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Abstract

Scab, caused by the fungal pathogen V. inaequalis (Vi), is the most economically important apple
disease. During infection, Vi occupies the subcuticular environment, where it develops specialized
infection structures, called stromata and runner hyphae. These structures are thought to be
important for fungal nutrition and the delivery of proteins, with many of these anticipated to
function as virulence factors (effectors) in promoting host infection or avirulence factors (Avr
effectors) in triggering host resistance. To date, nothing is known about how these structures are
differentiated and protected from recognition by the host immune system. Likewise, little is known
about the identity and function of Vi effector proteins. To better control scab, a greater
understanding of the molecular mechanisms underpinning infection structure differentiation and
protection, as well as Vi virulence and avirulence, is first needed. In Chapter 2, a comprehensive
review of apoplastic effector proteins from plant-associated fungi (and oomycetes) was provided.
Given that Vi is an extracellular pathogen, this review provided insights into the potential types of
effector proteins secreted by Vi into the subcuticular environment. Then, in Chapter 3, a
multidisciplinary approach based on bioinformatics, transcriptomics, and structural biology was
used to identify and characterize Vi effector candidates (ECs). This revealed that ECs were
predominantly expressed in two temporal waves, and that many belonged to expanded protein
families with predicted structural similarity to virulence and avirulence effectors from other plant-
pathogenic fungi. This analysis helped to generate a list of ECs for further study and contributed
to a better understanding of effector biology and evolution. Next, in Chapter 4, a multidisciplinary
approach based on transcriptomics, proteomics, glycomics, and confocal microscopy was used to

study Vi cell wall carbohydrate composition during the differentiation of infection structures. This




revealed that Vi down-regulates genes putatively associated with the biosynthesis of immunogenic
carbohydrates, and deacetylates surface-exposed chitin to the less immunogenic carbohydrate,
chitosan. Finally, in Chapter 5, CRISPR-Cas9 technology was applied to Vi for the first time,
which will enable genes identified in this study to be functionally characterized. Altogether, this
thesis has furthered our understanding of the Vi —apple pathosystem and has provided novel data

that can be used to inform the development of new scab control strategies against Vi.
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1. Venturia inaequalis: the apple scab pathogen

The Venturia Sacc. genus (anamorph Fusicladium Bonord [1]) taxonomically belongs to the
kingdom Fungi, phylum Ascomycota, class Dothideomycetes, and order Venturiales [2,3]. Most
species of the Venturia genus are plant pathogens that cause significant damage to horticulturally
important crop trees [4-7]. For example, V. asperata infects apple [8], V. pirina infects European
pear [9], V. nashicola infects Asian pear [10], V. carpophila infects peach and other Prunus spp.
[11], V. oleaginea infects olive [12], V. effusa infects pecan [13], and V. cerasi infects cherry [14].
Other lesser-known species infect non-horticultural plants, such as V. orbiculata which infects
mountain ash [15], and V. paralias which infects sea spurge [16]. In all cases, the host range of

these individual Venturia species is restricted.

An additional species to those mentioned above is V. inaequalis, which is the most
well-known and well-studied species of the Venturia genus [17]. V. inaequalis is the causal agent
of the most economically important disease of apples worldwide, known as scab or black spot
[5,18]. This pathogen mainly infects members of the genus Malus, such as species of cultivated
apple (Malus x domestica), crab-apple (M. sylvestris, M. floribunda) and wild apple (M. sieversii),
although other hosts such as firethorn (Pyracantha spp.) and loquat (Eriobotrya japonica) are also
known [18]. Scab disease is geographically widespread in all countries where apples are grown.
However, the disease is more severe in temperate countries with a cool and moist climate such as

New Zealand [5,18,19].

1.1. V. inaequalis life cycle

During its life cycle, V. inaequalis has a pathogenic biotrophic asexual stage (Spilocaea pomi Fr.
or Fusicladium pomi Fr.), when it feeds on living host tissue, and an overwintering sexual saprobic

stage (V. inaequalis Cke.) when it feeds on dead host tissue (Figure 1-1. A) [18,20]. The biotrophic
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stage starts in spring, when rainfall induces the release of ascospores from pseudothecia (sexual
fruiting bodies) which are dispersed by wind to young, freshly unfurled leaves. Here, the
ascospores adhere to the apple cuticle through the production of an extracellular mucilage,
composed of proteins and carbohydrates, mostly B-galactose [21]. When conditions are suitable,
with free water available and an optimal temperature from 15 to 25 °C [17] ascospores germinate,
develop a germ tube and, on some occasions, an appressorium ( Figure 1-2. A). The appressorium
Is not essential to penetrate the host cuticle, as localized enzymatic degradation is the main process

for cuticle penetration and mechanical pressure is not required [22,23].

Figure 1-1. Venturia inaequalis, the causal agent of apple scab. A. Life cycle of V. inaequalis. This figure was
published in Plant Pathology, Agrios (2005), p506, copyright Elsevier, reproduced with permission. B. Symptoms of
infection by V. inaequalis on apple leaves and fruit. White arrows indicate scab lesions on infected leaves. Picture

taken by C.H. Mesarich, Massey University, Palmerston North, New Zealand.

After penetration of a susceptible host, V. inaequalis grows biotrophically in the subcuticular
environment, where it develops infection structures called runner hyphae (Figure 1-2. B) and
stromata (Figure 1-2. C, D) [24-26]. Runner hyphae are much wider in diameter than regular

tubular hyphae formed on the plant surface and are often fused lengthwise to form ‘hyphal
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superhighways’ (Figure 1-2. B). Stromata are made up of single or multiple layers of
pseudoparenchyma, a cell type that results from a switch in the polarity of cell division (i.e. from
polar tip extension to non-polar lateral division) (Figure 1-2. C, D) [25]. As hyphal
superhighways, these runner hyphae enable the fungus to radiate out from the initial site of host
penetration, acting as a base from which additional stromata can be differentiated. Stromata, on
the other hand, give rise to asexual conidia, but are also likely required for nutrient acquisition and
the secretion of proteins and other molecules that promote host-colonization, known as effectors

(see section 4.3) [5,25,27].

Later during infection, conidiophores and conidia are produced from the surface of
stromata that rupture through the cuticle (Figure 1-2. D), generating the characteristic velvety
olive-brown scab lesions in buds, leaves and fruit that give the disease its name (Figure 1-1. B).
Over time, these lesions often coalesce and dry out, at which time they become corky in appearance
and crack or tear. Under favourable conditions, conidia are dispersed from stromata by rain, which
can initiate secondary infections on leaves and fruit throughout the growing season. However,
disease incidence is reduced in older apple leaves, a phenomenon known as ontogenic resistance
[18,28]. At sites of infection, the host cuticle appears to be thicker than at uninfected areas [25]
(Figure 1-2. E). To date, it is unknown whether this increase in cuticle thickness is caused by the
pathogen or is the result of a plant defence response. Additionally, reinforcement of the plant cell
wall by callose deposition is often observed, even during compatible interactions (Figure 1-2. F).
However, this deposition does not appear to restrict colonization of the subcuticular host

environment [25].

At the end of the asexual biotrophic infection stage, the sexual saprobic stage is
initiated (Figure 1-1. A). During autumn, apple leaves fall and V. inaequalis survives by growing

as a saprophyte inside fallen apple leaves, where it sexually reproduces and forms the fruiting
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bodies, pseudothecia [5]. V. inaequalis is a heterothallic fungus, meaning that sexual reproduction
only occurs between opposite mating types [5]. In spring, the infection cycle starts again, when

rain promotes the discharge of sexual ascospores from mature pseudothecia.

Figure 1-2. Cytology of Venturia inaequalis during colonization of leaves from susceptible apple cultivar ‘Royal
Gala’. A. Germinated V. inaequalis conidium (c) on the leaf cuticle that has formed a germ tube (gt) and appressorium
(a), with the latter attached to the apple cuticle by an extracellular mucilage (m), at 12 hours post-inoculation (hpi). B.
Wide runner hyphae (rh) differentiated in the subcuticular environment. Micrograph taken at 5 days post-inoculation
(dpi). C. Stroma (s) differentiated in the subcuticular environment. Micrograph taken at 6 dpi. D. Conidiophore (co)
produced from a stroma that has broken through the leaf cuticle. Micrograph taken at 7 dpi. Micrographs from A. to
D. taken by J.K. Bowen, Plant and Food Research, Auckland, New Zealand [29]. E. Cross section of an infected leaf
at 14 dpi showing subcuticular hyphae (sh) in the subcuticular environment and the associated increased leaf cuticle
thickness (double arrow). F. Cross section of infected leaf observed under fluorescence microscopy with ultraviolet
(UV) excitation showing subcuticular hyphae (sh) and callose (ca) deposition on leaf epidermal cells under the area
colonized by V. inaequalis. Cross sections E. and F. extracted from Kucheryava et al. [25], copyright Elsevier,

reproduced with permission.

1.2. Apple scab control

The characteristic apple scab lesions can render apples unmarketable by causing fruit blemishes
and deformation. As a consequence, under favourable conditions, this disease can cause the loss

of 70% or more of the crop [7]. Additionally, scab can reduce both the growth and yield of the
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plant by causing repeated defoliation of apple trees over several seasons and making the tree more

susceptible to abiotic stress [5,30].

Control of apple scab disease is very costly as it relies on the intensive use of
fungicides, which might involve up to 20 treatments per year [5,6,31]. Monitoring of weather
conditions during early spring is crucial to facilitate timing of fungicide applications to prevent
scab infections. Mostly, fungicide treatments are applied during early spring as wet conditions are
conducive for infection and young unfurling leaves are very susceptible to scab disease [17].
Unfortunately, the intensive use of fungicides accelerates the development of fungicide-resistant
strains of V. inaequalis and increases production costs for growers [19]. Indeed, this pathogen is
classified as a high-risk pathogen for the development of fungicide resistance by the Fungicide
Resistance Action Committee [32]. Common fungicides used for scab control are demethylation
inhibitors (DMIs), methyl benzimidazole carbamate (MBC) and quinone outside inhibitors (Qols).
However, many V. inaequalis strains resistant to these fungicides have been reported. For example,
in Turkey, 65% of V. inaequalis strains tested were resistant to all three fungicides mentioned

above [33].

To counter the emergence of fungicide-resistant strains, an integrated disease
management programme should be employed [34]. Management programmes should include
cultural practices, such as leaf litter sanitation, to reduce the amount of primary inoculum, and
pruning of trees, to reduce the humidity required for ascospore germination in tree canopies [31].
Additionally, biological control strategies should also be considered. One strategy is to use fungal
antagonists that interfere with V. inaequalis development during winter, which reduces the amount
of primary inoculum for the next infection cycle [35]. Another strategy is to spray fungal
antagonists onto apple trees during spring, which has been shown to significantly reduce the

incidence of apple scab in orchards [36]. However, these biological control methods are not
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commercially available yet and much work is needed to integrate biological control in scab
management [35,36]. Another promising alternative to achieve a more sustainable apple
production, is to use scab-resistant apple cultivars. However, the use of these cultivars has been
limited due to relatively poor fruit quality [5,37]. Additionally, multiple strains of V. inaequalis
that can overcome the resistance provided by the cultivar have emerged in the field (see section
5).[38]. Therefore, the development of more durable scab-resistant cultivars with high fruit quality

is required for successful scab control.

Finally, the subcuticular lifestyle of V. inaequalis renders the control of this
pathogen difficult, as it grows in the subcuticular environment without causing symptoms until
sporulation, when conidia break through the cuticle generating visible lesions [5,39]. This long
latency phase renders eradication of V. inaequalis and other subcuticular pathogens difficult, as

symptoms only appear when dispersal of the secondary inoculum has already started [39].
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2. Colonization of the subcuticular plant environment

Plant-pathogenic fungi that exhibit subcuticular growth are characterized by their ability to grow
between the cuticle and underlying epidermal cells of host tissues. The subcuticular environment
IS a continuous extracellular matrix composed of multiple cuticular layers on top of the epidermal
cells [40]. In terms of composition, the cuticle is mostly made up of lipids such as cutin and waxes,

with a lower proportion of polysaccharides like pectin also present [40,41].

