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Chapter

General introduction



Impact of fungal plant pathogens on crop production

Ever since the start of agriculture, crop production has been threatened by plant
diseases caused by a wide diversity of pathogens and pests. Various pathogenic
microorganisms have caused epidemic outbreaks, from which those that are caused by
fungi and oomycetes stand out as most impactful, such as rice blast disease caused by
Magnaporthe oryzae, rust diseases of wheat and soybean caused by Puccinia graminis
and Phakospora pachyrizi, respectively, and late blight of potato caused by Phytophthora
infestans, resulting in enormous yield losses and threatening global food security
(Fisher et al., 2012). Obviously, besides food crops, also feed, fibre, and ornamental
crops are affected by plant pathogens. The Food and Agriculture Organization of the
United Nations (FAQO) estimates that plant diseases cost the global economy around
US$220 billion per year, with 20—40% of crop production lost due to plant pathogens
(FAO, 2019). Unsurprisingly, in present times climate change plays a major role in the
spread and impact of plant pathogens, and consequently also in their management
(Delgado-Baquerizo et al., 2020; Chaloner et al., 2021).

Cultivation of roses, and soil-borne pathogens affecting rose production

Rose (Rosa spp.) is an ornamental crop cultivated worldwide with an economic value
estimated to exceed over S50 billion per year (Manikas et al., 2020). Comprising around
120 species, the Rosa genus belongs to the Rosaceae family. The species are found
in northern temperate climate zones and in the subtropical parts of the world. The
taxonomic classification of Rosa spp. is obscured due to the large number of published
names and the generation of hybrids by cross breeding during many centuries, which
makes it almost impossible to distinguish naturally evolved species from man-made
hybrids (Gahlaut et al., 2021).

Of the many species, only eight have contributed to the development of modern
rose varieties. Those species originate from three different geographical regions (Far
East, Europe, and the eastern part of the Mediterranean). Usually, rose species flower in
spring and in summer, whereas only one type, Rosa moschata (R. x noisettiana), flowers
in autumn. Interestingly, R. damascena (damask rose) displays recurrent flowering, and
may be a hybrid with the autumn-flowering R. moschata. Other recurrently flowering
roses are the derivates of R. chinensis and R. gigantea that were introduced from the
Far East. Possibly they were the product of many generations of breeding in China,
Japan and India (Raymond et al., 2018; Saint-Oyant et al., 2018). Subsequent mutations
and cross breeding with roses from Europe and the Middle- East resulted in modern
varieties with recurrent flowering that are now used in modern rose cultivation (de
Hoog, 2001).

The value of rose crops is derived from its use in the industry for fragrances, as



garden plant and as cut flower (Boskabady et al., 2011; Dobhal et al., 2016; Vazquez-
Iglesias et al., 2019). Although the production of cut-roses in the Netherlands is based
on soil-free cultivation systems, cut-rose cultivars are commonly grown in soil-based
greenhouses systems worldwide using grafts on rootstocks that favour rapid production
of shoots from desirable rose cultivars that usually grow weakly on their own roots
(Tubbs, 1973). Thus, rootstocks play an important role in rose cultivation as they improve
flower production, flower quality, as well as adaptation to different types of soils, and
typically display higher disease resistance than the cultivars themselves (Fuchs, 1994).
Furthermore, their propagation is typically easier than the propagation of cultivars. Up
to the 1980’s R. noisettiana Manetti and R. odorata (Andr.) (syn. R. indica L. ‘Major’,
R. chinensis ‘Major’) were the most widely used rootstocks in the greenhouse-based
rose cultivation industry in North and South America (de Vries, 2003). During the
1990’s, however, the introduction of the rootstock R. canina Natal Briar, developed
in the Netherlands, has largely replaced R. noisettiana Manetti (Cabrera et al., 2009),
and has become the most frequently used rootstock worldwide due to his agronomic
advantages, including better rooting (Ritter et al., 2018), higher yields (Safi, 2005), and
higher resistance to winter conditions (Safi, 2005).

As any other crop, rose is susceptible to a diversity of pathogens, including
fungi, bacteria, viruses, nematodes and phytoplasmas (Horst and Cloyd, 2007). These
pathogensare all considered economically relevant as they can directly affect ornamental
value and crop yield (Debener and Byrne, 2014). While many of these pathogens infect
above-ground parts of the rose plants, so-called soil-borne pathogens infect the root
system below ground. Although itis generally appreciated that rootstocks can contribute
to resistance against these soil-borne pathogens, also the most frequently employed
rootstock cultivar Natal Briar is susceptible to soil-borne pathogens (Garcia-Velasco et
al. 2012). Consequently, soil-borne fungal pathogens such as Rosellinia necatrix and
Rhizoctonia solani, causal agents of root rots, and Fusarium oxysporum and Verticillium
dahliae, causal agents of wilt diseases, represent a major threat to rose crops in soil-
based cultivation systems (Madden, 1931; Bolton, 1982; Barguil et al., 2009; Garcia-
Velasco et al., 2012). Arguably, rose cultivation in soil-free systems, such as typically
employed for rose cultivation in the Netherlands on artificial substrates, suffers much
less from soil-borne pathogens.

Recently, rose cultivation in Mexico has grown due to favourable climate
conditions for rose cultivation combined with its proximity to the United States, which
is one the biggest importers of cut roses worldwide. Consequently, fields that were
used for the cultivation of other crops, such as tomato and avocado were repurposed
for rose cultivation. This has made that soil-borne diseases that typically plague tomato
and avocado crops, most notably white root rot caused by R. necatrix (Garcia-Velasco et



Chapter 1

al., 2012) and wilt disease caused by V. dahliae (Madden, 1931; Hammett, 1971), have
become problematic for rose cultivation too.

Figure 1. Wilt disease symptoms in rose plants caused by soil-borne pathogens. (A) Typical
appearance of disease symptoms caused by Rosellinia necatrix. (B) Wilting disease symptoms
caused by Verticillium dahliae.

The soil-borne pathogen Rosellinia necatrix

Rosellinia necatrix is a prevalent soil-borne plant-pathogenic fungus that is found in
temperate and tropical areas worldwide (Sivanesan and Holliday, 1972). The fungus
is the causal agent of white root rot disease that occurs on at least 170 species of
dicotyledonous angiosperms that are dispersed over 63 genera and 30 families
(Sztejnberg and Madar, 1980). Many of these species are of considerable economic
importance, such as Coffea spp. (coffee), Malus spp. (apple), Olea europea L. (olive),
Persea americana Mill. (avocado), Prunus spp. (peaches, almonds, etc.), Vitis vinifera L.
(grape) and Rosa sp. (rose) (Perez-limenez, 2006; Eguchi et al., 2009; Garcia-Velasco et
al., 2012).

The life cycle of R. necatrix is not completely understood. Various studies have
shown that the asexual life cycle of R. necatrix involves two different spore types:
chlamydospores and conidiospores (Perez-Jimnez, 2006). Chlamydospores can be found
only under extreme environmental conditions (Pérez-Jiménez et al., 2003), are rather
spherical, and originate from condensation of the pyriform swellings in the protoplasm
and subsequent formation of a cell wall (Makambila, 1976). Conidia originate at the
ends of synnemata of conidiogenous cells, which are produced from either sclerotia
(possibly related to pathogen survival in soil) or brown mycelial masses. Conidia are
solitary, single-celled, hyaline, elliptical and are borne both apically and laterally to the
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conidiogenous cells (Petrini, 1993). R. necatrix typically only shows mycelial growth in
vitro (Perez-Jimnez, 2006).

R. necatrix can also undergo sexual reproduction through the production of
ascospores that are formed inside perithecia that, when they reach maturity, are
expelled into a mucilaginous mass from the pore of the papilla located at the top
of the perithecium (Makambila, 1976; Lin and Duan, 1988; Teixeira de Sousa and
Whalley, 1991; Pérez-Jiménez et al., 2003). Fresh perithecia are soft and spherical,
with a gelatinous aspect and a honey colour. As they age, they contract and acquire a
brown-black colour and a dry aspect as a result of hyphal and cell melanisation. The
asci are projected towards the interior of the perithecium (Pérez-Jiménez et al., 2003).
Perithecia formation takes a long time under natural conditions and has never been
achieved under artificial conditions (Pliego et al., 2011). R. necatrix has a heterothallic
sexual reproduction cycle, meaning that two individuals of opposite mating type are
required to undergo sexual reproduction (Kanda et al., 2003; lkeda et al., 2011).

Plants infected by R. necatrix typically display two types of symptoms. The first
type is displayed below-ground on the root system, where white and black colonies
of mycelium can occur on the surface of infected roots. As the fungus progresses
by penetrating the tissue, leading to root rot, the roots acquire a dark brown colour
(Guillaumin et al., 1982). The second type of symptom occurs above-ground. These
symptoms can develop rapidly as a consequence of the damaged root system and
comprise wilting of leaves, typically after a period of drought or physiological stress,
which affects plant vigour and can eventually lead to plant death. Symptoms of R.
necatrix infection can also appear slowly, leading to a decline in growth, decreasing leaf
numbers, along with wilting of leaves, chlorosis, and death of twigs and branches. On
perennials these symptoms aggravate over time, and when moisture and temperature
are unfavourable, the plant eventually dies (Guillaumin et al., 1982).

The soil-borne pathogen Verticillium dahliae

Verticillium dahliae is a soil-borne fungus with a broad host range that comprises
hundreds of dicotyledonous plant species, including numerous crops such as tomato,
potato, lettuce, olive, cotton, and roses (Fradin and Thomma, 2006, Klosterman et al.,
2009). Although V. dahliae is considered a broad host-range pathogen and individual
strains are typically characterized by their ability to infect a diversity of hosts, host
preference exists for particular isolates (Bhat and Subbarao, 1999).

The life cycle of V. dahliae can be divided into a dormant, a parasitic and a
saprophytic phase (Fradin and Thomma, 2006). In the dormant phase, V. dahliae survives
in the soil through persistent melanized resting structures, so-called microsclerotia,
that offer protection against (a)biotic stresses and survive in the soil for many years.



Microsclerotia, which represent the primary inoculum source in nature, germinate upon
stimulation by exudates released by plant roots (Huisman, 1982; Mol et al., 1995; Olsson
and Nordbring-Hertz, 1985; Schreiber and Green, 1963) and the hyphae that grow out
can traverse only a limited distance, possibly directed by nutrient gradients, to reach
potential host plants (Huisman, 1982). The fungus then penetrates the roots, grows
through the cortex, and enters the xylem vessels where conidiospores are produced
that are transported to distal tissues with the sap stream and germinate once they get
trapped, for instance at vessel ends (Huisman,1982). Upon germination, the fungus can
penetrate cell walls, enter new xylem vessels, and again sporulates. As a consequence
of the systemic colonization of xylem vessels, water transport is disrupted, ultimately
leading to the characteristic wilting symptoms. Later during plant senescence, V. dahliae
initiates a saprophytic stage during which it emerges from the xylem vessels to colonize
the decaying tissues where it produces microsclerotia that are released into the soil
upon tissue decomposition (Wilhelm, 1955).

V. dahliae has no known sexual stage. For sexual reproduction in fungi two
mating-type idiomorphs are required (Debuchy and Turgeon 2006). Nearly all known
V. dahliae isolates have the same mating type (MAT1-2) (Usami et al., 2009; Heitman
et al., 2013; Milgroom et al., 2014) and isolates with mating-type idiomorph MAT1-1
are rare (Inderbitzin et al., 2011; Dung et al., 2012). Moreover, genome sequencing has
revealed that the genome of V. dahliae strains is typically characterized by large-scale
chromosomal rearrangements that are suggested to be involved in host adaptation
(de Jonge et al., 2013). The extent of rearrangements likely interferes with pairing
of homologous chromosomes during meiosis, and therefore further reduces the
probability of sexual reproduction among lineages of the fungus (Seidl and Thomma,
2014).

Verticillium wilt of roses was first observed in a local rose nursery in Ontario in
1928 (Madden, 1931). The main symptoms comprise wilting of leaves at the tips of
young canes and a yellowing of the lower leaves. After a few days permanent wilting
occurs, and the leaves generally turn yellow and finally brown as they wither and die.
Defoliation progresses from the base of canes upward. Canes that show symptoms may
continue to grow normally in subsequent seasons, but they may also die back, and
progressive dieback can even result in death of entire plants. Vascular discoloration,
common on other hosts, is not usually evident in infected roses (Horst, 2007).

The molecular biology of plant-pathogen interactions

The molecular basis of plant—pathogen interactions has been explained throughout
time using different conceptual frameworks. Initially, Harold Flor introduced the
gene-for-gene model based on his observations for the interaction between Linum



usitassimum (flax) and Melampsora lini (flax rust) where a single dominant host gene,
termed a resistance (R) gene, induces resistance in response to a pathogen expressing a
single dominant avirulence (Avr) gene (Flor, 1942). Isolates of the pathogen that do not
express the allele of the Avr gene that is recognized escape recognition and are assigned
to a resistance-breaking race.

It was not until 1984 that the molecular cloning of the first bacterial Avr gene from
Pseudomonas syringae pv. glycinea was reported (Staskawicz et al., 1984), followed by
the first fungal Avr gene from Cladosporium fulvum in 1991 (van Kan et al., 1991), and
the first oomycete Avr gene from Phytophthora sojae in 2004 (Shan et al., 2004). Dozens
of additional Avr genes have been cloned since then from various pathogens (Parlange
et al., 2009; Inami et al., 2012; Lu et al., 2016; Niu et al., 2016; Plissonneau et al., 2016;
Praz et al., 2016; Chen et al., 2017; Inoue et al., 2017; Salcedo et al., 2017; Zhong et al.,
2017; Anh et al., 2018; Kema et al., 2018; Meile et al., 2018; Bourras et al., 2015, 2019;
Petit-Houdenot et al., 2019; Saur et al., 2019).

In parallel to race-specific Avrs, non-race-specific elicitors were described as
conserved microbial molecules that can be recognized by multiple plant species (Darvill
and Albersheim, 1984). Therecognition by plants of Avrs and of non-race-specificelicitors,
presently known as pathogen- or microbe-associated molecular patterns (P/MAMPs),
was combined in the ‘zig-zag’ model (Jones and Dangl, 2006). In this model, P/MAMPs
are perceived by cell surface-localized pattern recognition receptors (PRRs) to trigger
pattern-triggered immunity (PTI), while pathogen-secreted molecules that promote
host invasion, also known as effectors, are recognized by cytoplasmic receptors that are
known as resistance (R) proteins to activate effector-triggered immunity (ETI) (Jones
and Dangl, 2006). Importantly, the model recognizes that Avrs function to suppress
host immune responses in the first place, implying that these molecules, besides being
avirulence determinants, act as virulence factors through their function as effector
molecules (Jones and Dangl, 2006). A more recent model, termed the invasion model,
recognizes that the functional separation of PTl and ETI is problematic and proposes
that the corresponding receptors, collectively termed invasion pattern receptors (IPRs),
detect either externally encoded or modified-self ligands that indicate invasion, termed
invasion patterns (IPs), to mount an effective immune response (Thomma et al., 2011;
Cook et al., 2015). Indeed, increasing evidence supports the notion that PTl and ETl are
functionally not separated, but rather heavily intertwined (Ngou et al., 2021; Pruitt et
al., 2021; Tian et al., 2021; Yuan et al., 2021).

Effectors and their role on plant-pathogen interactions

It is generally accepted that plant pathogens secrete dozens to hundreds of proteins
into the apoplast or cytosol of their host plants to mediate host colonization, and that



are typically referred to as effector proteins (Rovenich et al., 2014). These effector
proteins are typically <300 amino acids, cysteine-rich and have tertiary structures that
are stabilized by disulfide bridges (Duplessis et al., 2011; Gan et al., 2013; Stergiopoulos
et al,, 2013; Lo Presti et al., 2015). However, also larger secreted proteins have been
found to act as effectors, such as several LysM effectors (Kombrink and Thomma, 2013).
Furthermore, besides proteins also non-proteinaceous effectors have been described,
such as fungal secondary metabolites as well as small RNA (sRNA) molecules that are
delivered into host cells to suppress host immunity (Collemare and Lebrun, 2011;
Weiberg et al., 2014).

A wide range of effectors has been identified in a diversity of pathogens and
great efforts have been made to understand their role in disease establishment. Several
effectors have been shown to act in the apoplast, such as fungal LysM effectors (de
Jonge et al., 2010). Plant chitinases target fungal cell walls to release chitin fragments
that activate immune receptors, leading to further chitinase accumulation to induce
hyphal lysis (Kombrink et al., 2011). In turn, fungal pathogens secrete chitin-binding
LysM effectors to protect their cell walls and to interfere with immune receptor
activation (de Jonge et al., 2010; Marshall et al., 2011; Mentlak et al., 2012; Takahara
et al., 2016; Kombrink et al., 2017; Chen et al., 2020; Tian et al., 2021). Some other
apoplastic effectors target hydrolytic enzymes, such as proteases. For example,
effectors of Cladosporium fulvum (Avr2), the oomycete Phytophthora infestans (EPIC1
and EPIC2B), and the parasitic nematode Globodera rostochiensis (Gr-VAP1) inhibit
tomato cysteine proteases including Rcr3 (van Esse et al., 2008; Song et al., 2009;
Lozano-Torres et al., 2012). In addition to apoplastic effectors, many pathogens deliver
effectors that act inside host cells. For example, the rice blast fungus Magnaporthe
oryzae was shown to secrete various effectors that enter rice cells and that can move
to non-infected neighbouring cells (Khang et al., 2010). In the same manner the Cmul
effector of the maize smut fungus Ustilago maydis has been shown to diffuse from
infected cells to neighbouring cells to interfere with salicylic acid biosynthesis to reduce
plant immune signalling (Djamei et al., 2011). Finally, several effectors target host cell
death mechanisms, including the effectors Avr3a and PexRD2 from P. infestans, as well
as the effector victorin from Cochliobolus victoriae (Bos et al., 2010; Lorang et al., 2012;
King et al., 2014).

To date, no effectors from R. necatrix have been identified and thus their potential
role in disease establishment remains unknown. In contrast, various V. dahliae effector
proteins have been identified and their roles in virulence, but also in avirulence, has
been studied on various hosts (de Jonge et al., 2012; 2013; Santhanam et al., 2013;
Liu et al., 2014; Santhanam et al., 2017; Qin et al., 2018; Gao et al., 2019). Although
intrinsic functions of effectors benefit the pathogen by contributing to host colonization



as virulence factors, some effectors become avirulence factors once they become
recognized by plant hosts that carry corresponding resistance (R) genes. For V. dahliae
only a single Avr has been identified, namely the effector Avel (avirulence on Vel) that
acts as an avirulence factor on tomato genotypes carrying Vel (de Jonge et al., 2012).

Besides the avirulence effector Avel, several effectors of V. dahliae have been
characterized that act in virulence, such as members of the well-described family of
chitin-binding lysin motif (LysM) effectors, from which one was found to contribute
to virulence on tomato (de Jonge et al., 2013; Kombrink et al., 2017). This effector,
Vd2LysM, suppresses chitin-triggered immunity and protects fungal hyphae against
hydrolysis by plant chitinases (Kombrink et al., 2017; Tian et al., 2021). The secreted
protein polysaccharide deacetylase (PDA1) promotes virulence in cotton and tomato
through deacetylation of chitin oligomers (Gao et al., 2019). Members of the family of
necrosis- and ethylene-inducing-like proteins (NLPs; Gijzen and Nirnberger, 2006; Seidl
and Van den Ackerveken, 2019) were identified in V. dahliae as well, and two induce
plant cell death and promote virulence on tomato and on Arabidopsis thaliana plants
(Santhanam et al., 2013). Furthermore, the V. dahliae isochorismatase (Vdlscl) that
converts isochorismate, a precursor of salicylate, to 2,3-dihydro-2,3-dihydroxybenzoate
(DDHB) and pyruvate is a virulence factor on cotton (Liu et al., 2014). The effector
VdSCP41 has been identified as a virulence factor on A. thaliana and cotton plants (Qin
et al., 2018).

Effector proteins secreted by plant pathogens have mostly been studied with
respect to their activity on plant hosts in a binary fashion. Nevertheless, plant-pathogen
interactions typically occur in a microbiota-rich environment, and many infection
sites may develop into microbial hot-spots where also opportunists try to gain an
advantage. It has been well established that plants shape their rhizosphere microbiota
compositions through secretion of exudates (Huang et al., 2019; Koprivova et al., 2019),
and therefore they can also recruit beneficial microbes to suppress pathogen invasion
(Rudrappa et al., 2008; Berendsen et al., 2012; 2018). Recently, it has been shown that
plant pathogens may utilize effector proteins to modulate host microbiota compositions
in turn, to facilitate host colonization (Snelders et al., 2018). More specifically, the V.
dahliae effector protein Avel was shown to display antimicrobial activity to facilitate
colonization of tomato and cotton plants by suppressing antagonistic bacteria that
belong to the Spingomonadaceae (Snelders et al., 2020). Moreover, this fungus was
shown to secrete the antifungal effector protein AMP3 to ward off fungal antagonists
during microsclerotia formation in necrotic plant tissues (Snelders et al., 2021). It is
therefore becoming increasingly evident that effectors function beyond the binary
interaction between the pathogen and the host and target the host microbiota to
stimulate disease development.



Outline of this thesis

The aim of my doctoral research was to identify effectors from the soil-borne pathogens
Rosellinia necatrix and Verticillium dahliae and to characterize their roles in the
interaction with plant hosts.

In Chapter 2 we identify the V. dahliae avirulence effector Av2 that activates V2
resistance on tomato. By employing a comparative genomics approach of V. dahliae
race 2 strains and resistance-breaking race 3 strains, we identify 277 kb of race 2-specific
sequences comprising only two genes that encode predicted secreted proteins that
are expressed during tomato colonization. Subsequent functional analysis based on
introduction into race 3 and targeted deletion from race 2 confirmed that one of the
two candidates encodes the avirulence effector Av2 that is recognized by V2 tomato
plants.

Chapter 3 focuses on the characterization and contribution of the effector
catalogue of Verticillium dahliae to Verticillium wilt disease on rose plants. We
investigate whether previously characterized effectors from V. dahliae on other plant
hosts, most notably tomato, play a role as virulence factor contributing to Verticillium
wilt disease on rose as well.

In Chapter 4 we study the genomic diversity of nine R. necatrix strains and
establish a near-chromosome genome assembly for one of these strains. For this, we
employed Oxford Nanopore sequencing technology to sequence nine strains that were
collected from rose and avocado in Mexico and Spain, respectively; and with help of
DNA proximity ligation, the genome of one strain was assembled to near-chromosome
level. Furthermore, we predict its effector repertoire and tried to predict potential
antimicrobial effector proteins that can modulate specific members of a synthetic
microbial community.

In Chapter 5 we developed a Nanopore sequencing pipeline to reveal microbiome
modulation by potential antimicrobial effector proteins. To this end, we used in vitro
conditions where we uncover antimicrobial activities of effector proteins of R. necatrix
and V. dahliae by identifying their ability to modulate synthetic communities using
Oxford Nanopore sequencing technology.

Finally, in Chapter 6 | discuss the results presented in this PhD thesis and
present perspectives for future work related to effector identification and functional
characterization in the soil-borne rose pathogens R. necatrix and V. dahliae.
Furthermore, | discuss the potential of using Oxford Nanopore sequencing technology
to reveal microbiome modulation by these soil-borne rose pathogens, but also by other
plant pathogens in general. Finally, | will provide an outlook on how rose cultivation will
overcome problems caused by soil-borne pathogens.
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ABSTRACT

Plant pathogens secrete effector molecules during host invasion to promote colonization.
However, some of these effectors become recognized by host receptors to mount a
defence response and establish immunity. Recently, a novel resistance was identified
in wild tomato, mediated by the single dominant V2 locus, to control strains of the soil-
borne vascular wilt fungus Verticillium dahliae that belong to race 2. With comparative
genomics of race 2 strains and resistance-breaking race 3 strains, we identified the
avirulence effector that activates V2 resistance, termed Av2. We identified 277 kb
of race 2-specific sequence comprising only two genes encoding predicted secreted
proteins that are expressed during tomato colonization. Subsequent functional analysis
based on genetic complementation into race 3 isolates and targeted deletion from the
race 1 isolate JR2 and race 2 isolate TO22 confirmed that one of the two candidates
encodes the avirulence effector Av2 that is recognized in V2 tomato plants. Two Av2
allelic variants were identified that encode Av2 variants that differ by a single acid. Thus
far, a role in virulence could not be demonstrated for either of the two variants.



INTRODUCTION

In nature, plants are continuously threatened by potential plant pathogens. However,
most plants are resistant to most potential plant pathogens due to an efficient immune
system that becomes activated by any type of molecular pattern that accurately betrays
microbial invasion (Dangl and Jones, 2001; Cook et al., 2015). Throughout time, different
conceptual frameworks have been put forward to describe the molecular basis of plant—
pathogen interactions and the mechanistic underpinning of plant immunity. Initially,
Harold Flor introduced the gene-for-gene model in which a single dominant host gene,
termed a resistance (R) gene, induces resistance in response to a pathogen expressing a
single dominant avirulence (Avr) gene (Flor, 1942). Isolates of the pathogen that do not
express the allele of the Avr gene that is recognized escape recognition and are assigned
to a resistance-breaking race. In parallel to these race-specific Avrs, non-race-specific
elicitors were described as conserved microbial molecules that are often recognized
by multiple plant species (Darvill and Albersheim, 1984). The recognition by plants
of Avrs and of non-race-specific elicitors, presently known as pathogen- or microbe-
associated molecular patterns (P/MAMPs), was combined in the ‘zig-zag’ model (Jones
and Dangl, 2006). In this model, P/MAMPs are perceived by cell surfacelocalized pattern
recognition receptors (PRRs) to trigger pattern-triggered immunity (PTI), while effectors
are recognized by cytoplasmic receptors that are known as resistance (R) proteins to
activate effector-triggered immunity (ETI) (Jones and Dangl, 2006). Importantly, the
model recognizes that Avrs function to suppress host immune responses in the first
place, implying that these molecules, besides being avirulence determinants, act as
virulence factors through their function as effector molecules (Jones and Dangl, 2006).
A more recent model, termed the invasion model, recognizes that the functional
separation of PTl and ETl is problematic and proposes that the corresponding receptors,
collectively termed invasion pattern receptors (IPRs), detect either externally encoded
or self-modified ligands that indicate invasion, termed invasion patterns (IPs), to mount
an effective immune response (Thomma et al., 2011; Cook et al., 2015). However, it is
generally appreciated that microbial pathogens secrete dozens to hundreds of effectors
to contribute to disease establishment, only some of which are recognized as Avrs
(Rovenich et al., 2014).

IPRs encompass typical R genes, which have been exploited for almost a century to
confer resistance against plant pathogens upon introgression from sexually compatible
wild relatives into elite cultivars (Dodds and Rathjen, 2010; Dangl et al.,, 2013).
Most R genes encode members of a highly polymorphic superfamily of intracellular
nucleotidebinding leucine-rich repeat (NLR) receptors, while others encode cell surface
receptors (Dangl et al., 2013). Unfortunately, most R genes used in commercial crops
are short-lived because the resistance that they provide is rapidly broken by pathogen



populations as their deployment in monoculture-based cropping systems selects for
pathogen variants that overcome immunity (Stukenbrock and McDonald, 2008; Dangl
etal., 2013). Such breaking of resistance occurs upon purging of the Avr gene, sequence
diversification, or by employment of novel effectors that subvert the host immune
response (Stergiopoulos et al., 2007; Cook et al., 2015).

The molecular cloning of the first bacterial Avr gene from Pseudomonas syringae pv.
glycinea was reported in 1984 (Staskawicz et al., 1984), the first fungal Avr gene from
Cladosporium fulvum in 1991 (van Kan et al., 1991) and the first oomycete Avr gene
from Phytophthora sojae in 2004 (Shan et al., 2004). Dozens of additional Avr genes
have been cloned since then, in various pathogens (Parlange et al., 2009; Inami et al.,
2012; Plissonneau et al., 2016; Praz et al., 2016; Lu et al., 2016; Niu et al., 2016; Chen
etal., 2017; Inoue et al., 2017; Salcedo et al., 2017; Zhong et al., 2017; Anh et al., 2018;
Kema et al., 2018; Meile et al., 2018; Bourras et al., 2015; 2019; Petit-Houdenot et al.,
2019; Saur et al., 2019). Most of these Avr genes have been identified by map-based
cloning and reverse genetics strategies. More recently, advances in (the affordability of)
genome sequencing have allowed the cloning of novel Avrs by combining comparative
genomics or transcriptomics with functional assays, a trend that was spearheaded by
the cloning of the first Avr gene from Verticillium dahliae only in 2012 (de Jonge et al.,
2012; Mesarich et al., 2014; Schmidt et al., 2016).

Verticillium dahliae is a soil-borne fungal pathogen and causal agent of Verticillium
wilt on a broad range of host plants that comprises hundreds of dicotyledonous plant
species, including numerous crops such as tomato, potato, lettuce, olive, and cotton
(Fradin and Thomma, 2006; Klosterman et al., 2009). The first source of genetic
resistance toward Verticillium wilt was identified in tomato (Solanum lycopersicum) in
the early 1930s in an accession called Peru Wild (Schaible et al., 1951). The resistance
is governed by a single dominant locus, designated Ve (Diwan et al., 1999), comprising
two genes that encode cell surface receptors of which one, Vel, acts as a genuine
resistance gene (Fradin and Thomma, 2006). Shortly after its deployment in the 1950s,
resistance-breaking strains have appeared that were assigned to race 2, whereas strains
that are contained by Vel belong to race 1 (Alexander, 1962). Thus, Vel is characterized
as a race-specific R gene, and resistance-breaking strains have become increasingly
problematic over time (Alexander, 1962; Dobinson et al., 1996). With comparative
population genomics of race 1 and race 2 strains, the V. dahliae avirulence effector
that is recognized by tomato Vel was identified as VdAvel, an effector that is secreted
during host colonization (de Jonge et al., 2012). As anticipated, it was demonstrated
that VdAvel acts as a virulence factor on tomato plants that lack the Vel gene and
that, consequently, cannot recognize VdAvel (de Jonge et al., 2012). Recent evidence
demonstrates that VdAvel exerts selective antimicrobial activity and has the capacity



to manipulate local microbiomes inside host plants as well as in the environment
(Snelders et al., 2020). Whereas all race 1 strains carry an identical copy of VdAvel,
all race 2 strains analysed to date are characterized by complete loss of the VdAvel
locus (de Jonge et al., 2012; Faino et al., 2016). Intriguingly, phylogenetic analysis has
revealed that VdAvel was horizontally acquired by V. dahliae from plants (de Jonge et
al., 2012; Shi-Kunne et al., 2018), after which the effector gene was lost multiple times
independently, presumably due to selection pressure exerted by the Vel locus that has
been introgressed into most tomato cultivars (Faino et al., 2016).

Despite significant efforts, attempts to identify genetic sources for race 2
resistance in tomato have remained unsuccessful for a long time (Baergen et al., 1993).
Recently, however, a source of race 2 resistance was identified in the wild tomato species
Solanum neorickii (Usami et al., 2017). This genetic material was used to develop the
tomato rootstock cultivars Aibou, Ganbarune-Karis and Back Attack by Japanese breeding
companies, in which resistance is controlled by a single dominant locus, denoted V2
(Usami et al., 2017). However, experimental trials using race 2-resistant rootstocks
revealed resistance-breaking V. dahliae strains that, consequently, are assigned to race
3 (Usami et al., 2017). In this study, we performed comparative genomics combined
with functional assays to identify the avirulence effector Av2 that activates race-specific
resistance in tomato genotypes that carry V2.



RESULTS

Identification of Verticillium dahliae strains that escape V2 resistance

To identify Av2 as the V. dahliae gene that mediates avirulence on tomato V2 plants,
we pursued a comparative genomics strategy by searching for genomic regions that
are absent from all race 3 strains. To this end, we performed pathogenicity assays with
a collection of V. dahliae strains on a differential set of tomato genotypes, comprising
(I) Moneymaker plants that lack V. dahliae resistance genes, (Il) Vel-transgenic
Moneymaker plants that are resistant against race 1 and not against race 2 strains
(Fradin et al., 2009), and (lll) Aibou plants that carry Vel and V2 and are therefore
resistant against race 1 as well as race 2 strains (Usami et al., 2017) (Figure 1A). First, we
aimed to confirm the race assignment of eight V. dahliae strains that were previously
tested by Usami et al. (2017) (Table 1). Additionally, three strains that were previously
assigned to race 2 were included (de Jonge et al., 2012) as well as V. dahliae strain JR2
(race 1) because of its gapless telomere-to-telomere assembly (Faino et al., 2015).

