>

Figure 6. Virulence of B. squamosa WT and
two independent BsNepl knockout mutants

i_| n.s.
154 [ 2
I3) measured as AUDPC. Error bars represent
% 10- H standard error with n=82, n=79, n=80 and
2 n=155 in order of infection assay. Differences
1 2

%

that are statistically significant are indicated
with an asterisk while differences that are not
statistically significant are indicated by n.s.
(independent samples t-test).

Infection assay
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Discussion

Since the first discovery of a necrosis- and ethylene-inducing peptide 1 (Nep1) in 1995,
many Nep1-like proteins (NLPs) have been described in fungi, bacteria and oomycetes.
To date, all functionally characterized cytolytic NLPs were reported to have an extremely
broad host activity that is solely delimited to dicot plant species (Bailey 1995; Seidl and
Van den Ackerveken 2019). One exception to this discrepancy is the ornamental plant
species Phalaenopsis amabilis, a member of the monocot family Orchidaceae, that was
shown to be sensitive to PyaNLP (Lenarci¢ et al. 2017). In this study, we show cytolytic
activity on a diverse set of monocot plant species for NLPs that were previously reported
to be dicot-specific. It remains elusive why the dogmatic discrepancy in host range of
NLP activity has been sustained for over 25 years. Studies that involve plant-microbe
interaction on monocots often focus on crop species such as rice and wheat, of which
the latter was indeed found to be insensitive to NLPs in our study. By contrast, the related
Poaceae crop species maize did develop necrosis upon NLP infiltration. Studies on the lily
pathogen Botrytis elliptica, a close relative of B. squamosa, showed that NLPs of that species
were not able to induce necrosis in lily (Staats et al. 2007b), whereas we did observe lilies
to be sensitive to NLPs. Possibly, the use of different hybrid types of lily underlies the
contrasting observations, similar to the differences in NLP sensitivity between different
onion genotypes.

We showed that onion genotypes varied in their sensitivity to NLPs, independent of which
of the four tested NLPs was infiltrated. GIPC composition analysis of the same set of onion
genotypes revealed that all roughly had a similar content of series A : series B GIPCs of
approximately 50%.The GIPC composition thus could not explain the observed differences
in NLP sensitivity. Possibly, differences in tissue structure or leaf morphology such as
leaf thickness may underly the observed variation in sensitivity between genotypes. To
test whether the observed variation in NLP sensitivity depends on differences in tissue
structure, or whether it is a characteristic of the membrane composition, sensitivity to
NLPs can be assessed on onion protoplasts or plasma membrane vesicles (Ottmann et al.
2009).

In addition to different onion genotypes, also an interspecific Allium hybrid population (A.
cepa x (A. roylei x A. fistulosum) showed variation in sensitivity upon infiltration of BsNep1.
We identified a QTL for NLP insensitivity that co-localized with a previously identified
QTL for B. squamosa resistance (Scholten et al. 2016). It would be interesting to examine
whether the identified QTL for NLP insensitivity can be correlated to the GIPC composition
of the parental lines and progeny. Remarkably, a closely related crop species of onion, leek
(A. porrum) was insensitive to NLPs and was previously reported to contain predominantly
series B GIPCs (Cacas et al. 2013; Lenarci¢ et al. 2017), suggesting that there can be
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variation in GIPC composition even between species of the same genus. Whether or not
the differences in NLP sensitivity between the parental Allium species of the population
are based on GIPC content and whether the identified QTL for NLP insensitivity is based
on genetic diversity in the regulatory or biosynthetic genes for GIPCs remains to be
determined. Alternatively, the cytolytic activity of NLPs on monocots might require the
involvement of receptor proteins or secondary target molecules, which could determine
the differences in NLP sensitivity observed between onion genotypes with similar GIPC
compositions.

The QTL for NLP insensitivity present in A. fistulosum explained approximately 16% of the
phenotypic variation and co-localized with the previously identified QTL for B. squamosa
leaf blight resistance present in A. roylei that explained 27-54% of the phenotypic
variation in the same population (Scholten et al. 2016). The observation that both a
disease resistance allele and a NLP insensitivity allele might originate from the same
chromosomal location of one parental (interspecific hybrid) plant line is enigmatic. As the
QTLs cover over 40 cM on the chromosome it is clear that a wide region is involved that
contains many genes. Therefore, it is conceivable that the NLP insensitivity and leaf blight
resistance are separate traits that happen to be localized in a similar genomic region. So
far, we did not obtain any evidence that BsNep1 contributes to virulence of B. squamosa.
Knockout mutants of BsNep1 were not consistently affected in lesion size as compared to
WT when tested in onion plants. In order to further clarify the correlation between NLP
sensitivity and susceptibility to B. squamosa, we could inoculate several onion genotypes
that differ in sensitivity to NLPs and monitor disease development. If BsNep1 indeed
contributes to virulence of the fungus, NLP-sensitive plant lines would be predicted to be
more susceptible than NLP-insensitive plant lines to B. squamosa wild type, but equally
susceptible to the BsNep 1 mutant strain. Earlier studies on NLPs of B. cinerea and B. elliptica
showed that knockout mutants in either Nep1 or Nep2 did not display reduced virulence
(Arenas et al. 2010; Staats et al. 2007b). The absence of one NLP gene in single knockout
mutants could potentially be compensated by the other gene, and double knockout
mutants in both NLP genes are required to assess the contribution of cytolytic NLP activity
to virulence of Botrytis species.

Altogether, we show the functionality of cytolytic NLPs on monocot plant species and
legitimize the presence of cytolytic NLPs in monocot-specific pathogens. The identification
of a QTL for NLP insensitivity might help to track the genes involved in this trait and enable
to further elucidate the functionality of NLPs in plant-microbe interactions.
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Supplemental figures
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Supplemental figure 1. Amino acid alignment of mature Proteins BsNep1, BsNep2, BcNep1, BcNep2 and
PyaNLP. Amino acids highlighted in red indicate 100% identity between all proteins and blue squares indicate
conservative replacement. Conserved cysteines are marked with asterisks.

1 2 3 M Supplemental figure 2. Protein gel of ion exchange
chromatography-based purification of P. pastoris
produced BsNep1. Lanes 1-3 contain eluents with
purified BsNep1 protein with a size of ~25 kDa. A
second protein that could not be eliminated in the
purification is observed at ~15 kDa (M=marker).