Little is known about the mechanisms underpinning the colonization of the
subcuticular environment, as this parasitic strategy is often overlooked, with only a few
subcuticular pathogens having been described. Notably, many of these species are economically
important plant pathogens, such as species from the Venturia, Rhynchosporium and Diplocarpon
genera. All species from the previously described Venturia genus are suspected to be subcuticular.
However, microscopic evidence of their colonisation strategy is only available for V. inaequalis

[25,26], V. asperata [8], V. pirina [8], V. effusa [42], V. oleaginea [43] and V. paralias [16].

The Rhynchosporium genus contains five described species, all of which cause leaf
scald disease in economically important cereal crops, such as barley or rye [44,45]. In all cases,
these species have been observed to extensively colonize the subcuticular environment of their
hosts [45]. The most well-studied is R. commune, the causal agent of leaf scald, which is one of
the most devastating diseases of barley, causing yield losses in the range of 10 to 45% [46].
Rhynchosporium species grow in the subcuticular environment during the biotrophic phase of their
life cycle, and later during infection, when epidermal cells collapse, they initiate intracellular

colonization of the underlying host mesophyll cells [47].

Species from the Diplocarpon genus are also important pathogens with a
subcuticular phase. Examples include D. rosae, the causal agent of rose black spot, the most

important disease in garden roses, and D. mali, the causal agent of leaf blotch disease in apple [48-

8
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51]. Diplocarpon species grow extensively in the subcuticular environment; however, these
pathogens can also develop inter- and intra-cellular hyphae that penetrate host cells, during the
necrotrophic stage, when it kills and feeds from dead tissue [49-51]. Another economically
important subcuticular pathogen is Pyrenopeziza brassicae, the causal agent of the devastating
light leaf spot disease in oilseed rape [52] (Table 1-1). Some other plant-pathogenic fungal species
have a lesser, more transitionary subcuticular host infection stage, such as some Fusarium spp.
and Colletrichum spp. (Table 1-1). Usually, these species grow in the subcuticular environment
before starting necrotrophic host-colonization [53,54]. This subcuticular stage is often described
as quiescent and, for this reason, has been largely overlooked. Remarkably, subcuticular host-
colonization is not only restricted to the fungal kingdom, as some plant-pathogenic oomycete
species, such as Phytophthora ramorum, have also been described to colonize the subcuticular

environment of different hosts [55].

Studies with a focus on the subcuticular mode of host-colonization by plant-
pathogenic microbes are very limited. However, based on the few cytology studies that are
available, an intriguing observation is that most of these pathogens develop visually similar
infection structures. For example, R. commune and R. secalis develop subcuticular hyphae that
fuse laterally along their length, similar to the runner hyphae of V. inaequalis. Furthermore, these
pathogens develop dense stromata in the subcuticular environment [46]. D. rosae and D. mali also
develop subcuticular hyphae that fuse along their length, referred to in the literature as subcuticular
hyphal strands (SHS) [49,51]. Again, these SHS are morphologically similar to the runner hyphae
described for V. inaequalis (Figure 1-3). In addition to this, D. rosae and D. mali form finger-like
pseudoparenchymatous structures in the subcuticular environment, which become the base for
acervuli (asexual fruiting body) formation [50,51,56] (Figure 1-3). In terms of Fusarium
graminearum, the causal agent of Fusarium head blight, coral-like hyphae are formed in the

subcuticular environment prior to the development of intracellular hyphae [57].

9
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V. inaequalis B. D. mali C. D. rosae D. E. festucae

Runner (-like) hyphae
FR ' »

Stroma (-like) hyphae

Figure 1-3. Subcuticular infection structures developed by different fungi. A. Runner hyphae (rh) and stroma (s)
of Venturia inaequalis developed in apple leaves, stained with aniline blue. Micrographs taken by J.K. Bowen, Plant
and Food Research, Auckland, New Zealand [29]. B. Runner-like hyphae from Diplocarpon mali, also referred to as
subcuticular hyphal strands (SHS) developed in apple leaves. Stroma-like structure, referred to as the base of acervuli
(Ac). Pictures extracted from Zhao et al. [51], with permission from Springer Nature. C. Runner-like hyphae and
stroma-like (s) structures from Diplocarpon rosae developed in rose leaves. Pictures extracted from Gachomo et al.
[50] with permission from John Wiley and Sons. D. Runner-like hyphae and stroma-like structures developed by
Epichloé festucae mutant AnoxAB developed inside the subcuticular environment of the Lollium perenne leaf blade
expansion zone. Samples labelled with aniline blue (orange pseudocolour) and WGA-AF488 (blue pseudocolour).

Micrographs extracted from Becker et al. [58] with permission from John Wiley and Sons.

Subcuticular infection structures are also found in endophytic fungi. Indeed,
Epichloé festucae, the mutualistic symbiont of temperate grasses (Lolium and Festuca genera)
develops infection structures in the subcuticular environment of the leaf blade expansion zone
(Figure 1-3). Interestingly, mutants deleted for both of the NADPH oxidase complex genes, NoxA
and NoxB, display more extensive subcuticular growth than the wild type fungus [58]. The E.
festucae subcuticular infection structures consist of hyphae fused laterally, similar to V. inaequalis
runner hyphae, and coral-like hyphae that resemble V. inaequalis stromata (Figure 1-3) [58].
Collectively, most subcuticular fungi appear to develop similar specialized infection structures to
colonize the subcuticular environment (Figure 1-3). However, these structures are named

differently in the literature and their function during host-colonization is, to date, unknown.

10
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Table 1-1. Plant-associated microbes that colonize the subcuticular environment.

Organism Disease Lifestyle Host Niche References
Venturia Apple scab Biotroph Malus x Subcuticular [25]
inaequalis domestica
Pyrenopeziza Oilseed rape Hemibiotroph  Brassica napus Subcuticular [52]
brassicae light leaf spot
Rhynchosporium  Barley leaf Hemibiotroph Hordeum Subcuticular + [46]
commune blotch vulgare Inter/intracellular
Rhynchosporium  Leaf scald of ~ Hemibiotroph Hordeum Subcuticular + [59]
secalis barley vulgare Inter/intracellular
Diplocarpon Rose black Hemibiotroph Rosa spp. Subcuticular [49,50,56]
rosae spot disease + Inter/intracellular
Diplocarpon Marssonina Hemibiotroph Malus x Subcuticular [51]
mali leaf blotch of domestica + Inter/intracellular
apple
Fusarium Fusarium Hemibiotroph Cereal crops Subcuticular [57,60,61]
graminearum head blight (e.g. Hordeum  + Inter/Intracellular
vulgare)
Epichloé - Mutualistic Temperate Subcuticular and [58]
festucae symbiont grasses Intercellular
Colletotrichum Anthracnose Hemibiotroph Wide host Subcuticular [62]
acutatum range + Inter/intracellular
Colletotrichum Leaf spot of  Hemibiotrophic Gossypium Subcuticular [63]
capsici peppers hirsutum, + Inter/intracellular
Vigna
unguiculata
Colletotrichum Onion Hemibiotrophic Allium spp. Subcuticular [63]
circinans smudge + Inter/intracellular
Colletotrichum  Anthracnose  Hemibiotrophic Wide host Subcuticular [53,63]
gloeosporioides range + Inter/intracellular
Phytophthora Sudden oak  Hemibiotrophic Wide host Subcuticular [55]
ramorum death range + Inter/intracellular
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2.1. Cellophane membranes: a potential in culture model to study subcuticular

host-colonization by V. inaequalis

V. inaequalis can serve as a model pathogen to study the morphological differentiation of
subcuticular infection structures, as this pathogen can develop infection-like structures inside
cellophane membranes (CMs) overlaying potato dextrose agar (PDA) in culture. Remarkably, the
infection structures developed in culture resemble the infection structures developed by the fungus
during colonization of the subcuticular environment of apple (Figure 1-4) [25]. On top of a CM,
V. inaequalis conidia germinate and develop a germ tube and, sometimes, an appressorium (Figure
1-4. A). Inside the CM, V. inaequalis develops subcuticular-like hyphae that, similar to those
observed in planta, are wider than surface hyphae (Figure 1-4. B). These hyphae are swollen and
fused longitudinally, again like the runner hyphae observed in planta (Figure 1-4. C). V.
inaequalis also develops stroma-like structures inside the CM (Figure 1-4. D). These structures
display a coral-like morphology that resemble the stromata developed in apple (Figure 1-4. D)
[25]. Cross sections of the CM have confirmed that the stroma-like structures are formed within

the CM membrane itself (Figure 1-4. E).

However, the structures developed in CMs are not identical to the structures
developed in planta. For example, the stroma-like and runner-like hyphae developed in CMs are
larger and wider than the stromata and runner hyphae developed in apple, which could be the result
of an excess of nutrients available on PDA, and the lack of spatial limitations inside CMs. The
trigger for the morphogenesis of infection-like structures in CMs is, to date, still unknown.
However, the observation that these structures only develop inside the CM, indicates a potential
sensing mechanism that recognizes the texture and/or pressure of the environment [25]. Future
work will allow the similarities and differences between the infection structures developed in CMs

and in planta to be determined. Altogether, the ability of V. inaequalis to grow inside CMs renders
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it a perfect model species for studying the morphological differentiation of subcuticular infection

structures by this fungus and other subcuticular fungal species.

Y

Figure 1-4. Growth of Venturia inaequalis in and on cellophane membranes (CMs) mimics growth of this fungus
in and on apple tissue. A. Germination of a V. inaequalis conidium (c), germ tube (gt) and formation of an
appressorium (a) on the surface of a CM. After penetration, a primary-like hypha (plh) is formed inside the CM. B.
Scanning electron micrograph of a hypha emerging out of a CM. Note that the emerging hypha (eh) has a reduction
of diameter compared with the runner-like hypha (rlh) formed inside the CM. Micrograph from B. extracted from
Kucheryava et al. [25] with permission from Elsevier. C. rlh formed inside a CM. D. A stroma-like structure (sl)
formed inside a CM. E. Cross section of a sl structure formed inside a CM stained with aniline blue, surrounded by
an extracellular matrix (ecm). Arrow indicates the width of the CM. F. Cross section of a sl structure formed inside a
CM labelled with a (1-3)-pB-glucan antibody and observed by fluorescence microscopy under UV excitation.

Micrographs from E. and F. extracted from Kucheryava et al. [25] with permission from Elsevier.
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3. The fungal cell wall: composition and structure

The fungal cell wall is a dynamic interface with a crucial role in maintaining cell integrity and in
mediating interactions with the environment [64]. As the first physical structure to make contact
with the hostile environment of the plant, the fungal cell wall plays an important role in
pathogenesis and is a promising target for the development of fungicides [65]. The composition
and organization of the fungal cell wall have been extensively studied in model species, mostly
human pathogens. However, research on the cell wall composition of fungal plant pathogens is
very limited, with only a few studies focusing on the cell wall of the wilt fungus, Fusarium.
oxysporum [66], the grey mould fungus Botrytis cinerea [67] and R. secalis [68]. In addition, one

study from 1965 investigated the gross V. inaequalis cell wall composition [69].

Research on model species has shown that the cell wall varies greatly between and
within species, as illustrated in Figure 1-5. In general terms, the fungal cell wall contains around
90% polysaccharide (glucans, chitin and mannan) and 2-3% protein (glycoproteins and
mannoproteins) [70]. Glucan is the main structural polysaccharide and represents around 50% of
the total cell wall dry weight [71]. Glucans are classified based on their type of linkage: a-bound
glucans and B-bound glucans [72]. The majority of glucans in the fungal cell wall are -1,3-glucans
and, in some cases, -1,6-glucan linkages can also be found. Most authors consider the -1,4-
linkage to be absent from fungal cell walls, as B-1,4-glucan has only been reported from
Microdichium nivale [73] and, more recently, Aspergillus fumigatus [72,74]. Additionally, some
fungal species also contain a-1,3-glucans. In contrast, chitin represents only around 1-2% of the

cell wall dry weight of yeast and around 10-20% of filamentous fungi [71].

The structure of the fungal cell wall varies greatly between fungal species.
However, in general, the fungal cell wall of Ascomycetes is made of two layers: a polysaccharide-

rich core layer and a protein-rich outer layer [75]. In most fungal species, the inner layer consists
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of covalently linked B-1,3-glucan and chitin, with these carbohydrates forming a basket-like
scaffold that serves as an exoskeleton around fungal cells [75]. The outer layer of the cell wall is
more variable than the inner layer. The outer layer is usually rich in mannosylated glycoproteins,
in particular glycosylphosphatidylinositol (GPI)-anchored proteins [76] and proteins with internal
repeats (Pir) [77,78] as well as agglutinins [79] and hydrophobins [80,81]. Some fungal species,
such as Histoplasma capsulatum, have an outer layer with a-1,3-glucan (Figure 1-5) and others,
like Cryptococcus spp., have a distinct polysaccharide capsule surrounding their cell wall,

composed of glucuronoxylomannan and galactoxylomannan (Figure 1-5) [75].