At 3 weeks postinoculation, all strains caused significant stunting on the universally
susceptible Moneymaker control (Figure 1A and B), while all strains except for the race
1 strain JR2 caused significant stunting on Vel-transgenic Moneymaker plants (Figure
1A and C), corroborating that, except for strain JR2, none of the strains belongs to race 1
and that a potential containment on Aibou plants cannot be caused by Vel recognition
of the VdAvel effector. Importantly, all of the strains that were used by Usami et al.
(2017) and that were previously assigned to race 2 did not cause significant stunting on
Aibou, whereas all of the strains that were assigned to race 3 caused clear symptoms of
Verticillium wilt disease (Figure 1, Table 1; Usami et al., 2017). The previously assigned
race 2 strain DVDS26 (de Jonge et al., 2012) caused no significant stunting on Aibou
plants, confirming that this remains a race 2 strain, while strains DVD161 and DVD3
caused significant stunting, implying that these strains should actually be assigned
to race 3. As expected, the race 1 strain JR2 did not cause stunting on Aibou plants,
which can at least partially be attributed to VdAvel effector recognition by the Vel
gene product in these plants. However, the finding that a transgenic VdAvel deletion
line (JR2AAvel; de Jonge et al., 2012) caused significant stunting on Vel-transgenic
Moneymaker and not on Aibou plants, indicates that the JR2 strain might also encode
Av2. Currently, it is not known whether this is the case, or whether it is simply that basal
defence is enhanced in the absence of Avel. After all, we previously showed that the
virulence of the VdAvel deletion strain on tomato is severely compromised (de Jonge et
al., 2012), which can also be observed on Moneymaker plants in our assays (Figure 1B).
This observation, combined with the observation that stunting on Aibou plants by any
race 3 strain is generally less than stunting on Moneymaker plants (Figure 1B and D),



could indicate that basal defence against Verticillium wilt is enhanced in Aibou plants,
and thus that incompatibility of the VdAvel deletion strain may be due to enhanced
basal defence rather than due to V2-mediated recognition of the JR2 strain.
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Figure 1. Pathogenicity phenotyping of a collection of Verticillium dahliae strains on tomato.
(A) Typical appearance of V. dahliae infection by strain JR2, TO22 and HOMCF as representatives
for race 1, 2 and 3, respectively, on Moneymaker (MM) plants that lack known V. dahliae
resistance genes, Vel-transgenic Moneymaker plants that are resistant against race 1 and not
against race 2 or 3 strains, and Aibou plants that carry Vel and V2 and are therefore resistant
against race 1 as well as race 2 strains, but not against race 3 strains at 21 days post inoculation
(dpi). (B—D) Measurement of V. dahliae-induced stunting on wild-type Moneymaker plants (B),
Vel-transgenic Moneymaker plants (355:Vel) (C) and Aibou plants (D) at 21 dpi. The graphs show
collective data from four different experiments indicated with different symbols (circles, squares,
triangles and plus symbols), and asterisks indicate significant differences between V. dahliae- and
mock-inoculated plants as determined with an ANOVA followed by a Fisher’s LSD test (P < 0.01).
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Comparative genomics identifies Verticillium dahliae Av2 candidates

Besides the gapless genome assembly of strain JR2 (Faino et al., 2015), genome
assemblies were also available for strains DVDS26, DVD161 and DVD3, albeit that
these assemblies were highly fragmented as these were based on lllumina short-read
sequencing data (de Jonge et al., 2012) (Table 1). In this study, we determined the
genomic sequences of the race 2 strains TO22, UD1-4-1, GF1207 and GFCA2, and the
race 3 strains GF-CB5, GF1192, VT2A and HOMCF with Oxford Nanopore sequencing
Technology (ONT) using a MinlON device (Table 1). For each strain, ~2—4 Gb of sequence
data was produced, representing 50-100x genome coverage based on the ~35 Mb
gapless reference genome of V. dahliae strain JR2 (Faino et al., 2015). Subsequently, we
performed self-correction of the reads, read trimming and genome assembly, leading to
genome assemblies ranging from 18 contigs for strain UD1-4-1 to 69 for strain GF1207
(Table 1).

Based on the genome sequences, we pursued comparative genomics analyses
by exploring two scenarios. The first scenario is that Av2 is race 2-specific and thus
present in race 2 lineage sequences while absent from race 3. The second scenario is
that Av2 is present in isolates that belong to race 1 and race 2, but that the resistance
phenotype against race 2 is masked by Vel resistance directed against Avel. In scenario
I, comparative genomics was performed making use of race 2 strain TO22 (Usami et
al., 2017) as a reference, while in scenario Il race 1 strain JR2 (Faino et al., 2015) was
used (Table 2). To this end, self-corrected reads from the V. dahliae race 3 strains were
mapped against the assembly of V. dahliae strain TO22 (scenario I) or strain JR2 (scenario
I1) and regions that were not covered by race 3 reads were retained (Table 2). Next, self-
corrected reads from the race 2 strains were mapped against the retained reference
genome-specific regions that are absent from the race 3 strains, and sequences that
were found in every race 2 strain were retained as candidate regions to encode the
Avr molecule. Sequences that are shared by the V. dahliae strain TO22 reference
assembly and all race 2 strains, and that are absent from all race 3 strains, were mapped
against the V. dahliae strain JR2 genome assembly, and common genes were extracted.
Sequences that did not map to the V. dahliae strain JR2 genome assembly were de novo
annotated and signal peptides for secretion at the N-termini of the encoded proteins
were predicted to identify potential effector genes.

Our strategy identified 563 kb of race 2-specific regions, containing 110 genes of
which six encode putative secreted proteins, for scenario | (Table 2). For approach 11,222
kb of sequence that lacks in race 3 strains was identified with 40 genes of which only two
are predicted to encode secreted proteins; XLOC_00170 (VDAG_JR2_Chr4g03680a) and
evm.model.contig1569.344 (VDAG_JR2_Chr4g03650a, further referred to as Evm_344).
Intriguingly, both these genes were previously recognized as being among the most



highly expressed effector genes during colonization of Nicotiana benthamiana plants
(de Jonge et al. 2013; Faino et al., 2015).

Table 2. Comparative genomics of race 2 and race 3 strains.

Scenario | I
Reference strain TO22 JR2
GF-CA2 GF-CA2
TO022 T022
Race 2 UD-1-4-1 UD-1-4-1
DVDS26 DVDS26
GF1207 GF1207
GF-1192 GF-1192
GF-CB5 Gf-CB5
Race 3 HOMCF HOMCF
DVD161 DVD161
DVD3 DVD3
VT-2A VT-2A
Retained (kb) 563 222
Shared with JR2
(kb) 222 222
#JR2 genes 40 40
#Augustus- 70 _
predicted genes
#Secreted 6 2
e XLOC_00170 e XLOC_00170
e evm.model.contig1569.344 e evm.model.contig1569.344
Retained e  tig00000058:1 027 588—1 028 906

candidates e  tig00000058:1 116 044-1 116 494
e  tig00000151:403362-404 089
e  tig00017428:835657-837 290

Only two of the Av2 candidates are expressed in planta

We anticipate that the genuine Av2 gene may not necessarily be expressed in N.
benthamiana (de Jonge et al. 2013) but should be expressed particularly in tomato. Real-
time PCR analysis on a time course of tomato cultivar Moneymaker plants inoculated
with the V. dahliae JR2 strain revealed that the two candidate genes are expressed
during tomato colonization, with a peak in expression around 7 days post inoculation,
whereas little to no expression could be recorded upon growth in vitro (Figure 2A).
Both genes are similarly expressed in V. dahliage strain TO22, albeit that the expression
peaks slightly later, at 11 dpi (Figure 2B). However, whereas the expression level of both



Comparative genomics reveals the in planta-secreted V. dahliae Av2 effector protein

genes is similar in V. dahliae strain JR2, Evm_344 is higher expressed than XLOC_00170
in V. dahliae strain TO22. Importantly, none of the four additional avirulence effector
gene candidates that were identified in comparative genomics scenario | is expressed in
planta in V. dahliae strain TO22 (Figure 2B). Thus, based on the transcriptional profiling,
these four avirulence effector genes can be disqualified as Av2 candidates, and only two
genes that display an expression profile that can be expected for a potential avirulence
effector gene remain; XLOC 00170 and Evm_344.
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Figure 2. Expression of V. dahliae candidate avirulence effector genes in vitro and during
colonization of tomato plants. To assess in planta expression, 12-day-old tomato cv. Moneymaker
seedlings were root-inoculated with V. dahliae strain JR2 (A) or strain TO22 (B), and plants were
harvested from 4 to 14 days post inoculation (dpi), while conidiospores were harvested from
5-day-old cultures of V. dahliae on potato dextrose agar (PDA) to monitor in vitro expression.
Real-time PCR was performed to determine the relative expression of XLOC_00170, Evm_344
and the race 1-specific effector gene VdAvel as a positive control (de Jonge et al., 2012) for strain
JR2, using V. dahliae GAPDH as reference (A). Similarly, the relative expression of XLOC_ 00170,
Evm_344 and six additional avirulence effector genes for strain TO22, using V. dahliae GAPDH as
reference (B).

XLOC_00170 encodes Av2

To identify which of the two candidates encodes Av2, a genetic complementation
approach was pursued in which the two candidate genes were introduced individually
into the V. dahliae race 3 strains GF-CB5 and HOMCEF. Subsequently, inoculations were
performed on a differential set of tomato genotypes, comprising Moneymaker plants,
Vel-transgenic Moneymaker plants (Fradin et al., 2009), and Aibou plants (Usami et al.,
2017). As expected, the non-transformed race 3 strains GF-CB5 and HOMCF as well as
the complementation lines containing XLOC_00170 or Evm_344 caused clear stunting of
the universally susceptible Moneymaker as well as of the Vel-transgenic Moneymaker
plants (Figure 3A and B). Interestingly, nontransformed race 3 strains GF-CB5 and HOMCF
and the Evm_344 complementation lines caused clear stunting on Aibou plants, whereas
the XLOC_00170 complementation lines did not induce disease symptoms and stunting
on these plants (Figure 3A and B). As such, these complementation transformants of
the race 3 strains GF-CB5 and HOMCF behaved essentially as the race 2 strain TO22
(Figure 3A and B). Thus, these findings suggest that XLOC 00170 encodes Av2. All visual
observations of stunting were supported by quantifications of fungal biomass by real-
time PCR (Figure 3C). These measurements revealed that fungal biomass levels were
only reduced on Aibou plants when inoculated with the race 2 strain TO22, and with
the race 3 strains GF-CB5 and HOMCF that were complemented with XLOC _00170.
Thus, our data confirm that reduced symptomatology is accompanied by significantly
reduced fungal colonization and indicate that XLOC_00170 encodes the race 2-specific
avirulence effector Av2.
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Figure 3. Genetic complementation demonstrates that XLOC_00170 encodes the avirulence
effector Av2 that is recognized in V2 plants. (A) Top pictures of Moneymaker plants that lack
known V. dahliae resistance genes (MM), Vel-transgenic Moneymaker plants that are resistant
against race 1 and not against race 2 strains of V. dahliage (MM 35S:Vel), and Aibou plants
that carry Vel and V2 and are therefore resistant against race 1 as well as race 2 strains of the
pathogen (Usami et al., 2017) inoculated with the race 3 WT strains GF-CB5 and HOMCF, and
two independent genetic complementation lines that express XLOC_00170 or Evm_344, and the
race 2 strain TO22. (B) Quantification of stunting caused by the various V. dahliae genotypes on
the various tomato genotypes as detailed for panel (A). Each combination is represented by the
measurement of five plants. (C) Quantification of fungal biomass with real-time PCR determined
for the various V. dahliae genotypes on the various tomato genotypes as detailed for panel (A).
Each combination is represented by the fungal biomass quantification in five plants. Asterisks
indicate significant differences between V. dahliae- and mock-inoculated plants as determined
with an ANOVA followed by a Fisher’s LSD test (P<0.01).

To further confirm that XLOC_00170 encodes Av2, targeted gene deletions were
pursued in race 2 strain TO22 as well as in the JR2AAvel strain and inoculations were
performed on Moneymaker plants, Vel-transgenic Moneymaker plants (Fradin et al.,
2009), and Aibou plants (Usami et al., 2017). All V. dahliae genotypes caused clear
stunting on wild-type and Vel-transgenic Moneymaker plants, except for wild-type JR2
on Vel-transgenic Moneymaker (Figure 4A and B). Interestingly, whereas V. dahlige
strains TO22 and JR2AAvel were contained on Aibou plants, the XLOC_00170 deletion
strains caused stunting of these plants in a similar fashion as the race 3 strains GF-CB5
and HOMCEF (Figure 4C). All visual observations were supported by quantification of
biomass by real-time PCR (Figure 4C). Collectively, our data unambiguously demonstrate
that XLOC 00170 encodes the Av2 effector that is recognized on V2 tomato plants.
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Figure 4. Targeted deletion confirms that XLOC_00170 encodes the avirulence effector Av2 that
is recognized in V2 plants. (A) Top pictures of Moneymaker plants that lack known V. dahliae
resistance genes (MM), Vel-transgenic Moneymaker plants that are resistant against race 1 and
not against race 2 strains of V. dahliae (35S:Vel), and Aibou plants that carry Vel and V2 and are
therefore resistant against race 1 as well as race 2 strains of the pathogen (Usami et al., 2017)
inoculated with the race 3 strains GF-CB5 and HOMCEF, the race 1 WT strain JR2, the deletion
line JR2AAvel, two independent knock-out lines of XLOC_00170 in JR2AAvel, the race 2 WT
strain TO22 and two independent knock-out lines of XLOC_00170 in TO22. (B) Quantification of
stunting. (C) Quantification of fungal biomass with real-time PCR caused by the various V. dahliae
genotypes on the various tomato genotypes as detailed for panel (A). Different symbols (empty
circles, filled circles and triangles) refer to five plants from three different experiments. Asterisks
indicate significant differences between V. dahliae- and mock-inoculated plants as determined
with an ANOVA followed by a Fisher’s LSD test (P<0.01).

Av2 does not seem to contribute to virulence

It has been widely recognized that the intrinsic function of Avrs is to support host
colonization by acting as virulence determinants (Jones and Dangl, 2006; Rovenich et
al., 2014; Cook et al., 2015). Thus, we assessed the virulence of the complementation
lines alongside their wild-type progenitor genotypes on wild-type and Vel-transgenic
Moneymaker plants (Figure 3). However, no significant increase in symptomatology nor
in fungal colonization could be recorded upon Av2 introduction. Similarly, no significant
decrease in symptomatology, nor a decrease in fungal colonization could be recorded
upon Av2 deletion from V. dahliae strain TO22 on these tomato genotypes and upon Av2
deletion from JR2AAvel on wildtype Moneymaker plants (Figure 4), suggesting that Av2
is not a major contributor to virulence on tomato under the conditions of our assays.

Av2 distribution and allelic variation

Av2 encodes a 91 amino acid protein that, after removal of a predicted signal peptide,
leaves a mature protein of 73 amino acids that includes four cysteine residues and that
lacks known protein domains. Intriguingly, an Av2 homologue is found in V. nonalfalfae
(78% identity), V. longisporum (68% identify) and V. alfalfae (49%) that, like V. dahliae,
belong to the Flavnonexudans clade of Verticillium spp. (Figure 5; Shi-Kunne et al.,
2018). Furthermore, BLAST searches revealed homologues in Fusarium phyllophilum
(79% identity), Fusarium mundagurra (78%), F. oxysporum f. sp. narcissi (77%),
Fusarium oxysporum NRRL32931 (75%), F. oxysporum f. sp. pisi (73%) and Fusarium sp.
NRRL66182 (41%) (Figure 5). No homologues are found in any of the other Fusarium
spp. nor in any other species.
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Figure 5. Amino acid alignment of Av2 homologues found in few fungal species. Based on BLAST
analyses, homologues of V. dahliae Av2 could only be identified in V. longisporum, V. nonalfalfae,
V. alfalfa and in Fusarium phyllophilum, F. mundagurra, three F. oxysporum lineages and in
Fusarium sp. NRRL66182. Global alignments were performed using ClustalW and visualized with
Espript3. Conserved amino acids are shown in white font on red background.

To assess Av2 distribution in V. dahliae, presence—absence variations (PAV) were
assessed in a collection of 52 previously sequenced V. dahliae strains (Figure 6; de Jonge
et al., 2012; Faino et al., 2015; Fan et al., 2018; Gibriel et al., 2019), revealing that Av2
occurred in 17 of the isolates including the four race 2 isolates that were sequenced in
this study (Figure 6). To assess the phylogenetic relationships between strains that carry
Av2, a phylogenetic tree was generated, showing that the strains can be grouped into
three major clades, two of which comprising strains that contain Av2. However, within
these clades closely related strains occur that lost Av2, suggesting the occurrence of
multiple independent losses (Figure 6). Overall, no obvious phylogenetic structure is
apparent with respect to effector presence within the V. dahliae population.
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Next, we investigated the genomic organization surrounding Av2 based on the
gapless genome assembly of V. dahliae strain JR2 (Faino et al., 2015). Interestingly,
Av2 resides in close proximity to Evm_344, separated by only two additional genes,
in a lineage-specific (LS) region on chromosome 4 (Figure 7). Furthermore, as typically
observed in LS regions that are enriched in repetitive elements (de Jonge et al., 2013;
Faino et al., 2016), Av2 is surrounded by repetitive elements such as transposons that
mostly belong to the class Il long terminal repeat (LTR) retrotransposons (Figure 7).
Typically, LS regions are characterized by the high abundance of PAV. As expected, the
flanking genomic regions (100 kb) are highly variable between V. dahliae strains (Figure
7).

A 1.1.mb 1.2 mb Chromosome 4

1.15 mb 1.25 mb
w4 nmg (1] [] [] TN [ l.-ll-‘l’l Im Qi
1

-4 L1 ] mnan B L] B W e sl By Hl B - s
1 LI | I 1 ]

ST16.01
V562
vi52
v4

BP2
12008
vds7
12251
JR2
12253

uD141

GFCA2

TO2

GF1207
CBS38166

= | |
DD 26 | | -

race 1

B Brace 2

Av2 ET73

V73

Av2



Figure 7. Presence—absence variation in the region surrounding the two candidate Av2 genes (A)
genomic region flanking the Av2 candidate genes in 17 isolates detailed in Figure 3. The matrix
shows the presence (black/grey) and absence (white) in 100 bp non-overlapping windows for
Av2 variant E_, (black) and Av2 variant V__ grey. On top, annotated genes are displayed in black
and repetitive elements in green, while Av2 is displayed in red and Evm_344 in blue. (B) Read
coverage for V. dahliae strain JR2 that encodes Av2 variant E__ and strain DVD-526 that encodes
Av2variant V__ depicting a transposable element deletion in isolates that produce the V_, variant.

As many Avr effectors are under strong selection pressure and thus often display
enhanced allelic variation (Stergiopoulos et al., 2007), we assessed allelic variation
among the 17 Av2 alleles identified in this study. We identified only two allelic variants
within the 17 Av2 alleles that differed by a single nucleotide polymorphism (SNP)
in exon 3 leading to a polymorphic amino acid at position 73. Whereas 10 isolates
carry a glutamic acid at this position (E73), seven other carry a valine (V_,) (Figure 8).
Interestingly, strains carrying V_, are clustered in the same branch, suggesting that a
single event caused this polymorphism (Figure 6). We noticed that all isolates carrying
E,, carry an extra transposable element of the DNA/Tc-1 Mariner class in the upstream
region of the Av2 gene (Figure 8). Intriguingly, as strains GF-CA2, TO22, UD-1-4-1
DVDS26 and GF1207, that encode the Av2 variant with V., as well as JR2AAvel, that
encodes the variant with E_, are contained on Aibou plants, we conclude that both
allelic variants are recognized by V2. Moreover, the Av2 deletion strain of TO22 (with
V,.) as well as of JR2AAvel (with E_.) is not compromised in aggressiveness on wild-
type Moneymaker plants when compared with the TO22 or JR2AAvel progenitor strain,
indicating that both alleles make no noticeable contribution to V. dahliae virulence.



Comparative genomics reveals the in planta-secreted V. dahliae Av2 effector protein
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DISCUSSION

Historically, the identification of avirulence genes has been challenging for fungi
that reproduce asexually, as genetic mapping cannot be utilized. However, since the
advent of affordable genome sequencing, cumbersome and laborious methods to
identify avirulence genes, that include functional screenings of fungal cDNAs or protein
fractions for the induction of immune responses in plants (Takken et al., 2000; Luderer
et al., 2002), have been supplemented with comparative genomics and transcriptomics
strategies (Gibriel et al., 2016). Less than a decade ago, we identified the first avirulence
gene of V. dahliae, known as VdAvel for mediating avirulence on Vel plants, through a
comparative population genomics strategy combined with transcriptomics by utilizing
race 1 strains that were contained by the Vel resistance gene of tomato, and resistance-
breaking race 2 strains (de Jonge et al., 2013). In this study, we used a similar approach
based on comparative population genomics of race 1 and 2 strains with race 3 strains
to successfully identify XLOC_00170 as the Av2 effector that mediates avirulence on V2
plants. Intriguingly, besides VdAvel, XLOC_00170 has been identified previously as one
of the most highly induced genes of V. dahliae during host colonization (de Jonge et al.,
2013).

Vel and the V2 locus are Vel and the V2 locus are the only two major resistance
sources that have been described in tomato against V. dahliae thus far (Fradin et al., 2009;
Usami et al., 2017). Since its initial introduction from a wild Peruvian tomato accession
into cultivars in the 1950s (Deseret News and Telegram, 1955), Vel has been widely
exploited as it is incorporated in virtually every tomato cultivar today. Even though soon
after the introduction of these cultivars resistance-breaking race 2 strains emerged,
first in the United States (Robinson, 1957; Alexander, 1962), and soon thereafter
also in Europe (Cirulli, 1969; Pegg and Dixon, 1969), Vel is still considered useful for
Verticillium wilt control today. An important factor that contributes to the durability
of resistance is the fitness penalty for the pathogen upon losing the corresponding
avirulence factor (Brown, 2015). The VdAvel effector contributes considerably to V.
dahliae virulence on tomato, which explains why race 2 strains that lack VdAvel are
generally less aggressive (de Jonge et al., 2012). Based on our current observations that
differences in aggressiveness between race 2 and race 3 strains on Moneymaker plants
are not obvious (Figure 1), that genetic complementation of race 3 strains with Av2 did
not lead to a striking increase in aggressiveness on Moneymaker plants (Figure 3), and
that targeted deletion of Av2 from race 2 strains did not lead to a striking decrease in
aggressiveness on Moneymaker plants (Figure 4), we conclude that the contribution of
Av2 to V. dahliae virulence under the conditions tested in this study is modest at most.

Thus far, V2 resistance has been exploited scarcely when compared with Vel,
as it has only been introduced in a number of Japanese rootstock cultivars since 2006



(Usami et al., 2017). Previously, V2 resistance-breaking race 3 strains have been found in
several Japanese prefectures on two separate islands (Usami et al., 2017). Intriguingly,
our genome analyses demonstrate that race 3 strains that lack Av2 are ubiquitous and
found worldwide, as our collection of sequenced strains comprises specimens that
were originally isolated in Europe, China, Canada, and the United States. Arguably, most
of these race 3 strains arose in the absence of V2 selection by tomato cultivation. It
is conceivable that, similar to Vel homologues that are found in other plant species
besides tomato (Song et al., 2017), functional homologues of V2 occur in other plant
species as well, which may have selected against the presence of Av2 in many V. dahliae
strains. However, as long as V2 is not cloned this hypothesis cannot be tested.

Like VdAvel, Av2 also resides in an LS region of the V. dahliae genome, albeit in
another region on another chromosome. Typically, these LS regions are gene-sparse
and enriched in repetitive elements, such as transposons, causing these regions
to be highly plastic which is thought to mediate accelerated evolution of effector
catalogues (de Jonge et al., 2013; Faino et al., 2016; Cook, et al., 2020). We previously
demonstrated that VdAvel has been lost from the V. dahliae population multiple
times, and to date only PAV has been identified as mechanism to escape Vel-mediated
immunity (de Jonge et al., 2012; 2013; Faino et al., 2016). Similarly, our phylogenetic
analysis reveals that Av2 has been lost multiple times independently, and although we
identified two allelic variants, both variants are recognized by V2. Consequently, PAV
remains the only mechanism to overcome V2-mediated immunity thus far. Despite
the observation that PAV is the only observed mechanism for V. dahliae to overcome
host immunity, pathogens typically exploit a wide variety of mechanisms, ranging from
SNPs (Joosten et al., 1994) to altered expression of the avirulence gene (Na and Gijzen,
2016). Nevertheless, avirulence gene deletion to overcome host immunity is common
and has been reported for various fungi, including C. fulvum (Stergiopoulos et al., 2007),
Fusarium oxysporum (Niu et al., 2016; Schmidt et al., 2016), Leptosphaeria maculans
(Gout et al., 2007; Petit-Houdenot et al., 2019), Blumeria graminis (Praz et al., 2016)
and Magnaporthe oryzae (Pallaghy et al., 1994; Zhou et al., 2007).

It was previously demonstrated that frequencies of SNPs are significantly reduced
inthe area surrounding the VdAvel locus when compared with the surrounding genomic
regions (Fainoetal., 2016), which was thought to point toward recent acquisition through
horizontal transfer (de Jonge et al., 2012). However, we recently noted that enhanced
sequence conservation through reduced nucleotide substitution is a general feature of
LS regions in V. dahliae (Depotter et al., 2019). Although a mechanistic underpinning is
still lacking, we hypothesized that differences in chromatin organization may perhaps
explain this phenomenon. Interestingly, while DNA methylation is generally low and
only present at TEs, only TEs in the core genome are methylated while LS TEs are largely



devoid of methylation (Cook et al., 2020). Furthermore, TEs within LS regions are more
transcriptionally active and display increased DNA accessibility, representing a unique
chromatin profile that could contribute to the plasticity of these regions (Faino et al.,
2016; Cook et al., 2020). Possibly, the increased DNA accessibility contributes to the
high in planta expression of genes residing in these regions, and VdAvel as well as Av2
belong to the most highly expressed genes during host colonization (de Jonge et al.,
2013).

Our identification of Av2 concerns the cloning of only the second avirulence
gene of V. dahlige. This identification may permit its use as a functional tool for
genetic mapping of the V2 gene. Typically, V. dahliae symptoms on tomato display
considerable variability, and disease phenotyping is laborious. Possibly, injections of
heterologously produced Av2 protein can be used to screen tomato plants in genetic
mapping analyses, provided that such injections result in a visible phenotype such as
a hypersensitive response. Similar effector-assisted resistance breeding has previously
been used successfully identify resistance sources in tomato against the leaf mould
pathogen C. fulvum (Lauge et al., 1998; Takken et al., 1999) and potato against the
late blight pathogen Phytophthora infestans (Vleeshouwers and Oliver, 2014; Du et al.,
2015). The identification of Av2 can furthermore be exploited for race diagnostics of
V. dahliae to determine whether cultivation of resistant tomato genotypes is useful,
but also to monitor V. dahliae population dynamics and race structures. Based on the
identification of avirulence genes, rapid in-field diagnostics can be developed to aid
growers to cultivate disease-free crops.



MATERIALS & METHODS

V. dahliae inoculation and phenotyping

Plants were grown in potting soil (Potgrond 4, Horticoop, Katwijk, the Netherlands)
under controlled greenhouse conditions (Unifarm, Wageningen, the Netherlands) with
day/night temperature of 24/18°C for 16-h/8-h periods, respectively, and relativity
humidity between 50% and 85%. For V. dahliae inoculation, 10-day-old seedlings were
root-dipped for 10 min as previously described (Fradin et al., 2009). Disease symptoms
were scored at 21 days post inoculation (dpi) by measuring the canopy area to calculate
stunting as follows:

] canopy area V.dahliae — inoculated plants

stunting = (1 - - ) +*100
average canopy area of mock — inoculated plants

To test for significant stunting, an ANOVA was performed which tests for significant
differences in canopy area between mock-inoculated and V. dahliae inoculated plants.
Outliers were detected based on the studentized residuals from the ANOVA analysis.
All datapoints with studentized residuals below -2.5 or above 2.5 were classified as
outliers and removed. In total, approximately 1.8% of the datapoints were classified as
outlier.

High-molecular weight DNA isolation and nanopore sequencing

Conidiospores were harvested from potato dextrose agar (PDA) plates, transferred to
Czapek dox medium and grown for 10 days. Subsequently, fungal material was collected
on Miracloth, freeze-dried overnight and ground to powder with mortar and pestle
of which 300 mg was incubated for 1 h at 65°C with 350 uL DNA extraction buffer
(0.35 M Sorbitol, 0.1 M Tris-base, 5 mM EDTA pH 7.5), 350 uL nucleic lysis buffer (0.2
M Tris, 0.05 M EDTA, 2 M NaCl, 2% CTAB) and 162.5 pL Sarkosyl (10% w/v) with 1%
B-mercaptoethanol. Next, 400 uL of phenol/chloroform/isoamyl alcohol (25:24:1) was
added, shaken and incubated at room temperature (RT) for 5 min before centrifugation
at 16,000 g for 15 min. After transfer of the aqueous phase to a new tube, 10 pL of
RNAase (10 mg puL-1) was added and incubated at 37°C for 1 h. Subsequently, half a
volume of chloroform was added, shaken and centrifuged at 16,000 g for 5 min at RT,
after which the chloroform extraction was repeated. Next, the aqueous phase was
mixed with 10 volumes of 100% ice-cold ethanol, incubated for 30 min at RT, and the
DNA was fished out using a glass hook, transferred to a new tube, and washed twice
with 500 pL 70% ethanol. Finally, the DNA was air-dried, resuspended in nuclease-free
water and incubated at 4°C for 2 days. The DNA quality, size and quantity were assessed
by Nanodrop, gel electrophoresis and Qubit analyses. Library preparation with the



Rapid Sequencing Kit (SQK-RAD0O04) was performed according to the manufacturer’s
instructions (Oxford Nanopore Technologies, Oxford, UK) with 400 ng HMW DNA. An
R9.4.1 flow cell (Oxford Nanopore Technologies) was loaded and run for 24 h. Base calling
was performed using Guppy (version 3.1.5; Oxford Nanopore Technologies) with the
highaccuracy base-calling algorithm. Adapter sequences were removed using Porechop
(version 0.2.4 with default settings; Wick, 2018). Finally, the reads were self-corrected,
trimmed and assembled using Canu (Version 1.8; Koren et al., 2017). Sequencing data
are available at the NCBI SRA database under accession number PRINA639910.

Comparative genomics and candidate identification

Self-corrected reads from V. dahliae race 3 strains were mapped against the reference
genome using BWA-MEM (version 0.7.17; default settings; Li, 2013). Reads with low
mapping quality (score < 10) were removed using Samtools view (version 1.9; setting:
-q 10) (Li et al., 2009), and reads mapping in regions with low coverage (<10x) were
discarded using Bedtools coverage (version 2.25.0; setting: -d) (Quinlan and Hall, 2010).
Self-corrected race 2 strain reads were mapped against the retained reference genome-
specific regions that are absent from the race 3 strains. Retained sequences shared
by the reference and every race 2 strain, while absent from every race 3 strain, were
retained as Av2 candidate regions.

The previously determined annotation of V. dahliae strain JR2 (Faino et al., 2015)
was used to extract genes when JR2 or TO22 were used as alignment references. To this
end, retained sequences shared by the TO22 reference assembly and race 2 strains,
absent from race 3 strains, were mapped against the JR2 genome assembly, and genes
in the shared sequences were extracted. The remaining sequences that did not map
to the V. dahliae strain JR2 genome assembly were annotated using Augustus (version
2.1.5; default settings; Stanke et al., 2006). SignalP software (version 4.0; Petersen et al.,
2011) was used to identify N-terminal signal peptides in predicted proteins.

Real-time PCR

To determine expression profiles of Av2 candidate genes during V. dahliae infection of
tomato, 2-week-old tomato (cv. Moneymaker) seedlings were inoculated with V. dahliae
strain JR2 or TO22, and stems were harvested up to 14 dpi. Furthermore, conidiospores
were harvested from 5-day-old PDA plates. Total RNA extraction and cDNA synthesis
were performed as previously described (Santhanam et al., 2013). Real time-PCR
was performed with primers listed in Table 3, using the V. dahliae glyceraldehyde-3-
phosphate dehydrogenase gene (GAPDH) as endogenous control. The PCR cycling
conditions were as follows: an initial 95°C denaturation step for 10 min followed by
denaturation for 15 s at 95°C, annealing for 30 s at 60°C, and extension at 72°C for 40
cycles.



Genome mining

In total, 44 previously sequenced V. dahliae strains and eight strains sequenced in
this study were mined for Av2 gene candidates using BLASTn. Gene sequences were
extracted using Bedtools (setting: getfasta) (Quinlan and Hall, 2010) and aligned to
determine allelic variation using Espript (version 3.0; default settings) (Robert and
Gouet, 2014). Similarly, amino acid sequences were aligned using Espript (Robert and
Gouet, 2014). To determine the genomic localization of XLOC_00170 and Evm_344, the
V. dahliae strain JR2 assembly and annotation were used (Faino et al., 2015) together
with coverage plots from reads of race 3 and race 2 strains as described in comparative
genomics approach IV (Table 2) using R scripts, with the package karyoploteR for R
(version 3.6) using kpPlotBAMCoverage function. The schematic representation of
the genomic region on chromosome 4 with XLOC_00170 and Evm_344 was generated
using Integrative Genomics Viewer (IGV) software v2.6.3 (Robinson et al., 2011) and R
package (version 3.6) Gviz (Hahne and Ivanek, 2016).