— 25kDa

— 15 kDa
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3%106 Supplemental figure 4. Reactive oxygen
species burst triggered by nlp20 (PyaNLP),
nlp27 (BsNep1), flg22 as a positive control, or

£ X water as negative control in A. thaliana Col-0
é 210 and rlp-23 defective mutant lines. Values are
2 averages of measurements for 12 leaf disks
f‘-"- per sample and error bars represent standard
©
S 1x10°4 deviation.
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Supplemental figure 5. Cell death response of onion genotypes 3-7 upon infiltration of buffer and the four
different NLPs BsNep1, BcNep1, PyaNLP and PpNLP. Pictures on the left side shows symptoms as seen by eye and
on the right side cell death intensity as observed by the red light imaging system. Displayed infiltrated areas and
red light images are a representative of six replicate infiltrations and were assessed at 3 DPI.
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Introduction

Onion is an important vegetable crop that is cultivated for its edible bulbs. The vast
diversity of onion cultivars and varieties allows worldwide cultivation. Some varieties are
processed and consumed directly after harvest while others are well suited for storage,
making onion available year-round.

Botrytis leaf blight, neck rot, and white rot are three diseases that pose a major threat
to onion cultivation. Botrytis leaf blight is a foliar disease caused by the fungus Botrytis
squamosa. After air-borne spores land on the surface of an onion leaf, the fungus
penetrates and colonizes tissue resulting in necrotic spots and later blighting of the leaf.
Eventually new spores are produced on necrotic leaf tissue (Carisse et al. 2011; Lorbeer et
al. 2007). Botrytis neck rot is a postharvest disease that occurs in stored onions without
displaying symptoms during the growing season (Lacy and Lorbeer 2008b). In total three
Botrytis species are associated with neck rot; B. aclada, B. allii, and B. byssoidea (Chilvers and
du Toit 2006). White rot is a soil-borne disease of onion caused by Sclerotium cepivorum.
This fungus infects the plant via its roots and grows towards bulbs that become covered
in white mycelium. S. cepivorum forms sclerotia that can stay dormant in the soil for many
years until a host plant grows nearby after which the sclerotium germinates and starts the
new infection cycle (Crowe 2008; Sammour et al. 2011).

In an attempt to gain a better understanding of the interaction between these fungal
pathogens and their host plant onion, we aimed to identify the mechanisms of virulence
of these pathogens. In this thesis we studied a variety of aspects of the plant-pathogen
interaction, including infection biology, detoxification of an antifungal onion metabolite,
genomic composition of the pathogens, and the cell-death inducing activity of effector
proteins of B. squamosa, specifically effector BsNep1.
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Host specificity determinants of Bofrytis species pathogenic
on onion

The causal agents of Botrytis leaf blight, neck rot and white rot are all considered host-
specific pathogens of onion. In the field, these species are exclusively found on onion or
closely related Allium species, although under laboratory conditions some are capable of
colonizing other plant species as well. Despite the fact that these fungi share the same
host, they are not each other’s closest relatives (Staats et al. 2005). In the genus Botrytis, all
species pathogenic on onion, and even all species pathogenic on Allium spp., are dispersed
over clade 2 of the phylogenetic tree, that contains species pathogenicon asingle hostora
few taxonomically related hosts (Figure 1). For example B. squamosa’s closest sister species
are B. deweyae and B. elliptica, which are host-specific to daylily and lily, respectively. Only
few species of Botrytis are generalist, broad host range plant pathogens and these species
are present in clade 1. The notorious and well-studied B. cinerea is capable of infecting
over 1400 plant species including the majority of cultivated crops (Elad et al. 2016). The
more recently defined species B. pseudocinerea also has a broad host range (Walker et al.
2011). The scattered distribution of species pathogenic on onion over the phylogenetic
tree suggests that either the ability to infect onion has been gained several times
independently during the speciation of the genus, or the common ancestor was able to
infect onion and several contemporary species have lost this ability and specialized on
other hosts. In the latter case, genetic elements that contribute to onion pathogenicity are
likely to be shared between the species of Botrytis pathogenic on onion. One of the goals
of this thesis was to identify genetic determinants of host specificity. Our aim was to find
genetic differences between Botrytis spp. that could underpin pathogenicity on onion and
therefore could explain the scattered host specificity over the genus. This approach was
also considered to possibly reveal genetic clues that elucidate the discrepancy between
the extremely broad host range of two Botrytis species, versus the specificity towards
single plant species of other Botrytis species.
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Common Scientific
Botrytis spp. host name host name
B. narcissicola Daffodil Narcissus spp.
B. byssoidea Onion Allium cepa
B. tulipae Tulip Tulipa spp.
B. globosa Ramsons Allium ursinum
B. hyacinthi Hyacinth Hyacinthus spp.
B. galanthina Snowdrop Galanthus spp.
B. elliptica Lily Lilium spp.
B. squamosa Onion Allium cepa
B. deweyae Daylily Hemerocallis spp.
B. sinoallii Onion Allium cepa
[ B. convoluta Iris Iris spp.
B. paeoniae Peony Paeonia
— B. porri Leek / Garlic  Allium porrum / sativum
— B. aclada Onion Allium cepa
B. cinerea >1400 Mostly dicotyledons
B. calthae Kingcup Caltha palustris

Figure 1. Phylogeny of species in the genus Botrytis and the names of their corresponding host plants. Only
species with a sequenced genome as described in Valero-Jiménez et al. (2020) are included in the phylogeny,
which is based on 4746 conserved core genes. Clade 1 and 2 are highlighted in orange and blue, respectively,
and species pathogenic on onion are highlighted in green.

Genome architecture

In this thesis, we described the sequencing, assembly and annotation of the genomes of
seven Botrytis species and S. cepivorum (Chapter 4). In a comparative genomics approach
using the newly obtained genomes, together with seven previously sequenced Botrytis
species (Valero-Jiménez et al. 2019), we analyzed genetic elements that could potentially
underlie host specificity such as chromosome architecture, gene content and the presence
of secondary metabolite biosynthetic gene clusters (SM BGCs). Comparative genomic
analyses have been used in the past to unravel determinants of host specificity in other
fungal taxa. Isolates of Fusarium oxysporum with different host specificity were found to
contain unique lineage-specific chromosomes that are essential for pathogenicity on a
specific host (Armitage et al. 2018; Ma et al. 2010; van Dam et al. 2017). In Verticillium
dahliae, lineage-specific regions embedded in core chromosomes were discovered that
contained effector genes required for virulence on specific hosts (Chen et al. 2018; de
Jonge et al. 2013; Faino et al. 2016). In our analysis of Botrytis genomes, however, we did
not find any indications of genomic elements or chromosomal organisation that were
associated with host specificity. Moreover, synteny analysis revealed that the number
of chromosomes and the chromosome architecture of all analysed Botrytis genomes
was highly conserved. Since we did not identify obvious structural genomic elements
that could be linked to host specificity, we analysed the gene content to find potential
determinants of host specificity.
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Effector proteins