Even though many models about the structural distribution of the different
components of the cell wall in different fungal species are available, information about the cell
wall of plant pathogenic fungi is scarce. Additionally, the cell wall carbohydrate distribution is
still unclear, due to the lack of non-destructive techniques to study the cell wall and the variability
between the cell wall of different species. However, recent studies have started to re-define our
current knowledge on the fungal cell wall structure. In A. fumigatus, chitin and a-1,3-glucan have
been reported to form a cross-linked hydrophobic core which is surrounded by a mobile matrix of
B-glucans and a hyper-mobile matrix of a-1,3-glucan and glycoproteins [74]. This structural role
of a-1,3-glucan is novel and highlights the limitations of our current understanding of the fungal
cell wall structure. Applications of novel non-destructive techniques will greatly change our

current knowledge of fungal cell walls in the years to come [74].
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Figure 1-5. Cell wall composition of fungi with different lifestyles. The inner cell wall layer is usually composed
of chitin and B-1,3-glucan and the outer cell wall layer is usually comprised of a matrix of polysaccharides and
glycoproteins. GAG, Glycosaminoglycan; GalXM, Galactoxylomannan; GXM, Glucuronoxylomannan. Figure

extracted from LP Erwig and NAR Gow [82] with permission from Nature.

3.1. Fungal cell wall biosynthesis

Chitin is a polymer of N-acetylglucosamine that is synthesized as microfibrils by plasma
membrane-associated enzymes named chitin synthases (CHSs). These enzymes synthesize chitin
from the cytosol by the addition of N-acetylglucosamine to the non-reducing end of the polymer
and transfers the elongating chitin polymer to the cell wall space through a plasma membrane
channel [83]. Chitin synthesis occurs mostly at the active sites of cell growth (e.g. the hyphal apex)
and at sites of cell wall remodelling [84]. The number of CHS genes greatly differs between
species; yeast species usually have one to three CHS genes, while filamentous fungi typically have
more than ten [85]. CHSs genes could have expanded in filamentous fungi as a result of their

complex life cycle stages of vegetative and sexual growth compared with yeasts [86].

Different methods to classify CHS enzymes exist and there are multiple

discrepancies in the nomenclature [87,88]. In the current nomenclature by Mandel et al. [87] from

16



CHAPTER 1: Introduction

2006, division I consists of CHSs from classes I, Il and I11. CHSs from division | are characterized
by the presence of short ‘chitin synthase domain 2’ module (PF03142) with a hydrophilic amino
(N)-terminus and a hydrophobic carboxyl (C)-terminus (Figure 1-6). Division Il contains CHSs
from classes IV, V and VII. CHSs from division Il are characterized by the presence of an N-
terminal ‘myosin motor-like domain’ (PF00063) and a ‘cytochrome b5-binding domain’
(PF00173) before a C-terminal ‘chitin synthase domain 2’ module (Figure 1-6). Finally, division
I11 consists of class V1. This class only has a ‘chitin synthase domain 2’ module, which is shared
among all CHSs [85,86,88,89] (Figure 1-6). It is important to note that the previous classification

from 2004 by Choquer et al. [88] placed class V1 in division II.

All fungal CHSs contain four to seven transmembrane domains and the conserved
motifs QXRRW, EDRXL, and QXXEY [86,88,90]. Remarkably, CHSs are very diverse and
enzymes from the same class do not share the same function in all species. In general, CHSs with
a ‘myosin motor-like domain’ (class V and VII), are important for apical growth, morphogenesis
and pathogenicity as seen in the phenotype of deletion mutants [85,91-94]. However, there are a
few exceptions and in some plant-pathogenic fungi, such as B. cinerea, deletion of a gene encoding

a class V CHS with a ‘myosin motor-like domain’ did not affect virulence [95].
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Figure 1-6. Schematic representation of the seven fungal chitin synthase (CHS) classes. Figure depicts CHSs
identified from Neurospora crassa and was modified from Fajardo et al. [85]. CHSs are classified using nomenclature
by Mandel et al. [87].

B-1,3-glucan is synthesized by a glucan synthase complex composed of the plasma
membrane catalytic subunit Fks1, and the regulatory subunit Rhol. Here, the Rho GTPase acts as
a molecular switch regulating the synthesis of 3-1,3-glucan [64,83]. Many fungal species such as
the filamentous fungi A. fumigatus and Neurospora crassa, as well as the yeast Candida albicans,
have only one copy of the Fks1 gene, while other fungal species have up to three or four copies
[83]. The glucan synthase complex is crucial for cell wall biogenesis and fungal viability and, for
this reason, this complex is the target of many antifungal chemicals, such as echinocandins [83].
The genes responsible for -1,6-glucan synthesis in fungi are still undetermined; however, some

genes are known to affect 3-1,6-glucan synthesis, such as Krel and Kre6 [71,83,96].
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In contrast to those described above, the synthesis of other polysaccharides that
make up the cell wall of fungi is less well understood. One such example is a-1,3-glucan synthesis,
as only some species have been reported to be able to synthesize this carbohydrate. In A. fumigatus,
a-1,3-glucan is an important cell wall component, with this fungus having three a-1,3-glucan
synthase-encoding genes (AGS1, AGS2, AGS3). Other species, however, might have none or only

one a-1,3-glucan synthase-encoding gene [71,83].
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4. Plant-microbe interactions: how plant pathogens achieve infection

Plants interact with a plethora of microbes over the course of their life. However, these interactions
rarely result in disease, as the plant innate immune system has multiple immune receptors capable
of recognizing pathogens and eliciting plant defences to stop infection [97,98]. Multiple models
have been generated to summarize plant-pathogen interactions. The most well-known is the
‘zigzag model’ that describes two layers of plant immunity [99] (Figure 1-7). In brief, in this
model, the first layer of immunity is thought to consist of cell-surface pattern recognition receptors
(PRRs) that detect microbial elicitors, known as pathogen- or microbe-associated molecular
patterns (PAMPsS/MAMPs). These PAMPs/MAMPs are usually conserved molecules that are
important for pathogen survival, such as cell wall-derived chitin fragments from fungal microbes
[98]. Recognition of PAMPS/MAMPs by the PRRs elicits a broad-spectrum plant immune
response known as PAMP/MAMP-triggered immunity (PTI/MTI), that halts or slows host
infection. In turn, pathogens secrete effector molecules to stop PTI/MTI, providing effector-
triggered susceptibility (ETS). In this model, the second layer of immunity relies on intracellular
receptors termed resistance (R) proteins that recognize specific pathogen effector molecules to
elicit effector-triggered immunity (ETI). Pathogen effector molecules that are recognized by R
proteins are termed avirulence (Avr) effector proteins because their recognition typically renders
the pathogen avirulent. In general, ETI is considered a stronger and faster immune response than
PTI/MTI and induces a localized cell death response to prevent pathogen spread, known as the
hypersensitive response (HR) [97,99]. Finally, to circumvent ETI and reinstate ETS, pathogens
may delete or modify the gene encoding the recognized Avr effector to avoid recognition by the
corresponding R protein. In turn, during this ongoing evolutionary battle, the host plant may evolve
new R proteins that can recognize the mutated or new Avr effectors, triggering plant defences and

restoring ETI1 [97,99].
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Figure 1-7. The ‘zigzag model’ illustrating the immune response of plants originally described by Jones &
Dangl (2006). First, in this model, pathogen- or microbe-associated molecular patterns (PAMPs/MAMPS) (red
diamonds) are detected by plants using cell surface-localized pattern recognition receptors (PRRS), triggering
PAMP/MAMP-triggered immunity (PTI/MTI). Second, successful pathogens secrete virulence factors termed
effectors to inhibit or suppress PTI, resulting in effector-triggered susceptibility (ETS). Third, an effector is recognized
by an intracellular resistance (R) protein (in this model), triggering effector-triggered immunity (ETI), a more intense
plant defence response that often involves a hypersensitive cell death response (HR). Here, the recognized effector is
termed an avirulence effector (Avr), as recognition results in the pathogen being unable to cause disease. Fourth, the
pathogen circumvents ETI, either by loss or mutation of the Avr effector, or by acquiring or repurposing another
effector to suppress ETI, resulting in ETS once more. In this continuing arms-race, the plant is under selection pressure
to evolve novel R proteins that can recognize the new or mutated Avr effectors, resulting again in ETI. Figure extracted

from Jones & Dangl [99] with permission from Nature.

The ‘zigzag model’ is a great starting point to understand plant immunity. However,
it is only applicable to biotrophic plant pathogens and does not incorporate necrotrophic pathogens
or symbionts [100]. For example, necrotrophic pathogens can activate PRRs to trigger the cell
death response to obtain nutrients from dead tissue, as shown for the causal agent of Septoria
nodorum blotch, Parastagonospora nodorum [101]. Additionally, this model does not account for
the recognition by the plant immune system of host-derived fragments generated by the pathogen

during infection, so-called damage-associated molecular patterns (DAMPSs) [100]. Finally, the
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‘zigzag model’ excessively compartmentalizes the two layers of immunity [100]. Since the
publication of this model, multiple Avr effectors have been shown to be recognized by PRRs and
activate a strong immune defence response that can be classified as ETI [100,102]. Therefore,
PRRs do not exclusively recognize PAMPs/MAMPs, but these cell surface receptors can also
recognize DAMPs and Avr effectors. Finally, recent studies have shown that PTI and ETI work
together to elicit strong immune defence responses [102,103]. For example, it has been observed
that the HR triggered by intracellular receptors (ETI) is enhanced by the activation of PRRs (PTI),

highlighting how PTI potentiates the immune response elicited by ETI [103].

These limitations led to the creation of a simpler model known as the ‘invasion
model’, which incorporates all types of symbiotic interactions, from pathogenesis to mutualism
[100] (Figure 1-8). In the ‘invasion model’, plant immune receptors, termed invasion pattern
receptors (IPRs), recognize invasion patterns (IPs) (Figure 1-8). IPs are any microbe- or plant-
derived molecules, including MAMPs, DAMPs and Avr effectors (Figure 1-8) [100]. Recognition
of IPs by IPRs leads to activation of an invasion pattern-triggered response (IPTR). For biotrophic
pathogens, failure to suppress this IPTR leads to cessation of the symbiosis (infection). In contrast,

necrotrophic pathogens might utilize this IPTR to continue host-invasion.

Rapid plant defences associated with the IPTR consist of changes in ion fluxes, an
increase of cytosolic calcium concentration, and an oxidative burst characterized by the
accumulation apoplastic reactive oxygen species (ROS). Additionally, the IPTR is characterized
by callose deposition and activation of defence-related kinases that trigger a transcriptional
reprogramming of the host, which leads to the production of pathogenesis-related (PR) proteins
with antimicrobial activities, such as chitinases and glucanases that hydrolase the fungal cell wall

[104-106].
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Figure 1-8. Schematic representation of the ‘invasion model’. Invasion patterns (IPs) are recognized by plant
invasion pattern receptors (IPRs) inducing a plant defence response known as the IP-triggered response (IPTR). Plant-
associated microbes can use effectors to supress the IPTR. However, one or more of these effectors may be recognized
by IPRs to activate an IPTR. Biotrophic infection is stopped if the microbe is unable to suppress the IPTR (symbiosis
stopped). Contrarily, some microbes, such as necrotrophic pathogens, can exploit this IPTR to continue host infection
(symbiosis continued). Figure adapted from Cook et al. [100], with permission from Annual Reviews in

Phytopathology.