Phylogenetic tree construction

The phylogenetic tree of 52 V. dahliae strains was generated with Realphy (version 1.12)
(Bertels et al., 2014) using Bowtie2 (version 2.2.6) (Langmead and Salzberg, 2012) to
map genomic reads against the V. dahliae strain JR2 assembly. A maximum likelihood
phylogenetic tree was inferred using RAXML (version 8.2.8) (Stamatakis, 2014).

Presence—absence variation analysis

Presence—absence variation (PAV) was identified by using whole-genome alignments for
17 V. dahliae strains. Paired-end short reads were mapped to V. dahliae strain JR2 (Faino
et al., 2015) using BWA-mem with default settings (Li and Durbin, 2009). Long-reads
were mapped using minimap2 with default settings (Li, 2018). Using the Picard toolkit
(http://broadinstitute.github.io/picard/), library artefacts were marked and removed
with -MarkDuplicates followed by -SortSam to sort the reads. Raw read coverage was
averaged per 100 bp non-overlapping windows using the BEDtools -multicov function
(Quinlan and Hall, 2010). Next, we transformed the raw read coverage values to a
binary matrix by applying a cut-off of 10 reads for short-read data; > = 10 reads indicate
presence (1) and < 10 reads indicate absence (0) of the respective genomic region.
For long-read data a cut-off of 1 read was used; > = 1 read indicates presence (1) and
< 1 read indicates absence (0). The total number of PAV counts for each of the 100 bp
genomic windows within 100 kb upstream and downstream of the candidate effectors
was summarized.



Genetic complementation, deletion and functional analysis

For genomic complementation of race 3 strains GF-CB5 and HOMCF, a genomic
construct was generated comprising the coding sequence of XLOC_00170 or Evm_344
in vector pFBTO05 behind the VdAvel promoter, using primers CO-XLOC00170-F and
CO-XLOC00170-R for XLOC 00170 or CO-Evm344-F and CO-Evm344-R for Evm_344
(Table 3).

For genomic deletion of XLOC 00170 from JR2AAvel and race 2 strain TO22,
a genomic construct was generated comprising the flanking regions of XLOC 00170
in vector pRF-NU2 (for JR2AAvel) or pRF-HU2 (for strain TO22), using primers JR2-
XLOC170-LB-F, JR2-XLOC170-LB-R, JR2-XLOC170-RB-F and JR2-XLOC170-RB-R for strain
JR2, and primers TO22-XLOC170-LB-F, TO22-XLOC170-LB-R, TO22-XLOC170-RB-F and
TO22-XLOC170-RB-R for strain TO22 (Table 3).

Agrobacterium tumefaciens-mediated transformation (ATMT) was performed as
described previously (Okmen et al., 2013) with a few modifications. A. tumefaciens was
grown in 5 mL minimal medium (MM) supplemented with 50 pg m-1 kanamycin at 28°C
for 2 days. After subsequent centrifugation at 3000 g (5 min), cells were resuspended
in 5 ml induction medium (IM) supplemented with 50 ug m-1 kanamycin, adjusted
to OD600 0.15 and grown at 28°C for minimum 6 h until OD600 0.5. Simultaneously,
conidiospores of V. dahliae race 3 strains GF-CB5 and HOMCF were harvested
after 1 week of cultivation on PDA plates with water, rinsed, and adjusted to a final
concentration of 106 conidiospores mL-1. The A. tumefaciens suspension was mixed
with V. dahliae conidiosporesin a 1:1 volume ratio and 200 uL of the mixture was spread
onto PVDF membranes in the centre of IM agar plates. After 2 days at 22°C, membranes
were transferred to fresh PDA plates supplemented with 20 pug m-1 nourseothricin
and 200 pM cefotaxime and incubated at 22°C for two weeks until V. dahliae colonies
emerged. Transformants that appeared were transferred to fresh PDA supplemented
with 20 pug ml-1 nourseothricin and 200 uM cefotaxime. Successful transformation
was verified by PCR and DNA sequencing. V. dahliae inoculations were performed as
described previously (Fradin et al., 2009). Disease symptoms were scored 14 days after
inoculation by measuring the canopy area to calculate stunting when compared with
mock-inoculated plants. Outgrowth of V. dahliae from stem slices was assessed as
described previously (de Jonge et al., 2012). For biomass quantification, stems were
freeze-dried and ground to powder, of which ~100 mg was used for DNA isolation. Real-
time PCR was conducted with primers SIRUB-Fw and SIRUB-Rv for tomato RuBisCo and
primers ITS1-F and STVel-R for V. dahliae ITS (Table 3). Realtime PCR conditions were as
follows: an initial 95°C denaturation step for 10 min followed by denaturation for 15 s at
95°C and annealing for 30 s at 60°C, and extension at 72°C for 40 cycles.
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ABSTRACT

The soil-borne fungus Verticillium dahliae is a broad host-range pathogen that infects
hundreds of dicotyledonous crops worldwide to cause vascular wilt disease. Soil-borne
rose cultivation also suffers from Verticillium wilt. Although individual V. dahliae strains
generally have a broad host range, particular strains are pathogenic only on a narrow
range of hosts. Thus far, it has remained unclear how widespread the ability to infect
rose is among V. dahliae strains. Here, we show that, besides strains isolated from
rose, also a phylogenetically diverse panel of V. dahliae strains isolated from other host
species is capable to cause disease on rose plants, suggesting that pathogenicity on rose
is widely distributed throughout the V. dahliae population. Interestingly, while most
strains mainly induced stunting of infected rose plants, some strains also induced severe
defoliation. Subsequently, we confirmed that various previously described V. dahliae
effectors contribute to disease development on rose. Furthermore, we demonstrate
that defoliation, which is caused by some V. dahliae strains that belong to the so-called
defoliating pathotype, is caused by a recently identified effector that is responsible for
defoliation on cotton and olive. Finally, we show that individual V. dahliae strains cause
disease on rose based on divergent effector catalogues.



INTRODUCTION

Rose (Rosa spp.) is a worldwide cultivated ornamental crop with an economic value
estimated to exceed over $50 billion per year (Manikas et al., 2020). As any other
crop, rose is susceptible to a diversity of pathogens, including fungi, bacteria, viruses,
nematodes and phytoplasmas. These pathogens are all considered economically
relevant as they can directly affect ornamental value and crop yield (Debener et al.,
2014). Rose is typically a soil-based crop and is therefore also affected by soil-borne
pathogens, of which Verticillium dahliae, the causal agent of Verticillium wilt, is one of
the most important.

Verticillium dahliae is a soil-borne fungus with a broad host range that comprises
hundreds of dicotyledonous plant species, including numerous crops such as tomato,
potato, lettuce, olive, cotton and roses (Fradin and Thomma, 2006, Klosterman et
al., 2009). Although individual V. dahliae strains generally have a broad host range,
particular strains have been shown to be pathogenic on a few hosts only, while they are
non-pathogenic on other hosts. This is the case for strains isolated from peppermint,
cocoa, pepper and tobacco, for example (Christie, 1966; Horiuchi et al., 1990; Resende
et al., 1994). Isolates from a given host typically cause a range of symptoms in other
hosts, but symptoms are generally most severe on the host from which they were
originally isolated (Bhat and Subbarao, 1999). Thus far, it remained unknown whether
V. dahliae strains are generally pathogenic on rose, or whether pathogenicity on rose is
confined to particular strains only.

Verticillium wilt of roses was first observed in a local rose nursery in Ontario in
1928 (Madden, 1931). V. dahliae invades plants via the root system and subsequently
colonizes the water-conducting xylem vessels. The resulting disruption of water
transport ultimately leads to the characteristic symptoms of the disease. The main
symptoms on rose comprise wilting leaves at the tips of young canes and a yellowing of
the lower leaves. After a few days permanent wilting occurs, and the leaves generally
turn yellow and finally brown as they wither and die. Defoliation progresses from the
base of canes upward. Canes that show symptoms may continue to grow normally in
subsequent seasons, but they may also die back, and progressive dieback can even
result in death of entire plants. Vascular discoloration, common on other hosts, is not
usually evident in infected roses (Horst, 2007).

Molecular mechanisms underlying pathogenicity of V. dahliae have been studied
extensively, albeit on a limited range of host plants. It is generally accepted that
plant pathogens secrete dozens to hundreds of effectors into the apoplast or cytosol
of their host plants in order to mediate host colonization (Rovenich et al., 2014). In
the narrowest definition, effectors are defined as small, secreted proteins of <300
amino acids that are cysteine-rich and have tertiary structures that are stabilized by



disulfide bridges and that are secreted by pathogens to promote disease on plant
hosts (Duplessis et al., 2011; Gan et al., 2013; Stergiopoulos et al., 2013; Lo Presti et
al., 2015). However, also larger secreted proteins have been found to act as effectors,
such as several LysM effectors (Djamei et al., 2011; Kombrink and Thomma, 2013).
Furthermore, besides proteins also non-proteinaceous effectors have been described,
such as fungal secondary metabolites as well as small RNA (sRNA) molecules that are
delivered into host cells to suppress host immunity (Weiberg et al., 2014; Mapuranga
et al., 2022). Whereas it has been well established that effectors act in the suppression
of host immunity and other host-associated physiological processes, recent studies
have revealed additional functions of pathogen effector proteins in host colonization.
For example, it was recently demonstrated that V. dahliae secretes effector proteins to
modulate microbiome compositions inside the host plant, as well as outside the host, to
support host colonization (Snelders et al., 2020; 2021; 2022; 2023). Importantly, some
effectors may become recognized by cell surface- or cytoplasmic-localized host immune
receptors, in which case they are termed avirulence (Avr) effectors.

Presently, about a dozen of V. dahliae effector proteins have been functionally
characterized. The most intensively studied V. dahliae effector, Avel (avirulence on
Vel), was identified using comparative genomics and was found to act as an avirulence
factor on tomato. Avel is recognized by tomato plants carrying the resistance (R) gene
encoding Vel (de Jonge et al., 2012). Recently, Avel was shown to displays antimicrobial
activity and facilitate colonization of the host plants tomato and cotton through host
microbiome manipulation by suppressing antagonistic bacteria, such as members of the
Spingomonadaceae (Snelders et al., 2020). Recently, five alleles with high similarity to
Avel have been identified in the V. dahliae population that are named Avel-like (Avell1
to Avell5) (Snelders et al., 2021). While some of the V. dahliae strains do not carry any
Avell allele, other strains carry a single Avell allele in presence or absence of Avel.
Three of the five alleles carry premature stop codons and seem to be pseudogenes,
suggesting that allelic variation has occurred to evade host recognition. However,
none of the Avell allelic variants is recognized by Vel, and no other corresponding
immune receptors have been identified (Snelders et al., 2021). Like Avel, also Avell2
acts in host microbiome manipulation albeit likely with different specificity as Avell2
was demonstrated to act in the suppression of Actinomycetes (Snelders et al., 2021).
Besides Avel, V. dahliae was recently shown to carry a second avirulence gene named
avirulence on V2 (Av2) that encodes the avirulence effector that is recognized in tomato
plants carrying the V2 resistance locus (Chavarro-Carrero et al., 2021). Thus far, no
virulence function has been assigned to Av2.

Besides avirulence effectors, also a number of virulence effectors has been
identified. Members of the well-described family of chitin-binding lysin motif (LysM)



effectors are found in V. dahliae as well, albeit that only one member in a single V.
dahliae strain was found to be expressed in planta and contribute to virulence on tomato
and not on A. thaliana or N. benthamiana (de Jonge et al., 2013; Kombrink et al., 2017).
This effector, Vd2LysM, was shown to suppress chitin-triggered immunity and protect
fungal hyphae against hydrolysis by plant chitinases (Kombrink et al., 2017). Members
of the family of necrosis- and ethylene-inducing-like proteins (NLPs) were identified in
V. dahliae as well. Out of seven NLPs, only two were shown to induce plant cell death
and promote virulence on tomato and on A. thaliana plants (Santhanam et al., 2013).

Recently, in our laboratory, based on comparative genomics several effectors
were revealed that are required for pathogenicity or virulence on particular host plants.
In this manner, an effector that is required for induction of defoliation on cotton plants
was identified, termed the D effector (Li, 2019). In the same fashion, an effector that is
required for pathogenicity on tomato was identified, called TOM (Li, 2019), as well as
two other effectors that are required for full virulence on tomato (de Jonge et al., 2013).
Finally, an effector that is required for virulence on sunflower was identified, named
SUN (Li, 2019).

Besides effectors, other virulence factors that include transcriptional regulators
such as an ortholog of the Fusarium oxysporum transcriptional regulator Sgel named
VdSgel (Santhanam and Thomma, 2013), and the transcription activator of adhesion
Vta2 (Tranetal., 2014) have beenidentified. Furthermore, the V. dahliae isochorismatase
(VdlIscl) that converts isochorismate, a precursor of salicylate, to 2,3-dihydro-2,3-
dihydroxybenzoate (DDHB) and pyruvate (Liu et al., 2014), and a putative nucleotide-
rhamnose synthase/epimerase-reductase (NRS/ER) that is involved in the biosynthesis
of the nucleotide sugar deoxy-thymidine diphosphate rhamnose (Santhanam et al.,
2017), were identified as virulence factors.

Typically, the role of effectors of V. dahliae is described on a single to a few hosts
only, but from these studies it has become clear that single effectors may differentially
acton diverse plant hosts (de Jonge et al., 2012; 2013; Santhanam et al., 2013; Kombrink
et al., 2017; Li, 2019). Thus far, no V. dahliae effectors have been characterized with
respect to their contribution to virulence on rose plants. In the current study, we tested
known V. dahliae effectors for involvement in Verticillium wilt disease development on
roses.



RESULTS
Phylogenetically diverse Verticillium dahliae strains cause disease on rose plants

To assess pathogenicity of V. dahliae on rose, we assembled a selection of V. dahliae
strains (Table 1). First, V. dahliae strains were selected that were isolated from infected
rose plantsin Mexico and in the Netherlands. Furthermore, we selected phylogenetically
divergent V. dahliae strains based on previously performed genome sequencing efforts
(Chavarro-Carrero et al., 2021). Subsequently, all selected strains were inoculated on
the most commonly use rose rootstock cv. Natal briar.

Table 1. Verticillium dahliae strains used in this study.

Strain Isolated from Country Reference
Vi Rose Mexico This study
V13 Rose Mexico This study
Vmx Rose Mexico This study
11V Rose Mexico This study
EU7 Rose the Netherlands This study
EU35 Rose the Netherlands This study
CBS385.49 Rose the Netherlands This study
CBS809.97 Rose the Netherlands This study
JR2 Tomato Canada Fradin et al., 2009
VdLs17 Lettuce USA Klosterman et al., 2011
DVDS26 Soil Canada de Jonge et al., 2012
85S Sunflower France Depotter et al., 2019
cQ2 Cotton China Depotter et al., 2019
ST100 Soil Belgium de Jonge et al., 2012

Four weeks after inoculation all V. dahliae strains that were originally isolated
from rose plants caused significant stunting on the rose rootstock cv. Natal briar
(Figure 1a, b). Interestingly, isolate 11V additionally caused defoliation of the plants and
appeared considerably more aggressive than the other strains that were isolated from
rose (Figure 1a).

The strains that were not originally isolated from roses, but that were chosen
based on their phylogenetic diversity (Chavarro-Carrero et al., 2021), also caused
significant stunting on the rose rootstock cv. Natal briar, in a similar fashion as the



strains that were originally isolated from rose plants (Figure 1c, d). Like strain 11V, also
the strains CQ2 and ST100 induced defoliation of the rose plants. Intriguingly, these
latter two strains are known as strains that belong to the “defoliation pathotype” on
cotton and on olive plants (Schnathorst and Mathre et al., 1966; Schnathorst, 1969),
which suggests that rose isolate 11V belongs to this pathotype as well. Collectively,
these findings suggest that pathogenicity of V. dahliae on rose is widely distributed
throughout the population, and that variation in aggressiveness on rose occurs among
V. dahliae strains.
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Figure 1. Phylogenetically diverse Verticillium dahliae strains cause disease on rose plants. (a)
Plants of the rose rootstock cv. Natal briar inoculated with V. dahliae strains V1, V13, Vmx and
11V from Mexico, and with strains CBS385.49, CBS809.97, EU7 and EU35 from the Netherlands,
which were all originally isolated from roses, at 28 days post inoculation (dpi). (b) Quantification
of the degree of stunting of rose rootstock cv. Natal briar plants (n=10) inoculated with V. dahliae
strains detailed in panel (a) relative to mock-inoculated plants. (c) Plants of the rose rootstock
cv. Natal briar inoculated with V. dahliae strains JR2, VdLs17, DVDS26, 85S, CQ2 and ST100 at 28
dpi. (d) Quantification of the degree of stunting of rose rootstock cv. Natal briar plants inoculated
with V. dahliae strains detailed in panel (c) relative to mock-inoculated plants.

Verticillium dahliae strains isolated from roses belong to different V. dahliae sub-
populations

In this study, we determined the genomic sequences of the strains that were isolated
from rose with Oxford Nanopore sequencing Technology (ONT) using a MinlON device
(Table 2). For each strain, we produced 1-2 Gb of sequence data, corresponding to
25-40x genome coverage based on the ~35 Mb gapless reference genome of V.
dahliae strain JR2 (Faino et al., 2015). Subsequently, read correction and trimming
were performed, followed by genome assembly, leading to assemblies ranging from 21
contigs for strain CBS385.49 to 312 for strain EU7 (Table 2). Subsequently, a phylogenetic
tree was constructed that combines the newly sequenced V. dahliae strains with 52
strains that were previously sequenced in other studies (de Jonge et al., 2012; Faino
et al.,2015; Fan et al., 2018; Gibriel et al., 2019; Chavarro-Carrero et al., 2021). We
previously noted that the 52 previously sequenced V. dahliae strains grouped in three
major clades (Chavarro-Carrero et al., 2021). Interestingly, we found that the eight V.
dahliae strains that were isolated from rose do not group in a single clade but instead
are distributed over these three groups (Figure 2).Notably, the genome of isolate 11V
is closely related to that of the strains that belong to the defoliating pathotype, which
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could be expected based on the defoliation phenotype that is displayed by this strain
on rose plants (Figure 1), yet the genome sequence also suggests slight divergence from
this clade (Figure 2). Collectively, our findings further confirm that pathogenicity on

rose is widely distributed throughout the V. dahliae population.
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Figure 2. Phylogenetic tree of sequenced V. dahliae strains with the presence-absence variation
of 13 previously characterized effector genes. Strains sequenced in the present study (Table 3)
are shown in bold. Phylogenetic relationships between V. dahliae strains were inferred using
Realphy (Langmead and Salzberg, 2021), and branch length represents sequence divergence.

Various V. dahliae effectors contribute to Verticillium wilt disease on rose

As apparently a wide diversity of V. dahliae strains is able to cause disease on rose,
we assessed whether a set of previously characterized V. dahliae effectors can be
implicated in Verticillium wilt disease development. To this end, a panel of 13 previously
characterized effectors was selected (Table 2) and pathogenicity assays were performed
on the rose rootstock cv. Natal Briar using previously generated targeted deletion lines
for each of these effectors (de Jonge et al., 2012, 2013; Santhanam et al., 2013, 2017;
Boshoven, 2017; Li, 2019) . The effectors concern the race 1-specific avirulence effector
Avel (de Jonge et al., 2012) as well as the race 2-specific effector Av2 (Chavarro-
Carrero et al., 2021), the LysM effector Vd2LysM (Kombrink et al., 2017), the necrosis-
and ethylene-inducing-like protein toxins (NLP) 1 and 2 (Santhanam et al., 2013), the
virulence effectors XLOC_009059 and XLOC_008951 (de Jonge et al., 2013), the Avel
homologues Avel-like 2 (Avell2) and 5 (Snelders et al., 2023) and the TOM and SUN
virulence factors that are required for infection on tomato and sunflower, respectively
(Li, 2019). Finally, a rhamnose synthase deletion strain was included as well (Santhanam
et al., 2017).

Four weeks after inoculation, all wild-type (WT) V. dahliae strains caused stunt-
ing on the rose rootstock cv. Natal briar (Figure 3a, b). Intriguingly, all effector gene
deletion lines caused reduced stunting on the rose rootstock cv. Natal briar when com-
pared with their corresponding WT strain (P<0.01) (Figure 3a, b), except for ANEP2 for
which the level of stunting was similar to the wild-type JR2. All phenotypic observations
correlated with quantifications of fungal biomass with real-time PCR (Figure 3c), as bi-
omass levels were reduced for the effector deletion lines when compared with their
respective wild-type lines, except for the NEP2 deletion line (P<0.01) (Figure 3c). This
finding suggests that all effectors tested, except for NEP2, contribute to disease devel-
opment on rose plants.

We previously determined that NEP2 is differentially expressed by V. dahliae
during colonization on different plant hosts (Santhanam et al., 2013), leading to the
hypothesis that this effector gene may not be expressed on rose as well. To test this
hypothesis, NEP2 expression was monitored in V. dahliae strain JR2 during colonization
of rose in a time course from 0 to 28 dpi. Indeed, we found that NEP2 was not expressed
under these conditions (Figure S1), explaining why no virulence phenotype was ob-
served upon deletion of this effector gene.



Natal briar

Natal briar

[

' 4[4
ol $l—
H 2 ¥
* .ul\-., .,- -
: Wt .
Pl g
: AT
7
1 o bl
1 5 s A e
: b b
¥ : .Tuwfbrl..
., -ocf-.-!-...s .
: . P
t .|TMT
: B T L .
e g
e ® 8 g &
-

(%) Bunnums

=

*x

-

s

ok

=

Ty

*

=

Sl

e iee Flat]

S
i
(10pp-2) SSRWOIQ [RBUNY

10%+




Figure 3. Various effectors from Verticillium dahliae contribute to disease development on
rose plants. (a) Plants of the rose rootstock cv. Natal briar inoculated with wilt type (WT) V.
dahliae strains JR2, CQ2, 85S, ST100, DVDS26, VdLs17, TO22 and GFCBS5, and deletion lines for 13
previously characterized effector genes at 28 days post inoculation (dpi). (b) Quantification of the
degree of stunting of rose rootstock cv. Natal briar plants (n=10) inoculated with V. dahliae strains
detailed in panel (a) relative to mock-inoculated plants (c) Quantification of fungal biomass with
real-time PCR of the various V. dahliage genotypes on rose rootstock cv. Natal briar. Asterisks
indicate significant differences between V. dahliae WT strains and deletion lines as determined
with an ANOVA followed by a Fisher’s LSD test (P<0.01).

The D effector contributes to defoliation on rose plants

As mentioned above, besides stunting, the Mexican strain 11V induced defoliation of
rose plants in a similar fashion as the strains CQ2 or ST100 that belong to the D patho-
type (Figure 1). This finding suggests that strain 11V belongs to the defoliating patho-
type, which is basically composed of a clonal collection of V. dahliae isolates (Li, 2019)
(Figure 2). However, the phylogenetic analysis based on whole-genome sequencing re-
vealed that the genome of isolate 11V is closely related to that of the strains that belong
to the defoliating pathotype, yet not identical (Figure 2). We recently identified an ef-
fector that is responsible for defoliation symptoms caused by strains that belong to the
D pathotype (Li, 2019). To test whether this effector is responsible for the defoliation on
roses, previously generated D effector deletion lines in the CQ2 wild-type strain that be-
longs to the D pathotype were inoculated on rose rootstock cv. Natal briar. Four weeks
after inoculation, plants inoculated with the CQ2 WT strain showed total defoliation of
the main stem, while the D effector gene deletion lines did not cause defoliation (Fig-
ure 4), suggesting that the D effector is responsible for defoliation symptoms on rose.
Based on the genome assembly, we determined that the I1V strain, like the CQ2 strain
(Li, 2019), contains two copies of the D effector gene. Next, D effector deletion lines
were generated in strain I1V and inoculated on rose. Similar to plants inoculated with
D gene deletion lines of strain CQ2, D gene deletion lines of strain 11V no longer caused
defoliation (Figure 4). Moreover, the deletion lines of CQ2 as well as of 11V caused only
a mild degree of stunting when compared with mock-inoculated plants, which is also
reflected by the amount of fungal biomass that accumulated in the rose plants (Figure
4). These findings suggest that the D effector is not only responsible for causing defolia-
tion symptoms on rose plants, but also suggests that the D effector is a major virulence
factor of V. dahliae strains of the D pathotype as well as of strain I1V.
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Figure 4. Effector D is involved in defoliation on rose. (a) Plants of the rose rootstock cv. Natal
briar inoculated with wild type (WT) strains JR2, CQ2 and 11V, and D effector gene deletion lines
at 28 days post inoculation (dpi). (b) Quantification of the degree of stunting of rose rootstock
cv. Natal briar plants inoculated with V. dahlige strains detailed in panel (a) relative to mock-
inoculated plants (n=10) (c) Quantification of fungal biomass of the various V. dahliae genotypes
on rose rootstock cv. Natal briar with real-time PCR. Asterisks indicate significant differences
between V. dahliage 11V WT strain and the D effector gene deletion lines as determined with an
ANOVA followed by a Fisher’s LSD test (P<0.01).



V. dahliae strains isolated from rose display divergent effector catalogues

As a suite of effectors was shown to be able to contribute to disease development on
rose plants, we assessed presence-absence variation (PAV) of the 13 effector genes (Ta-
ble 2) in the eight newly sequenced and the 52 previously sequenced V. dahlige strains
(Figure 2) (de Jonge et al., 2012; Faino et al., 2015; Fan et al., 2018; Gibriel et al., 2019;
Chavarro-Carrero et al., 2021). It is not surprising that the V. dahliae isolates that were
isolated from rose and that group together carry the same set of effector genes (Figure
2). However, whereas the Dutch strains contain the smallest selection of the 13 effector
genes, namely only NEP1, NEP2 and VANRS/ER, the Mexican strains V1, Vmx and V13
additionally carry TOM and XLOC_0090589. Instead of these latter two effector genes,
the divergent Mexican strain 11V carries Avell5 and D (Figure 2). Thus, we conclude
that different V. dahliae strains can cause disease on rose plants based on differential
effector catalogues.



DISCUSSION

Traditionally, rose cultivation worldwide has been performed based on soil-based
cropping systems. However, such soil-based cropping systems are associated with
various challenges, including the occurrence of soil-borne diseases. Pathogenic soil-
borne fungi such as Rosellinia necatrix, Fusarium oxysporum, Rhizoctonia solani and
Verticillium dahliae represent a major threat for soil-based rose cultivation (Madden,
1931; Bolton, 1982; Barguil et al., 2009; Garcia-Velasco et al., 2012). In our study, we
show that V. dahliae strains that were isolated from rose, either in the Netherlands or
from Mexico, behave quite similar on rose in controlled greenhouse assays. Moreover,
reference strains that were chosen based on their phylogenetic position within a tree
of the V. dahliae species showed similar symptomatology, demonstrating that rose
pathogenicity is widespread within the species.

V. dahliae is one of the most important soil-borne pathogens worldwide, with a
host range that comprises over 400 host species (Farrand Rossman, 2021). Nevertheless,
individual V. dahliae strains can display divergent host ranges (Green, 1951; Schnathorst
and Mathre, 1966; Horiuchi et a., 1990, Bhat and Subbarao, 1999; de Jonge et al., 2012;
Song et al., 2017). Previous studies have shown that V. dahliae isolates from tomato and
radish are not capable to cause disease on peppermint plants (Green, 1951). Similarly,
cotton isolates did not produce wilt symptoms in cowpea, muskmelon, and watermelon,
while they are differentially pathogenic on cotton, tomato, safflower, and snapdragon
(Schnathorst and Mathre, 1966). Furthermore, specificity of V. dahliae strains has been
shown on tomato, eggplant, bell pepper, as well as on cruciferous plants (Horiuchi et al.,
1990). In addition, it has been shown that V. dahliae isolated from bell pepper, cabbage,
cauliflower, cotton, egg-plant, and mint exhibited host specificity, whereas isolates
from artichoke, lettuce, potato, strawberry, tomato, and watermelon are capable to
cause disease on different hosts (Bhat and Subbarao, 1999). Recently, V. dahliae strain
JR2, which was originally isolated from tomato, has been shown to be pathogenic on
Arabidopsis (de Jonge et al., 2012), but not on Nicotiana tabacum (Song et al., 2017).
Interestingly, in the present study we showed that the V. dahliae strain JR2 isolated from
tomato, VdLs17 from lettuce, DVDS26 from soil, 85S from sunflower, CQ2 from cotton,
and ST100 from soil are all capable to cause disease on rose plants with differential
degrees of aggressiveness. Interestingly, whereas all strains were capable to cause
stunting on roses, only few caused defoliation, namely CQ2 isolated from cotton, ST100
from soil, and 11V isolated from rose plants.

In the 1960s, two pathotypes were described for isolates of V. dahliae from
cotton based on whether or not they induced severe defoliation; the defoliating (D)
and the non-defoliating (ND) pathotype (Schnathorst and Mathre, 1966). Intriguingly,
the induction of defoliation by D pathotype strains is only observed on particular plant



species, including cotton, okra, and olive, with isolates from cotton and olive showing
cross virulence (Schnathorst and Mathre, 1966; Schnathorst and Sibbett, 1971;
Rodriguez-Jurado et al., 1993). Intriguingly, for example, the D pathotype T-1 strain of
V. dahliae (also known as T9) was reported to cause defoliation on okra and on cotton,
while it was highly virulent yet non-defoliating on celery and safflower, mildly virulent on
tomato, and non-pathogenic on cowpea, muskmelon, and watermelon (Schnathorst and
Mathre, 1966). Similar observations have been made in other studies as well (Jimenez-
Diaz et al., 2012). Interestingly, our results suggest that differential symptomatology,
involving non-defoliation versus defoliation, occurs on rose as well. Moreover, our
findings suggest that that defoliation on rose is caused by strains that belong to the so-
called D pathotype on cotton and olive, and thus that cross virulence occurs among all
these plant species. This notion is furthermore supported by the observation that the
11V strain that causes defoliation is closely related to other, previously characterized,
strains of the D pathotype, and furthermore contains the gene encoding the D effector.
This gene was recently shown to be responsible for the defoliation pathotype on cotton
(Li, 2019). Interestingly, deletion of the gene encoding the D effector from the 11V
strain results in loss of the defoliation phenotype on rose, and a concomitant decline
in virulence, suggesting that the gene encoding the D effector is responsible for the
defoliation phenotype on rose as well.

V. dahliae is considered a broad host-range pathogen, and thus it is unclear to
what extent co-evolution of the pathogen with multiple hosts occurs simultaneously,
and what implications this has for the effector repertoires of individual strains. Thus far,
multiple V. dahliae effectors have been functionally characterized in our laboratory (de
Jonge etal., 2012, 2013; Santhanam et al., 2013; 2017; Boshoven, 2017; Li, 2019). These
studies have shown that a suite of effectors can contribute to disease development
on tomato as well as on other plant species. Moreover, given that many of these
studies have revealed virulence phenotypes based on targeted deletion of individual
effector genes, it can be concluded that functional redundancy does not play a major
role among the characterized effectors. This finding appears to apply to rose infection
too, as most of the effectors tested contribute to V. dahliae virulence on rose as well.
Combined with our finding that different strains that infect rose plants carry divergent
effector catalogs, this finding suggests that compatibility on rose can be established in
various ways and by targeting divergent molecular processes. Collectively, our findings
suggest that pathogenicity of V. dahliae on rose depends on the targeting of molecular
processes that are relevant for causing disease on other plant species as well, and thus
that little host-specific adaptation is required.



MATERIALS AND METHODS
V. dahliae inoculations on rose cuttings

Rose rootstock cv. Natal briar plants were grown in potting soil (Potgrond 4, Horticoop,
Katwijk, the Netherlands) under controlled greenhouse conditions (Unifarm,
Wageningen, the Netherlands) with day/night temperature of 24/18°C for 16-h/8-h
periods, respectively, and relativity humidity between 50 and 85%. Two-month-old
plants were pruned and the cuttings were subsequently cut in 4 cm sections containing
at least one meristem. Subsequently, the stem cuttings were rooted by dipping in 10%
indole-3-butyric acid and placement on soil for one week in the dark. Finally, rooted
cuttings were placed under the day/night regime as detailed above.

For V. dahliae inoculation, ten 30-day-old cuttings were root-dipped in a
conidiospore suspension for 10 min as described previously (Fradin et al., 2009). Disease
symptoms were scored at 28 days post inoculation (dpi) by measuring the height of the
plant to calculate stunting as follows:
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] canopy area V.dahliae — inoculated plants
stunting = (1 — - )
average canopy area of mock — inoculated plants
To test for significant stunting, an ANOVA was performed which tests for
significant differences in height between mock-inoculated and V. dahliae-inoculated
plants.

Testing the contribution of V. dahliae effectors to disease development on rose

V. dahliae inoculations were performed as described above on rose rootstock cv. Natal
briar. Thirteen previously described effectors (Table 2) were tested using previously
generated targeted deletion lines (de Jonge et al., 2012, 2013; Santhanam et al.,
2013, 2017; Boshoven, 2017; Li, 2019). At 28 days post inoculation (dpi) stunting was
measured as described above. For biomass quantification, rose stems were freeze-dried
and ground to powder of which 100 mg was used for DNA isolation. Real-time PCR was
conducted with primers RoRUB-Fw and RoRUB-Rv for rose RuBisCo and primers ITS1-F
and STVel-R for V. dahliae ITS (Table 4). Real-time PCR conditions were as follows: an
initial 95°C denaturation step for 10 min followed by denaturation for 15 s at 95°C and
annealing for 30 s at 60°C, and extension at 72°C for 40 cycles.