Fungal plant pathogens secrete effectors that manipulate the host in favour of
colonization. Many effectors have been reported to contribute to virulence on certain
hosts, but some effectors are determinants of host range. The V. dahliae effector Tom1 is
required for pathogenicity on tomato and introduction of Tom1 into a non-pathogenic
isolate rendered the ability to cause disease on tomato (Li et al. 2019). Similarly, the
presence of the necrotrophic effector ToxA renders isolates of Pyrenophora tritici-repensis
pathogenic on wheat (Ciuffetti et al. 2010; Ciuffetti et al. 1997). To identify effectors that
could putatively determine host range of Botrytis species and be determinants of onion
pathogenicity, we assessed their effector repertoire. Analysis of predicted effectors of all
sequenced Botrytis species showed that there are no effectors shared exclusively by species
pathogenic on onion or Allium. Yet, for each individual Botrytis species between 8 and 37
effector genes were predicted that were unique to that single species. As described in
chapter 5, we extensively searched for effectors of B. squamosa and tested their cell death-
inducing activity as putative host specificity determinants. However, all eight predicted
effector genes that are unique for B. squamosa were expressed to extremely low levels
during the early stages of onion leaf infection. Therefore, we concluded that these genes
cannot play important roles in virulence, let alone be determinants of host specificity.
Altogether, we did not find any indications that presence/absence polymorphisms of
effector genes in Botrytis species contribute to pathogenicity on onion. Allelic variation
of commonly shared effectors may possibly result in host-specific functionality. However,
before studying the effect of haplotypes, the functional characterization of the activity of
such a commonly shared effector on onion would be required.

Secondary metabolites

Besides proteins, Botrytis also secretes secondary metabolites, produced by secondary
metabolite biosynthetic gene clusters (SM BGCs), that contribute to virulence. In B. cinerea,
over40 SM BGCs have been identified, but only few metabolites produced by these clusters
have been chemically characterized (Collado and Viaud 2016). The two best characterized
metabolites are botrydial and botcinic acid, phytotoxic metabolites with necrotic activity
on host plant tissue (Cutler et al. 1996; Dalmais et al. 2011; Pinedo et al. 2008; Rossi et al.
2011). Perhaps, gene clusters for as yet unidentified secondary metabolites can contribute
to the host specificity of Botrytis species. If SM BGCs are shared exclusively by Botrytis
species infecting onion, then such BGCs may play a role as host determinant. Analysis of
the distribution of gene clusters however, revealed that the presence/absence pattern
of most clusters were largely congruent with the genus phylogeny. Some clusters were
distributed in a more patchy pattern, similar to findings of a previous analysis of Botrytis SM
BGCs (Valero-Jiménez et al. 2019), but we did not find a correlation between the presence
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of any particular cluster and the capacity to infect onion. In another pathogen of onion, a
secondary metabolite has been associated to host specificity on onion. In the bacterium
Pantoea ananatis, causal agent of onion center rot, the HiVir gene cluster was identified as
essential for virulence on onion (Asselin et al. 2018). This gene cluster is responsible for the
biosynthesis of a phosphanate metabolite and its presence was significantly associated
with isolates of P. ananatis originating from onion (Stice et al. 2021).

Tolerance to antimicrobial compounds

In the search for host specificity factors, characteristics of the pathogen involved in host
invasion and attack were considered good candidates. However, also fungal molecules
that are involved in counteracting plant defence responses can contribute to host
specificity. Plants defend themselves against pathogen attack, amongst others by the
production of antimicrobial compounds that prevent or slow down infection. Pathogens
in their turn, have developed mechanisms to overcome the antimicrobial effect of these
plant toxins. Several studies on plant antimicrobial metabolites called saponins have
demonstrated how antifungal activity and subsequent detoxification of host metabolites
determines fungal host specificity. The best studied saponins in this context are avenacin
and a-tomatine from wheat and tomato, respectively (Bowyer et al. 1995; You and van
Kan 2021). In this thesis, we focussed on onion-specific antimicrobial saponins called
ceposides (Chapter 3). Although we did not find direct evidence for the detoxification
of ceposides by the onion pathogens B. aclada and S. cepivorum, yet | think that the
importance of antifungal compounds in onion and the ability of onion pathogens to
detoxify or tolerate such compounds should still be considered as potential determinants
of host specificity. Onion is known to contain a wide variety of antimicrobial compounds
of diverse chemical classes, such as thiosulfinates and saponins, and this feature affects
onion as a host plant (Lanzotti et al. 2012a; Lanzotti et al. 2014; Sobolewska et al. 2016).
Only specialized pathogens that are able to deal with the combination of onion-specific
antimicrobial compounds will be able to infect onion.

Overall, in our search for determinants of host specificity of Botrytis species, we did not
identify genetic elements that could be related to onion pathogenicity. In addition, a
remarkable level of synteny and conservation of chromosome architecture between
the different Botrytis species was observed, which distinguishes Botrytis from several
other fungal taxa for which a flexibility of genomes was observed (Waalwijk et al. 2018).
The genetic elements assessed (effectors, SM BGCs and detoxification of antimicrobial
compounds) did not reveal any clues about host specificity. However, in this thesis many
effector genes and secondary metabolites have remained uncharacterized yet and may
potentially contribute to onion pathogenicity and host specificity. Similarly, the effects of
several antimicrobial compounds of onion on Botrytis species have remained unknown
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and are worth exploring. An alternative hypothesis is that the ability of certain Botrytis
species to specifically infect onion is a polygenic trait that results from a combination of
few or more of the elements discussed above. It may even be possible that other Botrytis
species that are considered not to be onion pathogens have the same combination of
traits and are therefore able to infect onion, but are not recognized as onion pathogens
due to ecological or geographical constraints that prevent their accumulation or detection
in onion cultivation. The combination of effector proteins and secondary metabolites with
necrotic activity, and mechanisms conferring tolerance to antimicrobial compounds are
likely to contribute quantitatively to host specificity of Botrytis species.