4.1. Plant immune receptors

Plant immune receptors are classified based on their subcellular localization and amino acid
sequences. PRRs are cell surface-localized extracellular receptor-like kinases (RLKS) or receptor-
like proteins (RLPs) [107,108]. RLKs contain an extracellular domain for ligand recognition
(ectodomain) and an intracellular kinase domain for activation of plant defences. Ectodomains for
ligand recognition include leucine-rich repeat (LRR), lysin motif (LysM), lectin, malectin and
epidermal growth factor-like domains [108]. In contrast, RLPs only have an extracellular
ectodomain and lack an intracellular kinase domain; therefore, they depend on RLK proteins to
active plant defences [107,108]. Intracellular immune receptors are NLR receptors with a central
nucleotide-binding (NB) domain and a leucine-rich repeat (LRR) domain that determines the

specificity of the Avr effector recognition [109]. There are three types of NLR receptors based on
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their N-terminal domain: NLRs with a coiled-coil (CC) domain, NLRs with Toll/Interleukin-1
(TIR) domain, and NLRs with an RPW8-like CC domain (RPW8) [102,109]. Additionally, some
NLRs also have other noncanonical integrated domains that function as an effector bait; this is
known as the ‘decoy model’[110]. In some cases, these domains have originated by duplication of
a host protein targeted by an effector [110]. A well-known example of an integrated domain is the
heavy metal-associated (HMA) domain, integrated in rice NLRs that recognizes multiple Avr

effectors from the rice blast fungus Magnaporthe oryzae [111,112].

4.1.1. Glycan-triggered immunity

Structural components of the fungal cell wall such as B-glucan oligosaccharides and chitin,
function as PAMPs/MAMPSs that elicit plant defences to activate glycan-triggered immunity [113].
Plants recognize chitin and -1,3-glucan through PRRs. Little is known about 3-glucan perception
in plants, and a B-glucan receptor in plant species remains elusive [114]. In contrast, chitin
perception in plants is better understood. Chitin is recognized by LysM-RLKs. In rice, the chitin
RLP OsCEbiP is known to bind chitin and recruit the receptor kinase OsCERK1 to induce plant
defence signalling [113]. As part of the plant defence response, plants secrete hydrolytic enzymes
to interfere with fungal colonization. Hydrolytic enzymes stop fungal growth by compromising
the integrity of the fungal cell wall. Additionally, hydrolysis of the fungal cell wall releases cell
wall oligomers that can further function as PAMPS/MAMPs. To achieve host-colonization,
pathogens use different strategies to avoid the elicitation of plant defences, including the secretion
of effectors and the chemical modification of the fungal cell wall [113,115]. A literature review of
apoplastic effectors with a focus on effectors that inhibit glycan-triggered immunity is presented

in Chapter 2 of this thesis.
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4.2. Chemical modifications of the fungal cell wall

Pathogenic fungal species use different strategies to avoid triggering plant defences and to protect
themselves from the hostile host-environment [65,113,116-118]. One proposed strategy to avoid
recognition by the plant immune system is to deacetylate chitin to chitosan, with the help of chitin
deacetylases (CDAs), as chitosan is a poor elicitor of plant defences [119-121] and a weak
substrate for plant chitinases [122,123]. CDAs can be bound to the fungal cell wall or secreted to
the extracellular space. CDAs with a GPI anchor are likely to function with CHSs in nascent chitin
polymers. In contrast, secreted CDAs without a GPI anchor might be involved in
deacetylation/inactivation of chitin fragments to avoid triggering plant defences [124,125].
Secreted CDAs from the plant-pathogenic fungal species have been shown to deacetylate chitin

oligomers to avoid chitin-triggered immunity [124,126] (reviewed in Chapter 2).

To date, chitosan has been observed to accumulate on the outer layer of the cell
wall of the stem rust fungus Puccinia graminis, the broad bean rust fungus Uromyces fabae, the
anthracnose pathogen Colletotrichum graminicola [127], M. oryzae [128], the corn smut fungus
Ustilago maydis [129] and the endophyte E. festucae [130]. However, direct experimental
evidence showing the benefits of chitosan accumulation on the cell wall to protect fungal cell walls

from host chitinases has not yet been shown [131].

In addition to the role of chitosan in infection, chitosan has also been reported to be
important for the morphogenesis of infection structures. In M. oryzae, chitosan was found to be
required for appressorium formation by mediating germling adhesion and sensing of stimuli [132-
134]. Finally, chitosan has also been shown to be crucial for sporulation in the filamentous fungal
plant pathogen Ashbya gossypii [135] as well as for vegetative growth in the yeast human pathogen

Cryptococcus neoformans [136]. Nevertheless, the diverse distribution of chitosan in the cell wall
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of different fungal species indicates that chitosan may play multiple functions depending on the

species and cellular morphotype [128].

Another strategy to avoid glycan-triggered immunity is the accumulation of a-1,3-
glucan on the cell wall surface. The role of a-1,3-glucan in pathogenesis was first discovered in
the fungal mammal pathogen Histoplasma capsulatum where a-1,3-glucan was found to shield
chitin to evade host defences [137,138]. Then, Fujikawa et al. [139] reported an accumulation of
a-1,3-glucan on the appressoria and germ tubes of the plant pathogen M. oryzae and showed that
a-1,3-glucan accumulation on the surface of fungal hyphae increased hyphal resistance against
plant chitinases [139]. More recently, in some fungal species a-1,3-glucan synthesis has been
observed to occur during hyphal growth and conidial aggregation, highlighting the potential

importance of a-1,3-glucan in fungal morphogenesis [140].

4.3. Fungal effectors

4.3.1. Fungal effector functions

Plant-associated microbes secrete effectors to successfully establish infection [115,141,142].
Effectors are defined as any molecule that promotes host-colonization, including enzymatic and
non-enzymatic proteins, secondary metabolites and small RNAs [115,141,142]. Traditionally,
fungal proteinaceous effectors are identified based on the presence of an N-terminal signal peptide
for secretion to the apoplast and the presence of many cysteine residues in their sequence, which
often form disulphide bonds to provide stability in the harsh apoplastic environment [115,141].
However, effectors without a signal peptide have also been observed to be translocated and
function inside host cells, suggesting that some effectors are unconventionally secreted [143].
Effectors can be classified based on the location where they function in the plant cells. Apoplastic

effector proteins (AEPs) perform their function in the host apoplast, while intracellular effectors
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function inside plant cells [142]. Additionally, some effectors might have a dual function/location

in both compartments [141].

The molecular basis of effector delivery and translocation into host cells is still
poorly understood [142,144]. In M. oryzae, effectors that are translocated to the plant cell are
observed to first localize to a biotrophic interfacial complex (BIC) on the hyphal tip that appears
to be essential for effector delivery [145]. Interestingly, in U. maydis, a protein complex of seven
effectors has been identified to be potentially associated with the delivery of effectors [146]. The
protein complex is composed of the effectors Pepl, Ccel (Stp4), Stpl, Stp3, Stp6, Sp2 and Stp5.
This effector complex is located on the surface of biotrophic hyphae and is essential for
suppressing plant defence responses, making it likely to be involved in the delivery of effector

proteins during host infection [146].

The functions of AEPs from plant-associated fungi and oomycetes are reviewed in
Chapter 2 of this thesis; therefore, this section only focuses on the function of intracellular effectors
(Table 1-2). Most intracellular fungal effectors identified to date are small, non-enzymatic proteins
[147]. Some exceptions are the effectors Cmul from U. maydis [148] and VdIsc1 from Verticillium
dahliae, the causal agent of Verticillium wilt [143] (Table 1-2). These effectors are enzymes that
suppress salicylic acid synthesis by hydrolysing a salicylic acid precursor [143,148]. Many
intracellular fungal effectors manipulate plant defences at the transcription level, for example by
interacting with transcription factors (e.g. VASCP41 from V. dahliae) [149] (Table 1-2) or at the
posttranslational level, by manipulating the ubiquitin proteosome system. For example, AvrPiz-t
from M. oryzae suppresses the activity of a ubiquitin ligase [150], while Tin2 from U. maydis
masks a ubiquitin-proteasome motif to stabilize a host protein that induces anthocyanin

biosynthesis [151] (Table 1-2). Other effectors can suppress plant defences by directly inhibiting
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plant defence kinases such as BAK1 and BIK1, as reported for the widely conserved fungal

effector, NIS1[152]

Table 1-2. Selected intracellular effectors of biotrophic and hemibiotrophic plant-pathogenic fungi with

(Table 1-2).

characterized biological functions.

Effector protein Fungal plant pathogen Characterized biological function inside References
host cell

Cmul Ustilago maydis Reduces levels of chorismate, a salicylic [148]
acid precursor.

Tin2 U. maydis Promotes anthocyanin biosynthesis to [151]
inhibit cell wall lignification.

Seel U. maydis Activates plant DNA synthesis to induce [153]
tumour formation.

Jsil U. maydis Induces jasmonate/ethylate signalling to [154]
induce biotrophic susceptibility.

Pst18363 Puccinia striiformis f. sp.  Suppresses accumulation of reactive [155]

tritici oxygen species (ROS) by stabilizing the

negative regulator of defense, TaNUDX3.

AvrL567 Melampsora lini Modulates cytokinin levels. [156,157]

BEC1054 Blumeria graminis f. sp. Suppresses cell death by inhibiting host [158]

hordei ribosome-inactivation proteins.

BEC4 B. graminis f. sp. hordei Interferes with host-associated vesicle [159]
trafficking.

AvrPiz-t Magnaporthe oryzae Suppresses plant immunity by modulating  [150,160-162]
the activity of ubiquitin ligase and host
potassium channels.

Avr-Pii M. oryzae Suppresses plant immune responses by [163,164]

inhibiting the malic enzyme NADP-ME2
and by interacting with an exocytosis

complex.
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Effector protein Fungal plant pathogen Characterized biological function inside References
host cell
Avr-Pita M. oryzae Inhibits ROS by increasing cytochrome ¢ [165]

oxidase (COX) activity, an enzyme that

scavenges ROS.

Vdlscl Verticillium dahliae Hydrolyses isochorismate, a salicylic acid  [143]
precursor.
VdSCP41 V. dahliae Inhibits a transcription factor to suppress [149]

host immunity.

NIS1 Conserved in Ascomycota Inhibits BAK1 and BIK1 kinases to [152]

and Basidiomycota fungi  suppress plant defences.

4.3.2. Structural effector families of fungi

Most fungal effector proteins do not share sequence similarity to proteins of known function; this
is likely due to the evolutionary pressure on these proteins to evade recognition by corresponding
R proteins [166]. The lack of sequence similarity and absence of known domains make the
identification and functional characterization of fungal effector proteins difficult. However,
protein tertiary structures are more conserved than amino acid sequences due to the strong
evolutionary relationship between structure and function [166]. Therefore, investigation of effector
protein tertiary structures can help researchers to understand their function. Recent advances in
structural biology have shown that many effector proteins share structural commonalities with

effectors proteins seemingly unrelated at the amino acid level [166-170].

A family of effector proteins with a common fold was identified in M. oryzae, the
‘Magnaporthe Avrs and ToxB-like’ (MAX) family. The MAX family is composed of effectors
with a six-stranded B-fold with at least one disulphide bond. Remarkably, many M. oryzae Avrs
belong to the MAX effector family (Table 1-3). A number of these MAX effectors, such as Avr-

Pik, Avr-Pia and Avrl1-CO39, interact with an integrated HMA domain in NLR receptors (Table

29



CHAPTER 1: Introduction

1-3), indicating that this structure could be a scaffold suited to interact with these HMA domains
[166,167,171]. Interestingly, the MAX family also includes the ToxB protein from Pyrenophora
tritici-repentis, the causal agent of tan spot disease in wheat [167,172]. The ToxB effector protein
is a host-selective toxin that induces cell death; however, its mode of action and interacting
partner(s) are, to date, still unknown [172]. With the advent of highly accurate de novo protein
structure prediction [173], a high-throughput analysis of the M. oryzae secretome has now shown
that the MAX effectors in M. oryzae are more abundant than previously thought [168,174], with
transcriptome data also highlighting that these effectors are co-expressed during host-colonization

[175].

Another structural effector family was predicted in the powdery mildew fungus,
Blumeria graminis. A large-scale structural prediction of effector candidates (ECs) from B.
graminis, prior to the development of AlphaFold2, led to the identification of a subset of ECs with
an RNAse-like fold and were named ‘RNAse-like proteins expressed in haustoria’ (RALPH)
proteins [176-178]. A subsequent large-scale structural study of effectors from multiple plant
pathogens, based on AlphaFold2, has now shown that RALPH effectors are particularly expanded
in B. graminis, where they represent 43% of the secretome [168]. RALPH effectors have been
shown to promote virulence (e.g. the RALPH effector BEC1054) [158,177] (Table 1-2) or to be

Awvr effectors recognized by NLRs in wheat (Table 1-3).