Table 3. Verticillium dahliae effectors analysed in this study.

Primer name Oligonucleotide sequence (5'-3’) Usage
RoRUB-Fw GCTGCGGAATCTTCTACTGG gPCR
RoRUB-Rv GGTAGCATCGCCCTTTGTAA gPCR
ITS1-F AAAGTTTTAATGGTTCGCTAAGA gPCR
STVel-R CTTGGTCATTTAGAGGAAGTAA gPCR
VdAvel-F AGCTTTCTACGCTTGGA gPCR
VdAvel-R TTGGCTGGGATTGCT gPCR
VJGAPDH-F CGAGTCCACTGGTGTCTTCA gPCR
VdGAPDH-R CCCTCAACGATGGTGAACTT gPCR
gPCR-NLP1-F CTGCAAGGAAACCAGCAAG gPCR
gPCR-NLP1-R GTTTGCGTTGTTCGAGTTGA gPCR
gPCR-NLP2-F GCTCAAGTTCAAGCCGTACC gPCR
gPCR-NLP2-R GTACAGAAACAAATCGCGGC gPCR
I1V-D-LB-Fw GGTCTTAAUAATCCCATAAAAGCGCTGAA Deletion
I1V-D-LB-Rv GGCATTAAUCTGTCGTTTGCTCAGTTGGA Deletion
I1V-D-RB-Fw GGACTTAAUGATGGTAGGGGGAAGGAGAG Deletion
I1V-D-RB-Rv GGGTTTAAUGCACCATGCATAAAACGATG Deletion

Testing the contribution of D effector to defoliation on rose

Targeted deletion of the D effector gene was performed by deleting two identical copies
of the D gene. To this end, a genomic construct was generated comprising the flanking
regions of the D gene in vector pRF-HU2 for strain 11V, using primers 11V-D-LB-Fw, 11V-
D-LB-Rv, 11V-D-RB-Fw and I1V-D-RB-Rv (Table 4). Next, Agrobacterium tumefaciens-
mediated transformation (ATMT) was performed as described previously (Okmen et al.,
2013) with a few modifications as reported previously (Chavarro-Carrero et al., 2021).
Successful deletion was verified by PCR and DNA sequencing. Subsequent V. dahliae
inoculations using strains JR2, CQ2, and 11V as well as the targeted deletion lines were
performed as described above. At 28 days post inoculation (dpi) stunting was measured
and biomass was quantified as described above.

Nanopore sequencing

Conidiospores were harvested from potato dextrose agar (PDA) plates, transferred to
1/5 potato dextrose broth (PDB) and grown for ten days. Subsequently, fungal material



was collected on Miracloth, freeze-dried overnight and ground to powder with mortar
and pestle. High molecular weight (HMW) DNA extraction was performed as described
previously (Chavarro-Carrero et. al., 2021).

Library preparation was performed with the Rapid Sequencing Kit (SQK-RADO004)
according to the manufacturer’s instructions (Oxford Nanopore Technologies, Oxford,
UK) with 400 ng HMW DNA. An R9.4.1 flow cell (Oxford Nanopore Technologies, Oxford,
UK) was loaded and run for 24 h. Base calling was performed using Guppy (version
3.1.5; Oxford Nanopore Technologies, Oxford, UK) with the high-accuracy base-calling
algorithm. Adapter sequences were removed using Porechop (version 0.2.4 with default
settings; Wick, 2018). Finally, the reads were self-corrected, trimmed, and assembled
using Canu (Version 1.8; Koren et al., 2017).

Phylogenetic tree construction and presence-absence variation analysis

The phylogenetic tree of the different V. dahliae strains was generated as previously
described (Chavarro-Carrero et al., 2021). Presence-absence variation (PAV) was
assessed by BLAST sequence searches for each effector gene against all V. dahlige
strains (60) and further confirmation was obtained through whole-genome alignments
as described previously (Chavarro-Carrero et al., 2021). Briefly, paired-end short reads
or long-reads were mapped to the V. dahliae strain for which the effector gene was
described (Table 3) using BWA-mem with default settings (Li and Durbin, 2009). Raw
read coverage was averaged for 100 bp non-overlapping windows using the BEDtools
-multicov function (Quinlan and Hall, 2010). Next, we transformed the raw read
coverage values to a binary matrix by applying a cut-off of 10 reads for short-read data;
> =10 reads indicate presence (1) and < 10 reads indicate absence (0) of the respective
genomic region. For long-read data a cut-off of 1 read was used; > =1 read indicates
presence (1) and <1 read indicates absence (0). The total number of PAV counts for
each of the 100 bp genomic windows within 100 kb upstream and downstream of the
effector genes was summarized.
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ABSTRACT

Rosellinia necatrix is a prevalent soil-borne plant-pathogenic fungus that is the causal
agent of white root rot disease in a broad range of host plants. The limited availability
of genomic resources for R. necatrix has complicated a thorough understanding of its
infection biology. Here, we sequenced nine R. necatrix strains with Oxford Nanopore
sequencing technology, and with DNA proximity ligation we generated a gapless
assembly of one of the genomes into ten chromosomes. Whereas many filamentous
pathogens display a so-called two-speed genome with more dynamic and more
conserved compartments, the R. necatrix genome does not display such genome
compartmentalization. It has recently been proposed that fungal plant pathogens
may employ effectors with antimicrobial activity to manipulate the host microbiota to
promote infection. In the predicted secretome of R. necatrix, 26 putative antimicrobial
effector proteins were identified, nine of which are expressed during plant colonization.
Two of the candidates were tested, both of which were found to possess selective
antimicrobial activity. Intriguingly, some of the inhibited bacteria are antagonists of
R. necatrix growth in vitro and can alleviate R. necatrix infection on cotton plants.
Collectively, our data show that R. necatrix encodes antimicrobials that are expressed
during host colonization and that may contribute to modulation of host-associated
microbiota to stimulate disease development.



INTRODUCTION

Rosellinia necatrix is a prevalent soil-borne plant-pathogenic fungus that is found in
temperate and tropical areas worldwide (Sivanesan and Holliday, 1972). As causal
agent of white root rot disease, R. necatrix has a broad host range comprising at least
170 species of dicotyledonous angiosperms that are dispersed over 63 genera and 30
families (Sztejnberg and Madar, 1980). Many of these species are of great economic
importance, such as Coffea spp. (coffee), Malus spp. (apple), Olea europea L. (olive),
Persea americana Mill. (avocado), Prunus spp. (peaches, almonds, etc.), Vitis vinifera L.
(grape) (Eguchi et al., 2009) and Rosa sp. (rose) (Garcia-Velasco et al., 2012).

Plants infected by R. necatrix usually display two types of symptoms. The first
type is displayed below-ground on the root system, where white and black colonies
of mycelium can occur on the surface of infected roots. As the fungus penetrates and
colonizes the root tissue, the roots acquire a dark brown color (Guillaumin et al., 1982).
The second type of symptom occurs above-ground. These symptoms can develop
rapidly as a consequence of the damaged root system and comprise wilting of leaves,
typically after a period of drought or physiological stress, which affects plant vigor and
eventually can lead to plant death. Symptoms of R. necatrix infection can also appear
slowly, leading to a decline in growth, decreasing leaf numbers, along with wilting of
leaves, chlorosis, and death of twigs and branches. On perennials these symptoms
aggravate over time, and when moisture and temperature are unfavorable, the plant
eventually dies (Guillaumin et al., 1982).

Various studies have addressed the biology of R. necatrix (Pérez-Jiménez et
al., 2002; Pliego et al., 2009). Nevertheless, the molecular mechanisms underlying
pathogenicity of R. necatrix remain largely unexplored, mainly because the limited
availability of genomic resources to date complicates investigations into the molecular
biology of R. necatrix infections. Until recently, only a single Illumina technology short-
read sequencing-based R. necatrix draft genome assembly was generated of strain
W97 that was isolated from apple in Japan (Shimizu et al., 2018). This 44 Mb genome
assembly is highly fragmented as it comprises 1,209 contigs with 12,444 predicted
protein-coding genes (Shimizu et al., 2018). Recently, another assembly was released of
a South-African strain (CMW50482) that was isolated from avocado, yet this assembly
is even more fragmented with 1,362 contigs (Wingfield et al., 2022).

It is generally accepted that plant pathogens secrete dozens to hundreds of
so-called effectors into their host plants to stimulate host colonization (Rovenich et
al., 2014; Wilson and McDowell, 2022). Effectors can be defined as small, secreted
proteins of <300 amino acids that are cysteine-rich and have tertiary structures that are
stabilized by disulfide bridges and that are secreted by pathogens to promote disease
on plant hosts (Duplessis et al., 2011; Gan et al., 2013; Stergiopoulos et al., 2013; Lo



Presti et al., 2015). However, also larger secreted proteins have been found to act as
effectors, such as several LysM effectors (Djamei et al., 2011; Kombrink and Thomma,
2013). Furthermore, also non-proteinaceous effectors have been described, such as
fungal secondary metabolites as well as small RNA (sRNA) molecules that are delivered
into host cells to suppress host immunity (Weiberg et al., 2014). Many effectors have
been shown to act in suppression of host immune responses (Rovenich et al., 2014).
However, recent studies have uncovered additional functions of pathogen effector
proteins in host colonization (Wilson and McDowell, 2022). For example, the soil-
borne pathogen Verticillium dahliae secretes effector proteins to modulate microbiota
compositions inside the host plant as well as outside the host in the soil to support
host colonization (Snelders et al., 2020; 2021; 2022; 2023). One of them is the effector
protein VdAvel that was shown to display selective antimicrobial activity and facilitate
colonization of tomato and cotton plants through host microbiota manipulation
by suppressing antagonistic bacteria, such as members of the Spingomonadaceae
(Snelders et al., 2020). Besides VdAvel, ten additional potentially antimicrobial effector
protein candidates were predicted by mining the V. dahliae secretome for structural
homologues of known antimicrobial proteins (AMPs) (Snelders et al., 2020). One of
these candidates, VdAAMP2, was subsequently found to contribute to V. dahliae survival
in soil through its efficacy in microbial competition (Snelders et al., 2020). Another
candidate, VAAMP3, was shown to promote microsclerotia formation in decaying host
tissue through its antifungal activity directed against fungal niche competitors (Snelders
et al., 2021). Most recently, a multiallelic gene homologous to VdAvel was identified as
VdAvel-like (VdAvell) of which the VdAvell2 variant was shown to encode an effector
that promotes tomato colonization through suppression of antagonistic Actinobacteria
in the host microbiota (Snelders et al., 2023). These findings have led to the hypothesis
that microbiota manipulation is a general virulence strategy of plant pathogens to
promote host colonization (Snelders et al., 2022). However, thus far evidence for such
activity has been lacking for other fungal plant pathogens.

Similar to V. dahliae, also R. necatrix is a soil-borne pathogen that spends at least
part of its life cycle in the soil, known to be an extremely competitive and microbe-rich
environment (Smercina et al., 2021). In the present study, we aimed to generate a high-
quality genome assembly to mine the R. necatrix genome for potential antimicrobial
proteins that are exploited during host colonization and test the hypothesis that other
pathogenic fungi besides V. dahliae exploit effector proteins with antimicrobial activity
during host colonization as well.



RESULTS
A chromosome-level assembly of Rosellinia necatrix strain R18

Thus far, two fragmented R. necatrix draft genome assemblies that comprise over 1,200
contigs are publicly available (Shimizu et al., 2018; Wingfield et al., 2022). To generate
additional and more contiguous R. necatrix genome assemblies, we sequenced nine
strains of R. necatrix that were collected from rose and avocado in Mexico and Spain,
respectively, with Oxford Nanopore sequencing technology (ONT). This resulted in
genome assemblies of 28 (for strain R18) to 399 (for strain CH12) contigs (Table 1).
The most contiguous assembly was obtained for strain R18, isolated from infected rose
plants in Mexico.

To further improve the genome assembly of strain R18, additional ONT sequencing
was performed using ultra HMW (UHMW) DNA as template. Additionally, chromosome
conformation capture (Hi-C) followed by high-throughput sequencing was performed
(Burton et al., 2013; Varoquaux et al., 2015). Based on these orthogonal sequencing
data, we ultimately assembled the R18 genome into 11 contigs (Table 1). Using Tapestry
(Davey et al., 2020) twenty telomeric regions ([TTAGGG]n) were identified (Figure
1A), and ten of the 11 contigs were found to contain telomeric regions at both ends,
suggesting that these represent completely assembled chromosomes, which could be
confirmed by Hi-C analysis (Figure 1B). The 11th, and smallest, contig contained no
telomeric regions, displayed a markedly higher coverage (read depth) (Figure 1B), and
BLAST analysis revealed hits to fungal mitochondrial genomes, showing that this contig
belongs to the mitochondrial genome. Accordingly, no mitochondrial genes could be
found on any of the ten chromosomal contigs. Thus, we conclude that our assembly
contains ten complete chromosomes that compose the nuclear genome, and an 11th
contig that composes the mitochondrial genome, and thus that we generated a gapless,
telomere-to-telomere, genome assembly. To measure the completeness of the genome
assembly, we used BUSCO v4 with the Ascomycota dataset (Simao et al., 2015), which
resulted in a completeness score of 97%.
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Figure 1. Genome assembly of Rosellinia necatrix strain R18. (A) Genome assembly plot
generated with Tapestry (Davey et al., 2020). Green bars indicate contig sizes with the color
intensity correlating with read coverage, while red bars indicate telomeres with the color intensity
correlating with the number of telomeric repeats. Contig 11 lacks telomeres and represents
the mitochondrial genome. (B) Hi-C contact matrix showing interaction frequencies between
regions in the genome of Rosellinia necatrix strain R18. Ten regions with high inter-chromosomal
interaction frequencies are indicative of centromeres and are indicated with arrowheads.

To further explore the R. necatrix strain R18 assembly, genome annotation was
performed using Funannotate (Palmer and Stajich, 2017) guided by publicly available
RNAseq data (Shimizu et al., 2018), resulting in 11,760 predicted protein-coding genes
(Table 2). Furthermore, effector genes were predicted using EffectorP (Sperschneider
et al.,, 2018). The assembled genome of R. necatrix strain R18 was predicted to encode
1,126 secreted proteins, of which 192 were predicted to be effector candidates.
BLAST searches revealed that 182 of these have homology to Ascomycete fungal
proteins, of which 69 had functional domain annotations, while the remaining 113
were annotated as hypothetical proteins (Supplemental Table 1). The largest group of
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annotated effectors were cell wall degrading enzymes, including glycoside hydrolases
and carbohydrate esterases that are generally involved in plant cell wall degradation
(Underwood, 2012; Malinovsky et al., 2014). Effectors carrying carbohydrate-binding
domains while lacking enzymatic domains, specifically a concanavalin A-like lectin
and two cell wall integrity and stress response component (WSC) domain-containing
proteins, were also found. Concanavalin A-like lectin has been described as a virulence
factor, although no molecular mechanism has been presented (Ismail and Able, 2016),
while WSC domain-containing proteins can protect fungal cell wall through structural
strengthening, but their contribution to plant colonization remains unclear (Wawra et
al., 2019). Additionally, two lysin motif (LysM) effectors were found that typically bind
chitin and play roles in virulence through suppression of chitin-triggered immunity or
shielding hyphae against host-derived chitinases (de Jonge et al., 2010; Kombrink and
Thomma, 2013; Tian etal., 2021; 2022). Four genes were found to encode hydrophobins;
proteins that have been implicated in virulence through acting as phytotoxin (Takai,
1974), or promoting attachment to plant surfaces and appressoria formation (Talbot
et al., 1996), although negative impacts on host colonization have also been reported
(Luciano-Rosario et al., 2022). Finally, three potential toxins were found, namely a
cerato-platanin domain-containing protein (Carresi et al., 2006) and two necrosis and
ethylene-inducing-like (NLP) effectors that are typically thought to be phytotoxic to
eudicot plants (Lenarcic et al., 2017; Seidl & van den Ackerveken, 2019) (Supplemental
Table 1).

To investigate the conservation of effector gene catalogues among the R. necatrix
genomes that we sequenced in our study, we performed BLAST searches to find
homologs of each of the predicted effector genes in the genome of strain R18 in each of
the other genomes. Intriguingly, we found remarkably little presence-absence variation,
with only few effector genes missing in some of the other genomes. While strains R27,
R28 and R30 carry all the effector genes that were identified in strain R18, strain R10
and R25 lack two, strains R19 lacks three, and strains CH12 and Rn400 lack four of the
192 predicted effector genes (Supplemental Table 2). Furthermore, we determined the
ratio of single nucleotide polymorphisms (SNPs) for each of the predicted effectors.
Interestingly, while strains Rn19 and strain Rn400 share no identical effector genes and
strain CH12 only a single identical effector gene with strain R18, on the other end of the
spectrum strain R10 shares 152 identical effector genes with strain R18. Furthermore,
SNP ratios vary from 0% up to 26,12% for effector FUN_011522 in strain CH12. Generally,
we observed higher variability in effectors of the Spanish strains (Rn19, CH12, Rn400)
than in the Mexican strains (R10, R25, R27, R28, R30) (Supplemental Table 2).



Table 2. Genome annotation of Rosellinia necatrix strain R18.

Genomic trait Value

Protein-coding genes (Funannotate version 1.8.13, Palmer and Stajich, 2017) 11,760

Mean gene length (bp) 1,689.48
Mean exons per gene 2.92
Mean intergenic length (bp) 1,114
Homologs in InterPro database 8,125
Secreted proteins (SignalP; version 5.0, Almagro et al., 2019) 1,126
Effectors (EffectorP; version 2.0, Sperschneider et al., 2018) 192
CAZymes (Funannotate) 535
CAZymes (secreted) (Funannotate) 300
Small cysteine-rich proteins (Funannotate) 209
LysM (lysin motif) effectors (Funannotate) 2
NLP (necrosis and ethylene-inducing-like) effectors (Funannotate) 2
Secondary metabolite clusters (antiSMASH; version 5.0, Blin et al., 2019) 48

Besides proteinaceous effectors, 48 secondary metabolite gene clusters were
predicted using antiSMASH fungal version (Blin et al., 2019; Table 2). From these, 13
showed homology to known secondary metabolite clusters, including those for the
production of swainsonine, cytochalasin E/K, pyriculol, enniatin, and naphthalene,
which have been implicated in pathogenicity through their phytotoxic activity (Thomas,
1978; Sawai et al., 1983; Walton, 1990; Shimizu et al., 2014; Cook et al., 2017; Zhao et al.,
2019; Xu et al., 2021), and copalyl diphosphate which has been implicated in elongation
disorders in plants (Rademacher and Graebe, 1979; Kawaide, 2006) (Supplemental
Table 3).

Absence of distinctive genome compartmentalization

In many filamentous pathogens, effector genes are found in repeat-rich and gene
sparse genomic compartments, whereas they are depleted in repeat-poor and gene-
dense regions that typically harbor housekeeping genes, a genome organization that
is typically referred to as the two-speed genome (Frantzeskakis et al., 2020). Thus,
we aimed to explore if effector genes were associated with repetitive regions in R.
necatrix too. Interestingly, the repeat content in R. necatrix strain R18 is low (2.39%)
and evenly distributed throughout the genome, with the most abundant families being
DNA/Helitron (67%) and long terminal repeats (LTRs; 31%). Accordingly, most repetitive
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elements are not preferentially located near effectors (p>0.05 after permutation test for
distance). Moreover, effector genes are not preferentially found in regions with large
intergenic distances (Figure 2). Thus, our results do not support association of effector
genes with repeat-rich regions in R. necatrix.
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Figure 2. Effector genes do not localize in gene-sparce regions. Gene density plot of ‘5 and
‘3 flanking log10 transformed intergenic distance with the dashed lines depicting the mean
intergenic distances for all genes (A) and candidate effector genes encoded in the R. necatrix
genome (B).
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Genomic comparisons in various filamentous fungi have revealed extensive
chromosomal rearrangements and structural variants (SVs) in close association with
effector genes (Torres et al., 2020; Faino et al., 2016; Oggenfuss et al., 2021; Fouché et
al., 2020; Shi-Kunne et al., 2018). Thus, we tested whether effector genes are associated
with SVs in R. necatrix. First, to explore the genomic diversity among R. necatrix strains,
a phylogenetic tree of all genomes was constructed with Realphy (version 1.12) (Bertels
et al., 2014). Two clusters were identified, one with strains from Mexico isolated from
roses, and one cluster with the strains from Spain and South Africa, isolated from
avocado, as well as Japan, isolated from apple (Figure 3). Then, SVs were predicted for
each of the genomes sequenced in this study using NanoSV (version 1.2.4 with default
settings; Stancu et al., 2017) by identifying split- and gapped-aligned long reads for the
various strains to define breakpoint-junctions of structural variations when using the
gapless genome assembly of strain R18 as a reference. We retrieved 2,639 SVs in total,
comprising 1,264 insertions, 1,344 deletions, 4 inversions and 27 translocations (Figure
3A). The number of SVs per strain corresponds to their phylogenetic relationships
based on whole-genome comparisons. To investigate the occurrence of the SVs in the
R. necatrix strains, we calculated the frequency of each SV over the strains used in the
analysis. Most of the SVs (94.2%) are shared by <50% of the strains, meaning that they
occur in less than four strains. This suggests that SV is a common phenomenon in line
with the phylogenetic and geographic relationship of R. necatrix strains. Interestingly,
SVs occur all across the genome (Figure 3B), largely independently of repetitive regions
(p>0.05 after permutation test for distance), but are found in close association with
effector genes (p<0.05 after permutation test for distance). Collectively, our results
for R. necatrix substantiate the lack of the typical genome compartmentalization that
is associated with the two-speed genome organization that was found in many other
filamentous fungi (Raffaele and Kamoun, 2012).
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Figure 3. Phylogeny and structural variation of nine Rosellinia necatrix strains. (A) Phylogeny
of sequenced R. necatrix strains was inferred using Realphy (Langmead and Salzberg, 2012). The
robustness of the phylogeny was assessed using 1000 bootstrap replicates, and branch lengths
represent sequence divergence (branches with maximum bootstrap values are indicated in red).
Rosellinia corticium was used to root the tree. The amount of structural variants was calculated
using NanoSV (Stancu et al., 2017) using strain R18 as a reference. (B) Circular plot displaying
the genomic distribution of 2,019 SVs along the 10 chromosomes of R. necatrix. The tracks are
shown in the following order from outside to inside: Gene density (10 kb), repetitive density (10
kb), effector gene locations, deletions, insertions and inversions and translocations. The color
intensity of the lines for each SV track depict frequency in the R. necatrix collection.
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Weak structural clustering in the effector catalog

Effectors continuously evolve towards optimal functionality while simultaneously
evading recognition by plant immune receptors, which is considered one of the reasons
for the lack of sequence conservation among effector proteins. Despite this lack of
sequence conservation, groups of effector proteins that share their three-dimensional
structure have been identified in various filamentous phytopathogens, such as the MAX-
effector (Magnaporthe Avrs and ToxB like) family of the rice blast fungus Magnaporthe
oryzae (de Guillen et al., 2015) that, together with some other families, are also found
in the scab fungus Venturia inaequalis (Rocafort et al., 2022). It has been speculated
that MAX effectors exhibit this structural conservation as an adaptation either to
the apoplastic environment, or for transport into the plant cytosol (de Guillen et al.,
2015). To investigate whether subsets of R. necatrix effectors display a similar fold
conservation, their structures were predicted with Alphafold2 with an average quality
score in a so-called predicted local distance difference test (pLDDT) of 86.1 (SD 11.8)
on a scale from 0 to 100, with 100 indicating a perfect prediction. As only 11% of the
predicted structures scored lower than 70 and only 2% lower than 50, we conclude
that the fold prediction of the R. necatrix effector catalogue is generally robust. Next,
we performed similarity clustering of the predicted effector folds, revealing that almost
40% of the effector candidates are structurally unique, while the remaining effectors
could be assigned to a total of 31 clusters. As these clusters were only small, with on
average only four members, we conclude that relatively little clustering occurs among
R. necatrix effectors.

To examine whether the observed clustering is merely based on structural
similarity, or is mainly driven by sequence conservation, the five largest clusters that
contain six to 11 members were further analysed (Figure 4B, 4C). Two of the five clusters
show high average template modelling (TM) scores, with 0.85 and 0.91, respectively, on
a scale from 0-1, while also showing a relatively high degree of sequence conservation
of 43 and 47 percent, respectively. The other three clusters exhibit lower sequence
conservation, with maximum 21 percent, but also show considerably lower respectively
structural conservation, with TM scores between 0.57 and 0.64 only, indicating
that structural similarity within the clusters is positively correlating with sequence
conservation. Hence, the structural clustering can be explained by the sequence
conservation amongst the effector proteins. Taken together, although a considerable
number of structural effector clusters can be observed in R. necatrix, they contain only
few members and structural conservation is mostly based on sequence conservation.
Thus, effector family expansion seems to have played only a minor role in R. necatrix
effector evolution.
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Figure 4. R. necatrix effector candidates show weak structural clustering, which is based on
sequence conservation. (A) Ordered by hierarchical clustering based on structural similarity, the
heatmap displays the structural similarity of each effector pair in an all-vs-all alignment based on
template modelling (TM) scores that range from 0 to 1. Effector clusters were identified based
on a similarity threshold > 0.5. The five largest clusters are highlighted with a black square and
ordered by size. (B) Example structure for each of the five clusters based on the effector with the
highest similarity to other effectors in the cluster. (C) Characteristics of the five largest structural
effector clusters.
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Antimicrobial activity in culture filtrates

It has recently been proposed that fungal plant pathogens employ effectors with
antimicrobial activity to manipulate the host microbiota to promote infection (Rovenich
et al., 2014; Wilson and McDowell, 2022; Snelders et al., 2022). To explore if the soil-
borne fungus R. necatrix potentially exploits antimicrobials, we first tested whether
R. necatrix culture filtrates can inhibit the growth of plant-associated bacteria. To this
end, we collected R. necatrix culture medium after 4, 7 and 9 days of fungal growth by
filtration through a 0.45 nm filter, and an aliquot of each of the culture filtrates was
heat-inactivated at 95°C for 10 minutes. Finally, the culture filtrates were used as growth
medium for individual bacterial species from a diversity panel of 37 plant-associated
bacteria (Supplemental Table 4). After overnight incubation, growth of four of the 37
bacteria was inhibited in the 4- and 7-day culture medium filtrates when compared
with cultivation in the heat-inactivated culture filtrates, namely Bacillus drentensis,
Achromobacter denitrificans, Sphingobium mellinum and Flavobacterium hauense.
While three of these were not found to be inhibited anymore in the 9-day culture
medium filtrate, growth of B. drentensis was also still inhibited in this filtrate (Figure
5). Given that the heat-treatment inactivated the antimicrobial activity, suggesting that
the activity is of proteinaceous nature, we passed the culture filtrates through a spin
column with 3 kDa cut-off and tested the growth of B. drentensis and F. hauense in these
filtrates. Interestingly, none of the filtrates inhibited bacterial growth, suggesting that
the activity is mediated by proteins that are retained in the spin column, as metabolites
and other small molecules are expected to pass through. Collectively, these findings
suggest that the culture medium of R. necatrix contains (a) heat-sensitive protein(s)
with selective antimicrobial activity.
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Figure 5. Rosellinia necatrix culture filtrates
inhibit the growth of particular plant-associated
bacterial species. (A) Bacterial growth was
measured over time in R. necatrix culture
filtrates, which were obtained after 4 (red),
7 (grey) and 9 (green) days of fungal growth.
Heat-inactivated culture filtrates collected after
4 (blue), 7 (yellow) and 9 (black) days of fungal
growth were used as controls. (B) Growth of
Bacillus drentensis and Flavobacterium hauense
was measured in culture filtrates collected after
4 (red), 7 (grey) and 9 (green) days of fungal
growth, and additionally, in culture filtrates
passed through spin-columns with 3 kDa cut-off
after 4 (black), 7 (light green) and 9 (pink) days of
fungal growth. The experiment was performed
twice and error bars display standard deviations
(n=3).



Table 3. Predicted secreted proteins of R. necatrix strain R18 with structural homology to
known antimicrobial proteins.

R. necatrix Sigr.'naI.P Prediction Alignment Homol'og

prediction Structural homolog® ) coverage protein Cys (%) pif

gene ID confidence? confidence (%) (%)° size (kDa)?

FUN_000307 96.4 Bacterial enterotoxin 38.6 14 22.2 2.8 4.86
FUN_000408 99.3 Toxin 100 64 40.7 3.8 5.68
FUN_000625 99.3 Peptidoglycan-binding 100 98 12.3 45 8.79
FUN_000907 98.4 Toxin 40.1 35 28 2.6 5.03
FUN_001825 99.9 Hydrolase 100 95 38.4 1.8 5.11
FUN_001865 98.7 EGF/Laminin 91.4 13 34.6 3.6 7.01
FUN_002055 99.7 Endoglucanase 100 89 28.6 5.9 6.73
FUN_003304 99.3 Hydrolase 100 96 39.2 2.4 5.68
FUN_003451 99.1 Fungal ribonucleases 100 92 14.7 3.6 4.19
FUN_004580 99.8 Antifungal protein AFP1 55.5 6 47 2.5 4.85
FUN_004961 97.4 Toxin 25.2 23 19.7 3.8 7.75
FUN_005431 94.8 Thermolabile hemolysin 100 99 32.4 0.8 4.36
FUN_005483 99.6 NLP 100 87 28.9 33 4.87
FUN_005751 98.4 Fungal ribonuclease 100 93 14.4 3.6 6.05
FUN_005940 99.4 Toxin 40.6 17 13.9 5.8 6.63
FUN_006760 86.2 Carboxypeptidase 100 92 60.9 1.5 5.11
FUN_007808 91.5 Toxin 100 55 89 5.8 5.36
FUN_007991 98.2 Toxin 45.1 26 19 2.6 9.00
FUN_008352 99.6 Toxin 100 99 16.9 6.2 6.14
FUN_009115 96.1 Antimicrobial MIAMP1 87.8 33 24 3.2 4.65
FUN_009151 84.6 Phage lysozyme 100 94 20.7 3.6 6.92
FUN_009266 92.6 Neutrophil defensin 4 44.9 10 15.6 33 7.59
FUN_010039 97.8 Toxin 100 99 17.0 4.5 6.73
FUN_010165 99.5 Toxin 50.3 11 17.5 5.8 4.83
FUN_011519 98.6 Antimicrobial protein 15.2 57 5.8 5.7 4.78
FUN_011592 92.8 Defensin 49.9 10 18.8 6.7 7.41

3Secreted protein prediction confidence based on SignalP Version 5.0 (Almagro et al., 2019).

bStructural homology was determined based on Phyre2 prediction (Kelley et al., 2015).
cAlignment coverage of the R. necatrix gene query to the database homolog (subject).

dProtein size expressed in kilodaltons (kDa) of the database homolog.
eAmount of cysteines (Cys) present in the database homolog expressed in percentage (%).
flsoelectric point (pl) of the database homolog.



Prediction of potential antimicrobial effector candidates

We previously showed that structural prediction successfully identified antimicrobial
effector proteins encoded in the genome of V. dahliae (Snelders et al., 2020; 2021).
Thus, we similarly mined the secretome of the R. necatrix strain R18 for structural
homologues of known antimicrobial proteins using Phyre2 (Snelders et al., 2020; Kelley
et al., 2015), leading to the identification of 26 candidates with potential antimicrobial
activity (Table 3). Subsequently, we used publicly available RNAseq data (Shimizu et al.,
2018) to assess expression of these candidates and found that nine of the 26 candidates
are highly expressed during avocado colonization (Figure 6A). To further assess in planta
expression of the nine candidates, we measured their expression in R. necatrix strain
R18 upon cotton inoculation, revealing that five genes are highly expressed during
cotton colonization (Figure 6B). To test whether these in planta-expressed predicted
secreted proteins indeed possess antimicrobial activity, we pursued heterologous
protein production in E. coli. Unfortunately, we repeatedly failed to produce four of
these proteins (FUN_009266, FUN_0100039, FUN_005751 and FUN_006760) which,
although it may be interpreted as a sign of potential antimicrobial activity (Ingham and
Moore, 2007), obstructs functional analysis. However, one protein could be successfully
produced and purified (FUN_004580).