Perspectives for resistance breeding against onion leaf
blight, neck rot and white rot

Leaf blight, neck rot and white rot are three diseases of onion that pose a serious threat to
onion cultivation and bulb production. Because of the fast progression of leaf blight, onion
growers use preventative fungicide sprays to control the disease (Carisse et al. 2011). The
active ingredients of these fungicides are often simultaneously effective against multiple
Botrytis species, such as the causal agents of neck rot. Since white rot is a soil-borne
disease, spraying the above ground plant parts with fungicides is not effective method
to prevent or inhibit infection. The emergence of fungicide-resistant B. squamosa and B.
allii strains, together with the increasing awareness of the negative effects of fungicides
on the environment and a reduction in the number of admitted fungicides, require a
more durable strategy to combat or prevent these diseases (Carisse and Tremblay 2007;
Tremblay et al. 2003; Viljanen-Rolinson et al. 2007). Efforts have been made to breed onion
cultivars with quantitative resistance against leaf blight using a wild relative of onion as
a source of resistance (De Vries et al. 1992; Hyde et al. 2015; Scholten et al. 2016). Here, |
discuss what additional strategies might be exploited to breed for resistant onion cultivars
and how insights in the plant-pathogen interactions can be incorporated in future efforts
to find sources of resistance and exploit suitable germplasm to control leaf blight, neck
rot and white rot.

Effectors as tools in resistance breeding

One example of a breeding strategy that might be exploited in onion resistance breeding
against leaf blight is effector-based screening of wheat germplasm against Septoria
nodorum blotch (SNB). Parastagonospora nodorum is a necrotrophic Ascomycete fungus
and is the causal agent of SNB on wheat. This fungus uses effector proteins to induce
host cell death and infect wheat leaves for successful colonization (Oliver et al. 2012).
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The effectors of P. nodorum are recognized by corresponding wheat sensitivity genes
that initiate a programmed cell death response upon recognition. To date, nine pairs of
P. nodorum effectors and corresponding wheat sensitivity genes have been identified
(Haugrud et al. 2019). The number and identity of effectors of P. nodorum contribute in
a quantitative manner to the virulence of the pathogen. Conversely, the susceptibility of
wheat genotypes to SNB depends in a quantitative manner on the number and identity
of sensitivity genes (Cowger et al. 2020; Haugrud et al. 2019; Phan et al. 2016). The fewer
effectors a plant genotype is able to recognize, the higher the resistance of the genotype
and the slower disease will progress. Screening for the presence of sensitivity genes in
wheat genotypes is relatively simple because infiltration of wheat leaves with pure
effector proteins yields a cell death response upon recognition of the effector (Abeysekara
et al. 2009; Gao et al. 2015). By contrast, cell death is not observed if the sensitivity gene
is absent. Breeders have used such pure effectors, individually, to screen for insensitivity
and combined insensitivity traits from different wheat lines to obtain higher levels of
quantitative resistance in new cultivars (Cowger et al. 2020; Downie et al. 2018; Downie et
al. 2020; Ruud et al. 2018; Ruud et al. 2017; Tan et al. 2015).

Since Botrytis species also use effector proteins to induce host cell death (Mbengue et al.
2016), a similar effector-based strategy as used for SNB in wheat might be successful to
identify resistance in host plants of Botrytis species. Upon identification of effector proteins
of B. squamosa, we tested their cell death-inducing activity by infiltration of these proteins
in leaves of onion cultivars (Chapter 5). Effector proteins with necrotic activity in onion
may be valuable to screen onion cultivars and Allium germplasm to search for insensitivity
to the effector. Like in wheat breeding for resistance to P. nodorum, breeding onions
with combined insensitivities to distinct B. squamosa effectors might result in decreased
susceptibility to leaf blight. However, such breeding strategy will only work if the effectors
that are used to screen for insensitivity contribute to the virulence of the pathogen,
analogous to the contribution of individual P. nodorum effectors to pathogenicity (Liu et
al. 2012; Tan et al. 2015). In B. cinerea for example, several cell death-inducing effectors
were reported, such as BcNep1, BcNep2, and BclEB1, that did not contribute to virulence
(Arenas et al. 2010; Frias et al. 2016). After studying knockout mutants of these effectors,
it was hypothesised that B. cinerea has extensive redundancy in its effector repertoire and
therefore the loss of activity of a single effector could be compensated by other effectors
without compromising virulence. If a B. squamosa effector also does not contribute to
virulence on a specific onion cultivar, then removing the corresponding sensitivity gene
from that cultivar would not result in an increased resistance to B. squamosa.

Presuming that also B. squamosa shows a redundancy in effectors, the strategy to breed
for less susceptible onion cultivars by using effector insensitivity genes might only
work if multiple insensitivities are combined, equivalently to double or triple knockout
mutants of effector genes that do show a reduced virulence in contrast to single knockout
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mutants. As discussed above, effectors of B. squamosa are likely to be shared with other
Botrytis species and might not necessarily contribute to host specificity. In principle, the
common occurrence of an effector does not have to be a direct issue for the screening for
insensitivities using this effector. As long as the effector contributes to virulence, whether
only in B.squamosa or also in other Botrytis species that possess the effector, the insensitive
host genotype is likely to be less susceptible to B. squamosa. However, the presence of an
effector in many Botrytis species that infect different hosts, might be an indication that
the target of the effector is widely shared between all host plants. Such commonly shared
targets possibly have other, rather elemental functions than recognizing effectors and
functioning as sensitivity genes. Therefore, when screening with effectors shared between
fungal pathogens of distinct host plants, it might be challenging to find insensitive plant
lines, cultivars or species. Deleting the effector target might have detrimental effect
for the host, similar to pleiotrophic effects that are sometimes observed after deleting
susceptibility genes in other plant species (Pavan et al. 2010). However, the absence
of SNB sensitivity genes in wheat lines does not have any detrimental effects for plant
growth and yield, demonstrating the potential of effectors as tools in resistance breeding.