Another family of structurally related effectors is the ‘Leptosphaeria AviRulence-
Suppressing’ (LARS) effector family, which was identified in Leptosphaeria maculans, the causal
agent of oilseed rape stem canker. Members of the LARS family are characterized by a tertiary
structure with four B-sheets and one a-helix, stabilized by three conserved disulphide bridges
[169]. To date, the LARS family includes the Avr effectors AvrLm3, AvrLm4-7 and AvrLm5-9

from L. maculans, as well as the candidate Avr effector Ecpl1-1 [179] from the tomato leaf mould
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pathogen Fulvia fulva (synonym: Cladosporium fulvum) [169]. Additionally, the recent large scale
AlphaFold2 study mentioned above predicted that many effectors of different fungal pathogens

adopt a LARS-like fold [168].

Another known structural effector family is the ‘ToxA-like’ family. This family
was identified when the crystal structure of the AvrL567 Avr effector protein from the flax rust
pathogen Melampsora lini was solved [180]. Remarkably, it was observed that AvrL567 adopted
a compact B-fold that resembled the structure of the host-selective toxin effector ToxA from P.
tritici-repentis [181]. Recently, the structure of the Avr2 (also known as Six3) Avr effector from
F. oxysporum f. sp. lycopersici, the causal agent of tomato wilt disease, was crystallized and

intriguingly, this protein also adopted the compact B-fold of the ToxA-Like family [182].

Finally, a new structural class of effectors has been recently discovered in F.
oxysporum f. sp. lycopersici, the Fol dual-domain (FOLD) effectors [170]. The tertiary structure
of the Avr effectors Avrl (Six4) and Avr3 (Six1) have been solved by X-ray crystallography and
shown to adopt a unique two-domain fold. Using AlphaFold2, other F. oxysporum f. sp. lycopersici

ECs were also predicted to belong to the FOLD family [170].
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Table 1-3. Avirulence (Avr) effectors from plant-pathogenic fungi with an experimentally determined protein

tertiary structure that belongs to a structural family.

Avr effector Fungal plant Immune Mode of Structural References
pathogen receptor? recognition® family®
AvrL567 Melampsora lini L5, L6and L7 Direct ToxA-like [157,180,183]
(NLR)
AvrPiz-t Magnaporthe oryzae Piz-t (NLR) Indirect MAX [150,184-186]
Avr-CO39 M. oryzae CO39, Direct MAX [167,187,188]
RGA4/RGA5
(NLR-HMA)
Avr-Pia M. oryzae RGA4/RGA5 Direct MAX [167,187]
(NLR-HMA)
Avr-Pik M. oryzae Pik-1/Pik-2 Direct MAX [112,189-191]
(NLR-HMA)
Avr-Pib M. oryzae Pib (NLR) MAX [192]
AvrLm3 Leptosphaeria RIm3 (NLR) LARS [169,193,194]
maculans
AvrLmb5-9 L. maculans RIm9 (WAKL) Indirect? LARS [169,195]
AvrLm4-7 L. maculans RIm4, RIm7 LARS [196,197]
(WAKL)
Avrl (Six4) Fusarium I (LRR-RLP) FOLD [170,198,199]
oxysporum f. sp.
lycopersici
Avr2 F. oxysporum f. sp. I-2 (NLR) Direct? ToxA-Like [182,200]
lycopersici
Avr3 (Sixl)  F. oxysporum f. sp. I-3 (S-RLK) Indirect? FOLD [170,201,202]

lycopersici

& NLR: Nucleotide-binding domain and Leucine-rich Repeat domain receptor; HMA: Heavy Metal-Associated

domain; WAKL: Wall-Associated Kinase-Like, RLP: Receptor Like Protein, RLK: Receptor Like Kinase, S-RLK:

RLK with an S domain homologous to self-incompatibility-locus glycoproteins of Brassica oleracea.
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b Mode of apoplastic effector protein recognition by the corresponding cell surface immune receptor. Hypothesized

modes of recognition based on current experimental data are denoted with a question mark (?).

¢ MAX: Magnaporthe Avrs and ToxB like; LARS: Leptosphaeria AviRulence-Suppressing; FOLD: Fusarium

oxysporum f. sp. lycopersici dual-domain.
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5. Resistance and susceptibility in the Venturia—Malus pathosystem

V. inaequalis is a model pathogen of woody tree hosts, as well as a model species for understanding
subcuticular host-colonization by fungi, as this pathogen is restricted to the subcuticular
environment during all stages of biotrophic host-colonization. As a result, the genome sequences
of multiple V. inaequalis isolates have been sequenced [6,27,203,204]. These V. inaequalis
genomes have an assembly size from 30 to 73 Mb, and a mosaic genome structure with a

combination of GC-stabilized and AT-rich regions [6].

Genetic studies investigating the interaction between Malus and V. inaequalis have
led to the genetic identification of many scab-R genes [37,38]. In this pathosystem, R genes are
named Resistance to V. inaequalis (Rvi) and the corresponding Avr gene are named Avirulence to
Rvi (AvrRvi). V. inaequalis isolates that can overcome resistance by an R gene are defined as a
race [5,205]. Recognition of an AvrRvi effector by an Rvi R protein leads to an HR that stops or
significantly slows pathogen infection. The strength of this HR is different depending on the R
protein and can be divided into three classes [206] (Figure 1-9). The class 1 HR is the fastest and
strongest of the HRs involving V. inaequalis and is characterized by rapid cell death that is visible
as a ‘pinpoint pit’. In contrast, class 2 HR involves stellate necrosis, while class 3 HR is

characterized by chlorosis and reduced sporulation [205,206] (Figure 1-9).

To date, even though 19 AvrRvi-Rvi gene pairs have been genetically identified
[38,205], only two R genes, Rvi6 and Rvil5, have been cloned. The Rvi6 gene encodes an
extracellular RLP-type R protein [207], while Rvil5 encodes an intracellular TIR-NLR-type R
protein [208]. Notably, races of V. inaequalis that can overcome Rvi6-, but not Rvil5-mediated
resistance, have been identified [38,205]. Furthermore, races of V. inaequalis that have overcome
most single scab R genes used in breeding have now been discovered [38], highlighting the urgent

need to identify and develop novel scab-resistant apple cultivars. Given the large number of V.
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inaequalis races that have broken resistance mediated by single R genes, it is anticipated that
multiple R genes will now need to be stacked into each apple cultivar to provide durable scab
resistance [38]. However, before this can happen, the durability of individual AvrRvi—Rvi
interactions needs to be assessed. This would involve the cloning of AvrRvi genes to determine
whether their loss or mutation negatively impacts the fitness of V. inaequalis. Here, only those Rvi
genes corresponding to AvrRvi genes that cannot be lost or mutated without a significant cost to
fitness would be stacked [38]. To date, however, no AvrRvi genes have been published, although
recent research suggests that AvrRvi4, corresponding to Rvi4 (Silvia de la Rosa et al., in

preparation), and AvrRvi6, corresponding to Rvi6 (Bruno Le Cam et al., in preparation), have now

been identified.

Figure 1-9. Different classes of hypersensitive response (HR) active against the scab pathogen, Venturia
inaequalis, in apple. A. Class 1, ‘pinpoint pit’ cell death. B. Class 2, stellate necrosis. C. Class 3, chlorosis with

limited sporulation. Figure adapted from Bus et al. [205] with permission from Annual Reviews of Phytopathology.

Different studies have attempted to predict ECs of V. inaequalis that play a crucial
role during infection. First, one study used V. inaequalis growing on CMs to identify EC genes
potentially up-regulated in planta. This study identified two cellophane-induced (Cin) genes, Cinl
and Cin3. The proteins encoded by these genes were predicted to be novel and secreted, with an
imperfect repeat domain structure [25]. Of these, Cinl is a cysteine-rich protein with eight repeats

of approximately 60 amino acids (C-X9/11C-X6C-X8/13C), that has homology to two other V.
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inaequalis proteins, Cinl-L1 and Cinl-L2, which have only one repeat [209]. The tertiary structure
of the first two repeat domains of Cinl was determined by nuclear magnetic resonance
spectroscopy, with each domain observed to adopt a three-helix disulphide-stabilized bundle with

no structural similarity to other proteins [209].

Later, a bioinformatic analysis of expressed sequence tags (ESTs) from a cDNA
library generated from a compatible interaction between V. inaequalis and Malus identified 16
ECs, named V. inaequalis candidate effectors (VICEs) [210]. Finally, a study analysed the
predicted secretome of V. inaequalis together with RNA-seq gene expression data from two host-
infection time points, to identify ECs in V. inaequalis [203]. This study identified that most of the
ECs were novel and/or belonged to expanded effector families. Some of the expanded EC families
had amino acid similarity to known effectors, for example, AvrLm6 from L. maculans and Avel
from V. dahliae [27,203,211,212]. The V. inaequalis gene encoding the AvrLm6-like protein with
the highest amino acid similarity to L. maculans AvrLm6 was observed to be up-regulated during
infection and this protein was found to localize to V. inaequalis stromata [27]. Remarkably, most
of the ECs were identified in low gene density areas of the genome and close to repetitive elements,

indicating that transposable elements could be involved in effector family expansion [27,203].
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6. Aims and Objectives

Scab disease management is challenging as fungicide-resistant strains of V. inaequalis, as well as
strains of this fungus capable of overcoming one or multiple Rvi genes of apple, have emerged
[38,213]. To develop novel control strategies against scab, a better understanding of how V.
inaequalis colonizes its host at the molecular level is needed. In particular, more information is
needed on the identity and function of effectors deployed by V. inaequalis as well as how this
fungus develops and maintains infection structures required for subcuticular host-colonization.
Given that several other fungal pathogens of economically important crop species demonstrate a
subcuticular host-colonization infection strategy, and that subcuticular host-colonization is both
massively understudied and not well-understood, this knowledge may also inform disease control
programs involving other fungal species. With this in mind, this research project had the following

specific objectives:

e Objective 1 (Chapter 3): Identify biological processes and genes of V. inaequalis that may

play a role in subcuticular host-colonization.

1. Generate a more comprehensive transcriptome for V. inaequalis during subcuticular

host-colonization using RNA-seq.

2. Generate a new genome annotation for V. inaequalis isolate MNH120 using

bioinformatics.

3. Study the gene expression profile of V. inaequalis during subcuticular host-

colonization.

4. ldentify proteinaceous ECs of V. inaequalis that are encoded by genes up-regulated

during host-colonization using RNA-seq data.
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5. Perform a large-scale tertiary structure prediction of proteinaceous effector candidates

(ECs) from V. inaequalis that are encoded by genes up-regulated during host-

colonization to shed light on their putative functions using AlphaFold2.

Initiate the functional characterization of proteinaceous ECs from V. inaequalis that
have a predicted tertiary structure to shed light on their putative functions using

Agrobacterium tumefaciens-mediated transient transformation assays.

Objective 2 (Chapter 4): Determine how the cell wall polysaccharide composition of V.

inaequalis dynamically changes during the differentiation of infection structures.

1. Analyse the cell wall carbohydrate composition of V. inaequalis during growth in

culture using a glycosidic linkage analysis.

Identify and analyse the carbohydrate synthase-encoding genes in the V. inaequalis

genome using bioinformatics.

Determine which carbohydrate synthase-encoding genes of V. inaequalis have

proteomic support during growth of V. inaequalis in culture using mass spectrometry.

Profile the gene expression dynamics of carbohydrate synthase-encoding genes during

subcuticular host-colonization.

Monitor the dynamics of cell-surface-exposed carbohydrates on the infection-like and
infection structures of V. inaequalis developed in culture and during host-colonization

using confocal laser scanning microscopy.

Objective 3 (Chapter 5): Develop a gene disruption method in V. inaequalis that will

facilitate reverse genetic studies.

1. Attempt different gene disruptions technologies in V. inaequalis based on homologous

recombination and CRISPR-Cas9 methods.

38



CHAPTER 1: Introduction

2. Establish a high-throughput screening method for the detection of V. inaequalis

mutants developed using gene disruption technologies.
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7. Thesis structure

All chapters of this thesis, except the general introduction (Chapter 1) and concluding discussion
(Chapter 6), are presented as manuscripts that are available online as a preprint in BioRxiv or as
a peer-reviewed manuscript. For each published chapter, the “statement of contribution” form

(DRC16) is shown as an appendix.