FUN_004580 has predicted structural homology to antifungal protein 1 (AFP1)
from the bacterium Streptomyces tendae (Campos-Olivas et al., 2001) (Figure 7A).
This protein was identified in a screen for antifungal activity as a non-enzymatic chitin-
binding antifungal directed against particular Ascomycete fungi (Bormann et al., 1999).
Intriguingly, attempts to produce functional AFP1in the lacticacid bacterium Lactococcus
lactis failed (Freitas et al., 2005), suggesting that the protein may exert antibacterial
activity as well. BLAST searches using the FUN_004580 amino acid sequence revealed
~100 Ascomycete fungal homologs, while HMMER searches revealed homologs in the
Streptophyta clade (Viridiplantae) too (Supplemental Table 6). Interestingly, BLAST
and HMMER searches using the amino acid sequence of FUN_004580 did not reveal
homology to AFP1, underpinning that structural homology, rather than sequence
homology, drove the prediction of FUN_004580 as an antimicrobial.
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Figure 6. In planta expression of Rosellinia necatrix genes predicted to encode effector proteins
with antimicrobial activity. (A) /n silico analysis of publicly available RNAseq data of avocado
plants infected with R. necatrix (n=3) reveals nine genes that are highly induced in planta (shown
in bold) out of 26 that encode potential antimicrobial proteins (AMPs). Several of these are also
expressed upon cultivation of R. necatrix in vitro on potato dextrose agar (PDA) (n=2). (B) Real-
time PCR of nine in planta expressed R. necatrix genes identified in (A) reveals that five genes are
expressed during cotton colonization at 14 and 21 days post inoculation (shown in bold).

An alternative manner to obtain proteins for functional analysis that does
not rely on expression in heterologous microbial expression systems is peptide
synthesis, although this is typically limited to sequences shorter than 100 amino
acids. Unfortunately, all five effectors that are expressed in cotton are larger than this
size. However, among the nine candidates that are highly expressed during avocado
colonization, one encodes a protein (FUN_011519) small enough for protein synthesis
(Biomatik Corporation, Ontario, Canada).

FUN_011519 has predicted structural homology to the antimicrobial protein
AcAMP2 from the plant Amaranthus caudatus (Martins et al., 1996) (Figure 7B). This
protein was identified based on homology to cysteine/glycine-rich domain of plant
chitin-binding proteins and showed antifungal activity, as well as activity against



Gram-positive bacteria (Broekaert et al., 1992). BLAST and HMMER searches revealed
only Ascomycete fungal homologs, identifying ~100 fungal proteins (Supplemental
Table 7). Interestingly, BLAST and HMMER searches using the amino acid sequence
of FUN_011519 did not reveal homology to AcAMP2, underpinning that also in this
case structural homology, rather than sequence homology, drove the prediction as
antimicrobial.

A B
FUN_004580 AFP1 FUN_011519 AcAMP2

Figure 7. Rosellinia necatrix effector proteins with predicted antimicrobial activity based on
structural homology. (A) Alphafold2 model of R. necatrix effector protein FUN_004580 (left)
shows structural homology to antifungal protein 1 (AFP1) from the bacterium Streptomyces
tendae (right). (B) Alphafold2 model of R. necatrix effector protein FUN_011519 (left) shows
structural homology to antimicrobial protein AcAMP2 from the plant Amaranthus caudatus
(right).

Candidate antimicrobial effector proteins display selective antimicrobial activity

Given that FUN_004580 and FUN_011519 were identified based on structural homology
to proteins with antifungal activity, we tested potential antimicrobial activity on eight
fungal species: five filamentous fungi (V. dahliae, Alternaria brassicicola, Cladosporium
cucumerinum, Trichoderma viridae and R. necatrix), and four yeasts (Pichia pastoris,
Cyberlindnera jadinii, Debaryomyces vanrijiae and Rhodorotula bogoriensis).
Interestingly, both proteins displayed selective antifungal activity. Whereas FUN_004580
inhibited the growth of all filamentous fungi tested, except R. necatrix (Figure 8A) as
well as of all yeasts except P. pastoris (Figure 7B), FUN_011519 had a narrower activity
spectrum as it only inhibited the growth of V. dahliae and A. brassicicola (Figure 8C),
and the yeasts C. jadinii and R. bogoriensis (Figure 8D). Thus, we conclude that both
proteins possess clear antifungal activity.

To further investigate the antimicrobial activity of the two predicted secreted
effector proteins FUN_004580 and FUN_011519, we tested their activity on the
diversity panel of 37 bacteria that span a wide range of taxonomic diversity, including



The pathogen R. necatrix expresses antimicrobial proteins during host colonization

Gram-positive and Gram-negative taxa (Supplemental Table 4). Interestingly, although
we found that the growth of most bacteria was not affected by any of the two proteins,
growth of some bacteria was clearly hampered. Whereas FUN_004580 strongly
impacted growth of Pseudoxanthomonas suwonensis, Flavobacterium hauense, and
Cellulosimicrobium cellulans, and inhibited Chryseobacterium wanjuense to a lesser
extent, FUN_011519 inhibited Bacillus drentensis and Achromobacter denitrificans, and
possibly also Sphingobium mellinum and Candidimonas bauzanensis (Figure 9). Thus,
we conclude that both effectors display antibacterial activity as well. Collectively, our
data show that both effector proteins possess selective antimicrobial activity.
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Figure 8. Rosellinia necatrix effector proteins display antifungal activity. Fungal growth in
5% potato dextrose broth (PDB) in presence of FUN_004580 (6 uM) or water of filamentous
fungal species (A) and yeasts (B), or in presence of FUN_011519 (10 uM) or water of filamentous
fungal species (C) and yeasts (D). Relative growth as display in microscopic pictures (n=6) was
quantified using ImageJ. Asterisks indicate significant differences (unpaired two-sided Student’s
t test (P<0.01)).
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Figure 9. Rosellinia necatrix effector proteins display selective antimicrobial activity against
plant-associated bacteria. (A) Red lines show bacterial growth in presence of FUN_011519 (10
uM) while blue lines show bacterial growth in water. For Bacillus drentensis additional orange
line shows bacterial growth in protein filtered with spin-column with 10 kDa cut off, green line
shows bacterial growth in protein filtered with spin-column with 3 kDa cut off, and yellow line
shows growth in heat-inactivated protein. (B) Red lines show bacterial growth in presence of
FUN_004580 (6 uM) while blue lines show bacterial growth in water. For Flavobacterium hauense
additional orange line shows bacterial growth in protein filtered with spin-column with 10 kDa
cut off, green line shows bacterial growth in protein filtered with spin-column with 3 kDa cut off,
and yellow line shows growth in heat-inactivated protein. Error bars display standard deviations
(n=3). Growth of Exiguobacterium artemiae is not inhibited by either protein and is shown as a
representative of non-inhibited bacterial taxa.

Several plant-associated bacteria display antagonistic activity

One obvious reason for a fungus to target particular microbes with antimicrobials is that
these may be detrimental to fungal growth due to the display of antagonistic activities.
To test for such activities directed against R. necatrix, we conducted confrontation assays
in vitro, where we grew R. necatrix near the individual bacteria species from the diversity
panel of 37 bacteria (Supplemental Table 4). In these assays, we observed antagonistic
effects of several bacterial species on R. necatrix (Figure 10). Interestingly, several of the



bacterial species inhibited by either of the two effector proteins displayed antagonistic
activity against R. necatrix, including Bacillus drentensis, Bacillus licheniformis, and
Sphingobium mellinum (inhibited by FUN_011519), and Cellulosimicrobium cellulans,
Chryseobacterium wanjuense and Pseudoxanthomonas suwonensis (inhibited by protein
FUN_004580) (Figure 10). However, also some other bacterial species that were not
found to beinhibited by either of the two effector proteins displayed antagonistic activity,
namely Kaistia adipata, Pedobacter steynii, Pedobacter panaciterrae, Pseudomonas
corrugata, Pseudomonas knackmusii, Solibacillus isronensis and Solibacillus silvestris.
These findings suggest that a diversity of plant-associated bacteria possess inherent
antagonistic activity against R. necatrix and that some of these bacteria are targeted by
effector proteins of R. necatrix.

Particular antagonists alleviate Rosellinia disease in cotton

To test whether any of the bacterial species that are inhibited by the R. necatrix effector
proteins and that display antagonistic activity against the fungus can inhibit disease
development, we pursued inoculation assays in the presence and absence of these
bacteria. As R. necatrix is a broad host range pathogen, we performed infection assays
on cotton plants. To this end, 14-day-old cotton cv. XLZ seedlings were inoculated with
R. necatrix strain R18, leading to clear disease symptoms by two weeks after inoculation
(Fig. 11). Next, we pre-treated cotton cv. XLZ seeds with antagonistic bacteria Bacillus
drentensis, Sphingobium mellinum, Cellulosimicrobium cellulans, or Pseudoxanthomonas
suwonensis. To show that the inhibition of disease development by the antagonistic
bacteria is not caused by the activation of MAMP-triggered host immunity we
included pre-treatment with the non-antagonistic bacteria Exiguobacterium artemiae,
Candidomonas bauzanensis, Flavobacterium hauense, Achromobacter denitrificans, or
soil. Furthermore, a mix of all bacteria including the antagonistic and non-antagonistic
bacteria species was included as well as water as a control, followed by R. necatrix
inoculation. Interestingly, two weeks after inoculation it could be observed that
pretreatment with each of the antagonistic bacteria resulted in reduced susceptibility
of the cotton plants to R. necatrix when compared with the plants that did not receive a
bacterial pre-treatment. Because treatment with the non-antagonistic bacterial species
or soil suspension did not lead to reduced disease symptoms, we infer that the reduced
disease development upon treatment with then antagonistic bacteria is unlikely to be
caused by the activation of MAMP-triggered host immunity, but rather likely through
direct antagonism towards the fungal pathogen. Finally, none of the bacteria affected
growth of the cotton plants in absence of pathogen inoculation (Fig. 11).



Rosellinia necatrix R18
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Candidimonas bauzanensis

Kaistia adipata

Pedobacter steynii

Pedobacter panaciterrae

Pseudomonas corrugata

Pseudomonas knackmusii

Figure 10. Various plant-associated bacteria
display antagonistic activity against Rosellinia
necatrix. Fungal PDA disks were placed in the
center of a petri dish and next to it individual
bacteria species were deposited in a straight line
with help of a spreader (n=5), bacteria species
were placed alone (right column) as controls.
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bacteria (ANOVA followed by Fisher’s LSD test (P<0.01)). The experiment was performed twice.
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DISCUSSION

Increasing evidence supports the notion that plants can recruit microbes into their
microbiota that can help them to withstand pathogen infection (Wang et al., 2012;
Pérez-Jaramillo et al., 2016; Zhalnina et al., 2018; Chai and Schachtman, 2022). Based
on this notion, it has been hypothesized that pathogens have evolved to counter-act the
recruitment of beneficial microbes to promote host colonization (Snelders et al., 2018).
In support of this hypothesis, it has been shown that the soil-borne fungal pathogen
Verticillium dahliae secretes a suite of effector molecules with selective antimicrobial
activities to suppress antagonistic microbes in host microbiota to support host ingress
(Snelders et al. 2020; 2021; 2022). Although it has been hypothesized that other fungal
pathogens are likely to have evolved to modulate host microbiota as well (Snelders
et al. 2020; Snelders et al. 2022), evidence for this hypothesis has been lacking thus
far. In this study, we show that the soil-borne pathogen Rosellinia necatrix similarly
expresses predicted secreted effector proteins during host colonization with selective
antimicrobial activity. Specifically, we show that two genes encoding the effector
proteins, FUN_004580 and FUN_011519, are expressed during host colonization
and these predicted secreted effectors display selective antimicrobial activity in vitro
towards specific plant-associated bacteria and fungi. Intriguingly, some of the bacterial
species that are inhibited by the antimicrobial effector proteins display antagonistic
activity towards R. necatrix in vitro. Moreover, when applied to cotton seeds, several
of the antagonistic bacterial species reduce white root rot disease. Collectively, our
findings suggest that R. necatrix secretes antimicrobial effector proteins during host
colonization to modulate host microbiota and support disease development.

The effector proteins FUN_004580 and FUN_011519 were found based on
structural homology to AFP1 from the bacterium Streptomyces tendae and homology to
AcAMP2 from the plant Amaranthus caudatus, respectively. AFP1 has been described
as a non-enzymatic chitin-binding antifungal directed against particular Ascomycete
fungi (Bormann et al., 1999), and recent studies have shown that a homolog of AFP1
isolated from the plant Carum carvi (Cc-AFP1) alters fungal cell membrane permeability
(Sadat et al., 2021). AcAMP2 was identified based on homology to cysteine/glycine-rich
domain of plant chitin-binding proteins and showed antifungal activity, as well as activity
against Gram-positive bacteria (Broekaert et al., 1992). The antimicrobial mechanism
described for the structural homologs suggest that FUN_004580 and FUN_011519 could
potentially be involved in cell membrane disruption, but further functional studies that
also include antifungal activity assays are required to investigate this.

The effector proteins FUN_004580 and FUN_011519 showed selective
antimicrobial activity against plant-associated bacterial and fungal species in vitro
and display divergent activity spectra, suggesting that they possess additive activities.



Similar observations have been made for the antimicrobial effector proteins VdAAMP2
and VdAvel of V. dahliae that add to each other’s activity spectra during soil colonization
(Snelders et al., 2020). Divergent activity spectra have been also observed in the in
planta-expressed effectors VdAvel, VdAvell2 and VAAMP3 (Snelders et al., 2020;
2022). Furthermore, differential expression of antimicrobial effectors on different plant
hosts was observed in R. necatrix. Out of the 26 AMP candidates, nine are expressed
during avocado colonization, and five of them were also expressed during cotton
colonization. From these, FUN_004580 and FUN_011519 are expressed during avocado
colonization, while only FUN_004580 is expressed on cotton (Fig. 4). The expression
profiles on different host plants suggest differential expression of antimicrobials in R.
necatrix, potentially due to differential microbiota compositions of these plant hosts.
Possibly, FUN_011519 evolved to target microbes that are specifically associated with
avocado, or absent from the microbiota of cotton plants.

Various studies have shown that plants shape their microbiota composition
(Berendsen et al., 2012). For example, one single gene responsible for the production of
glucosinolate significantly altered the microbial community on the roots of transgenic
Arabidopsis (Bressan, 2009). Moreover, the ATP-binding cassette (ABC) transporter
abcg30 mutant of Arabidopsis thaliana secretes root exudates that are enriched in
phenolic compounds and contain fewer sugars, resulting in distinct root microbiota
compositions (Badri and Vivanco, 2009). Furthermore, A. thaliana genes responsible
for defense, kinase-related activities, and cell wall integrity impact the microbiota
composition (Beilsmith et al., 2019). Besides A. thaliana, different potato and tomato
plants assemble different microbiota compositions (Weinert et al., 2011; Cordovez et
al., 2021).

Like V. dahliae, R. necatrix is a soil-borne pathogen that resides for part of its life
cycle in the microbe-rich soil where inter-microbial competition for limited nutrients is
ferocious. Although R. necatrix is phylogenetically related to V. dahliae, both belonging
to the class of Sordariomycetes, our findings suggest that exploitation of antimicrobial
effector proteins among soil-borne fungi may be commonplace. However, whether
the employment of such effector proteins is relevant for soil-borne pathogens only, or
shared by other types of plant pathogens too, presently remains enigmatic (Snelders et
al., 2022).

To understand the diversity and functional properties of effectors, we investigated
their 3D protein structure. The results of this study demonstrate that there is relatively
little structural clustering among R. necatrix effectors. The five largest clusters identified
were mainly driven by sequence conservation rather than structural similarity, suggesting
that effector family expansion based on structural similarity played only a minor role in
R. necatrix effector evolution. Effector protein structure clustering has revealed that



many plant pathogen effectors fall into distinct structural families. For example, MAX (de
Guillen et al., 2015), and RNase-Like proteins associated with haustoria (RALPH) (Spanu,
2017) are effector families with structural similarity. Common themes are emerging like
structural homology and in some cases similar modes of action (Lu et al., 2015). While
structural conservation has been observed in some pathogenic fungi (de Guillen et al.,
2015; Spanu, 2017), sequence conservation is the main driver of structural clustering
among R. necatrix effectors. Future studies could explore the functional significance of
the identified effector clusters in R. necatrix and other plant pathogens and investigate
the mechanisms underlying the evolution of effector proteins.



MATERIALS AND METHODS
Nanopore sequencing and genome assembly

High-molecular weight (HMW) DNA was extracted from nine R. necatrix strains (Table 1)
as described by Chavarro-Carrero et al. (2021), except that mycelium was grown in 1/5
PDB instead of Czapek Dox medium. DNA quality, size and quantity were assessed with
Nanodrop, Qubit analyses, and with gel electrophoresis. Library preparation with the
Rapid Sequencing Kit (SQK-RAD004) was performed with ~400 ng HMW DNA according
to the manufacturer’s instructions (Oxford Nanopore Technologies, Oxford, UK). An
R9.4.1 flow cell (Oxford Nanopore Technologies, Oxford, UK) was loaded and ran for
24 h, and subsequent base calling was performed using Guppy (version 3.1.3; Oxford
Nanopore Technologies, Oxford, UK). Adapter sequences were removed using Porechop
(version 0.2.4 with default settings; Wick, 2018) and the reads were self-corrected,
trimmed and assembled using Canu (version 1.8; Koren et al., 2017).

To obtain longer reads ultra-high-molecular weight (UHMW) DNA extraction was
performed. To this end, after DNA precipitation, the Nanobind Big DNA Kit (SKU NB-
900-801-01, Circulomics, USA) was used following the manufacturer’s protocol to select
DNA fragments >50 kb. Simultaneously, to allow error correction of the ONT reads,
paired-end short read (150 bp) sequencing was performed at the Beijing Genome
Institute (BGI) using the DNBseq platform. After error correction using FMLRC (version
1.0.0 with default settings; Wang et al., 2018), ONT reads were trimmed and assembled
using Canu.

Hi-C was performed based on the Proximo Hi-C kit (Microbe) (Phase Genomics,
Seattle, WA, USA) according to the manufacturer’s protocol as previously described
(Seidl et al., 2020), and the Hi-C library was paired-end (150 bp) sequenced on the
NextSeq500 platform at USEQ (Utrecht, the Netherlands). Subsequently, Hi-C reads
were mapped to the Canu assembly using Juicer (version 1.6 with early-stage setting;
Durand et al., 2016), and the three-dimensional (3D) de novo assembly (3D-DNA)
pipeline (version 180922 with contig size threshold 1000; Dudchenko et al., 2017) was
used. The genome assembly was further manually improved using Juicebox Assembly
Tools (JBAT) (version 1.11.08; Dudchenko et al., 2018) and the 3D-DNA post review asm
pipeline (Dudchenko et al., 2017). Tapestry (version 1.0.0 with default settings; (Davey
et al., 2020) was used to visualize chromosomes and telomeric regions with telomeric
sequence ([TTAGGG]n).

Phylogenetic tree construction and structural variant calling

A phylogenetic tree of all sequenced strains was constructed with Realphy (version 1.12)
(Bertels et al., 2014). Briefly, genomic reads were mapped against the genome of strain



R18 using Bowtie2 (version 2.2.6) (Langmead and Salzberg, 2012) and a maximum-
likelihood phylogenetic tree was inferred using RAXML (version 8.2.8) (Stamatakis,
2014), using the genome sequence of Rosellinia corticium to root the tree. Subsequently,
to predict SVs, we used NanoSV (version 1.2.4 with default settings; Stancu et al., 2017)
for each of the genomes when compared to R18 strain as reference. The output of
each strain was initially filtered with bcftools v.1.3.2 using GT=AA, QUAL>50, GQ>10,
SUPPORT>20 (Danecek et al., 2021). The results were merged using SURVIVOR v.1.0.6
(Jeffares et al., 2017), allowing 1,000 bp as the maximum distance for breakpoints and
considering only same SV types. Only SVs with minimum size >100 bp and maximum size
of 100 kb were kept. Permutation tests were computed using R/Bioconductor region
v.1.8.1 package (Gel et al., 2016), and 10,000 iterations were performed using the mean
distance to evaluate the closest relationship (bp distance) between SV-breakpoints, TEs
and effectors, and circular randomization as well to maintain the order and distance of
the regions on the chromosomes.

Genome mining

Genome annotation was performed using Funannotate (Version 1.8.13, Palmer
and Stajich, 2017) guided by publicly available RNAseq data (Shimizu et al., 2018).
Furthermore, secreted genes, effector genes and secondary metabolite gene clusters
were predicted using SignalP (Version 5.0, Almagro et al., 2019), EffectorP (Version
2.0, Sperschneider et al.,, 2018) and antiSMASH (Version 6.0.0, Blin et al., 2019),
respectively. The R. necatrix R18 genome was mined for gene candidates that encode
secreted antimicrobials as described previously (Snelders et al., 2020). Briefly the
predicted secretome and effector catalog were mined using Phyre2 (Kelley et al.,
2015), followed by manual curation, to search for predicted structural homologues of
known antimicrobial proteins. Gene sequences were extracted using Bedtools (setting:
getfasta) (Quinlan and Hall, 2010). Subsequently, RNAseq data were used to confirm
expression of selected candidates. To this end, RNAseq data was mapped to the R18
assembly and relative expression was calculated using Kallisto (version 0.46.1, default
settings, Bray et al., 2016).

Repetitive regions were annotated using EDTA v.1.9.4 (Ou et al., 2019). Briefly,
we used the ‘sensitive’, ‘anno’ and ‘evaluate’ options to maximize the transposable
element discovery and integrity. Then, the TE library was refined using one code to find
them all (Bailly-Bechet et al., 2014), and only full LTRs were kept.

Structural prediction of the R. necatrix effector catalog

Structural predictions of effector candidates were done based on mature amino acid
sequences, lacking signal peptides, with Alphafold2 (Jumper et al., 2021) using the



caspl4 preset. Five models were generated for each effector candidate, of which the
one with the highest pLDDT score was used for further analysis. To assess structural
similarity between effector candidates, an all-vs-all alignment was performed using
TM-align (Zhang and Skolnick, 2005). Structures were considered similar when the
average TM-score of pairwise reciprocal alignments, calculated on a 0-1 scale, was >0.5.
Effector clusters were identified by simple agglomerative hierarchical clustering based
on structural similarity using SciPy (Virtanen et al., 2020) and a minimum similarity
threshold of 0.5. For the five largest clusters the average sequence identity was
calculated from a multiple sequence alignment performed with MAFFT on EMBL-EBI
(Katoh and Standley, 2013). Cluster annotation was performed by generating PANNZER
(Torénen and Holm, 2022) annotation for each protein followed by manual curation
of a consensus annotation for each cluster. Protein structures were generated with
PyMOL (The PyMOL Molecular Graphics System, Version 2.0 Schrodinger, LLC, DelLano
Scientific, Palo Alto, CA, USA).

Real-time PCR

To determine expression profiles of candidate genes that encode secreted antimicrobials
during R. necatrix infection of cotton, two-week-old cotton (cv. XLZ) seedlings were
inoculated, as previously described (Cazorla et al., 2006), with R. necatrix strain R18, and
stems were harvested up to 21 dpi. Furthermore, mycelium was harvested from ten-
day-old R. necatrix strain R18 cultures on potato dextrose agar (PDA) plates. Total RNA
extraction and cDNA synthesis were performed as previously described (Santhanam
et al., 2013). Real time-PCR was performed with primers listed in Supplemental Table
5, using the R. necatrix glyceraldehyde-3-phosphate dehydrogenase gene (GAPDH;
FUN_007054) as endogenous control. The PCR cycling conditions consisted of an initial
95°C denaturation step for 10 min followed by denaturation for 15 s at 95°C, annealing
for 30 s at 60°C, and extension at 72°C for 40 cycles.

Heterologous protein production

The sequences encoding mature proteins were cloned into vector pET-15b with an
N-terminal His6 tag sequence (Novagen, Darmstadt, Germany) (primer sequences, see
Supplemental Table 5). The resulting expression vectors were verified by sequencing
and used to transform Escherichia coli strain BL21. For heterologous protein production,
BL21 cells were grown in 2x yeast extract tryptone (YT) medium at 37°C with continuous
shaking at 200 rpm until the cultures reached an optical density measurement at
600 nm (OD600) of 2. Protein production was induced with 1 mM isopropyl B-D-1-
thiogalactopyranoside (IPTG) at 42°C and shaking at 200 rpm for 2 h. Bacterial cells
were pelleted and washed with 50mM Tris HCl and 10% glycerol at pH 8.0. To disrupt



cells, they were sonicated three times according to a cycle composed of one second
sonication, followed by 0.5 seconds on ice and a one-minute pause. Next, the samples
were centrifugated at 16,000g for 10 min. The insoluble pellets were resuspended
in 30 mL of 6 M guanidine hydrochloride (GnHCI), 10 mM Tris at pH 8.0 and 10 mM
B-mercaptoethanol and incubated overnight at room temperature. Next, debris was
pelleted by centrifuging at 16,000g for 10 min and the resulting protein solution was
transferred to a new tube and filtered step-wise from 1.2 to 0.45 um. Proteins were
subsequently purified under denaturing conditions by metal affinity chromatography
using a pre-packed HisTrap FF column (Cytiva, Medemblik, The Netherlands) and
dialysed (Spectra/Por 3 Dialysis Membrane, molecular weight cut off of 10 kDa;
Spectrum Laboratories, Rancho Dominguez, U.S.A) against 20 volumes of 0.01 M BisTris,
10 mM reduced glutathione and 2 mM oxidized glutathione at pH 8.0 with decreasing
GnHCI concentrations in five consecutive steps of minimum 24 h from 5 M to 1 M for
refolding. Finally, proteins were dialysed against demineralized water for 24 h and final
concentrations were determined using Qubit (ThermoFisher Scientific, Waltham, U.S.A).

Culture filtrate production

R. necatrix strain R18 was grown in potato dextrose broth (PDB) at 21°C and 130 rpm.
Cultures were collected at 4, 7 and 9 days after the start of incubation and mycelium
was separated from the culture medium using a 0.45 nm filter. Half of the culture-
filtrate was heat-inactivated at 96°C for 10 minutes. Finally, culture filtrates were stored
at -20°C until use.

In vitro antimicrobial activity assays

Growth assays were performed as previously described (Snelders et al., 2020). Briefly,
bacterial strains were grown overnight on lysogeny broth agar (LBA), tryptone soya
agar (TSA) or R2A agar at 28°C (Supplemental Table 4). Subsequently, single colonies
were selected and grown overnight at 28°C while shaking at 130 rpm in low-salt Luria
broth (LB) (NaCl, 0.5 g/L; Tryptone, 10 g/L; Yeast Extract, 5 g/L). Overnight cultures were
resuspended to OD600=0.05 in low-salt LB and 100 uL were supplemented with 100
pL of purified effector proteins or culture filtrates to a final 0D600=0.025 in clear 96
well flat-bottom polystyrene tissue culture plates (Greiner CELLSTAR, Sigma, Burlington,
U.S.A). Culture plates were incubated in a CLARIOstar plate reader (BMG LABTECH,
Ortenberg, Germany) at 25°C with double orbital shaking every 15 minutes and OD600
was measured every 15 minutes.

Filamentous fungal isolates were grown on PDA at 22°C, while for yeasts, single
colonies were selected and grown overnight in 5% PDB at 28°C while shaking at 200
rpm. For yeasts overnight cultures were resuspended to OD600=0.01 in fresh 5% PDB



supplemented with water, 10 uM FUN_011519 or 6 uM FUN_004580. For filamentous
fungi, spores were harvested from PDA and suspended in 5% PDB supplemented
with 10 uM FUN_011519, 6 pM FUN_004580 or water to a final concentration of 104
spores/mL. Next, 200 pL of the fungal suspensions was aliquoted in clear 96-well flat
bottom polystyrene tissue-culture plates (Greiner CELLSTAR, Sigma, Burlington, U.S.A).
Plates were incubated at 28°C, and fungal growth was imaged using an SZX10 stereo
microscope (Olympus, Tokyo, Japan) with EP50 camera (Olympus, Tokyo, Japan).

Microbial confrontation assays

R. necatrix was grown on PDA for 14 days and mycelium disks of 5 mm diameter were
taken using a biopsy puncher (Kai Europe, Solingen, Germany). Single R. necatrix disks
were placed in the center of a PDA plate and 100 uL (OD600=0.05) of bacterial culture
(Supplemental Table 4), grown overnight in LB medium at 28°C at 130 rpm, was added
in proximity of the fungal disk with a spreader (n=5). After seven days, pictures were
taken. Experiment was repeated three times.

Biocontrol assay

Bacillus drentensis, Sphingobium mellinum, Cellulosimicrobium cellulans and
Pseudoxanthomonas suwonensis were grown overnight at 28°C in low-salt LB while
shaking at 130 rpm. Subsequently, the bacterial suspension was pelleted, washed, and
resuspended to OD600=0.05 in water. Seeds of cotton cv. XLZ were surface-sterilized
with 2% sodium hypochlorite for ten minutes, washed three times with sterile water,
and then soaked for ten minutes the bacterial suspension. Next, the seeds were
transferred to sterile Petri dishes containing filter paper moistened with each of the
bacterial suspension and incubated in darkness at room temperature. Once the seeds
germinated, germlings were transferred to potting soil in the greenhouse (16 hours light
at 24°C and 8 hours darkness at 22°C). Seven days after transfer to potting soil, the
seedlings were inoculated with mycelium of a 14-day-old R. necatrix culture in PDB.
To this end, the mycelium was pelleted, washed, and resuspended in 250 mL water.
This mycelial suspension was subsequently used for root-dip inoculation of the cotton
seedlings for 10 min, after which they were re-planted and 10 mL of mycelium suspension
was poured onto the pot in close proximity to the stem. At 14 days post inoculation (dpi)
disease symptoms were recorded. Experiment was repeated three times.

Data availability

Genomes and genome annotation data have been submitted to NCBI under BioProject
PRINA727191.
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The pathogen R. necatrix expresses antimicrobial proteins during host colonization

Supplemental Table 2. Single nucleotide polymorphism ratios (SNPs in %) and presence-
absence variation for predicted effector genes in the R. necatrix strains sequenced in
this study using R. necatrix strain R18 as a reference.