The potential of BsNepl insensitivity for resistance breeding against
leaf blight

In chapter 6, we tested the necrotizing activity of effector Nep1 of B. squamosa on onion.
We observed that different onion genotypes varied in sensitivity to the protein, suggesting
that the cell death response did not depend on a presence/absence polymorphism of a
BsNep1 sensitivity gene, but rather behaved like a quantitative trait. Infiltration of BsNep1
in the tri-hybrid population CCxRF derived from a cross between onion (Allium cepa) and
an interspecific F1 hybrid (Allium roylei x Allium fistulosum) (Khrustaleva and Kik 1998),
also resulted in a variation of cell death intensities. QTL mapping for BsNep1 insensitivity
revealed one dominant QTL region originating from A. fistulosum, that co-localized with
a previously identified QTL for B. squamosa resistance from A. roylei (Scholten et al. 2016).
The different origin of BsNep1 insensitivity and B. squamosa resistance in combination
with the co-localization of the QTLs for both features is enigmatic. Potentially, instead of
a dominant QTL for BsNep1 insensitivity from A. fistulosum, we identified a recessive trait
for BsNep1 sensitivity originating from A. roylei. The potential value of the newly identified
QTL for resistance breeding depends on the genetic correlation with B. squamosa
resistance. Despite the co-localization of both QTLs, it remains to be confirmed whether
BsNep1 contributes to virulence of B. squamosa on BsNep1 sensitive lines, and whether
BsNep1 sensitive lines are more susceptible to B. squamosa. NLPs are known to target a
specific GIPC, a plasma membrane component that can vary in chemical composition
between plant species (Cacas et al. 2013; Lenarcic et al. 2017). The analysis of the GIPC
content of onion genotypes that varied in BsNep1 sensitivity revealed that the genotypes
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had equal GIPC compositions, and thus could not explain the differences in BsNep1
sensitivity. Analysis of GIPC content of the genotypes from the hybrid population, as well
as the parental lines, will reveal if the BsNep1 insensitivity QTL might be associated to GIPC
composition, or whether other mechanisms are underpinning the insensitivity.

Antimicrobial plant metabolites as a source of resistance

Plants produce metabolites with antimicrobial activity that prevent or slow down pathogen
infection. Some plant metabolites, such as avenacin, can completely prevent infection of
a specific pathogen species and can therefore be considered as host-specific resistance
determinants (Bowyer et al. 1995). Plant pathogens, especially host-specific microbes,
have evolved methods to overcome the antimicrobial effect of plant metabolites, often
involving detoxification (You and van Kan 2021). As a strategy to increase the resistance
of plants, the production or accumulation of metabolites could be enhanced, or new
antimicrobial metabolites can be introduced. The potency of plant metabolites as a
source of resistance in onion is exemplified by the saponin Alliospiroside A from shallot
(Allium cepa var. aggregatum) (Abdelrahman et al. 2017; Teshima et al. 2013; Vu et al. 2012).
This saponin has antifungal properties and inhibits growth of the onion basal rot causing
fungus Fusarium oxysporum f.sp. cepa. Shallot plants naturally produce Alliospiroside
A and thereby show a higher level of resistance to F. oxysporum f.sp. cepa than lines of
onion (Allium cepa) and Japanese bunching onion (Allium fistulosum) that do not produce
Alliospiroside A. The addition of chromosome 2A of shallot, that contains the biosynthetic
and regulatory genes responsible for the production of Alliospiroside A, to monosomic
lines of Japanese bunching onion allowed these lines to produce Alliospiroside A. Extracts
of roots of these lines had an increased growth inhibitory effect on F. oxysporum f.sp. cepa.
Moreover, these plants also showed an increased resistance to basal bulb rot.

Exploiting close relatives of onion as a genetic resource for introducing antimicrobial
metabolites might be a feasible strategy in breeding for resistance against leaf blight, neck
rot and white rot. The effect of metabolites can easily be assessed by fungal growth assays
using purified metabolites. If the antimicrobial activity of the metabolite inhibits fungal
growth and the fungi are unable to detoxify or tolerate the compound, then introducing
these new metabolites will likely enhance the resistance to these fungi. Although crosses
between onion and wild relatives can be challenging because of variation in genome size
and composition with subsequent low fertility of progeny, there are examples of successful
crosses made in the past (Khrustaleva and Kik 1998; Scholten et al. 2007). Alternatively
to introducing new secondary metabolites, also increasing the levels of endogenous
metabolites may have a beneficial effect on pathogen resistance.

Although introducing new antimicrobial toxins into onion or increasing the production
of endogenous metabolites might increase pathogen resistance, the possible detrimental
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effects on the plant itself, and on onion bulbs as a commodity for consumption should
be taken into consideration. Some saponins for instance, are known to have a bitter taste,
and the introduction of new saponins, or the increased accumulation of endogenous
ones may affect the taste of onion bulbs (Oleszek and Oleszek 2020). Similarly, certain
thiosulphinates are responsible for the pungent flavor of onion and upon cutting of
the bulb act as a chemical eye irritant and induce tears (Kato et al. 2016). Thus caution
is required when breeding onions purely for a metabolite repertoire with stronger
antifungal activity, although it also provides opportunities to obtain onion cultivars with
new aromas.

Another consideration on the introduction of new metabolites into onion as a source of
resistance is the durability of such a trait. Pathogens that specialized on onion are likely
unable to tolerate or detoxify metabolites from other Allium species. However, pathogens
of the plant species from which the metabolite originates likely are able to deal with such
compounds. The introduction of new metabolites into onion will put selection pressure on
onion-specific pathogens to evolve mechanisms to circumvent the antimicrobial effect of
the newly introduced metabolite. The genes or gene clusters required for tolerance might
be acquired by horizontal gene transfer from pathogens on the plant species from which
the metabolite originates. The intensity of the selection pressure to evolve tolerance and
the possibility of horizontal gene transfer as a source of tolerance was illustrated by a
Pseudomonas fluorescens strain isolated from garlic. A gene cluster conferring tolerance to
the garlic metabolite allicin was identified in this P. fluorescens strain and was shown to be
acquired by horizontal gene transfer (Borlinghaus et al. 2020).

The consequence of differences in pathogen biology for
resistance breeding strategies

Leaf blight, neck rot and white rot are three diseases of onion that are all three caused
by Ascomycetes. Despite the close phylogenetic relation of these fungi, the diseases
that they cause are very different. Botrytis squamosa, B. aclada as a representative of the
species causing neck rot, and S. cepivorum have a very different infection biology with
adaptations to different host tissues and distinct ecological niches (Figure 2). B. squamosa
infects onion leaves with a classic necrotrophic behavior in which it kills host cells and
subsequently colonizes the dead tissue. B. aclada shows a completely different lifestyle
and infection biology than B. squamosa. We did not obtain any evidence that B. aclada
truly infects onion leaves. Instead, we observed that this fungus grows over the surface
of the onion leaf without ever entering the leaf mesophyll. B. aclada even produced new
conidia on the surface of the onion leaf, but also on plants that are considered as non-
host plants (Chapter 2). How B. aclada ends up in the neck area of the onion, and why
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symptoms only develop during storage still remains to be discovered. Based on these
findings, we should reconsider whether B. aclada, and also B. allii and B. byssoidea, should
be classified as necrotrophic fungi. One other Botrytis species, B. deweyae, was shown to
behave predominantly as an endophyte and occasionally switches to classic necrotrophic
behaviour (Grant-Downton et al. 2014). Next to B. squamosa and B. aclada, S. cepivorum
has yet another lifestyle since it is a soil-borne pathogen that does not form spores to
spread and establish disease, but infects the roots of onion plants and produces sclerotia
that can last in the soil for decades.