Chapter 2 is a literature review with a specific focus on apoplastic effector proteins
from plant-associated fungi and oomycetes. This review represents an exciting and comprehensive
compilation of all apoplastic effector functions described to the point of publication. Furthermore,
this review summarizes methodologies for successful prediction and identification of effectors.
This chapter has been formatted for the Current Opinion in Plant Biology journal and was

published in August 2020.

Chapter 3 represents the first comprehensive RNA-seq transcriptome of V.
inaequalis during colonization of apple. This study focuses on the gene expression profiles and
tertiary structure predictions of ECs from V. inaequalis. This chapter bas been formatted for the
BMC Biology journal and was published in November 2022. The manuscript version presented
here has been slightly modified from its published version to accommodate the addition of extra
data in appendices that could not be added in the published manuscript due to size constraints.
Appendix A includes all the supplementary information associated with the manuscript. Appendix
B contains information on the general biology and nutrition of V. inaequalis. Appendix C contains
preliminary data on the functional characterization of the Nod19 EC family from V. inaequalis,

identified as part of the chapter.

Chapter 4 reports the first characterization of the V. inaequalis cell wall
carbohydrate composition by glycosidic linkage analysis and investigates cell surface

modifications during morphogenesis of infection structures using different probes and antibodies
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in conjunction with confocal laser scanning microscopy. This chapter is available as a preprint in

BioRxiv and it has been formatted for the mSystems journal.

Chapter 5 describes the first application of CRISPR-Cas9 technology to V.
inaequalis for the generation of gene-disrupted mutants. Additionally, this chapter reports the
development of a novel methodology for the high-throughput screening of CRISPR-Cas9 mutants.

This chapter has been formatted for the journal Fungal Biology and was published in January 2022.

Chapter 6 is the general discussion of this thesis. It provides an overview of the
main findings from Chapters 2-5 and discusses how the research in these chapters has moved our
knowledge on subcuticular host-colonization by V. inaequalis (and other plant-pathogenic fungi)
forward. Finally, this chapter also highlights future experiments that can be carried out as a follow-

up of this thesis.
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CHAPTER 2: Apoplastic effector proteins of plant-associated fungi and oomycetes

1. Abstract

The outcome of an interaction between a plant and a fungus or an oomycete, whether compatibility
or incompatibility, is often determined in the hostile extracellular spaces and matrices of the
apoplast. Indeed, for compatibility to occur, many plant-associated fungi and oomycetes must first
neutralize the apoplast, which is both monitored by plant cell-surface immune receptors, and
enriched in plant (and frequently, competitor)-derived antimicrobial compounds. Research is
highlighting the diverse roles that fungal and oomycete effector proteins play in the apoplast to
promote compatibility, with most recent progress made towards understanding the role of these
proteins in evading chitin-triggered immunity. Research is also showcasing the ability of
apoplastic effector proteins to bring about incompatibility upon recognition by diverse plant cell-
surface immune receptors, and the use of effectoromics to rapidly identify apoplastic effector

protein—cell-surface immune receptor interactions.
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2. Introduction

Filamentous microbes develop interactions with plants that range from mutualistic (fungi) to
pathogenic (fungi and oomycetes). The outcome of these interactions, be that compatibility or
incompatibility, is often determined in the apoplast, where first contact between microbial and
plant cells is made [1]. Very broadly, the apoplast is made up of all extracellular spaces and
matrices beyond the plant plasma membrane, and is bordered by the rhizoplane and cuticle of the
outer plant surface [2]. As such, the apoplast consists of all interfibrillar and intermicellar cell wall
spaces, the intercellular spaces and xylem [2], as well as all spaces and matrices generated between

the plant plasma membrane and fungal or oomycete cell wall during infection (Figure 2-1).

The apoplast is a hostile environment, with proteases, protease inhibitors,
secondary metabolites and hydrolytic enzymes constitutively produced by plants to impede fungal
and oomycete growth [1]. The apoplast is also monitored by cell surface-localized immune
receptors that recognize invasion patterns to activate the plant immune system [3,4]. This
activation slows or halts fungal and oomycete growth through the production of additional
defensive compounds (similar to those mentioned above) and reactive oxygen species (ROS), as
well as callose and lignin deposition, and in some cases, the hypersensitive response (HR).
Notably, the apoplast is not a sterile environment, with other microbes present that compete for
space and nutrients [5,6]. These microbes deploy hydrolytic enzymes, antibiotics, toxins and

volatiles that can further impede fungal and oomycete growth [7].

To neutralize the apoplast and further promote colonization, fungi and oomycetes
must deliver a suite of virulence factors, termed effectors, into their hosts. These effectors can be
enzymatic or non-enzymatic proteins, secondary metabolites and small RNAs [8,9]. Of note, all
effectors are initially delivered into the apoplast, with a subset performing their virulence function

in the apoplast only. Others are translocated from the apoplast to the plant cell cytoplasm, where
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they carry out their virulence function in a specific cell compartment. A third subset is anticipated,
although not yet shown, to have dual virulence functions in the apoplast and the plant cell. In this
review, we highlight recent progress towards the identification and functional characterization of
effector proteins from plant-associated fungi and oomycetes that carry out their virulence function
in the apoplast, or that are recognized by cell-surface immune receptors in this environment

(hereafter referred to as apoplastic effector proteins [AEPs]).

3. Prediction and identification of apoplastic effector proteins

Most characterized effector proteins from plant-associated fungi and oomycetes are non-
enzymatic, <300 amino acid residues in length, and have a signal peptide for secretion. However,
larger proteins, enzymatic proteins, and proteins without a signal peptide (i.e. non-conventionally
secreted proteins) can also function as effectors (e.g. [10,11,12,13]). Predicting which of these
effector proteins function in the apoplast is often challenging. One feature that is frequently used
as a predictor for apoplastic function is cysteine content, as many of the cysteines present in fungal
and oomycete AEPs likely form intramolecular disulfide bonds required for stability and function
in the protease-rich apoplast. Recently, a data-driven machine learning approach was used to
develop ApoplastP, a tool for the prediction of apoplastic proteins, including conventionally and
non-conventionally secreted effectors [14]. ApoplastP determined that, in addition to having a high
cysteine content, AEPs tend to be rich in small amino acids, but depleted in glutamic acid, as well
as acidic and charged amino acids [14]. In the case of fungi, ApoplastP is increasingly being used
in conjunction with EffectorP, a powerful tool for the prediction of effector proteins, irrespective
of whether they are apoplastic or non-apoplastic [15,16].

Plant-associated fungi and oomycetes deliver effector proteins into diverse apoplastic
environments (Figure 2-1). While fluorescence microscopy is frequently used to determine

whether a protein is localized to the apoplast, many are shown to reside in the apoplast through a
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proteomic analysis of apoplastic wash fluid (AWF). For example, 75 small secreted proteins, made
up of known and candidate effectors, were recently identified in AWF from tomato leaves infected
with the fungal leaf mold pathogen, Fulvia fulva [17]. In other recent examples, 43 secreted
proteins were identified in AWF from maize roots infected with the fungal beneficial endophyte,
Trichoderma virens [18], while 102 proteins were identified in AWF from barley roots infected
with the fungal beneficial root endophyte, Serendipita indica [19]. These studies, combined with
previous research on the fungal rice blast pathogen, Magnaporthe oryzae (441 proteins identified)
[20], and the fungal tomato vascular wilt pathogen, Fusarium oxysporum f. sp. lycopersici (14
secreted in xylem [SIX] proteins identified) [21,22], are providing valuable insights into the types
and numbers of AEPs delivered by plant-associated fungi into the apoplast. How many of these
AEPs are subsequently translocated into the plant cell cytoplasm, however, remains to be
determined. Interestingly, some of the proteins identified above lack a predicted signal peptide,
suggesting that a subset of AEPs are delivered into the apoplast using a non-conventional secretion
system independent of the classical endoplasmic reticulum-Golgi secretory pathway
[18,19,20,22]. It is anticipated that fungal and oomycete extracellular vesicles, which are
membrane-enclosed cytosol-containing spheres released into the extracellular environment, will
play a role in delivering many of these proteins into the apoplast, as has already been proposed for

similar proteins involved in apoplastic defense from plants [23,24].
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Figure 2-1. Effector proteins of plant-associated fungi and oomycetes are delivered into diverse apoplastic
environments. Effector proteins of filamentous plant-associated microbes can be delivered into: 1) the subcuticular
environment between the plant cuticle and epidermal cells (e.g. during colonization of apple leaves and fruit by the
fungal scab pathogen, Venturia inaequalis); 2) between plant mesophyll cells (e.g. during colonization of tomato by
the fungal leaf mold pathogen, Fulvia fulva); 3) the extrainvasive hyphal matrix (EIHMx) developed between an
intracellular invasive hypha (IH) and the host plasma membrane, which can be continuous with the apoplast (e.g.
during colonization of maize leaf cells by the fungal corn smut pathogen, Ustilago maydis [3.a]), or sealed and
separated from the bulk apoplast (e.g. during colonization of rice leaf cells by the fungal blast pathogen, Magnaporthe
oryzae [3.b]); 4) the extrahaustorial matrix (EHMx) developed between a haustorium (H) of an obligate biotrophic
fungus or oomycete and a host-derived extrahaustorial membrane, which is separated from the bulk apoplast by a
neckband (e.g. during colonization of cereal crop leaf cells by the rust pathogen, Puccinia graminis [4.a]), or is
continuous with the bulk apoplast (e.g. during colonization of potato leaf cells by the oomycete late blight pathogen,
Phytophthora infestans [4.b]); 5) between cortex cells and in xylem spaces (e.g. during colonization of plant roots by
the fungal wilt pathogen, Verticillium dahliae); 6) between cortex cells (e.g. during colonization of plant roots by the
ectomycorrhizal fungus Laccaria bicolor [6.a]), or in the periarbuscular space (PAS) developed between an arbuscule
(A) of an endomycorrhizal fungus and the host-derived periarbuscular membrane (e.g. during colonization of plant
roots by the fungus, Rhizophagus irregularis [6.b]). Please note that the EIHMXx in 3.b and the EHMXx in 4.a, which
are sealed off from the bulk apoplast, are here hypothesized to be apoplastic environments. Further research is required
to better understand the nature of these environments. Pathogen cell wall: black line; plant cell wall: dark green or
brown line; plant cytosol: light green or brown; plant plasma membrane: light green line; haustorial neckband: orange;

AEPs: pink. Figure not to scale.
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4. Functional characterization of apoplastic effector proteins

4.1.Apoplastic effector proteins with roles in evading glycan-triggered immunity

AEPs from filamentous plant-associated fungi and oomycetes perform diverse biological functions
to promote host-colonization (Figure 2-2 and Table 2-1). Notably, many that have been
functionally characterized to date play a role in deregulating glycan-triggered immunity. This is
not surprising, as the apoplast is rich in chitinases and f-glucanases that disrupt microbial cell wall
integrity and release chitin (fungi) and B-glucan oligomers (fungi and oomycetes) that can then be
recognized by cell-surface immune receptors to activate the plant immune system [25]. Examples
include Avr4, a carbohydrate-binding module family 14 (CBM14) protein from F. fulva, and
SnTox1, a protein with similarity to plant chitin-binding proteins from the septoria nodorum blotch
pathogen of wheat, Parastagonospora nodorum, that both shield cell wall chitin against hydrolysis
by host chitinases [26,27,28], as well as Ecp6, a CBM family 50 (CBM50)/lysin motif (LysM)
protein from F. fulva that sequesters chitin oligomers to prevent recognition by chitin immune
receptors [29,30], and FGB1 from S. indica, which suppresses B-glycan-triggered immunity
[31,32].

In line with this pioneering research, many recent studies have focused on the functional
characterization of AEPs involved in evading chitin-triggered immunity. One class that is
receiving ongoing attention are the CBM50/LysM effector proteins from fungi. Perhaps most
interestingly, it has recently been shown that two AEPs from this class, specifically Tal6 from the
beneficial root-colonizing endophytic fungus, Trichoderma atroviride, and RiLysM from the root-
colonizing arbuscular mycorrhizal fungus, Rhizophagus irregularis, perform analogous roles to
both Avr4 and Ecp6 [33,34]. This research, together with research on FGB1, highlights that both

mutualistic and pathogenic fungi deploy AEPs to modulate glycan-triggered immunity.
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In addition to CBM14- and CBM50/LysM-containing proteins, other chitin-binding AEPs
have now been identified. An example is VnaChtBP, an AEP with six CBM family 18 (CBM18)
domains from the fungal xylem-invading pathogen, Verticillium nonalfalfae, which has recently
been shown to protect cell wall chitin against hydrolysis by host chitinases and to sequester chitin
oligomers for the prevention of chitin-triggered immune responses [35].