Effector in Homologs in other R. necatrix strains*

R. necatrix

strainR18  ppgg CH12  Rn400 R10 R25 R27 R28 R30

(gene ID)
FUN_000053 3.29 3.29 4.15
FUN_000192 3.63 3.29 3.29
FUN_000206 3.98 3.81 3.81
FUN_000251 3.98 3.98 3.98 0.35 0.87 0.87 0.35
FUN_000265 8.82 8.65 8.82 1.04 1.21 1.21 1.04
FUN_000283 6.06 6.06 5.36 1.56 1.56 1.38 1.56
FUN_000284 7.61 7.61 8.13 0.35 1.04 1.56 1.56 1.04
FUN_000359 3.46 4.50 3.11 1.90 1.56 1.56 1.56
FUN_000367 2.25 2.25 2.25 0.17 0.17
FUN_000625 2.60 2.60 2.60 0.69 0.69
FUN_000721 3.81 3.81 1.21 1.04 1.04
FUN_000856 2.42 2.60 2.60 0.87 0.35 0.35 1.04
FUN_000873 2.77 2.77 2.77 0.87 0.87 0.87 0.87
FUN_000886 4.33 7.09 4.33 1.38 1.21 1.21 1.56
FUN_000960 7.61 7.61 8.65 0.52 2.08 1.73 1.38 1.90
FUN_001031 2.42 3.29 2.42 0.17 0.69 2.94 3.29 0.69
FUN_001148 3.29 3.29 3.29
FUN_001231 2.25 2.25 2.42
FUN_001279 6.75 6.75 6.75
FUN_001370 8.13 7.61 7.96
FUN_001432 5.54 5.19 5.19
FUN_001497 2.42 2.60 2.77
FUN_001504 3.29 3.11 3.29
FUN_001515 2.08 2.08 2.08
FUN_001527 5.88 6.23 5.88
FUN_001573 4.50 4.50 4.50
FUN_001575 6.06 5.88 5.88
FUN_001585 4.67 4.84 3.98
FUN_001595 2.08 2.25 2.25
FUN_001605 9.86 9.86 9.86
FUN_001636 2.94 2.94 2.77
FUN_001689 6.57 6.57 6.92
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FUN_001755  9.17 3.46 3.29
FUN_001798  9.69 9.52 9.17

FUN_001799  1.56 0.52 0.87 0.17 0.17

FUN_001917  2.42 2.42 1.90 -E

FUN_002005  4.84 4.67 4.15 0.17 0.35 2.08 2.08 0.35
FUN_002053  1.04 1.04 1.04 0.17 0.35 0.17 0.35
FUN_002114  3.46 3.29 3.29 0.87 0.35 0.35 0.87
FUN_002120  4.50 4.50 3.46 0.87 1.21 121 0.87
FUN_002121  4.50 4.50 3.46 1.21
FUN_002234  3.11 2.60 2.77 ) 0.52 0.35
FUN_002337  8.13 8.13 8.13 _I
FUN_002389  0.69 0.69 0.87 0.35 0.52 0.69 0.52 0.52
FUN_002410  5.88 5.88 5.88 2.08 1.90 1.90 2.08
FUN_002439  11.76 11.76 11.76 277 2.60 -Z
FUN_002458  2.42 2.42 2.42 0.17 0.35 1.56 0.35 0.35
FUN_002489  4.33 5.02 5.02 0.17 1.56 0.87 1.04 1.56
FUN_002758  1.21 1.38 1.38 0.17 1.04 1.04 0.17
FUN_002834  3.11 2.94 3.29 0.69 0.69 0.69 0.69
FUN_002843  5.71 5.71 5.71

FUN_003003  1.38 138 1.38

FUN_003018  1.38 0.69

FUN_003047  4.50

FUN_003077  2.77

FUN_003106  9.52

FUN_003133  2.77

FUN_003175  3.81 3.63 3.81 0.35 0.17 0.17 0.17 0.17
FUN_003209  3.63 3.46 3.29

FUN_003212  4.67 4.67 4.67

FUN_003275  2.94 2.77 2.77

FUN_003286  3.46 3.46 3.46

FUN_003451  3.63 3.63 3.63

FUN_003513  1.38 138 1.38

FUN_003763  4.67 4.67 4.67

FUN_003889  8.13 8.30 8.13

FUN_003947  9.17 8.82 8.82

FUN_004082  4.15 4.15 4.15

FUN_004100  5.54 5.54 5.88

FUN_004157  4.67 121 6.40
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The pathogen R. necatrix expresses antimicrobial proteins during host colonization

FUN_004244 5.36 7.44 4.50

FUN_004254 1.73 1.90 1.73

FUN_004271 3.63 3.63 3.46

FUN_004305 5.71 5.88 5.54

FUN_004320 3.46 3.46 3.46

FUN_004483 4.15 4.15 4.15

FUN_004569 2.42 2.77 2.77

FUN_004715 1.90 1.73 1.90

FUN_004770 4.15 4.15 4.15

FUN_004897 4.67 4.33 4.50

FUN_004961 4.15 4.15 4.33

FUN_005189 5.36 1.38 5.19

FUN_005222 4.84 4.67 4.67

FUN_005300 4.67 1.90 5.36 1.21 1.21 1.21
FUN_005325 0.87 1.38 1.38 0.35 1.04 1.04 0.35
FUN_005445 1.56 1.90 1.73 _I
FUN_005483 2.77 4.84 5.02 0.69 2.94 2.94 2.08 2.60
FUN_005500 4.67 3.46 6.06 0.69 3.46 1.90 2.08 3.81
FUN_005538 4.33 3.63 3.63 0.17 1.04 1.21 1.21 1.04

FUN_005543 5.54

FUN_005544 7.27 0.87 0.87 0.35

FUN_005699 3.46 2.94 2.94 0.17
FUN_005740 1.21 1.21 1.21 0.35
FUN_005758 6.75 4.33 4.33 0.17 1.90 4.15 0.17 4.15
FUN_005762 3.29 3.46 3.29
FUN_005785 4.50 4.50 4.33
FUN_005787 3.63 3.63 3.63
FUN_005834 3.11 3.11 311
FUN_005847 8.30 8.30 8.13
FUN_005850 4.15 4.84 3.46
FUN_005883 4.33 4.50 4.67
FUN_005907 4.33 4.15 4.33
FUN_005940 5.19 5.19 4.67
FUN_005952 4.84 3.98 4.33
FUN_005989 5.88 6.57 6.06
FUN_005998 6.06 6.23 5.88
FUN_006007 8.13 8.30 7.61
FUN_006010 4.15 4.33 3.81
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FUN_006056 3.63 3.63

FUN_006163 3.98 1.90

FUN_006164 3.98 1.90

FUN_006190 5.36 5.88

FUN_006412 6.40 4.67

FUN_006481 3.29 2.08

FUN_006483 3.98 4.33 4.67
FUN_006775 8.65 8.65 8.65
FUN_006835 2.42 242 2.77
FUN_006841 5.36 4.84 5.36
FUN_006904 6.23 6.23 7.09
FUN_006905 4.67 4.50 6.06
FUN_007007 5.88 5.88 7.27
FUN_007011 242 2.60 1.73
FUN_007012 6.06 5.71 6.23
FUN_007129 4.84 5.36 5.36
FUN_007254 4.33 4.33 4.50
FUN_007288 8.13 7.27 8.13
FUN_007567 2.77 2.94 2.60
FUN_007581 7.44 7.27 6.92
FUN_007661 4.67 3.98 4.15
FUN_007684 6.75 7.27 6.57
FUN_007704 6.23 6.40 5.71
FUN_007825 2.42 242 242
FUN_007837 4.84 1.73 5.02
FUN_007838 1.21 1.04 1.21
FUN_007850 2.08 1.21 2.08
FUN_007851 3.63 2.08 3.63
FUN_007855 5.19 3.63 5.71
FUN_007860 6.40 5.19 6.40
FUN_007991 1.56 6.40 1.73
FUN_008329 2.60 2.60 2.60
FUN_008352 2.42 2.42 242
FUN_008369 6.40 6.23 6.40
FUN_008395 3.63 2.94 3.63
FUN_008445 2.25 2.60 2.60
FUN_008500 2.60 1.90 2.08
FUN_008562 2.77 3.11 2.25

0.17

0.17

0.17

0.17

0.52

0.35

0.17

0.69

1.04

1.21

0.69
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The pathogen R. necatrix expresses antimicrobial proteins during host colonization

FUN_008574 5.02 5.71 4.84 242
FUN_008666 0.17 0.35
FUN_008681 0.52 0.52 0.69 0.52
FUN_008714 6.57 3.98 3.98 1.04 1.04
FUN_008830 5.02 5.19 5.19 0.52 0.52
FUN_009063 6.57 6.57 6.57
FUN_009073 5.88 5.19 5.19
FUN_009124 4.33 4.33 4.33
FUN_009151 5.54 5.54 5.54
FUN_009222 6.57 5.02 6.57
FUN_009264 3.63 2.25 3.81
FUN_009294 2.25 2.25 242
FUN_009350 4.67 4.67 4.84
FUN_009516 1.38 1.38 1.38
FUN_009552 5.36 6.40 5.54
FUN_009576 4.67 4.33 4.84 2.77 2.60 2.60 2.94
FUN_009991 5.54 5.71 5.54 2.42 0.69 1.04 242
FUN_010039 3.29 3.29 3.11 1.21 1.38 1.21 1.21

FUN_010054
FUN_010164

2.25 1.38

2.42 4.15 3.46 4.15 3.11

FUN_010225 9.52 9.52 9.34
FUN_010331 2.08 1.73 1.90
FUN_010336 13.49 12.63 13.32
FUN_010366 4.50 4.67 4.15
FUN_010414 1.90 1.73 1.90
FUN_010496 3.63 3.63 3.63
FUN_010499 1.04 1.04 0.87
FUN_010529 4.15 7.09 5.36
FUN_010575 1.38 1.38 1.38
FUN_010594 3.98 3.98 3.81
FUN_010651 3.46 4.15 3.46
FUN_010656 4.15 4.15 4.15
FUN_010853 19.20 6.23 20.07
FUN_010873 7.61 6.92 7.44
FUN_010899 8.82 8.48 8.13
FUN_010928 5.54 5.54 5.54
FUN_011077 5.36 5.19 5.71
FUN_011081 1.56 1.90 1.90
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FUN_011148 1.90 1.90 1.73 0.17 0.52 0.52 0.17
FUN_011352 3.81 3.63 4.33 0.17 0.35 0.52 0.17
FUN_011359 3.46 0.17 3.29 0.17 0.17 0.35 0.35 0.35
FUN_011399 2.94 2.77 2.77 0.35 0.35 _
FUN_011519 4.33 3.81 2.94 0.35 0.69 0.35 0.35 0.35
FUN_011522 0.87 0.35 0.52
FUN_011531 1.90 0.17 3.81
FUN_011546 4.84 4.84 4.67 0.87 1.21 1.21 0.87

* While grey boxes labelled with “A” indicate effector gene absence, numbers indicate the SNP ratio (%) in the
homolog when compared with the effector gene in R. necatrix strain R18. Green cells indicate identical effector
genes that lack SNPs when compared with the sequence in strain R18.
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Supplemental Table 4. Bacterial strains used in this study.

Strain Species Family Order Medium Gram
R102 Pseudomonas knackmussii  Pseudomonadaceae Pseudomonadales R2A Negative
R19 Pseudomonas corrugata Pseudomonadaceae Pseudomonadales LBA Negative
R103 Bacillus drentensis Bacillaceae Bacillales R2A Positive
S7 Bacillus licheniformis Bacillaceae Bacillales TSA Positive
R104 Paenartﬁrobacter Micrococcaceae Micrococcales R2A Positive
ureafaciens
S39 Arthrobacter enclensis Micrococcaceae Micrococcales R2A Positive
R109 Ochrobactrum intermedium  Rhizobiaceae Rhizobiales R2A Negative
S26 Brucella ovis Rhizobiaceae Rhizobiales TSA Negative
R30 Serratia ureilytica Enterobacteriaceae Enterobacterales TSA Negative
S27 Enterobacter soli Enterobacteriaceae Enterobacterales TSA Negative
R139 Microbacterium foliorum Microbacteriaceae Micrococcales TSA Positive
S23 Ziﬁigfzzg‘:;nm Microbacteriaceae Micrococcales TSA Positive
R121 ;ﬁgg;;oel;;zzt:rium Weeksellaceae Flavobacteriales TSA Negative
Ri8 %%f:fi‘zdermm Weeksellaceae Flavobacteriales TSA Negative
R143 Cellulomonas soli Cellulomonadaceae Micrococcales R2A Positive
R151 Paenibacillus lautus Paenibacillaceae Paenibacillales TSA Positive
S6 Paenibacillus illinoisensis Paenibacillaceae Paenibacillales TSA Positive
R155 Achfor‘n.obacter Alcaligenaceae Burkholderiales LBA Negative
denitrificans

S72 Candidimonas bauzanensis  Alcaligenaceae Burkholderiales TSA Negative
R42 Solibacillus isronensis Planococcaceae Bacillales TSA Positive
S15 Solibacillus silvestris Planococcaceae Bacillales LBA Positive
R93 Streptomyces flavogriseus Streptomycetaceae Streptomycetales LBA Positive
Ri17 Rhodanobacter spathiphylli  Rhodanobacteraceae Xanthomonadales ~ TSA Negative
Ri21 Sphingobium mellinum Sphingomonadaceae Sphingomonadales  TSA Negative
Ri29 Pedobacter steynii Sphingobacteriaceae Sphingobacteriales  TSA Negative
Ri32 Pedobacter panaciterrae Sphingobacteriaceae Sphingobacteriales  TSA Negative
Ri55 Flavobacterium hauense Flavobacteriaceae Flavobacteriales LBA Negative
Ri56 Nocardia coeliaca Nocardiaceae Corynebacteriales LBA Positive
S13 Xanthomonas campestris Xanthomonadaceae Xanthomonadales R2A Negative
S37 :;;L;ti’t;)ilghomonas Xanthomonadaceae Xanthomonadales R2A Negative
S19 Brevibacterium sediminis Brevibacteriaceae Micrococcales LBA Positive



S55

S25
S29
S52
S64
S65
S71

Sil

Brevibacterium
anseongense

Devosia riboflavina
Aeromonas hydrophila
Kaistia adipata
Exiguobacterium artemiae
Cellulosimicrobium cellulans
Nocardioides zeae

Herbaspirillum
rhizosphaerae

Brevibacteriaceae

Devosiaceae
Aeromonadaceae
Kaistiaceae

Exiguobacteraceae

Promicromonosporaceae

Nocardioidaceae

Oxalobacteraceae

Micrococcales

Rhizobiales
Enterobacterales
Rhizobiales
Exiguobacterales
Micrococcales

Propionibacteriales

Burkholderiales

TSA

TSA
TSA
R2A
TSA
TSA
TSA

TSA

Positive

Negative
Negative
Negative
Positive
Positive

Positive

Negative

Supplemental Table 5. Primers used in this study.

Primer name Oligonucleotide sequence (5'->3’) Usage
RnGAPDH-F TCAGCGACCAGGAGCTAGTCA gPCR
RnGAPDH-R TTGAAAAAATTTGGATTGAGCTCTAC qPCR
coRUB-Fw GAACAGTTTCTCACTGTTGAC qPCR
coRUB-Rv CGTGAGAACCATAAGTCACC gPCR
RnITS-F CTGTTCGAGCGTCATTTCAA qPCR
RnITS-R CCTACCTGATCCGAGGTCAA gPCR

FUN_3304_Ndel_fw
FUN_3304_BamHI_rv
FUN_4580_Ndel_fw
FUN_4580_BamHI_rv
FUN_5751_Ndel_fw
FUN_5751_BamHI_rv
FUN_9266_Ndel_fw
FUN_9266_BamHI_rv
FUN_9480_Ndel_fw
FUN_9480_BamHI_rv

ATCATATGATGATTTCCAACATCCTCCCTGTT
CCGGATCCTTAGCTGCTGCAGCCACCAAGC
ATCATATGATGAAGGCAACGATTTTGGACATCG
CCGGATCCTTATTCGCTGAAGGTGATGGTAACTG
ATCATATGATGCAGATCTTCACGACAGTCTTGGCCGT
AGCCGGATCCTCAGCTAGTCCCGGAGCAG
ATCATATGATGCGTGTCTCAGCTGCTCTCTTCG
CCGGATCCCTAAAGGGGGTCCGTCCGTC
ATCATATGATGAAGGCAACTCTGATCTCCGTCGCCGT
CCGGATCCTTACAGAAGAGCGGCGGCAGCCA

Protein production

Protein production

Protein production
Protein production

Protein production

Protein production
Protein production

Protein production

Protein production

Protein production




Supplemental Table 6. Annotation of BLAST and HMMER hits to effector FUN_004580.

Accession ID* Annotation® Organism® il:leerr‘;ge E value :c;.):tity
BLAST

XM_047979610.1 Hypothetical protein Xylaria bambusicola 97% 0.0 71.68%
XM_049263194.1 Hypothetical protein Hypoxylon fragiforme 96% 1E-151 57.95%
XM_051520408.1 Hypothetical protein Durotheca rogersii 100% 1E-144 54.59%
XM_047931715.1 Hypothetical protein Daldinia caldariorum 97% 2E-141 54.34%
XM_049244863.1 Hypothetical protein Daldinia decipiens 97% 1E-138 53.94%
XM_033578433.1 Hypothetical protein Daldinia childiae 97% 4E-137  53.06%
XM_049303926.1 Hypothetical protein Daldinia loculata 97% 2E-135 53.57%
XM_047960472.1  Hypothetical protein 2’;’;‘;:;’2’ :;:sy;o" 96% 9E-135  51.28%
XM_048007749.1 Hypothetical protein Daldinia vernicosa 97% 1E-134 53.55%
XM_047993846.1 Hypothetical protein Annulohypoxylon truncatum  97% 4E-133  52.91%
XM_051460929.1 Hypothetical protein Hypoxylon trugodes 96% 9E-132 51.79%
XM_049311849.1 Hypothetical protein Neoarthrinium moseri 100% 7E-130 52.33%
XM_007830382.1 Hypothetical protein Pestalotiopsis fici 100% 3E-122  49.40%
XM_040853841.1 Hypothetical protein Pseudomassariella vexata 99% 4E-120 50.61%
XM_046099206.1 Hypothetical protein Truncatella angustata 83% 2E-105 60.57%
XM_046156523.1  Hypothetical protein QZ'CC/:EZZZ:;‘;'ZS 95% 3E-105  46.56%
XM_018284675.1 Hypothetical protein Pochonia chlamydosporia 95% 2E-102  47.31%
XM_024896116.1 Hypothetical protein Trichoderma citrinoviride 69% 4E-100 56.54%
XM_006963277.1 Hypothetical protein Trichoderma reesei 69% 1E-99 56.99%
XM_024900564.1 Hypothetical protein Trichoderma asperellum 96% 7E-99 43.24%
XM_038885939.1 Hypothetical protein Colletotrichum karsti 67% 4E-98 56.20%
XM_018296053.1 Hypothetical protein Colletotrichum higginsianum  68% 1E-97 55.40%
XM_016786253.1 Hypothetical protein Scedosporium apiospermum  94% 1E-97 45.83%
XM_036632953.1 Hypothetical protein Colletotrichum siamense 61% 1E-96 58.23%
XM_045404242.1  Hypothetical protein g;’o’f;:;;’;’;‘l’d'zs 61% 2696  58.23%
XM_037316359.1 Hypothetical protein Colletotrichum aenigma 61% 2E-96 58.23%
XM_053175963.1 Hypothetical protein Colletotrichum chrysophilum  61% 2E-96 58.23%
XM_032030074.1 Hypothetical protein Colletotrichum fructicola 61% 2E-96 58.23%
XM_049274743.1 Hypothetical protein Colletotrichum spaethianum  61% 4E-96 60.00%
XM_043142060.1 Hypothetical protein Ustilaginoidea virens 68% 6E-96 55.20%
XM_046250215.1 Hypothetical protein llyonectria robusta 67% 2E-94 54.21%
XM_018809009.1 Hypothetical protein Trichoderma gamsii 69% 6E-94 52.63%



XM_044846055.1
XM_007818233.1
XM_024922373.1
XM_036723064.1
XM_035468007.1
XM_014688387.1

XM_009264636.1

XM_003651639.1

XM_047979610.1
XM_049263194.1
XM_051520408.1
XM_047931715.1

XM_003651639.1

XM_025729660.1
XM_008095090.1
XM_014092778.1
XM_049285132.1
CP077948.1
XM_053195163.1
0W971920.1
XM_031165144.1

XM_006691392.1

CP021290.1
CP040201.1
CP020724.1
CP020875.1
CP021304.1
CP021297.1
CP016232.1
CP021311.1
CP084946.1

XM_022625650.1

XM_011318840.1
XM_046123457.1

Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein

Hypothetical protein

Hypothetical protein

Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein

Hypothetical protein

Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein

Hypothetical protein

Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein

Hypothetical protein

Hypothetical protein
Hypothetical protein

Fusarium poae
Metarhizium robertsii
Trichoderma harzianum
Colletotrichum truncatum
Geosmithia morbida
Metarhizium brunneum

Fusarium
pseudograminearum

Thermothielavioides
terrestris

Xylaria bambusicola
Hypoxylon fragiforme
Durotheca rogersii
Daldinia caldariorum

Thermothielavioides
terrestris

Fusarium venenatum
Colletotrichum graminicola
Trichoderma atroviride
Colletotrichum lupini
Colletotrichum gigasporum
Colletotrichum fioriniae
Trichoderma pseudokoningii
Fusarium coffeatum

Thermochaetoides
thermophila

Trichoderma reesei
Trichoderma reesei
Trichoderma reesei
Trichoderma reesei
Trichoderma reesei
Trichoderma reesei
Trichoderma reesei
Trichoderma reesei
Trichoderma asperellum

Colletotrichum
orchidophilum

Fusarium graminearum

Fusarium flagelliforme

95%
95%
69%
61%
67%
95%

68%

96%

97%
96%
100%
97%

96%

68%
61%
69%
60%
92%
60%
67%
68%

94%

66%
66%
66%
66%
66%
66%
66%
66%
94%

68%

68%
68%

4E-93
7E-93
2E-92
5E-92
1E-91
1E-91

2E-91

4E-91

0.0

1E-151
1E-144
2E-141

4E-91

1E-90
3E-90
3E-90
4E-90
1E-89
6E-89
1E-88
2E-88

7E-88

1E-87
1E-87
1E-87
1E-87
1E-87
1E-87
1E-87
1E-87
1E-87

3E-87

4E-87
4E-87

42.65%
42.93%
53.55%
57.43%
54.58%
42.68%

51.97%

43.73%

71.68%
57.95%
54.59%
54.34%

43.73%

51.25%
56.22%
52.28%
56.68%
45.48%
56.56%
56.57%
51.25%

41.45%

57.88%
57.88%
57.88%
57.88%
57.88%
57.88%
57.88%
57.88%
43.11%

51.97%

51.97%
51.60%



CP072834.1
XM_014095116.1
XM_053146149.1
XM_028643441.1
XM_003350974.1
XM_053050566.1
XM_046270538.1
XM_035474047.1
CP083246.1
CP101605.1
CP072756.1
CP049928.1

XM_018276255.1

CP079833.1
XM_003003371.1

CP064806.1

CP003010.1

XM_008086879.1
CP117785.1
CP019475.1
XM_009858316.1
XM_046198521.1
CP100344.1
CP031387.1
CP098298.1
CP084938.1

XM_047982779.1

XM_001907097.1
XM_040954205.1
CP069151.1
HMMER
AOA5N6KRO4_9ROSI

Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein

Hypothetical protein

Hypothetical protein
Hypothetical protein

Hypothetical protein

Hypothetical protein

Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein

Hypothetical protein
Hypothetical protein

Hypothetical protein
Hypothetical protein

Hypothetical protein

Hypothetical protein

Trichoderma asperellum
Trichoderma virens
Fusarium falciforme
Verticillium nonalfalfae
Sordaria macrospora
Fusarium keratoplasticum
Fusarium solani
Colletotrichum scovillei
Epichloe scottii
Ustilaginoidea virens
Ustilaginoidea virens
Ustilaginoidea virens

Pseudogymnoascus
verrucosus

Fusarium graminearum
Verticillium alfalfae

Epichloe typhina subsp.
clarkii

Thermothielavioides
terrestris

Glarea lozoyensis
Colletotrichum graminicola
Colletotrichum lupini
Neurospora tetrasperma
Fusarium redolens

Epichloe festucae

Epichloe festucae

Epichloe typhina subsp. poae
Trichoderma atroviride

Purpureocillium
takamizusanense

Podospora anserina
Penicillium solitum

Verticillium nonalfalfae

Carpinus fangiana

94%
69%
68%
61%
68%
67%
67%
60%
66%
65%
65%
65%

93%

68%
61%

67%

95%

68%
65%
60%
68%
69%
66%
66%
67%
67%

69%

97%
68%
65%

59.2%

7E-87
1E-86
1E-86
2E-86
3E-86
1E-85
1E-85
1E-85
1E-84
2E-84
2E-84
2E-84

4E-84

9E-84
9E-84

1E-83

1E-83

1E-83
2E-83
4E-83
4E-83
6E-83
1E-82
1E-82
2E-82
2E-82

2E-82

3E-82
3E-82
4E-82

1.8E-66

42.75%
52.13%
50.18%
54.66%
49.64%
50.55%
50.55%
56.68%
53.73%
55.43%
55.43%
55.43%

40.57%

51.97%
54.66%

51.25%

43.65%

49.47%
54.72%
56.68%
49.28%
51.42%
53.36%
53.36%
51.61%
52.71%

48.41%

37.78%
49.82%
53.61%

41.1%

®Database accession ID where subject was deposited.
®Annotation of the best hit using BLAST (tblastn).
‘Organism where the homolog was annotated.
dPercentage of identity of the query.



Supplemental Table 7. Annotation of BLAST and HMMER hits to effector FUN_011519.

Accession ID* Annotation® Organism® il:leerr‘;ge E value :c;.):tity
BLAST and HMMER

XM_007838424.1 Hypothetical protein Pestalotiopsis fici 100% 6E-10 68.57%
XM_014319017.1 Hypothetical protein Grosmannia clavigera 100% 1E-09 71.43%
XM_006668457.1 Hypothetical protein Cordyceps militaris 100% 1E-09 71.43%
XM_032032777.1 Hypothetical protein Colletotrichum fructicola 100% 2E-09 65.71%
XM_024655518.1 Hypothetical protein Sordaria macrospora 100% 1E-08 68.57%
XM_003659946.1  Hypothetical protein ;f:::’;ng;z;ﬁmy ces 100% 2608 71.43%
XM_048011148.1 Hypothetical protein Daldinia vernicosa 100% 2E-08 62.86%
XM_046108154.1 Hypothetical protein Truncatella angustata 100% 6E-08 60.00%
XM_051511661.1 Hypothetical protein Durotheca rogersii 100% 6E-08 62.86%
XM_001907105.1 Hypothetical protein Podospora anserina 100% 7E-08 65.71%
XM_046158086.1  Hypothetical protein 't\:’,’ccgzg;j'gg:’s 100%  9E08  60.00%
XM_047937750.1 Hypothetical protein Daldinia caldariorum 100% 1E-07 60.00%
XM_028614903.1 Hypothetical protein Sodiomyces alkalinus 100% 2E-07 68.57%
XM_051457076.1 Hypothetical protein Hypoxylon trugodes 100% 4E-07 65.71%
XM_049244688.1 Hypothetical protein Daldinia decipiens 100% 4E-07 65.71%
XM_014686345.1 Hypothetical protein Metarhizium brunneum 100% 5E-07 60.00%
XM_003007773.1 Hypothetical protein Verticillium alfalfae 100% 2E-06 60.00%
XM_003651533.1  Hypothetical protein tT:rZ ':;;hie/awo"des 97% 311 79.41%
XM_046265423.1 Hypothetical protein Emericellopsis atlantica 97% 2E-09 73.53%
XM_008095371.1 Hypothetical protein Colletotrichum graminicola 97% 5E-09 70.27%
XM_040863558.1 Hypothetical protein Pseudomassariella vexata 97% 7E-09 67.65%
XM_960199.2 Hypothetical protein Neurospora crassa 97% 2E-08 76.47%
XM_047972197.1 Hypothetical protein Xylaria bambusicola 97% 4E-08 64.71%
XM_049302929.1 Hypothetical protein Daldinia loculata 97% 2E-07 64.71%
XM_049293600.1 Hypothetical protein Colletotrichum lupini 97% 2E-07 67.57%
XM_035467298.1 Hypothetical protein Geosmithia morbida 97% 4E-07 61.76%
XM_022620490.1  Hypothetical protein gfclﬁg’;;’;xz 97% 4E-07  62.16%
XM_044863015.1 Hypothetical protein Hirsutella rhossiliensis 97% 7E-07 67.65%
XM_047991640.1  Hypothetical protein f :lgsr(;rljﬂ:z;z . 97% 1606 70.59%
XM_007808999.1 Hypothetical protein Metarhizium acridum 97% 2E-06 61.76%
XM_009653120.1 Hypothetical protein Verticillium dahliae 97% 2E-06 61.76%



XM_046253466.1
XM_053054048.1
XM_031161470.1
XM_025733484.1
XM_023579291.1
XM_046198815.1
XM_053149576.1
XM_046283930.1
XM_029896370.1
XM_003720841.1
XM_014087113.1
XM_024898021.1
XM_031130497.1
XM_024548995.1
XM_024901739.1
XM_024919849.1
XM_043141820.1
XM_009229853.1
CP023323.1

CP003010.1

XM_040822091.1
XM_049264651.1
XM_009857960.1
CP045886.1
CP098299.1
CP098307.1
CP064797.1

CP003002.1

CP031390.1
CP100347.1
XM_031143259.1
CP098267.1
CP064805.1
CP049927.1
CP072755.1
CP101604.1

Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein

Hypothetical protein

Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein

Hypothetical protein

Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein

Illyonectria robusta
Fusarium keratoplasticum
Fusarium coffeatum
Fusarium venenatum
Fusarium fujikuroi
Fusarium redolens
Fusarium falciforme
Fusarium solani
Pyricularia pennisetigena
Pyricularia oryzae
Trichoderma atroviride
Trichoderma citrinoviride
Pyricularia grisea
Trichoderma gamsii
Trichoderma asperellum
Trichoderma harzianum
Ustilaginoidea virens
Gaeumannomyces tritici
Cordyceps militaris

Thermothielavioides
terrestris

Metarhizium album
Hypoxylon fragiforme
Neurospora tetrasperma
Beauveria bassiana
Epichloe typhina
Epichloe typhina
Epichloe typhina

Thermothelomyces
thermophilus

Epichloe festucae
Epichloe festucae
Thyridium curvatum
Epichloe bromicola
Epichloe typhina
Ustilaginoidea virens
Ustilaginoidea virens

Ustilaginoidea virens

97%
97%
97%
97%
97%
97%
97%
97%
94%
94%
94%
94%
94%
94%
94%
94%
91%
91%
88%

88%

88%
88%
88%
88%
88%
88%
88%

88%

88%
88%
88%
88%
88%
88%
88%
88%

3E-06
5E-05
6E-05
1E-04
2E-04
2E-04
3E-04
4E-04
2E-08
9E-08
4E-07
5E-07
1E-06
3E-06
8E-06
1E-05
6E-07
5E-06
2E-07

3E-07

2E-06
3E-06
4E-06
4E-06
4E-06
4E-06
5E-06

8E-06

2E-05
2E-05
2E-05
2E-05
2E-05
2E-05
2E-05
2E-05

61.76%
55.88%
55.88%
55.88%
52.94%
52.94%
55.88%
55.88%
72.73%
69.70%
63.64%
66.67%
69.70%
60.61%
60.61%
66.67%
65.62%
59.38%
74.19%

77.42%

70.97%
58.06%
74.19%
61.29%
67.74%
67.74%
67.74%

70.97%

67.74%
67.74%
64.52%
67.74%
67.74%
64.52%
64.52%
64.52%



CP099637.1
CP098274.1
CP077954.1
XM_007825388.2
XM_035474232.1

CP086364.1

XM_040763701.1
AB669186.1
CP096782.1
CP069148.1
CP069139.1
CP019480.1
XM_018304892.1
CP010982.1
CP009079.1
CP058936.1
LR026964.1
CP071116.1
XM_014102688.1
CP084938.1
CP091464.1
CP084944.1
CP072831.1
CP034210.1
CP060336.1
CP099702.1
CP050926.1
CP075865.1
CP071108.1
0OW971923.1
CP021293.1
CP016235.1
CP021307.1

Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein

Hypothetical protein

Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein

Epichloe amarillans
Epichloe elymi
Colletotrichum gigasporum
Metarhizium robertsii
Colletotrichum scovillei

Purpureocillium
takamizusanense

Sporothrix brasiliensis
Colletotrichum orbiculare
Nigrospora oryzae
Verticillium nonalfalfae
Verticillium nonalfalfae
Colletotrichum lupini
Colletotrichum higginsianum
Verticillium dahliae
Verticillium dahliae
Metarhizium brunneum
Podospora comata
Trichoderma virens
Trichoderma virens
Trichoderma atroviride
Pyricularia oryzae
Trichoderma asperellum
Trichoderma asperellum
Pyricularia oryzae
Pyricularia oryzae
Pyricularia oryzae
Pyricularia oryzae
Trichoderma simmonsii
Trichoderma virens
Trichoderma pseudokoningii
Trichoderma reesei
Trichoderma reesei

Trichoderma reesei

88%
88%
88%
88%
88%

88%

88%
88%
88%
88%
88%
88%
88%
88%
88%
88%
88%
85%
85%
85%
85%
85%
85%
85%
85%
85%
85%
85%
85%
85%
85%
85%
85%

2E-05
2E-05
3E-05
3E-05
4E-05

5E-05

6E-05
7E-05
7E-05
9E-05
9E-05
1E-04
2E-04
3E-04
3E-04
3E-04
4E-04
7E-06
2E-05
4E-05
7E-05
8E-05
1E-04
2E-04
2E-04
2E-04
2E-04
2E-04
2E-04
3E-04
3E-04
3E-04
3E-04

67.74%
67.74%
64.52%
61.29%
64.71%

70.97%

67.74%
61.29%
64.52%
58.06%
58.06%
64.71%
58.82%
58.06%
58.06%
61.29%
64.52%
66.67%
66.67%
63.33%
66.67%
60.00%
60.00%
66.67%
66.67%
66.67%
66.67%
66.67%
66.67%
66.67%
66.67%
66.67%
66.67%

2Database accession ID where subject was deposited.
PAnnotation of the best hit using BLAST (tblastn).
‘Organism where the homolog was annotated.
dPercentage of identity of the query.
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ABSTRACT

Plant pathogens can modulate host microbiota compositions to facilitate host
colonization. To this end, fungal pathogens secrete a range of effector proteins with
selective antimicrobial activity during host ingress. In the present study, we aimed to
develop a method to demonstrate antimicrobial activity of candidate effector proteins
and to reveal their bacterial target ranges. To this end, we assembled two synthetic
communities (SynComs) that contain all taxonomical families that were previously
identified in a culture collection of tomato-associated bacteria, one with the faster
growing taxa and one with the slower growing taxa. Besides testing the sensitivity of
all 19 individual taxa to five fungal effector proteins, three of which were previously
reported to display antimicrobial activity, we also tested the effect of adding the effector
proteins to the SynComs. When the sensitivity of each bacterial taxon to either of the
five effector proteins was tested individually, the effectors could inhibit the growth of
a subset (between one and nine) of the 19 taxa. However, pronounced differences in
sensitivity of several bacterial taxa to antimicrobials were observed when individually
cultured bacteria were tested versus when treatments were performed on bacterial
SynComs. This study provides a methodology that can demonstrate the antimicrobial
activities of effector proteins through the use of SynComs, but also reveals that it may
not be straightforward to reliably identify bacterial target ranges as we reveal differences
when using single bacterial cultures versus SynComs. These observations highlight the
importance of testing antimicrobial proteins in the niche in which they are naturally
secreted, or close mimics thereof, to identify relevant bacterial target ranges.



INTRODUCTION

In nature, plants are continuously surrounded by a plethora of microbes with which
they engage in interactions on a spectrum ranging from beneficial through commensal
to parasitic (Cook et al., 2015). The molecular characterization of plant-pathogen
interactions has shown that plant pathogens secrete dozens to hundreds of effector
molecules into the apoplast or cytosol of their host plants to mediate host colonization
(Rovenich et al., 2014; Wilson and McDowell, 2022). Recently, it has been shown that
effector proteins not only fulfill functions in the direct manipulation of host immune
responses, or more broadly in the manipulation of host physiology, but can also
modulate plant-associated microbiota compositions inside as well as outside the host
plant to support host colonization (Snelders et al., 2020; 2021; 2022; 2023; Chavarro-
Carrero et al., 2023; Gdmez-Pérez et al., 2023; Okmen et al., 2023).