Figure 2. Schematic representation of leaf blight, neck
rot, and white rot on an onion plant. Symptoms of leaf
blight are visible as characteristic necrotic spots and
eventually blighted leaves. Neck rot symptoms can be
seen on the inside of the bulb as brown discoloration
of scales around the neck area. It should be noted that
neck rot symptoms normally develop only after onion
bulbs have been harvested and stored. White rot is
represented by white hyphae growing out of sclerotia,
first colonizing the root system and eventually forming
mycelium that is covering the outside of the lower part
of the bulb.
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The difference in lifestyle and infection biology of these closely related fungi has
consequences for the resistance breeding strategies targeting these fungi, and an
effective resistance against leaf blight might not be functional against neck rot or white
rot. Identification of leaf blight resistance using effectors of B. squamosa to screen for
insensitivities is a putatively viable strategy, as demonstrated by the work on the B.
squamosa effector BsNep1. This approach however, will likely not be equally applicable
to identify resistance against other species. Since B. aclada appears to behave at least for
part of its life cycle as an epiphyte, it will likely not secrete cell death-inducing effectors. To
assess potential effector activity of B. squamosa we produced liquid culture filtrates that
showed clear necrotizing activity upon infiltration in onion. The same approach, however,
did not reveal any detectable cell death-inducing activity in culture filtrates of B. aclada,
endorsing the difference in secreted proteins and thus in lifestyles between B. squamosa
and B. aclada. Breeding for neck rot resistance will require alternative strategies, but will be
problematic by the lack of a suitable quantitative infection assay and the lack of evidence
for genetic variation for susceptibility among onion cultivars.

For S. cepivorum, we visualized the early phases of infection on onion and on the non-
host tomato as described in chapter 2. In the first contact between S. cepivorum and its
potential host plant, the fungus produced an infection cushion that attached to the root,
or root hair surface of the plant. Interestingly, we observed that S. cepivorum formed these
infection structures on both onion and the non-host tomato. On onion, the infection
cushion achieved a successful entry and growth of invasive hyphae inside the root, but on
tomato the infection structure died within 12 to 24 hours after the initial contact. Since the
outcome of the interaction between plant and pathogen is determined by the infection
cushion and its invasion attempt into the host root, it would be interesting to study what
causes the cell death in the infection cushion on the roots of a non-host. Insights into
this process might provide new leads for developing control strategies or approaches for
resistance breeding against white rot.

Concluding, our findings provide insights in onion-pathogen interactions that could
potentially be exploited in breeding strategies for resistance. The fundamental differences
in infection biology of B. squamosa, B. aclada and S. cepivorum should be taken into
consideration when developing approaches to identify resistance. Continued efforts to
understand the molecular, cellular and biochemical interaction between these pathogens
and their host onion, are essential to provide leads for resistance breeding as a durable
solution against leaf blight, neck rot and white rot in onion cultivation.
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Summary

Onion is a vegetable crop that is consumed and cultivated worldwide. The production of
bulbs, however, is threatened by pathogens and pests that infect onion plants and cause
yield losses. Three severe diseases of onion are leaf blight, neck rot and white rot and all
three are caused by fungi of the family Sclerotiniaceae. In chapter 1, the long history of
Sclerotiniaceae diseases of onion is discussed, and an overview of the disease etiology and
current status of control strategies is given. Leaf blight is a foliar disease of onion caused
by Botrytis squamosa that can lead to serious yield losses due to its fast progression and
air-borne conidia that can easily spread. Neck rot is a post-harvest disease that manifests
in bulbs after storage and which can be caused by either of three Botrytis species: B.
aclada, B. allii and B. byssoidea. The symptomless infection of onion plants in the field
makes it difficult to predict the incidence of neck rot in storage. White rot is a soil-borne
disease of onion bulbs caused by Sclerotium cepivorum and is devastating to continued
onion cultivation in production fields. Sclerotia of S. cepivorum can survive in soil for
decades, making it difficult to develop control strategies. In this thesis project, | studied
several aspects of the plant-pathogen interaction with the aim to unravel the biology of
Botrytis species and S. cepivorum pathogenic on onion. New fundamental insights into the
genetic, biochemical, molecular and cellular aspects of the interaction of Botrytis species
and S. cepivorum with their host onion are essential to develop new breeding strategies
for resistant onion cultivars as a durable solution to leaf blight, neck rot and white rot.

To get a better understanding of the infection biology of the fungal pathogens of onion,
visualisation of the infection process is very informative. In chapter 2, we transformed B.
squamosa, B. aclada and S. cepivorum with a fluorescent label that allowed to visualize and
trace the fungi in their first contact with host tissue. B. squamosa entered onion leaves by
penetrating the leaf surface through stomata or by growth into anticlinal walls of onion
epidermis cells. B. aclada did not penetrate the leaf surface but instead formed superficial
colonies. These superficial colonies produced new conidia that might contribute to
the spread of the disease and potentially infect the neck area of bulb during harvest. S.
cepivorum entered onion roots via infection cushions and appressorium-like structures.
In the non-host tomato, S. cepivorum also produced these infection structures, but upon
prolonged contact with the tomato root the structures died. The visualization of the
infection of all three fungi helped to better understand the development of the disease
and the infection strategy of the pathogens.

Onion plants defend themselves against pathogens by producing several compounds
with antimicrobial activity. A previous study identified metabolites that belong to the class
of saponins, called ceposides, that were specifically present in onion and had antifungal
activity. We tested the effect of ceposides on B. aclada and S. cepivorum and showed a
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growth inhibitory activity in a concentration-dependent manner in chapter 3. Since B.
aclada and S. cepivorum are specialized pathogens of onion bulbs, we hypothesized that
they likely have evolved mechanism to tolerate ceposides. In the genomes of both species,
we identified genes that are potentially involved in the detoxification of ceposides.
These genes, encoding enzymes that can possibly hydrolyse the terminal sugar residues
rhamnose and xylose, were tested for their involvement in ceposide detoxification.
Expression analysis and experiments with knockout mutants did not provide evidence
that these sugar hydrolases could provide tolerance against ceposides, neither in B. aclada
nor in S. cepivorum.