These functions are not restricted to non-enzymatic proteins. For example, MoChil, a
chitinase from M. oryzae, has recently been demonstrated to suppress chitin-triggered immunity
[36,37]. Notably, MoChil interacts with the rice protein, OSMBL1, a chitin-binding, jacalin-
related lectin localized to the plasma membrane that is involved in defense against M. oryzae [36].
It has been proposed that OsMBL1 is an additional receptor for the recognition of chitin oligomers
in rice, and that MoChil and OsMBL1 compete with each other for chitin binding, with MoChil
degrading or sequestering chitin oligomers to interfere with recognition by OsMBL1 [36].
Interestingly, MoChil also directly interacts with OsTPR1, a plasma membrane-localized
tetratricopeptide repeat protein in rice [37]. Through this interaction, OsTPR1 allows free chitin
that would otherwise be bound or degraded by MoChil to trigger immune responses [37].

Remarkably, chitinases with mutations that abolish their enzymatic activity can also
function as AEPs. Indeed, this has recently been shown for MpChi and MrChi, two non-
orthologous, enzymatically-inactive chitinases from the fungal pathogens of cacao,
Moniliophthora perniciosa (witches' broom disease) and Moniliophthora roreri (frosty pod rot
disease), which have retained their substrate-binding specificity to prevent chitin-triggered
immunity [38]. Strikingly, these examples illustrate the role of neofunctionalization in the
generation of AEPs with new functions. Other recent examples of enzymes that function as AEPs
in deregulating glycan-triggered immunity are VdPDAl and FovPDA, polysaccharide
deacetylases from the xylem-invading fungal pathogens, Verticillium dahliae and Fusarium

oxysporum f. sp. vasinfectum, that directly deacetylate chitin oligomers to chitosan to impede
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chitin-triggered defense responses [39], and VASSEP1, a serine protease from V. dahliae that
removes the chitin-binding domain (CBD) of Chi28, a chitinase from cotton, to compromise chitin
recognition [40]. Interestingly, in the case of VASSEP1, a DUF26 protein from cotton, CRR1, has
been shown to interact with Chi28 to prevent CBD removal [40]. It is speculated that CRR1 may
achieve this through blockage of the CBD cleavage site [40].

4.1.1. Apoplastic effector proteins with other roles in promoting host-colonization
Progress has also been made towards the functional characterization of AEPs that are not involved
in deregulating glycan-triggered immunity. An example is Rsp3 from U. maydis, which possesses
a glutamate and proline-rich region, followed by a cysteine-rich region and a long repeat-rich
domain [12]. Rsp3 decorates the surface of U. maydis hyphae in planta, where it interacts with at
least two apoplastic DUF26 mannose-binding proteins of maize, AFP1 and AFP2 [12]. Through
this decoration, Rsp3 protects the hyphae of U. maydis against the antifungal activity of AFP1 and
AFP2 [12]. Notably, the antifungal activity of AFP1 is dependent upon its ability to bind mannose,
suggesting that AFP1 may bind to mannose residues or mannosylated proteins of the cell wall
surface to negatively impact fungal cell wall integrity [12].

Perhaps two of the more interesting recent examples are PSXEG1 and PsXLP1 from
Phytophthora sojae, the oomycete stem and root rot pathogen of soybean [11,41]. Of these,
PSXEGL1 is a glycoside hydrolase family 12 (GH12) domain-containing AEP with xyloglucanase
activity that is essential for full virulence of the pathogen [11]. During infection, the xyloglucanase
activity of PsXEGL is targeted for inhibition by the xyloglucan-specific endoglucanase inhibitor
protein of soybean, GmGIP1 [41]. To prevent this inhibition, P. sojae deploys PsXLP1, a
PsXEG1-like AEP with a truncated GH12 domain devoid of xyloglucanase activity [41].
Remarkably, PsXLP1 functions as a decoy to protect PSXEG1 from the inhibitory action of
GmGIP1 [41]. This protection is achieved through occupation of the PsXEG1 binding sites of

GmGIP1 to allow PsXEGL to fulfill its virulence function [41].
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Another interesting example is SIES'NT, a glycophosphatidylinositol (GPI)-anchored and
soluble ecto-5"-nucleotidase from S. indica [19]. In plants, the perception of apoplastic nucleotides
such as eATP by cell-surface receptors is important for growth and development, as well as for
responses to abiotic and biotic stresses. During colonization of Arabidopsis and barley roots by S.
indica, especially at early symbiotic stages, eATP accumulates in the apoplast, which has a
negative effect on plant colonization [19]. It has been shown that SiES'NT, which is capable of
hydrolyzing ATP, ADP and AMP to adenosine and phosphate, is able to modify apoplastic
nucleotide levels to promote host-colonization [19]. However, the specific mechanism of how
SiES'NT promotes colonization is unclear, as this effector could favor fungal growth by promoting
fungal nutrition or by manipulating plant defenses [19].

While many other biological functions are expected to be performed by AEPs (Figure 2-2),
it is anticipated that a subset will play a role in promoting self-defense against antimicrobial
microbe (competitor)-derived compounds, or in manipulating the apoplastic microbiome to
promote host-colonization [5,6]. One class of peptides that we believe may be of high interest to
this exciting emerging area of apoplastic effector biology, specifically with regards to antagonistic
fungus—microbe interactions, are the dikaritins, which are ribosomally synthesized and
post-translationally modified cyclic peptides (RiPPs) produced by both ascomycete and
basidiomycete fungi [42]. This is based on the finding that many RiPPs, including members of the
cyclotide class from plants, have potent antimicrobial activity [43]. In line with this hypothesis,
deletion of either GigA or SspN, two highly-expressed dikaritin precursor peptide-encoding genes
from the fungal endophyte, Epichloé festucae, does not disrupt the mutualistic symbiotic
relationship that this fungus has with perennial ryegrass, suggesting a possible role outside of host

modulation [44,45].
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Figure 2-2. Characterized and anticipated biological functions of apoplastic effector proteins from plant-
associated fungi and oomycetes. 1) Apoplastic effector proteins (AEPs) bind (1.a) or chemically modify (1.b)
components of the fungal/oomycete cell surface (e.g. carbohydrates or proteins) to provide protection against plant-
or competitor-derived antimicrobial compounds (e.g. enzymatic or non-enzymatic proteins and secondary
metabolites), and to prevent the release of fungal/oomycete cell surface components (e.g. chitin oligomers, B-glucan
oligomers or peptide fragments) that would otherwise be recognized as invasion patterns by plant cell-surface immune
receptors. 2) AEPs sequester, modify or break-down fungus/oomycete-, competitor- or plant-derived invasion patterns
(e.g. chitin or B-glucan oligomers and peptide fragments) released into the apoplastic environment to prevent
recognition by plant cell-surface immune receptors. 3.a) AEPs from biotrophic fungi/oomycetes could interfere with
cell-surface immune receptor complex assembly or activation. 3.b) AEPs from necrotrophic fungi/oomycetes activate

cell-surface immune receptors to enable cell death for nutrient acquisition. 4) AEPs degrade, inhibit, modify, scavenge
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or sequester plant- or competitor-derived antimicrobial compounds (e.g. enzymatic or non-enzymatic proteins and
secondary metabolites) and other molecules (e.g. peroxidases, proteases, small RNAs, extracellular nucleotides and
apoplastic signaling molecules) involved in plant defense. 5) Enzymatic and non-enzymatic AEPs could increase plant
cell wall extensibility or break down induced plant structural defenses (e.g. callose, tyloses and lignin). 6) AEPs could
interact with the plant plasma membrane or pumps/transporters to modulate ion fluxes (e.g. Ca?*) involved in plant
defense responses. 7) AEPs could alter host physiology (e.g. by mimicking plant molecules such as rapid alkalinization
factors that interact with cell-surface receptors to manipulate apoplastic pH for colonization [shown], or by interacting
with cell-surface receptors to open or close stomata [not shown]). 8) AEPs liberate nutrients from the plant cell surface,
or interact with plant transporters for the export of nutrients from the plant cell, for nutrition. 9) AEPs function as
decoys that protect other important AEPs as bodyguards. For example, an enzymatic AEP could contribute to
fungal/oomycete virulence by releasing nutrients from the plant cell wall (i). In the presence of a plant-derived enzyme
inhibitor protein, the enzymatic activity of the AEP could be inhibited, blocking its contribution to virulence (ii). To
prevent this inhibition, the fungus/oomycete could secrete a second AEP devoid of enzymatic activity that acts as a
decoy for the plant-derived enzyme inhibitor protein. In this example, the decoy occupies the binding site of the plant-
derived enzyme inhibitor protein so that it can no longer inhibit the enzymatic activity of the first AEP (iii). In the
presence of the decoy, the first AEP could then, once again, release nutrients from the plant cell wall (iv). 10) AEPs
could manipulate the apoplastic microbiome (e.g. through the inhibition of competing or antagonistic microbes, or by
attracting or promoting the growth of beneficial microbes). PM: plasma membrane, CW: cell wall.

Table 2-1. Selected apoplastic effector proteins from filamentous plant-associated fungi and oomycetes with

characterized biological functions.

Apoplastic Filamentous plant- Characterized biological function in the  References

effector protein  associated microbe apoplast?

Avr2 Fulvia fulva Inhibits host cysteine proteases [46,47,48]

Avr4 F. fulva CBM14 protein. Protects cell wall chitin [26,27]
against hydrolysis by host chitinases

CfToml F. fulva GH10 protein. Degrades the tomato [49]

antifungal glycoalkaloid a-tomatine to the
less-toxic tomatidine
Ecp6 F. fulva CBM50/LysM protein. Sequesters chitin [29,30]

oligomers to prevent chitin-triggered

immunity
(F)-RALF Fusarium oxysporum Promotes alkalinisation of the apoplast [50,51]
FoMepl and F. oxysporum f. sp. Metalloprotease and serine protease, [52]
FoSepl lycopersici respectively. Function synergistically to

remove the CBD of host chitinases
MoChil Magnaporthe oryzae GH18 chitinase. Prevents chitin-triggered [36]

immunity
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MpChi Moniliophthora perniciosa  Enzymatically-inactive GH18 chitinase. [38]
Sequesters chitin oligomers to prevent

chitin-triggered immunity

SnToxA and Parastagonospora Interact with host PR1 proteins [53,54]
SnTox3 nodorum
SnTox1 P. nodorum Activates host cell death to acquire [28,55]

nutrients. Protects cell wall chitin against
hydrolysis by host chitinases

PesCDA Pestalotiopsis sp. CE4 polysaccharide deacetylase with a [56]
CBM18 domain. Deacetylates chitin
oligomers to chitosan to prevent chitin-

triggered immunity

EPIC1 and Phytophthora infestans Inhibit host cysteine proteases [57,58]
EPIC2B

EPI1 and P. infestans Inhibit host serine proteases. EPI1 prevents [59,60,617]
EPI10 plant subtilase-mediated cleavage of PC2

(an apoplastic effector protein) to dampen
PC2-triggered immunity

GIP1 P. infestans Inhibits host endoglucanase to suppress f-  [62]
glucan-triggered immunity

PsXEG1 Phytophthora sojae GH12 xyloglucanase that can degrade [11,41]
xyloglucan and f-glucan. Promotes host-
colonization through xyloglucanase
activity

PsXLP1 P. sojae Decoy that protects PsXEG1 from the [41]
inhibitory action of a host xyloglucan-
specific endoglucanase inhibitor protein

SsCP1 Sclerotinia slcerotiorum Cerato-platanin protein. Inhibits antifungal  [63]
activity of PR1

FGB1 Serendipita indica Suppresses p-glucan-triggered immunity [31,32]
and modifies fungal cell wall composition
to increase resistance against cell wall
stressors

SiES'NT S. indica Ecto-5"-nucleotidase. Hydrolyses apoplast  [19]
nucleotide levels to modulate host
immunity or obtain nutrients

Pepl Ustilago maydis Inhibits host peroxidase to prevent [64]
peroxidase-mediated ROS production

Pit2 U. maydis Inhibits host cysteine proteases [65,66]
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Rsp3 U. maydis Protects hyphae from antifungal activity of  [12]
host mannose-binding proteins

Avel Verticillium dahliae Manipulates the host microbiome through  [67?]
the suppression of antagonistic bacteria

VdPDA1 Verticillium dahliae CE4 polysaccharide deacetylase. [39]
Deacetylates chitin oligomers to chitosan
to prevent chitin-triggered immunity

VnaChtBP Verticillium nonalfalfae CBM18 protein. Protects hyphae from [35]
plant chitinases and prevents chitin-

triggered immunity

1CBD, Chitin-Binding Domain; CBM14, Carbohydrate-Binding Module family 14; CBM18, CBM family 18;
CBM50, CBM family 50; CE4, Carbohydrate Esterase family 4; GH10, Glycoside Hydrolase family 10; GH12, GH
family 12; GH18, GH family 18; LysM, Lysin Motif; PR1; Pathogenesis-Related 1; ROS, Reactive Oxygen Species.