The plant-associated microbiota is of great importance for plant performance
as it supports plant growth, development, and health (Trivedi et al., 2020; Mesny et
al., 2023). Perhaps the best-known examples of beneficial microbiota members that
positively impact plant performance are mycorrhiza that support plants in their uptake
of water, phosphorus, and other limiting nutrients, and Rhizobium bacteria that fix
atmospheric nitrogen in their symbiosis with legume plants (Mendes et al., 2013).
Furthermore, the root-associated microbiota facilitates nutrient uptake by plants by
weathering minerals and the degradation of recalcitrant organic matter. In return, the
microbiota is provided with carbon through root exudates (van der Heijden et al., 2008).

In addition to supporting plant growth, the root microbiota plays an important
role in promoting plant immunity (Rudrappa et al., 2008; Berendsen et al., 2018). Root
exudates actively recruit soil bacteria that promote plant health and suppress disease
development (Rudrappa et al., 2008; Berendsen et al., 2018; Goossens et al., 2023).
For example, several members of the bacterial genera Bacillus and Pseudomonas,
and of the fungal genus Trichoderma, are beneficial for plant health through several
mechanisms, including direct antagonism, plant growth promotion, and the induction
of systemic immune responses in their plant hosts (Dimki¢ et al., 2022). Recent studies
demonstrate that, in return, pathogens modulate root microbiota compositions to
facilitate plant host colonization. The fungal broad host-range vascular wilt pathogen
Verticillium dahliae was shown to exploit a range of effector proteins with selective
antimicrobial activity (Snelders et al., 2020; 2021; 2022, 2023). The V. dahliae effector
Avel suppresses antagonistic bacteria that belong to the Spingomonadaceae during host
colonization as well as during soil-dwelling stages (Snelders et al., 2020). Furthermore,
through its selective antibacterial activity VAAMP2 contributes to V. dahliae survival
in soil (Snelders et al., 2020), while VdAAMP3 possesses antifungal activity and is
expressed in decaying host tissue to promote resting structure formation (Snelders et



al., 2021). Finally, VdAvell2 suppresses antagonistic Actinobacteria to promote host
colonization (Snelders et al., 2022). Importantly, V. dahliae is not the only pathogen that
was demonstrated to use effector proteins with antimicrobial activity to promote host
colonization. Most recently, two in planta-expressed effectors of the broad host-range
white root rot pathogen Rosellinia necatrix, FUN_004580 and FUN_011519, were shown
to display selective antimicrobial activity towards several fungi and plant-associated
bacteria (Chapter 2 of this thesis; Chavarro-Carrero et al., 2023). Additionally, the smut
fungus Ustilago hordei was shown to secrete the ribonuclease effector protein UhRibol
during early stages of plant colonization to inhibit the growth of plant-associated bacteria
(Gkmen et al., 2023) in a similar fashion as has been proposed for the ribonuclease
effector protein Zt6 secreted by the fungal wheat pathogen Zymoseptoria tritici (Kettles
et al., 2018). Furthermore, the obligate plant parasite Albugo candida secretes various
proteins with selective antimicrobial activity directed against plant-associated Gram-
positive bacteria occurring on its Arabidopsis thaliana host (Gomez-Pérez et al., 2023).

AMPs from V. dahliae and R. necatrix have been identified by mining the predicted
secretomes of both pathogens for structural homologues of known antimicrobial
proteins (AMPs) (Snelders et al., 2020; Chavarro-Carrero et al., 2023). To assess
antibacterial activity, the growth inhibition of selected bacterial species was assessed.
Furthermore, modulation of synthetic bacterial communities and natural microbiome
compositions has been assessed using lllumina 16S profiling. However, this sequencing
technique produces only short reads (<600 bp) which restrains sequencing of the entire
16S rRNA gene in a single read (~1,500 bp) (Frank et al., 2008). Short-read sequencing
might result in incomplete coverage of the 16S rRNA gene, missing variable regions that
are critical for taxonomic identification, reducing the taxonomic resolution. Especially
when working with closely related bacterial taxa, as small differences in the sequence
can result in misclassification (Polz and Cavanaugh, 1998; Kanagawa, 2003; Pollock et
al., 2018). Oxford Nanopore Technologies (ONT) sequencing is a rapid, portable, and
low-cost solution for in-house sequencing (ONT, 2020) capable of long DNA fragment
sequencing (Lei et al., 2022). High-throughput generation of reads is achieved in a
pocket-sized portable device called a MinlON (Lu et al., 2016), allowing real-time data
analysis, drastically reducing sequencing turnaround times, and lowering the cost per
sequenced base (Branton et al., 2008). In contrast to Sanger and Illumina sequencing,
ONT sequencing allows the sequencing of entire 16S rRNA genes in samples with
bacterial mixtures (Benitez-Pdez et al., 2016). In the present study, we exploited ONT
sequencing to capture shifts in the composition of synthetic communities that are
induced by fungal pathogen effector proteins in an attempt to develop this method to
demonstrate antimicrobial activities of novel candidate effector proteins and identify
their specific bacterial target ranges.



RESULTS
Synthetic community assembly

To generate a synthetic community (SynCom) that represents the bacterial diversity
found in a plant microbiota, we selected a single bacterial strain for each of the 19
taxonomical families that were previously identified in a collection of tomato-
associated bacteria (Chavarro-Carrero et al., 2023) (Table 1). To extract the maximum
of genetic information from the 19 bacterial strains, including the structure and
sequence information of the 16S locus, we performed whole-genome sequencing with
an Oxford Nanopore Technologies (ONT) MinlON device and assembled the genome
of each bacterial strain, resulting in assemblies of one to nine contigs per species
(Table 1). From these assemblies, we extracted the 16S regions of the ribosomal DNA
and composed a local database. Next, the growth of the 19 bacteria was individually
assessed in lysogeny broth (LB), tryptone soy broth (TSB), and Reason’s 2A broth (R2A).
After 20 h of incubation, all bacteria grew in all cultivation media, although nine bacteria
accumulated to lower densities (OD600 < 1) than the remaining ten (OD600 > 1) (Table
2).

To assemble a SynCom, each of the 19 bacteria was grown separately for 24 h
in LB, TSB, or R2A, after which each of the cultures was adjusted to an OD600 of 0.05,
and equal volumes were mixed (designated SynCom A) in six replicate samples. While
three samples were immediately used for DNA isolation, the remaining three samples
were incubated for 20 hours at 22°C, with constant shaking at 120 rpm, after which the
bacterial cells were harvested, and DNA isolation was performed. Subsequently, 16S
PCR was performed, followed by ONT sequencing, and the relative abundance of each
SynCom A member was determined based on mapping the reads to the database of
16S sequences.

The 16S rRNA gene encompasses nine variable regions (V1-V9) that are crucial
for identifying bacterial species (Bukin et al., 2019). To reliably map reads that belong to
the correct bacterial species in the dataset we only retained sequences that encompass
multiple variable regions. To this end, we kept reads longer than 1 kb that mapped with
an identity >85% to the database of 16S sequences. Furthermore, only the best match
was kept for reads with multiple matches above 85% identity to the database of 16S
sequences, which concerned less than 1% of the total sequenced reads. Mapping rates
ranged from 88.89% to 99% of the sequenced reads (Table 3).

After 20 h of incubation, rDNA sequences from several members of SynCom A
could not be detected in LB and TSB (Figure 1A): eight out of 19 members were no
longer detected in LB, while ten members were no longer detected in TSB (Figure
1A, 1D). Although in R2A all SynCom A members were detected after incubation,
the composition was quite imbalanced, with Chryseobacterium wanjuense and



Rhodanobacter spathiphylli making up more than half of the SynCom A composition
(Figure 1A).

To design SynComs in which all members would be able to establish themselves,
we divided the set of 19 bacteria into two separate SynComs based on their differences
in growth, with one SynCom containing the ten bacteria that accumulated to OD600 >
1.0 in separate cultures (SynCom B), and a second SynCom with the nine bacteria that
accumulated to OD600 < 1.0 (SynCom C) (Table 2). Accordingly, we kept reads longer
than 1 kb with identities >85%, and for reads with multiple matches above 85% identity
only the best match was kept, obtaining high mapping rates from 80% to 97.78% with
SynCom B and 76,92% to 99% with SynCom C (Table 3). Alike we observed for SynCom
A, several members of SynCom B and C could not be detected after incubation in LB and
TSB (Figure 1B-D). More specifically, for SynCom B, three out of ten members were no
longer detected in either of the two cultivation media (Figure 1B, 1D), while for SynCom
C, three members were no longer detected in LB, and four members were not detected
in TSB (Figure 1C, 1D). In contrast, all members of SynCom B and C were detected in
R2A (Figure 1B, 1C, 1D). Moreover, the relative abundance of the members was evenly
distributed in each of the two SynComs. Thus, we pursued further experiments with
SynComs B and C in R2A medium.
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Table 2. SynCom compositions based on bacterial densities after cultivation in different media.

Strain Species O SynCom

LB R2A TSB A B C
R19 Pseudomonas corrugata 1.734 1.034 1.111 X X
R103 Bacillus drentensis 1.834 1.234 1.659 X X
Ri53 Arthrobacter rhombi 0.654 0.599 0.732 X X
S26 Brucella ovis 1.567 1.232 1.879 X X
R139 Microbacterium foliorum 0.856 0.546  0.893 X X
Ri8 Chryseobacterium wanjuense 1.345 1.294 1.789 X X
R143 Cellulomonas soli 0.679 0.872 0.889 X X
S6 Paenibacillus illinoisensis 1.231 1.289 1.673 X X
R155 Achromobacter denitrificans 1.943 1.101 1.549 X
R42 Solibacillus isronensis 1.348 1.234 1.541 X
Ri17 Rhodanobacter spathiphylli 0.449 0.674 0.798 X
Ri21 Sphingobium mellinum 0.620 0.549 0.728 X
Ri32 Pedobacter panaciterrae 1.563 1.098 1.692 X X
Ri55 Flavobacterium hauense 0.731 0.541 0.722 X X
S13 Xanthomonas campestris 1.234 1.201 1.398 X X
S25 Devosia riboflavina 0.587 0.552 0.762 X X
S64 Exiguobacterium artemiae 1.409 1.128 1.673 X X
S65 Cellulosimicrobium cellulans 0.804 0.716 0.945 X X
Sil Herbaspirillum rhizosphaerae 0.846 0.620 0.982 X X

*0OD,,, after 20 h of incubation at 222C (120 rpm) in lysogeny broth (LB), tryptone soy broth (TSB),
or Reason’s 2A broth (R2A).



Table 3. Nanopore sequencing data and amount of reads mapped to the 16S database.

SynCom Incubation Media Treatment ﬁr:nooupn(:r:f NS0 NS0 Reads % reads
used reads? (Kb)* (Kb)®> mapped® mapped®
A Oh LB Untreated 9x10° 1.6 15 8x103 88.89
A 24 h LB Untreated 19x10° 1.6 1.5 18x10° 94.74
A Oh R2A Untreated 7x10° 1.6 15 6.5x10° 92.86
A 24 h R2A Untreated 32x10° 1.6 1.5 30x103 93.75
A Oh TSB Untreated 7x10° 1.6 1.5 7x10° 99.00
A 24 h TSB Untreated 21x10° 1.6 1.5 20x103 95.24
B Oh LB Untreated 15x10° 1.6 1.5 12x103 80.00
B 24 h LB Untreated 45x10° 1.6 1.5 44x10° 97.78
B Oh R2A Untreated 19x10° 1.6 1.5 18x10° 94.74
B 24 h R2A Untreated 41x10° 1.6 1.5 38x103 92.68
B Oh TSB Untreated 10x10° 1.6 1.5 9x10° 90.00
B 24 h TSB Untreated 41x10° 1.6 15 39x103 95.12
C Oh LB Untreated 6x103 1.6 1.5 6x10° 99.00
C 24 h LB Untreated 48x10° 1.6 15 47x10° 97.92
C Oh R2A Untreated 13x10° 1.6 1.5 10x10° 76.92
C 24 h R2A Untreated 34x10° 1.6 15 33x10% 97.06
C Oh TSB Untreated 12x10° 1.6 1.5 10x10° 83.33
C 24 h TSB Untreated 25x10° 1.6 1.5 23x103 92.00

2Average of three replicate runs.
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Figure 1. Relative abundance of bacterial members of three synthetic communities (SynCom)
across different growth media. (A-C) Compositions of SynCom A (A), SynCom B (B), and SynCom
C (C) in lysogeny broth (LB), tryptone soy broth (TSB), and Reason's 2A broth (R2A) in three
replicates before (0 h) and after 20 h of incubation. (D) Schematic overview of the members that
were included in each of the SynComs (black boxes), white crosses indicate members that are no
longer detected after incubation.

Assessing the sensitivity of SynCom members to fungal effector proteins in vitro

To establish if any of the SynCom members are sensitive to AMPs, we tested the in
vitro sensitivity of the 19 individual SynCom members to known antimicrobial effector
proteins (AMPs) from plant pathogenic fungi in R2A medium. To this end, we selected
the previously characterized antimicrobial effector proteins Avel from V. dahliae
(Snelders et al., 2020), and proteins FUN_004580 and FUN_011519 from R. necatrix
(Chavarro-Carrero et al., 2023; Chapter 4), while bovine serum albumin (BSA) was
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included as negative control (Sun et al., 2015). Avel inhibited the growth of nine out
of 19 bacteria, whereas inhibition of two bacteria was observed with FUN_004580
and three with FUN_011519, while BSA did not inhibit growth of any of the SynCom
members (Figure 2A). To further test the sensitivity of the SynCom members we tested
two effector proteins with unknown antimicrobial activity namely, the effector protein
CP1from V. dahliae (Zhang et al., 2017), and the LysM effector ELP2 from Colletotrichum
higginsianum (Takahara et al., 2016). Intriguingly, five bacteria displayed sensitivity to
CP1,while ELP2inhibited the growth of one bacterium (Figure 2A). Some bacterial species
were inhibited by multiple proteins. Specifically, Xanthomonas campestris was inhibited
by Avel and CP1, Achromobacter denitrificans was inhibited by Avel, FUN_011519, and
CP1, Bacillus drentensis by all effectors except FUN_004580, Sphingobium mellinum by
Avel, FUN_011519, and CP1, and Solibacillus isronensis by Avel and CP1. Collectively,
these results showed that some SynCom members are sensitive to the effector proteins
tested. Based on these results we hypothesized that SynCom compositions can be
modulated by the use of these antimicrobial effector proteins.
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Figure 2. Sensitivity of plant-associated bacteria to antimicrobial proteins (AMPs). (A) Red lines
show bacterial growth (OD600) in the presence of BSA (8 uM), Avel (8 uM), FUN_004580 (6
UM), FUN_011519 (10 uM), CP1 (8 uM) or ELP2 (8 uM), while blue lines show bacterial growth
in R2A. Error bars display standard deviations (n=3). Green squares highlight bacterial species
inhibited by the effector proteins (B) Phylogenetic tree based on whole-genome assemblies of
the SynCom members inferred using Realphy (Langmead and Salzberg, 2012). Branch lengths
represent sequence divergence.
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Assessing antimicrobial activity of effector proteins in SynComs

To evaluate whether the effector proteins differentially modulate bacterial growth in
the SynComs, we treated SynCom B and C with each of the previously tested proteins.
To this end, 500 pL of each SynCom in R2A medium was mixed with 500 pL of protein
solution (between 6 and 10 uM) or water as negative control in six replicate samples.
Incubation, 16S profiling, and relative abundance analysis were performed as described
before. Here we filtered and mapped the reads as previously described. The remaining
reads account for 94% to 98.25% of the initial reads of SynCom B and from 93.75% to
99% of the initial reads of SynCom C (Table 4). While Avel inhibited nine bacteria when
tested on individual cultures (Figure 2A), only four of these bacteria were depleted
from the SynComs after incubation based on the absence of reads derived from the
16S sequences of these species, namely Bacillus drentensis, Solibacillus isronensis,
Cellulosimicrobium cellulans, and Sphingobium mellinum (Figure 3). Interestingly,
besides these four bacteria, also Paenibacillus illinoisensis (SynCom B) and Devosia
riboflavina (SynCom C) were depleted from the SynComs treated with Avel (Figure
3), despite the observation that these species were insensitive to Avel when tested
individually (Figure 2). CP1 inhibited five bacteria when tested on individual cultures
(Figure 2), from which only one was depleted in SynCom B (Figure 3A, 3C). Conversely,
Cellulosimicrobium cellulans was depleted from SynCom C when treated with CP1
(Figure 3B, 3D), while this species was not sensitive CP1 when tested individually
(Figure 2). In cultures supplemented with FUN_004580, the two bacteria inhibited in
individual cultures (Cellulosimicrobium cellulans and Flavobacterium hauense, Figure
2) were not depleted (Figure 3A-D), while five other bacteria were depleted from the
SynComs after incubation (Figure 3A-D), despite appearing insensitive to FUN_004580
in individual cultures (Figure 2). For FUN_011519, two out of three bacteria that were
sensitive to this protein (Figure 2) were depleted from the SynComs (Figure 3A-D).
Furthermore, Flavobacterium hauense was depleted from SynCom C treated with
FUN_011519 (Figure 3B, 3D), despite appearing insensitive to FUN_011519 in individual
tests (Figure 2). Bacillus drentensis was depleted from the SynCom treated with ELP2, in
agreement with its sensitivity in tests on individual cultures (Figure 2, 3A, 3C). However,
also Paenibacillus illinoisensis and Sphingobium mellinum were depleted from the
SynComs treated with ELP2, despite their apparent insensitivity to ELP2 in individual
tests. Collectively, these results indicate that the bacterial sensitivity to AMPs differs
when bacteria are cultured on their own or within a SynCom. Furthermore, even if
the bacteria that were inhibited in the individual cultures were not depleted from the
SynComs, the composition of SynComs shifted towards a reduction of members and a
loss of diversity. To quantify the shifts in diversity of the SynComs, we calculated the
Shannon diversity index (Shannon and Weaver, 1949). The SynComs treated with any



of the effector proteins displayed a lower Shannon diversity index than the index of
the initial SynCom (0 h), and lower than the SynComs treated with water or BSA (P
< 0.0001) (Figure 3E, 3F). These results imply that the SynComs treated with effector
proteins carry fewer members and an uneven distribution of species abundances when
compared with the initial SynCom or the water or BSA control.

Table 4. Nanopore sequencing data and amount of reads mapped to the 16S database.

SynCom Incubation Media Treatment ﬁ?::;:rzf NS0 N90 ~ Reads % reads
used reads® (Kb)*  (Kb)* mapped® mapped?
B Oh R2A Untreated 22x103 1.6 1.5 20x103 90.91
B 24 h R2A Water 57x103 1.6 1.5 56x103 98.25
B 24 h R2A BSA 52x10° 1.6 1.5 50x10° 96.15
B 24 h R2A CP1 44x10° 1.6 1.5 43x10° 97.73
B 24 h R2A FUN_004580 50x103 1.6 1.5 47x10° 94.00
B 24 h R2A Avel 40x10° 1.6 1.5 38x10° 95.00
B 24 h R2A ELP2 50x103 1.6 1.5 48x10° 96.00
B 24 h R2A FUN_011519 48x10° 1.6 1.5 47x10° 97.92
C Oh R2A Untreated 20x10° 1.6 1.5 19x10° 95.00
C 24 h R2A Water 52x10° 1.6 15 51x103 98.08
C 24 h R2A BSA 33x10° 1.6 1.5 31x103 93.94
C 24 h R2A CP1 32x10° 1.6 1.5 32x10° 99.00
C 24 h R2A FUN_004580 32x10° 1.6 1.5 30x103 93.75
C 24 h R2A Avel 42x10° 1.6 1.5 41x10° 97.62
C 24 h R2A ELP2 39x10° 1.6 1.5 38x10° 97.44
C 24 h R2A FUN_011519 40x10° 1.6 1.5 38x10° 95.00

2Average of three replicate runs.
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Figure 3. AMPs differentially affect the growth of members of the synthetic communities.
Compositions of SynCom B (A), and SynCom C (B) in Reason's 2A broth (R2A) in three replicates
before (0 h) and after 20 h of incubation in water or in the presence of BSA (8 uM), ELP2 (8 uM),
Avel (8 uM), CP1 (8 uM), FUN_004580 (6 uM) or FUN_011519 (10 uM). (C and D) Schematic
overview of the members that were included in each of the SynComs (black boxes). White
crosses indicate which members were inhibited by the proteins after incubation, and gray boxes
indicate the bacteria expected to be inhibited based on the individual growth assays (Figure
2). Shannon diversity index of SynCom B (E) and SynCom C (F). Asterisks indicate significant
differences between protein-treated SynCom and water-treated SynCom as determined with an
ANOVA followed by a Tukey test (P < 0.0001).
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DISCUSSION

Inthis study, we aimed to identify antimicrobial activities of effector proteins by capturing
syntheticcommunity changes using ONT sequencing. To this end, we generated synthetic
communities (SynComs) that represent the bacterial diversity found in plant microbiota
by employing a collection of tomato-associated bacteria (Chavarro-Carrero et al., 2023)
(Table 1). We show a disparity in bacterial responses to AMPs when cultured individually
versus within SynComs, pointing towards a microbial interplay within complex microbial
communities that affects their sensitivity towards particular antimicrobials. Several
studies have highlighted the significant differences in bacterial responses when studied
individually versus within complex microbial communities (Bottery et al., 2021). Such
differences can be divided into three main mechanisms in which bacterial communities
respond to exposure to antimicrobials due to interspecies interactions. Firstly, through
collective resistance, where interactions within a community enhance the ability of its
members to resist the action of an antimicrobial. For example, the enzymatic inactivation
of B-lactam antibiotics via B-lactamase produced by Escherichia coli can protect the
community member Salmonella enterica from concentrations of the antibiotic that
would usually kill this bacterium in isolation (Perlin et al., 2009). Such collective
resistance acknowledges that the benefit of antibiotic-inactivating enzyme production
is not confined to the producer, rather it is shared across the community (Yurtsev et
al., 2013; Bottery et al., 2016). Secondly, differences in bacterial responses between
communities and individual species can be observed through collective tolerance,
where interactions within a community alter cell state, slowing down the metabolism,
and thus slowing down the rate of cell death during exposure to antimicrobials. It was
reported, for example, that within an in vitro biofilm model of cystic fibrosis infection
on lung epithelial cells, Pseudomonas aeruginosa could cause a metabolic shift in
Staphylococcus aureus, reducing its growth and thereby providing S. aureus protection
from the antibiotic vancomycin (Orazi and O’Toole, 2017). Reciprocally, S. aureus could
enhance tobramycin tolerance of P. aeruginosa by increasing aggregation and altering
the biofilm architecture of the bacterial community (Beaudoin et al., 2017). Lastly,
differences in responses between communities and individual species can be caused by
exposure protection, where interactions within a community protect its most sensitive
members during antibiotic treatment. For example, it has been shown that antibiotic
treatment of brewery bacteria communities, which were dominated by competitive
interactions, resulted in reduced levels of competition due to the inhibition of highly
competitive species within the population. This led to increased growth of species that
were otherwise suppressed within the population (Parijs and Steenackers, 2018) and
therefore elevated the antibiotic tolerance of these species, likely due to the density-
dependent nature of collective tolerance mechanisms. Similar results were observed



within experimental bacterial communities (Cairns et al., 2018). Furthermore, indirect
effects have been observed where the secretion of metabolites by one bacterium can
induce a resistance mechanism to an antimicrobial compound in a different bacterium.
For example, the secretion of indoles by E. coli activated the expression of an indole-
dependent multi-drug efflux pump in Pseudomonas putida, which cannot produce the
indole itself, leading to elevated levels of resistance to multiple antibiotics in P. putida
(Molina-Santiago et al., 2014). In conclusion, our study shows that bacterial sensitivity
to AMPs is different when the species are cultured individually versus within SynComs.

It has been established that fungal soil-borne plant pathogens secrete
antimicrobial effector proteins to modulate root microbiota compositions to facilitate
plant host colonization (Snelders et al., 2020; 2021; 2022; 2023; Chavarro-Carrero et al.,
2023). In our study, we developed a methodology to demonstrate such antimicrobial
activities of effector proteins using SynComs. We successfully showed shifts in SynCom
composition caused by the known antimicrobial effector proteins Avel, FUN_004580
and FUN_011519. Additionally, we revealed antimicrobial traits of two novel effector
proteins that were not previously reported to possess such activity (CP1 and ELP2). We
quantified these shifts in SynCom composition using the Shannon diversity index and
showed that the SynComs treated with the effector proteins carry fewer members and
lead to an uneven distribution of species abundances when compared with the initial
SynCom or the water or BSA control. However, we also showed a discrepancy in bacterial
sensitivity to AMPs when cultured individually versus within SynComs, suggesting the
resilience of some bacterial species to AMPs or the emergence of previously undetected
sensitive species within the context of the SynComs. Such differences have already
been described for the antimicrobial effector protein Avel. Studies with single bacterial
cultures showed different sensitivity of certain bacterial species when compared to root
microbiome and SynCom compositions (Snelders et al., 2020). Therefore, our findings
show that SynComs can successfully be used to identify antimicrobial activities, but
unraveling target ranges remains challenging. The use of plant-associated microbial
communities that are relevant for the context of the plant-pathogen interaction will be
more informative about true bacterial target ranges than studies with single bacterial
cultures

The ability to precisely identify changes in SynCom compositions at the species
level through Nanopore sequencing is fundamental to understanding the impact of
antimicrobial activities within complex plant-associated microbial consortia. In the
present study, we showed that Nanopore captures the complete composition of the
initial SynComs (0 h) as well as the complete SynCom composition when all members are
present after 24h incubation in R2A. We validated the alignment accuracy of Nanopore-
generated reads against the 16S sequence database. Specifically, we retained reads



>1 kb, as they encompassed multiple essential variable regions crucial for accurate
bacterial species identification (Bukin et al., 2019). Additionally, we maintained reads
with high identity and excluded those mapping to multiple 16S sequences in the
dataset, even though they constituted less than 1% of the reads generated in each
experiment. Overall, we showed that on average 94% of the Nanopore reads aligned
to a specific 16S sequence in the dataset. Furthermore, we showed how Nanopore
sequencing captures shifts within SynComs based on the absence of particular 16S
sequences although, admittedly, we have not validated the Nanopore sequencing-based
quantification with an independent other method such as real-time PCR, for example.
This methodology can further be exploited with diverse SynCom compositions, for
example, with SynComs that carry closely related species that can be distinguished with
full-length 16S rRNA sequencing, potentially overcoming the limitations of short-read
sequencing technologies (Frank et al., 2008). Furthermore, it may be attractive to exploit
Nanopore sequencing on in planta conditions to reveal plant microbiota composition
shifts caused by AMPs. Currently, Nanopore sequencing of environmental DNA (eDNA)
from water samples was shown to successfully capture the microbiota diversity from
such environment, improving the taxonomical resolution as compared to short-read
sequencing technologies (Egeter et al., 2022; Doorenspleet et al., 2023).

To generate SynComs that accurately represent the bacterial diversity found
in the plant microbiota, we selected a single bacterial strain representing each of
the 19 taxonomical families previously identified in a collection of tomato-associated
bacteria (Table 1) and designed three different SynComs. Our approach involved
testing the growth of the SynComs after 20 hours of incubation in different growth
media, considering that food sources can impact bacterial growth (GrofRkopf and Soyer,
2014), we showed that not all SynComs members incubated in lysogeny broth (LB) or
tryptone soya broth (TSB) were present after incubation; while in Reason's 2A broth
(R2A) all SynCom members were present. Therefore, we selected R2A as the suitable
medium for SynCom composition. The selection of R2A as the most suitable medium
for our SynComs aligns with previous studies demonstrating its efficacy in promoting
the growth of diverse bacterial species (Yoon et al., 2012; Mangrola et al., 2017). The
low-nutrient composition of R2A broth allows for the cultivation of fastidious and slow-
growing bacteria that may not thrive in more nutrient-rich media like LB or TSB (Wang
et al., 2021). This characteristic of R2A makes it an ideal choice for fostering the growth
of a diverse SynCom representing multiple taxonomical families (Wang et al., 2021).
Besides medium selection, bacteria selection plays an important role when designing
SynComs. The designing, assembling, and testing SynComs can be divided into two
approaches (van Leeuwen et al., 2023). The top-down approach starts at the microbial
composition profiling from the environmental niche to study, followed by the selection



of which bacteria are added into the SynCom, and subsequently profiling to confirm
the presence of all initial bacteria to then either adjust the SynCom members or use
the adapted SynCom (Atarashi et al., 2013). The top-down approach identifies the most
abundant bacteria and assembles a subset that captures the diversity of the native
microbiota (Vazquez-Castellanos et al., 2019). The bottom-up approach uses existing
knowledge of the metagenome, abundances, and growth parameters of candidate
microorganisms. Furthermore, when the SynCom is required to have a specific function,
the candidate microorganisms can be adjusted accordingly (van der Lelie et al., 2021).
In our study, we successfully use a top-down approach that allows us to capture the
diversity of a plant-associated bacteria collection in two SynComs that were used to
explore the antimicrobial activity of effector proteins.

In conclusion, our study provides a methodology to demonstrate the
antimicrobial activities of effector proteins through the use of synthetic communities
(SynComs) and highlights the importance of using relevant plant-associated microbial
communities to reveal bacterial target ranges of specific antimicrobials. This contributes
to our understanding of the dynamic interactions of plant pathogens with plant-
associated microbial communities and highlights the tools and strategies necessary for
comprehensive analysis of effector functions as antimicrobials.



MATERIALS AND METHODS
High Molecular Weight (HMW) DNA isolation and Nanopore sequencing

Bacterial cells were grown in R2A medium overnight at 22°C with constant shaking at
120 rpm. Next, bacterial cells were pelleted and DNA isolation was performed. For this,
bacterial cells were incubated for 20 minutes at 37°C with 400 pL TEN buffer (10 mM
Tris/HCl pH 8.0, 10 mM EDTA, 150 mM NaCl) and 20 pL lysozyme (20 mg/uL). After
incubation, 3 pL of RNase A (20 mg/uL) was added and incubated for 5 minutes at
65°C. Subsequently, 40 pL of SDS (10% w/v), 2 uL of proteinase K (20 mg/uL), and
550 pL of TEN-reduced buffer (10 mM Tris/HCl pH 8.0, 1 mM EDTA, 50 mM NaCl) was
added and incubated for 2 hours at 60°C. Next, 900 pL of phenol was added followed
by centrifugation at 13,000 g for five minutes. After transferring the aqueous phase to
a new tube, the phenol extraction was repeated. After transfer of the aqueous phase
to a new tube, chloroform was added (1:1), shaken, and centrifuged at 16,000 g for
5 min at RT, after which the chloroform extraction was repeated. Next, the aqueous
phase was mixed with 10 volumes of ice-cold 100% ethanol at RT, and the DNA was
fished out using a glass hook, transferred to a new tube, and washed twice with 500
pL 70% ethanol. Finally, the DNA was air-dried, resuspended in nuclease-free water,
and incubated at 4°C overnight. The DNA quality, size, and quantity were assessed by
Nanodrop, gel electrophoresis, and Qubit analyses.

Library preparation was performed with the Ligation sequencing DNA
V14 kit (SQK-LSK114; Oxford Nanopore Technologies, Oxford, UK) according to the
manufacturer’s instructions. An R10 flow cell (Oxford Nanopore Technologies, Oxford,
UK) was loaded with 400 ng HMW DNA and run for 24 hours. Base calling was performed
using Guppy (version 3.1.5; Oxford Nanopore Technologies, Oxford, UK) with the high-
accuracy base-calling algorithm. Adapter sequences were removed using Porechop
(version 0.2.4 with default settings; Wick, 2018). Finally, the reads were self-corrected,
trimmed, and assembled using Canu (Version 1.8; Koren et al., 2017) (Table 1). From
each genome assembly, the 16S rRNA gene was extracted by using BLAST searches
based on the 16S sequences originally obtained for identification, and used to create a
local database.

Antimicrobial activity assays employing SynComs

The SynComs were grown in 2 mL Eppendorf tubes (n=6) in 500 pL R2A medium treated
with 500 pL of demineralized water or one of the effector proteins tested (Table 5)
to a final concentration of OD600 = 0.025. To confirm initial SynCom composition,
the treated SynComs were immediately used for DNA extraction (n=3), and also after
incubation for 22 hours at 22°C with constant shaking at 120 rpm (n=3). Next, DNA was



used to prepare the 16S rRNA gene amplicon library.

Table 5. Effector proteins.

Protein Species :i::t?liga) Cys (%) pl Reference

Avel Verticillium dahliae 12.6 3.45 9.02 delongeetal., 2012

CP1 Verticillium dahliage  12.6 3.33 8.50 Zhangetal., 2017
FUN_004580 Rosellinia necatrix =~ 42.55 2.48 4.86 Chavarro-Carrero et al., 2023
FUN_011519 Rosellinia necatrix ~ 3.65 5.71 4.88 Chavarro-Carrero et al., 2023
ELP2 Colletotrichum 16.1 398 464 Takaharaetal, 2016

higginsianum

2Average of three replicate runs.