In chapter 4, we attempted to pinpoint the genetic determinants of host specificity
in the genus Botrytis. We sequenced, assembled and annotated the genomes of onion
pathogenic Botrytis species and S. cepivorum, as well as genomes of Botrytis species
pathogenic on other hosts. Using a comparative genomics approach, we searched for
genes underlying pathogenicity and host specificity for onion. The distribution of genes
encoding secreted proteins and secondary metabolite gene clusters was analysed
among all sequenced species, and did not reveal any genes that were exclusively present
in pathogens of onion or other Allium species. Using the newly obtained genomes, we
were able to reconstruct the evolution of the genus Botrytis and found that chromosomal
architecture had remained remarkably similar between species that diverged millions of
years ago. In addition, evidence was provided for horizontal transfer of the gene cluster
responsible for the production of the phytotoxic metabolite botcinic acid.

In the comparative genomics approach that aimed to resolve specificity of Botrytis species
infecting onion, we analysed their effector repertoire. Necrotrophic pathogens such as
B. squamosa use effector proteins that actively induce plant cell death by co-opting the
programmed cell death machinery of the host. In chapter 5, we aimed to investigate the
cell death-inducing activity of effector proteins of B. squamosa. In addition to studying the
effectors identified by comparative genomics, we assessed the protein composition of a B.
squamosa liquid culture filtrate that caused necrosis upon infiltration in onion leaves. The
cell death-inducing activity of 17 effector proteins was tested by transient expression via
Agrobacterium tumefaciens-mediated transformation. Also, we produced several effector
proteins in Pichia pastoris and tested their cell death-inducing activity on onion. Besides
the ability of effectors to induce cell death, we also assessed their role in virulence of B.
squamosa on onion and their genetic diversity among seven B. squamosa isolates. One
effector, Nep1, was able to rapidly induce a severe cell death response upon infiltration
in onion.

The effector Nep1 is not unique for B. squamosa since many Nep1-like proteins (NLPs)
have been identified in other plant pathogenic microbes. NLPs were reported to have
cytolytic activity exclusively on dicot plant species. Since we observed cell death in the
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monocot plant onion upon infiltration of B. squamosa Nep1, we studied the cytolytic
activity of NLPs on monocots in more detail in chapter 6. We showed that also NLPs other
than B. squamosa Nep1 were able to induce cell death in the monocot onion, as well as
in maize and lily. A set of eight onion genotypes appeared to be differentially sensitive
to NLPs. Analysis of the GIPC sphingolipid composition, a trait that allegedly determines
the hitherto assumed dicot-specific NLP activity, revealed that GIPC composition of the
onion genotypes did not correlate with their NLP sensitivity. By infiltrating Nep1 protein
in an interspecific Allium hybrid population, we were able to identify a QTL for BsNep1
insensitivity that co-localized with a previously identified QTL for B. squamosa resistance.

In chapter 7, all aspects of the interaction of Botrytis species and S. cepivorum with their
host onion assessed in this thesis are discussed. By integrating the genetic, biochemical,
molecular and cellular insights, | describe our attempts to decipher what makes some
Botrytis species host-specific pathogens of onion. Furthermore, | discuss how the different
aspects of onion pathogenicity studied in this thesis can help to identify sources of
resistance. Lastly, | describe my vision about the consequences of differences in pathogen
biology for developing resistance breeding strategies as a durable solution against leaf
blight, neck rot and white rot.
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Ui is een gewas dat wereldwijd wordt geconsumeerd en geteeld. De productie van uien
wordt echter bedreigd door pathogenen en plagen die uienplanten infecteren met
oogstverliezen tot gevolg. Drie ernstige ziektes van ui zijn bladvlekkenziekte, koprot
en witrot, en alle drie worden veroorzaakt door schimmels die behoren tot de familie
Sclerotiniaceae. In hoofdstuk 1 wordt de lange geschiedenis van uienziekten veroorzaakt
door Sclerotiniaceae beschreven, en wordt een overzicht gegeven van de etiologie en
de huidige status van bestrijdingsstrategieén. Bladvlekkenziekte is een ziekte aan het
loof van ui en wordt veroorzaakt door Botrytis squamosa. De snelle progressie van de
ziekte en de sporen die eenvoudig door de lucht kunnen verspreiden kunnen serieuze
oogstverliezen tot gevolg hebben. Koprot is een na-oogst ziekte die zich na bewaring
manifesteert in de bol en kan worden veroorzaakt door één van de drie volgende Botrytis
soorten: B. aclada, B. allii en B. byssoidea. De symptoomloze infectie van uienplanten in
het veld maakt het moeilijk om de incidentie van nekrot tijdens bewaring te voorspellen.
Witrot is een bodemgebonden uienziekte die wordt veroorzaakt door Sclerotium
cepivorum en is verwoestend voor productievelden van continue uienteelt. Omdat
sclerotia van S. cepivorum decennia in de bodem kunnen overleven, is het moeilijk om
bestrijdingsstrategieén te ontwikkelen. In dit proefschift heb ik verschillende aspecten
van de plant-pathogeen interactie bestudeerd met als doel om inzicht te geven in de
biologie van Botrytis soorten en S. cepivorum pathogeen op ui. Nieuwe fundamentele
inzichten in de genetische, biochemische, moleculaire en cellulaire aspecten van de
interactie tussen Botrytis soorten en S. cepivorum, en hun waardplant ui zijn essentieel
om nieuwe veredelingsstrategieén voor resistente uienrassen te ontwikkelen als een
duurzame oplossing voor bladvlekkenziekte, koprot en witrot.

Om een beter begrip te krijgen van de infectiebiologie van de schimmels pathogeen op
ui kan visualisatie van het infectieproces erg informatief zijn. In hoofdstuk 2 hebben we
B. squamosa, B. aclada en S. cepivorum getransformeerd met een fluorescent label dat het
mogelijk maakte om de schimmels te visualiseren en traceren tijdens het eerste contact
met de waardplant. B. squamosa drong het uienblad binnen door de bladoppervlakte te
penetreren door huidmondjes, of door tussen anticlinale celwanden van de uienepidermis
te groeien. B. aclada penetreerde het bladoppervlak niet, maar vormde kolonies op het
bladoppervlak. Deze kolonies produceerden nieuwe sporen die zouden kunnen bijdragen
aan de verspreiding van de ziekte en potentieel de kop van de bol kunnen infecteren
tijdens de oogst. S. cepivorum ging wortels van de uienplant binnen via infectiekussens
en appressoriumachtige structuren. In tomaat, dat geen waardplant is, produceerde S.
cepivorum dezelfde infectiestructuren, maar naarmate het contact met de tomatenwortel
langer duurde gingen de infectiestructuren dood. De visualisatie van de infectie van alle
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drie de schimmels helpt om een beter inzicht te krijgen in de ontwikkeling van de ziekten
en de infectiestrategie van de pathogenen.