Nanopore 168 profiling

Library preparation with the rapid 16S barcoding sequencing kit (SQK-165024) was
performed according to the manufacturer’sinstructions (Oxford Nanopore Technologies,
Oxford, UK) with 400 ng HMW DNA. An R10 flow cell (Oxford Nanopore Technologies,
Oxford, UK) was loaded and run for two hours. Base calling was performed using Guppy
(version 3.1.5; Oxford Nanopore Technologies, Oxford, UK) with the high-accuracy base-
calling algorithm. Adapter sequences and barcodes were removed using Porechop
(version 0.2.4 with default settings; Wick, 2018). Using the customized reference
database for bacteria classification of each bacterial strain included within the SynComs.
Read mapping of the 16S rRNA gene reads on the custom database was performed
with VSEARCH (version 2.23.0; Rognes et al., 2016) using the vsearch --usearch_global
command with the --sizein --id 0.85 —sizeout parameters. Briefly, —sizeout option was
set to 1000 retaining only reads with a length exceeding 1,000 bp. Relative abundance
of the reads was then calculated and plotted using the R package “ggplot2” (Wickham,
2016).

In vitro antimicrobial activity assays

Growth assays were performed as previously described (Snelders et al., 2020; Chavarro-
Carrero et al., 2023). Briefly, bacterial strains were grown overnight on lysogeny broth
agar (LBA), at 28°C. Subsequently, single colonies were selected and grown overnight
at 28°C while shaking at 130 rpm in Reason’s 2A broth (R2A). Overnight cultures were
resuspended to OD600 = 0.05 in 100 pL of R2A and treated with 100 pL of purified
effector proteins or water reaching a final OD600 of 0.025 in clear 96 well flat-bottom



Chapter 5

polystyrene tissue culture plates (Greiner CELLSTAR®, Sigma, Burlington, Kentucky,
U.S.A) that were incubated in a CLARIOstar plate reader (BMG LABTECH, Ortenberg,
Germany) at 25°C with double orbital shaking parameter every 15 minutes and OD600
measurement every 15 minutes.
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Chapter

General discussion



In nature, microbes engage with plants in positive (beneficial), neutral (commensal),
and negative (parasitic) interactions. Particularly microbial pathogens engage in
negative interactions that typically result in plant disease. Worldwide, crop losses due
to plant diseases are estimated to amount up to 25% during plant cultivation as well as
afterwards during storage as post-harvest diseases, causing a total annual loss of ~$220
billion (Agrios, 2005).

Studying the molecular basis of plant-pathogen interactions has been of great
interest to understand how plant pathogens cause plant diseases. It is presently
appreciated that plant pathogens secrete dozens to hundreds of effector molecules into
the apoplast or cytosol of their host plants to mediate host colonization (Rovenich et
al., 2014). In the narrowest definition, these effectors can be defined as small, secreted
proteins of €300 amino acids that are cysteine-rich and have tertiary structures that are
stabilized by disulfide bridges (Duplessis et al., 2011; Gan et al., 2013; Stergiopoulos et
al., 2013; Lo Presti et al., 2015). However, more relaxed definitions also consider other
types of secreted proteins, as well as non-proteinaceous molecules that are secreted
to support host colonization (Weiberg et al., 2014; Collemare et al., 2019). Although
it was initially proposed that effectors act in the suppression of host immunity and
manipulation of other host physiological processes, recent studies have revealed that
effector proteins can also modulate plant-associated microbiota compositions inside
as well as outside of the host plant to support host colonization (Snelders et al., 2020;
2021; 2022; 2023). Although the primary role of effectors is to act as virulence factors
by facilitating disease establishment, some effectors can also be recognized by the
plant immune system, leading to the triggering of immune responses. These recognized
effectors are then termed avirulence effectors (Avrs).

In my thesis, | identified new fungal pathogen effectors and investigated their
role in the interaction with plant hosts. | identified the Verticillium dahliae avirulence
gene encoding the Av2 effector that is recognized in tomato plants carrying the
V2 resistance locus (Chapter 2). Although a virulence function of this effector could
not be demonstrated in our assays, we still expect this effector to contribute to host
colonization. However, it is possible that this effector is functionally redundant with other
effectors, and consequently targeted deletion did not result in a noticeable phenotype.
Alternatively, the virulence function is only relevant under specific conditions that
were not captured in our analyses. Furthermore, | revealed the contribution of the V.
dahliae effector catalogue to disease development in roses (Chapter 3). In this chapter,
| demonstrated that various effectors contribute to Verticillium wilt disease in roses and
showed that a particular effector is responsible for defoliation symptoms. Furthermore,
| sequenced the genomes of a collection of Rosellinia necatrix strains and identified
the effector catalogue of one of the strains. Excitingly, | characterized two of the



effectors that are secreted during host colonization and propose that they act in host
microbiota manipulation (Chapter 4). In the last experimental chapter, | assessed how
Nanopore sequencing can be used as a tool to demonstrate microbiota manipulation by
fungal effector proteins (Chapter 5). Finally, in the current chapter, | discuss the results
obtained in my thesis, and | provide perspectives for the identification of effectors and
characterization of their role in microbiota manipulation in a broader context.

Effector identification and functional characterization in soil-borne fungal
pathogens

Effectors are of great interest to understand the molecular basis of plant-pathogen
interactions. Initially, effectors were identified based on their recognition by plant
immune receptors as avirulence effectors (Flor, 1942). This led to the use of effectors
to detect resistance (R) genes as well as to detect pattern recognition receptors
(PRRs), by functionally screening plant germplasm for immune responses to effectors
(Vleeshouwers and Oliver, 2014; Seidl and van den Ackerveken, 2019). Thus, effector
identification and functional characterization remains an important strategy to identify
candidates that can be used for resistance screenings.

Over the last decade, major advances in next-generation sequencing have led to
an increase in the availability of fungal genomes. Initially, lllumina and Thermo Fisher
offered short-read (100 to 400 bp) sequencing platforms, while more recently Pacific
Biosciences and Oxford Nanopore Technologies (ONT) developed long-read (>500 bp)
sequencing platforms (Shendure and Ji, 2008; Gu et al., 2019; Petersen et al., 2022).
Nowadays, sequencing technologies have improved even further and third-generation
sequencing technologies, such as Oxford Nanopore Technologies (ONT), provide rapid,
portable, and low-cost alternatives for in-house sequencing (ONT, 2020). Consequently,
high-throughput generation of long reads in a pocket-sized portable device called
MinION has become available to any molecular biology laboratory (Lu et al., 2016).
Although Nanopore sequencing can produce reads of up to 2 Mb in length (Payne et
al., 2019), the major disadvantage to date has been the high error rate (~10%) with
their flow cells until recently (Lu et al., 2016). However, the latest generation of flow
cells (version 10) utilize a new type of nanopore, and it has been claimed that this flow
cell can deliver up to 99.99% base-calling accuracy (ONT, 2022). Nevertheless, despite
the lower accuracy in base calling with earlier versions of the MinlON flow cells, the
use of Nanopore sequencing has gained popularity. To compensate for the error rate,
often parallel sequencing with Illumina has been employed to correct the long reads. In
addition, long reads generated by ONT have been used to fill in gaps in genomes that
were assembled based on short-read platforms (Wick et al., 2017; George et al., 2017;
Judge et al., 2016; Tyson et al., 2018). Throughout my thesis research, | successfully



exploited Nanopore sequencing (Chapters 2, 3, and 4) to increase the contiguity of
genome assemblies that before were more fragmented and achieved with short-read
sequencing approaches, which allowed the generation of a chromosome-level genome
assembly of R. necatrix (Chapter 4). Furthermore, | exploited Nanopore sequencing to
identify effector catalogs in the soil-borne pathogens R. necatrix and V. dahliae (Chapters
2, 3, and 4). In conclusion, Nanopore is a rapid in-house alternative to obtained more
contiguous genomes when compared with short-read sequencing technologies.

The increasing availability of genome assemblies has allowed the prediction of
effectors in several microorganisms using a diversity of approaches. Many bacterial
pathogens have been shown to directly inject effectors into the host cytoplasm via a
specialized secretion machinery, namely the type Ill secretion (T3S) system (Cambronne
and Roy, 2006). To this end, and N-terminal sequence signal directs these bacterial
effectors to the T3S system, and therefore machine learning approaches have been
developed to predict effectors from bacterial genome sequences (McDermott et al.,
2011). For oomycete effectors, the RXLR (Arg-x-Leu-Arg) and LxLFLAK amino acid motifsin
the N-termini of effector proteins have been proposed to mediate host cell translocation
(Whisson et al., 2007; Schornack et al., 2010). Accordingly, these consensus motifs can
be used to query for so-called RxLR and Crinkler (CRN) effectors encoded in oomycete
genomes (Tyler et al., 2006; Haas et al., 2009).

Prediction of effectors of fungal pathogens is less intuitive, as fungal effectors
lack significant sequence similarity and consensus motifs (Sperschneider et al., 2015).
Most characterized fungal effectors are small, secreted proteins (€300 amino acids),
cysteine-rich, and contain tertiary structures that are stabilized by disulfide bridges
(Duplessis et al., 2011; Gan et al., 2013; Stergiopoulos et al., 2013; Lo Presti et al., 2015).
However, larger secreted proteins have also been found to act as effectors, such as
several LysM effectors (Djamei et al., 2011; Kombrink and Thomma, 2013). For fungal
effector prediction, a machine-learning tool called EffectorP is generally used, which is
trained to predict effector proteins from secretomes based on sequence properties,
such as sequence length, molecular weight, protein charge, and cysteine, serine, and
tryptophan content (Sperschneider et all., 2016). Together with in planta expression
data, EffectorP has been used successfully to prioritize putative effector candidates
(Sperschneider et al., 2016). These effector candidates can be then further functionally
characterized to unravel their involvement in plant disease establishment.

More and more effectors have been studied regarding their role in plant disease
establishment, which has revealed a wide diversity of functions in a wide range of
cellular compartments (Gohre and Robatzek, 2008; Pritchard and Birch, 2011; de
Jonge et al., 2011; Lo Presti et al., 2015; Kanja and Hammond-Kosack, 2020). Among
the diverse functions described for effectors, pathogens have been shown to secrete



particular effectors to degrade cell wall polysaccharides to break down the cell wall
during infection. Disruption of the sucrose nonfermenting 1 (SNF1) gene in Fusarium
oxysporum and V. dahliae, which encodes part of a kinase complex regulating the
expression of CWDEs, compromises virulence (Ospina-Giraldo et al., 2003; Tzima et al.,
2011). Studies in F. oxysporum f. sp. lycopersici, V. dahliae, Ralstonia solanacearum,
Phytophthora parasitica, and Phytophthora sojae have shown that individual CWDEs
can contribute to virulence (Novo et al., 2006; Wu et al., 2008; Poueymiro and Geran,
2009; Maruthachalam et al., 2011; Ma et al., 2015; Bravo-Ruiz et al., 2016). Other
types of effectors were shown to prevent cell wall hydrolysis by plant chitinases and
interfere with host immune responses. Lysin motif (LysM) effectors, such as Avr4, Ecp6
from Cladosporium fulvum, and Vd2LysM from V. dahliae, typically bind chitin and play
roles in virulence through suppression of chitin-triggered immunity or shielding hyphae
against host-derived chitinases (de Jonge et al., 2010; Kombrink and Thomma, 2013;
Tian et al., 2021; 2022).

A different type of effectors is involved in the inhibition of plant proteases that are
induced in the presence of pathogens as essential components of plant immunity. Two
serine proteases, the extracellular proteinase inhibitor 1 and 10 (EPI1 and EPI10) from
Phytophthora infestans were found to inhibit the tomato serine protease P69B (Tian et
al., 2004; 2005). Furthermore, the effector EPIC1 and EPIC2B from P. infestans (Song et
al., 2009), Avr2 from Cladosporium fulvum (Rooney et al., 2005), and Gr-VAP1 from the
nematode Globodera rostochiensis (Lozano-Torres et al., 2012) inhibit the tomato PLCP
(papain-like cysteine protease) Rcr3 (Required for Cladosporium resistance-3).

Another type of effectorsis also associated with necrotic activity in dicotyledonous
plants through plasma membrane permeabilization and cytolysis of plant cells (Ottmann
etal.,2009). The necrosisand ethylene-inducing peptide 1 (NEP1) was originally identified
in F. oxysporum (Bailey, 1995), and NEP1 homologues are named as NLPs (NEP1-like
proteins). NLPs are widely distributed in microorganisms and are found in bacteria,
fungi, and oomycetes (Gijzen and Niirnberger, 2006; Oome and van den Ackerveken,
2014; Seidl and van den Ackerveken, 2019). Most identified NLPs not only trigger cell
death but also elicit strong immune responses in dicots (Gijzen and Niirnberger, 2006).
NLP effectors show functional diversification in various pathogens (Dong et al., 2012;
Zhou et al., 2012; Santhanam et al., 2013; Oome and van den Ackerveken, 2014). In V.
dahliae the expanded NLP family displays functional diversification, with differential
cytotoxicity and host-dependent virulence (Zhou et al., 2012; Santhanam et al., 2013).
In chapter 3, | showed that various V. dahliae effectors contribute to Verticillium wilt
disease in roses. Furthermore, | also observed functional diversification of NEP1 and
NEP2, as NEP2 was not expressed during rose colonization while NEP1 contributes to
disease establishment. Additionally, two distinct disease symptoms were observed,



stunting and defoliation. While most effectors contribute to stunting in roses, the D
effector was shown to be responsible for the defoliation symptom in roses. This effector
was previously identified based on comparative genomics between V. dahliae isolates
belonging to the defoliating and the non-defoliating pathotype, and its role in defoliation
was described in cotton and olive plants (Li, 2019).

Although different functions executed by pathogen effector proteins during
plant colonization have been elucidated, the contribution to disease establishment
and the functions of most candidate effectors remain unknown today. Mainly due to
the sequence uniqueness of most effectors (i.e., many are strain- or species-specific)
and the lack of known protein domains, functional characterization based on homology
is complicated. Consequently, determination of effector functions and contribution
to disease establishment typically depends on dedicated functional characterization
studies based on experimental approaches trying to identify direct interactions of
effectors with the plant. Interestingly, recent studies have shown that effector proteins
also modulate the plant-associated microbiota to support host colonization (Snelders
et al., 2020; 2021; 2022; 2022b). For instance, it was demonstrated that the effector
protein Avel from the soil-borne pathogen V. dahliae displays selective antimicrobial
activity against antagonistic members of the Sphingomonadaceae, facilitating the
colonization of tomato and cotton plants (Snelders et al.,, 2020). Additionally, ten
potentially antimicrobial effector protein candidates were predicted by mining the V.
dahliae secretome for structural homologues of known antimicrobial proteins (AMPs)
(Snelders et al., 2020). From these candidates, VAAMP2 was subsequently found to
contribute to V. dahliae survival in soil through its efficacy in microbial competition
(Snelders et al., 2020), while VAAMP3 was shown to have antifungal activity to promote
microsclerotia formation in decaying host tissue (Snelders et al., 2021). Most recently,
a multiallelic gene homologous to VdAvel was identified as VdAvel-like (VdAvell)
of which the VdAvell2 variant suppresses antagonistic Actinobacteria in the host
microbiota to promote tomato colonization (Snelders et al., 2022). Until that moment,
V. dahliae was the only fungal pathogen that was shown to exploit effector proteins
for microbiota manipulation to support host colonization (Snelders et al., 2022).
Interestingly, in my thesis, | identified two effectors (FUN_004580 and FUN_011519)
that are secreted by the soil-borne pathogen R. necatrix that, during host colonization,
possess selective antimicrobial activity against fungi and antagonistic plant-associated
bacteria that reduce Rosellinia root rot disease in cotton (Chapter 4). These results
support the hypothesis that also other pathogenic fungi, like demonstrated for V.
dahliae, exploit effector proteins with antimicrobial activity during host colonization,
although it needs to be acknowledged that genetic evidence implicating the R. necatrix
effectors in disease development is still lacking.



Effectors have been extensively studied in binary contexts in plant-pathogen
interactions. Nevertheless, plants coexist with a plethora of microorganisms and are
engaged in more complex interactions than merely in one-to-one interactions. Plants
actively employ exudates to recruit mutualists and beneficial endophytes to assemble
an associated microbiota (Bais et al., 2006; Rudrappa et al., 2008; Mendes et al., 2011;
Berendsen et al., 2012; van der Heijden et al., 2015; Huang et al., 2019; Koprivova
et al., 2019). Such beneficial microbes can contribute to plant health, for instance by
promoting nutrient acquisition, enhancing abiotic stress tolerance, or suppressing
pathogen attack (Dimkpa et al., 2009; Innerebner et al., 2011; Vorholt, 2012; Almario
et al., 2017; Duran et al., 2018; Lu et al., 2018; Stringlis et al., 2018; Carrién et al., 2019;
Fitzpatrick et al., 2019; Sarkar et al., 2019; Chen et al., 2020; Pfeilmeier et al., 2021; Yu
etal., 2021). The complex dynamics of the microbiota with the plant, together with the
functions performed for the plant, makes the plant-associated microbiota an essential
contributor to plant health. Plants can therefore be considered as “meta-organisms”
or so-called “holobionts”, composed of the plant and its associated microbiota.
Accordingly, effectors should not only be studied regarding their direct interaction with
the plant but rather study in the context of the holobiont. Moreover, fungal effectors
that target host physiology may also impact the host microbiota composition indirectly.
Recent studies showed that Zymoseptoria tritici induces local and systemic modulation
of wheat leaf microbiota compositions during plant colonization that are probably the
result of effector-mediated immune suppression (Seybold et al., 2020). Therefore,
fungal pathogens may employ effectors to indirectly manipulate the host microbiome
to ultimately colonize distal tissues.

To date, effector involvement in plant-associated bacterial microbiota
manipulation by fungal plant pathogens has been initially investigated by performing
experiments with single bacterial strains, synthetic communities, and natural microbiota
compositionsin planta for each effector protein candidate (Snelders et al., 2020; Snelders
et al.,, 2022). Particularly experiments with individual bacterial strains typically requires
screening of relatively large quantities of taxonomically diverse bacterial species to find
inhibition of specific bacteria that ultimately shed light on the activity spectrum of each
potential effector candidate, especially if the effector displays selective antimicrobial
activity, which is time-consuming and requires large amounts of protein that can be
challenging to obtain. To date, microbiota profiling is typically been performed based
on 16S sequencing using the Illumina sequencing technology (Heikema et al., 2020;
Celikkol-Aydin et al., 2016; Salipante et a., 2014; Ong et al., 2013). However, lllumina
sequencing is limited to short (<600 bp) fragments, prohibiting sequencing of the
entire 16S rRNA gene (~1,500 bp) (Fan et al., 2006). Therefore, relative abundances of
individual taxa are determined by analyzing subregions of the 16S rRNA gene, and the



obtained results are biased by the selected subregion due to distinct primer binding
affinities to each template (Polz and Cavanaugh, 1998; Kanagawa, 2003; Pollock et al.,
2018). Nowadays, third-generation sequencing technologies, such as Oxford Nanopore
Technologies (ONT), represent an alternative for lllumina sequencing as it allows
sequencing of the complete 16S region in samples with bacterial mixtures. In my thesis
research, | successfully exploited ONT sequencing to assess microbiota manipulation
by fungal effector proteins (Chapter 5). More specifically, | developed stable synthetic
communities (SynComs) of taxonomically diverse bacterial species from a plant-
associated microbiota and demonstrated the selective antimicrobial activities of diverse
fungal effector proteins on these SynComs with 16S profiling based on ONT sequencing.

Antimicrobial activity as new tool in the effector toolbox to develop
innovative plant disease control strategies

The notion that some effector proteins can modulate plant-associated microbiota
compositions to support host colonization can help to develop new plant disease
management strategies. Biocontrol agents (BCAs) have been used as a strategy for plant
disease control for many years, albeit with variable success. Biocontrol species from
the bacterial genera Bacillus and Pseudomonas, and the fungal genus Trichoderma, are
widely used as BCAs that are beneficial for plant health that may act through several
mechanisms, including direct antagonism, plant growth promotion, and the induction
of systemic immune responses in their plant hosts (Dimki¢ et al., 2022).

Bacillus is a phenotypically and genotypically heterogeneous group of Gram-
positive bacteria commonly found in diverse environments (Abriouel et al., 2011). They
areimportant members of the plant microbiota and play a significant role in plant disease
management (Albayrak, 2019). Potential for biocontrol activity for several Bacillus
species and strains has been demonstrated through direct antagonism, induction
of plant immune responses, and competition for nutrients and space (Nakkeeran et
al., 2019; Andri¢ et al., 2020). Interestingly, different compounds with antimicrobial
activity (lipopeptides, antibiotics, and enzymes) have been characterized in Bacillus.
Bacillus thuringiensis and Bacillus cereus have been shown to produce Zwittermicin A,
which is an antibiotic with antagonistic activity against oomycetes, fungi, and bacteria
(Nakkeeran et al., 2019). In the same manner, Bacillus subtilis has been shown to
produce several antibiotics, such as bacitracin, bacilysin, rhizocticin, petrobactin, and
bacillibactin with antibacterial and antifungal properties (Ozcengiz and Ogiiliir, 2015).
In chapter 4, | showed that the soil-borne fungal pathogen R. necatrix utilizes AMPs to
inhibit particular plant-associated antagonistic bacteria. Among other plant-associated
bacterial species, the effector FUN_011519 inhibits Bacillus drentensis that has the
capacity to reduce Rosellinia rot root disease in cotton plants. Although this finding



might suggest that B. dentrensis could act as biocontrol agent to reduce Rosellinia rot
root disease, | showed that R. necatrix also exploits effectors to target B. dentrensis
during host colonization. To overcome this, effective BCAs need to be mutagenized to
become tolerant to the pathogen AMPs. Such bacterial mutants that are tolerant to a
specific effector AMP could be obtained through evolution experiments. As a proof of
principle, the Avel-sensitive bacterium B. subtilis was exposed to the V. dahliae effector
protein Avel throughout repetitive transfers of the bacterium to a medium with a
gradual concentration increase of the effector protein Avel until a tolerant B. subtilis
mutant was obtained (Snelders, 2020). Nevertheless, the mutagenized bacteria need
to be tested for use in crop soils. In the case of R. necatrix, mutagenized B. dentrensis
should be able to establish itself in the soil microbiota community and successfully
colonize the plant host to ultimately be able to be use as BCA.

Plant disease management strategies include disease forecasting, physical and
chemical techniques, biocontrol strategies, plant resistance breeding, and cultural
modifications. Knowledge of effector functions can help to develop more reliable
combinations of plant disease management strategies. For example, a V. dahliae
effector that is secreted during host colonization and that is recognized by tomato
carrying the Vel resistance gene was identified as Avel (de Jonge et al., 2012). Avel acts
as a virulence factor on tomato plants that lack the Vel gene and that, consequently,
cannot recognize Avel (de Jonge et al., 2012). Avel also displays selective antimicrobial
activity against antagonistic members of the Sphingomonadaceae (Snelders et al.,
2020). To avoid plant recognition, V. dahliae strains analyzed to date are characterized
by complete loss of the Avel locus (de Jonge et al., 2012; Faino et al., 2016). Therefore,
one possible plant disease management strategy is to combine the soil enrichment
of tomato plantations using antagonistic Sphingomonadaceae members with the use
of tomato cultivars that carry the Vel resistance gene. This combination can increase
resistance durability because the pathogen will need to retain the effector to inhibit
antagonistic bacteria, which will lead to recognition by the plant in turn, followed by
the activation of appropriate immune responses. Thus, correct use and combinations of
different disease management strategies can enhance plant disease control.

Perspectives on plant cultivation to overcome diseases caused by soil-
borne pathogens

Plant cultivation is threatened by fungal soil-borne plant pathogens and new strategies
to control plant disease are therefore required. In the context of the plant as a
holobiont, the plant-associated microbiota has become of great interest as a major
contributor to plant health. The selection of specific genomic plant traits such as plant
yield, fruit size, flavor, or color has negatively influenced the interactions between



plants and beneficial microorganisms (Chen et al., 2015; Perez-Jaramillo et al., 2016).
Recent studies have shown that root exudates of elite cultivars assemble different
microbiota compositions when compared with those of wild relatives (Wang et al.,
2012; Perez-Jaramillo et al., 2016; Zhalnina et al., 2018; Chai and Schachtman, 2022).
For example, plants roots of commercial cultivars recruit less beneficial microbiota and
more detrimental microbiota when compared to the wild progenitors (Martin-Robles
et al., 2020). A recent study of diverse hybrid populations of wild and domesticated
tomatoes has identified quantitative trait loci for the differential recruitment of various
rhizobacterial lineages, including a Streptomyces-associated region encoding, among
others, the iron regulator FIT and the water channel aquaporin SITIP2.3 (Oyserman et
al., 2022). Another study showed that plants can recruit specific beneficial microbes to
suppress soil-borne pathogens (Liu et al., 2021). Clear enrichment of Stenotrophomonas
rhizophila was observed in the rhizosphere and root endosphere of wheat plants
infected with Fusarium pseudograminearum (Liu et al., 2021). When the soil was pre-
treated with S. rhizophila, plant growth was enhanced and plant defense was promoted
during F. pseudograminearum infection (Liu et al., 2021). Findings like these suggests
that holobiont-driven approaches can support plant resistance breeding programs.

The plant-associated microbiota is tightly interlinked with the soil and the
pool of microbes present in it. Current agricultural practices are based on intensive
cropping systems, continuous mono-cropping, and limited crop rotations, resulting
in soil degradation with increasing soil acidification/salinization and low soil nutrient
concentration that ultimately hamper ecological services and functions of the soil
(Sanaullah et al. 2020). The soil is a complex and dynamic environment that holds the
microbiome, including microbial genes, transcripts, metabolites, or proteins (Schlatter
et al., 2017). The microbiome acts in the suppression of a broad spectrum of soil-borne
pathogens (Schlatter et al., 2017; Jayaraman et al., 2021), and soils that suppress soil-
borne pathogens are usually termed disease suppressive soils (DSS) (Jayaraman et al.,
2021), which have the ability to suppress the various plant pathogens by improving
the plant health, induce plant defense responses, produce antibiotics, compete against
pathogens for essential nutrients, or hyperparasite the pathogen (Liu et al. 2021;
Schlatter et al. 2017; Mousa and Raizada, 2016). To date, several microbial species have
been isolated and proposed as key contributors in disease suppression and therefore
use as BCAs (Niu et al., 2021; Umesha et al., 2018; Busby et al., 2017; Alvarez and Biosca,
2017; Cazorla and Mercado-Blanco, 2016). The use of DSS and/or BCAs in combination
with plants that recruit beneficial microbes will represent a novel strategy to control
fungal soil-borne pathogens.

Many intensive cropping systems worldwide are based on soil-based crop
systems. Soilless crop systems, also known as hydroponic systems, have evolved as



alternative to control soil-borne pathogens (Uyeda et al. 2011; Maucieri et al., 2019a).
In these systems, soil is exchanged with substrates that can be of organic, inorganic,
and/or synthetic origin. Substrates provide plant support, while the supply of water
and minerals is ensured via nutrient solutions mainly of inorganic origin (Maucieri et
al., 2019b). Organic nutrient solutions have also been exploited in hydroponic systems
(Shinohara, 2006; Shinohara et al. 2011; Chinta et al., 2015). These organic nutrient
solutions can promote the growth of beneficial microbial communities in the substrate
(Shinohara 2006; Shinohara et al. 2011; Fujiwara et al. 2012; Chinta et al. 2014; Chinta
et al., 2015) that are able to colonize the rhizosphere of the cultivated plants (Valance
et al. 2010), and ultimately are able to control bacterial (Fujiwara et al. 2012) and fungal
soil-borne pathogens (Chinta et al. 2014). Different studies have shown that antagonistic
microorganisms identified in the organic nutrient solution can reduce root rot disease in
lettuce caused by Fusarium oxysporum f.sp. lactuca (Fujiwara et al., 2013; Chinta et al.
2014). Therefore, the use of organic nutrients in hydroponic systems combined with the
usage of BCAs and plants that recruit beneficial microbes could be used as a strategy to
control plant diseases caused by soil-borne pathogens.

In conclusion, in my thesis research, | identified effectors of the soil-borne
fungal pathogens V. dahliae and R. necatrix and provided novel information regarding
their role in disease establishment. Importantly, | showed that R. necatrix, similar to
V. dahliae, likely exploits effectors for microbiota manipulation to promote disease
development. This information could help to develop new strategies to control plant
diseases. Given that both V. dahliae and R. necatrix are soil-borne pathogens, future
research will have to reveal whether microbiota-manipulating effector proteins are also
employed by other types of pathogens that do not reside in the soil for part of their life
cycle. Considering the extreme microbe-richness in soils and the fierce inter-microbial
competition for limited nutrients in soils, it is conceivable that microbiota manipulation
is a trait that is particularly relevant for soil-borne pathogens.
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SUMMARY

Crop production is constantly threatened by plant diseases caused by a wide diversity of
pathogens and pests. To understand such plant diseases, the molecular basis of plant-
pathogen interactions has received much attention over the last decades. To establish
disease, during host ingress plant pathogenic microbes secrete effector molecules that
promote host colonization. Typically, effectors are defined as small, secreted proteins
that are cysteine-rich and have tertiary structures that are stabilized by disulfide
bridges. Collectively, effectors function through a multitude of mechanisms by targeting
crucial components of host physiology, including immune responses, that typically have
been revealed in the context of the binary interactions between the pathogen and the
host. However, more recently it has been shown that some effectors can modulate
root microbiota compositions to facilitate host colonization. Chapter 1 introduces the
impact of fungal plant pathogens on crop production, including the impact of the fungal
soil-borne pathogens Rosellinia necatrix and Verticillium dahliae on rose cultivation.
Furthermore, the molecular biology of plant-pathogen interactions as well as effectors
and their role in disease establishment are described.

Although plant pathogens secrete effector molecules to promote host
colonization, some effectors have become recognized by host immune receptors,
encoded by so-called resistance genes, triggering immune responses. In Chapter 2
we identified and functionally characterized the effector protein that is recognized by
tomato plants carrying the V2 resistance locus. To this end, we performed comparative
genomics between race 2 strains that are contained by the V2 locus, and resistance-
breaking race 3 strains, to identify the avirulence effector that activates V2 resistance,
termed Av2. We identified 277 kb of race 2-specific sequence comprising only two
genes that encode predicted secreted proteins, both of which are expressed by V.
dahliae during tomato colonization. Subsequent functional analysis based on genetic
complementation into race 3, and deletion from race 2 isolates, confirmed that one of
the two candidates encodes the avirulence effector Av2 that is recognized in V2 tomato
plants.

In Chapter 3, we describe the ability of V. dahliae strains to infect rose plants. We
show that, besides strains isolated from roses, also a phylogenetically diverse panel of
V. dahliae strains isolated from other host species is capable to cause disease on rose
plants, suggesting that pathogenicity on roses is widely distributed throughout the V.
dahliae population. We furthermore show that various previously described V. dahliae
effectors contribute to disease development on rose. Accordingly, we demonstrate
that defoliation, which is caused by some V. dahliae strains that belong to the so-called
defoliating pathotype, is caused by a recently identified defoliation (D) effector. Finally,
we argue that individual V. dahliae strains cause disease on rose based on divergent



effector catalogues.

Recently, it has been shown that effectors not only interact directly with
the host plant to cause disease, but also modulate root microbiota compositions to
facilitate host colonization. More specifically, V. dahliae was shown to exploit a range
of effector proteins with selective antimicrobial activity during host ingress. In Chapter
4, we investigated whether the soil-borne pathogen R. necatrix similarly encodes
antimicrobials that are expressed during host colonization. To this end, we generated a
gapless genome assembly of a R. necatrix strain into ten chromosomes, and identified
26 putative antimicrobial effector protein candidates in its secretome, nine of which are
expressed during plant colonization. Subsequent functional analysis revealed that two
of the candidates possess selective antimicrobial activity. Moreover, we show that some
of the inhibited bacteria are antagonists of R. necatrix growth in vitro and can alleviate
R. necatrix infection on cotton plants.

Understanding the antimicrobial activity of effector proteins is of great interest.
Nevertheless, the identification of antimicrobial activity of among effector candidates
has proven to be time-consuming and labor-intensive. Thus, a tool to test multiple
effector candidates at once against a panel of potential target microorganisms could
help to more efficiently discover antimicrobial activities. In Chapter 5, we developed
a Nanopore sequencing-based screen to reveal antimicrobial activity among effector
proteins based on the use of synthetic communities (SynComs). We compare the
treatment of individual bacterial taxa with the effector proteins with the treatment
of SynComs with these members, and use Nanopore sequencing to detect changes in
relative abundances of the individual bacterial taxa.

Finally, in Chapter 6, the results described in this thesis are summarized and
placed into a broader context, highlighting the importance of effector identification
and functional characterization to reveal their role in disease establishment in order to
develop novel plant disease control strategies.
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