Uienplanten verdedigen zichzelf tegen pathogenen door verschillende stoffen met
antimicrobiéle activiteit te produceren. Een voorgaand onderzoek identificeerde
metabolieten die behoren tot de klasse van saponinen, genaamd ceposiden, die specifiek
in ui aanwezig waren en schimmelwerende activiteit vertoonden. Wij testten het effect
van ceposiden op B. aclada en S. cepivorum en toonden een groeiremmende activiteit
in een concentratieafhankelijke manier in hoofdstuk 3. Omdat B. aclada en S. cepivorum
gespecialiseerde pathogenen van uienbollen zijn, hypothetiseerden we dat deze
schimmels waarschijnlijk tolerantiemechanismen tegen ceposides hebben geévolueerd.
In de genomen van beide soorten hebben we genen geidentificeerd die potentieel
betrokken zijn bij de detoxificatie van ceposiden. Deze genen, die coderen voor enzymen
die mogelijk de terminale suikergroepen rhamnose en xylose kunnen hydrolyseren,
werden getest op hun betrokkenheid bij de detoxificatie van ceposiden. Expressieanalyse
en experimenten met knockout mutanten leverden geen bewijs dat deze suiker hydrolases
tolerantie tegen ceposiden konden bieden in B. aclada en S. cepivorum.

In hoofdstuk 4 hebben we geprobeerd om de genetische factoren voor waardplant
specificiteit in het genus Botrytis te bepalen. We sequenceten, assembleerden en
annoteerden de genomen van Botrytis soorten pathogeen op ui en S. cepivorum, evenals
de genomen van Botrytis soorten pathogeen op andere planten. Met een comparative
genomics benadering hebben we gezocht naar genen die ten grondslag liggen aan
de pathogeniteit en de waardplant specificiteit voor ui. De verspreiding van genen
die coderen voor uitgescheiden eiwitten en secundaire metaboliet genclusters werd
geanalyseerd voor alle gesequencende soorten, maar er werden geen genen gevonden
die exclusief aanwezig waren in pathogenen van ui of andere Allium soorten. Door gebruik
te maken van de nieuw verkregen genomen konden we de evolutie van het genus Botrytis
reconstrueren en achterhaalden we dat de chromosomale architectuur opmerkelijk
hetzelfde was gebleven tussen soorten die miljoenen jaren geleden opsplitsten. Daarnaast
werd er bewijs geleverd voor horizontale overdracht van het gencluster verantwoordelijk
voor de productie van het fytotoxische metaboliet botcinic acid.

Als onderdeel van de comparative genomics benadering om de specificiteit van Botrytis
soorten pathogeen op ui te verklaren, analyseerden we ook hun effector repertoire.
Necrotrofe pathogenen zoals B. squamosa gebruiken effector eiwitten die actief celdood in
de plant induceren door het geprogrammeerde celdood mechanisme van de waardplant
over te nemen. In hoofdstuk 5 onderzochten we de celdood inducerende activiteit van
effector eiwitten van B. squamosa. Naast het bestuderen van effectoren die geidentificeerd
waren door comparative genomics, onderzochten we ook de eiwitsamenstelling van B.
squamosa vloeistof cultuurfiltraat dat necrose veroorzaakte na infiltratie in uienbladeren.
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De celdood inducerende activiteit van 17 effector eiwitten werd getest door tijdelijke
expressie via Agrobacterium tumefaciens transformatie. Daarnaast produceerden we
verschillende effector eiwitten in Pichia pastoris en testten we de celdood inducerende
activiteit van deze eiwitten in ui. Naast het vermogen van effectoren om celdood te
induceren hebben we ook hun rol in virulentie van B. squamosa op ui getest en hebben
we de genetische diversiteit in zeven B. squamosa isolaten onderzocht. Eén effector,
Nep1, was in staat om snel een sterke celdood reactie te induceren wanneer deze werd
geinfiltreerd in ui.

De effector Nep1 is niet uniek voor B. squamosa en er zijn al veel Nep1-achtige eiwitten
(NLPs) geidentificeerd in andere plant pathogene microben. NLPs hebben cytolytische
activiteit exclusief op dicotyle plantensoorten. Omdat infiltratie van B. squamosa
Nep1 een celdood reactie veroorzaakte in de monocotyle plant ui, bestudeerden we
de cytolytische activiteit van NLPs op monocotylen in meer detail in hoofdstuk 6. We
toonden aan dat ook andere NLPs dan B. squamosa Nep1 in staat waren om celdood te
induceren in de monocotyl ui, evenals in mais en lelie. Een set van acht ui genotypes was
differentieel gevoelig voor NLPs. Analyse van de GIPC sfingolipide samenstelling, een
eigenschap die naar verluidt de tot nu toe veronderstelde dicotyl specifieke NLP activiteit
bepaalt, onthulde dat de GIPC samenstelling van de ui genotypes niet correleerde met
hun NLP gevoeligheid. Door het Nep1 eiwit te infiltreren in een interspecifieke Allium
populatie waren we in staat om een QTL voor BsNep1 ongevoeligheid te identificeren, die
colokaliseerde met een eerder geidentificeerd QTL voor B. squamosa resistentie.

In hoofdstuk 7 worden alle aspecten van de interactie tussen Botrytis soorten en S.
cepivorum, en hun waardplant ui die aan bod kwamen in dit proefschrift bediscussieerd.
Door het integreren van genomische, biochemische, moleculaire en cellulaire
inzichten, beschrijf ik onze pogingen om te achterhalen wat sommige Botrytis soorten
waardplant specifieke pathogenen van ui maakt. Bovendien bediscussieer ik hoe de
verschillende aspecten van ui pathogeniteit bestudeerd in dit proefschift kunnen
helpen om bronnen van resistentie te identificeren. Ten slotte beschrijf ik mijn visie
over de gevolgen van de verschillen in pathogeen biologie voor het ontwikkelen van
resistentieveredelingsstrategieén als duurzame oplossing voor bladvlekkenziekte, koprot
en witrot.
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