2Currently a preprint article.
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5. Effectoromics and plant cell-surface immune receptors

Over several years, it has been demonstrated that effector proteins delivered into the apoplast by
plant-associated fungi and oomycetes can be recognized as invasion patterns by cell-surface
Immune receptors to activate the plant immune system (Table 2-2). So far, these immune receptors
have been shown to be either Leucine-Rich Repeat—Receptor-Like Proteins (LRR-RLPS)
[68,69,70,71,72,73,74,75,76,77,78], an S—Receptor-Like Kinase (S-RLK) [79], or more recently,
Wall-Associated receptor Kinase-Like (WAKL) proteins [80,81]. Notably, cell surface immune
receptors can also be hijacked by AEPs of necrotrophs to activate host cell death for the acquisition
of nutrients. Indeed, this has been shown for SnTox1 of P. nodorum, which is recognized by the
WAK cell-surface immune receptor from wheat, Snnl [55].

Increasingly, an effectoromics approach is being used to rapidly identify AEPs that are
recognized by plant cell-surface immune receptors, and to identify (plants with) cell-surface
immune receptors that recognize AEPs [82,83]. In both cases, this identification relies on
activation of the plant immune system, usually in the form of an HR (cell death or chlorosis),
following infiltration of the AEP into, or transient expression of the AEP in, the plant. For example,
in a recent study, 14 of 63 tested AEP candidates from the fungal septoria leaf blotch pathogen of
wheat, Zymoseptoria tritici, were shown to trigger cell death or chlorosis in the model non-host
plant species, Nicotiana benthamiana [84]. In another recent study, nine of 41 tested AEP
candidates from F. fulva were shown to trigger cell death or chlorosis in wild tomato species [17].
These studies set the foundation for understanding how plant-associated fungi and oomycetes
activate apoplastic immune responses in non-host and host plants, and enable the identification of
cell-surface immune receptors or plant material that can be used (or eliminated in the case of

necrotrophic pathogens) to generate disease-resistant plants.
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Table 2-2. Selected apoplastic effector proteins from filamentous plant-associated fungi and oomycetes that are

recognized as invasion patterns by characterized plant cell-surface immune receptors.

Apoplastic Filamentous plant- Corresponding plant Mode of References

effector associated microbe cell-surface immune recognition?

protein receptor?

Avr2 Fulvia fulva Cf-2.1 and Cf-2.2 (LRR- Indirect [46,71,85]

RLPs)

Avr4 F. fulva Cf-4 (LRR-RLP) Direct? [26,77,86]

AvrdE F. fulva Cf-4E (LRR-RLP) [76,87]

Avrb F. fulva Cf-5 (LRR-RLP) [70,88]

Avr9 F. fulva Cf-9 (LRR-RLP) Indirect? [72,89,90,91]

Avrl (Six4) Fusarium oxysporum f. | (LRR-RLP) [69,92]
sp. lycopersici

Avr3 (Six1) F. oxysporum f. sp. 1-3 (S-RLK) Indirect? [79,93]
lycopersici

AvrLml Leptosphaeria maculans  LepR3 (LRR-RLP) Indirect? [74,94]

AvrLm?2 L. maculans RIm2 (LRR-RLP) [75,95]

AvrLm5-9 L. maculans RIm9 (WAKL) Indirect? [80°,96]

SnTox1 Parastagonospora Snnl (WAK) Direct [55,97]
nodorum

PsXEG1 Phytophthora sojae RXEG1 (LRR-RLP) Direct [11,78]

Avel Verticillium dahliae Vel (LRR-RLP) [73,98]

AvrStb6 Zymoseptoria tritici Sth6é (WAKL) Indirect? [81,99]

NLPs Various fungi and RLP23 (LRR-RLP) Direct [68,100]

oomycetes

!LRR, Leucine-Rich Repeats; NLP, Necrosis- and ethylene-inducing-Like Protein; RLK, Receptor-Like Kinase; RLP,

Receptor-Like Protein; S-RLK, RLK with an S domain homologous to self-incompatibility-locus glycoproteins of

Brassica oleracea; WAK, Wall-Associated Kinase; WAKL, WAK-Like.

2Mode of apoplastic effector protein recognition by the corresponding cell surface immune receptor. Hypothesized

modes of recognition, based on current experimental data, are denoted with a question mark (?).

SCurrently a preprint article.
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6. Conclusions

Good progress continues to be made towards the identification and functional characterization of
AEPs from plant-associated fungi and oomycetes, as well as the corresponding cell-surface
immune receptors from plants that recognize them. However, a lot of research is still required to
fully characterize the diversity of biological functions carried out by these proteins. Further
research is also needed to understand the pathways and mechanisms responsible for the non-
conventional secretion of AEPSs, and for the translocation of effector proteins from the apoplast to
the plant cell cytoplasm. It will be interesting to determine whether AEPs play a role in this

translocation process.
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CHAPTER 3: The Venturia inaequalis effector repertoire is expressed in waves and is dominated by expanded families with
predicted structural similarity to avirulence proteins from other plant-pathogenic fungi

1. Abstract

Background: Scab, caused by the biotrophic fungus Venturia inaequalis, is the most economically
important disease of apples worldwide. During infection, V. inaequalis occupies the subcuticular
environment, where it secretes virulence factors, termed effectors, to promote host-colonization.
Consistent with other plant-pathogenic fungi, many of these effectors are expected to be non-
enzymatic proteins, some of which can be recognized by corresponding host resistance proteins to
activate plant defences, thus acting as avirulence determinants. To develop durable control
strategies against scab, a better understanding of the roles that these effector proteins play in
promoting subcuticular growth by V. inaequalis, as well as in activating, suppressing or
circumventing resistance protein-mediated defences in apple, is required.

Results: We generated the first comprehensive RNA-seq transcriptome of V. inaequalis during
colonization of apple. Analysis of this transcriptome revealed five temporal waves of gene
expression that peaked during early, mid or mid-late infection. While the number of genes
encoding secreted, non-enzymatic proteinaceous effector candidates (ECs) varied in each wave,
most belonged to waves that peaked in expression during mid-late infection. Spectral clustering
based on sequence similarity determined that the majority of ECs belonged to expanded protein
families. To gain insights into function, the tertiary structures of ECs were predicted using
AlphaFold2. Strikingly, despite an absence of sequence similarity, many ECs were predicted to
have structural similarity to avirulence proteins from other plant-pathogenic fungi, including
members of the MAX, LARS, ToxA and FOLD effector families. In addition, several other ECs,
including an EC family with sequence similarity to the AvrLm6 avirulence effector from
Leptosphaeria maculans, were predicted to adopt a KP6-like fold. Thus, proteins with a KP6-like

fold represent another structural family of effectors shared among plant-pathogenic fungi.
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Conclusions: Our study reveals the transcriptomic profile underpinning subcuticular growth by
V. inaequalis and provides an enriched list of ECs that can be investigated for roles in virulence
and avirulence. Furthermore, our study supports the idea that numerous sequence-unrelated
effectors across plant-pathogenic fungi share common structural folds. In doing so, our study gives
weight to the hypothesis that many fungal effectors evolved from ancestral genes through
duplication, followed by sequence diversification, to produce sequence-unrelated but structurally

similar proteins.

Keywords
Venturia inaequalis; apple scab fungus; biotrophic subcuticular pathogen; effectors and effector
families; virulence and avirulence; RNA-seq transcriptome; AlphaFold2 protein tertiary structure

predictions.
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2. Introduction

Fungal pathogens are responsible for some of the most devastating diseases of crop plants
worldwide, causing large economic losses, and threatening both food production and security [1].
Resistance to these pathogens is largely governed by the plant immune system, and is based on the
recognition of invasion patterns (IPs) by plant immune receptors [2]. At the plant cell surface,
many of these immune receptors are pattern recognition receptors (PRRs) of the receptor-like
protein (RLP) or receptor-like kinase (RLK) classes, which recognize conserved IPs known as
microbe-associated molecular patterns (MAMPs) [3]. Following the recognition of these MAMPs,
plant defence responses that slow or halt growth of the fungal pathogen are initiated [3]. To
circumvent or suppress these defence responses, plant-pathogenic fungi must secrete a collection
of virulence factors, termed effectors, to the plant—pathogen interface, a subset of which may be
taken up intracellularly. These effectors are predominantly non-enzymatic proteins, but can also
be enzymes, secondary metabolites and small RNAs [4-7]. In some cases, however, effectors can
be recognized as IPs by extracellular PRRs or intracellular nucleotide-binding leucine-rich repeat
(NLR) immune receptors, collectively referred to as qualitative resistance (R) proteins, to activate
plant defences [3,8]. Such effectors are termed avirulence (Avr) effectors because their recognition
typically renders the fungal pathogen unable to cause disease.

Scab (or black spot), caused by Venturia inaequalis, is the most economically important
disease of apple (Malus x domestica) worldwide [9,10]. Under favourable conditions, this disease
can render the fruit unmarketable and cause a yield reduction of up to 70% [10]. During biotrophic
host-colonization, V. inaequalis exclusively colonizes the subcuticular environment without
penetrating the underlying plant epidermal cells [9,11,12]. It is here that the fungus develops
specialized infection structures, known as stromata and runner hyphae [9,11]. Stromata give rise

to asexual conidia, but are also likely required for nutrient acquisition and effector secretion
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[9,11,13]. Runner hyphae, on the other hand, enable the fungus to radiate out from the initial site
of host penetration, acting as a base from which additional stromata can be differentiated [11]. At
the end of the season, in autumn, V. inaequalis switches to saprobic growth inside fallen leaves,
where it undergoes sexual reproduction [9].

Scab disease is largely controlled through fungicides, which greatly accelerate the
development of fungicide resistance in V. inaequalis [14,15]. Scab-resistant apple cultivars,
developed through the incorporation of R genes, represent a more sustainable disease control
option [16]. However, races of V. inaequalis that can overcome resistance in apple mediated by
single R genes have been identified [16,17]. Therefore, it is likely that multiple ‘unbroken’ R genes,
perhaps together with quantitative trait loci (QTL), will need to be stacked in each of these cultivars
to provide durable disease resistance [16,17]. For this to be successful, prior knowledge of the
molecular mechanisms used by the fungus to overcome R gene-mediated resistance, including an
understanding of how these mechanisms impact effector function and pathogen fitness, will be
required. So far, however, there have been no publications describing the cloning of Avr effector
genes from V. inaequalis. Crucially, the genomes of multiple V. inaequalis isolates have been
sequenced [18-23] and bioinformatic studies have identified a large catalogue of secreted, non-
enzymatic proteinaceous effector candidates (ECs) from which candidate Avr effectors can be
identified [19]. Most of these ECs belong to expanded (sequence-related) families [19]; however,
the driving force behind the expansion of these families is not yet known. Nevertheless, many EC
genes are located next to repetitive sequences in the genome of V. inaequalis and, therefore, it is
possible that transposition is one of the mechanisms driving this expansion [19]. Examples where
EC genes of V. inaequalis are located next to repetitive sequences include members of the AvrLm6-
like family, which encode proteins with sequence similarity to AvrLm6 [13], an Avr effector from

the fungal pathogen Leptosphaeria maculans (blackleg of canola) [24], as well as members of the
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Avel-like family [19], which encode proteins with sequence similarity to Avel, an antimicrobial
Avr effector from the fungal pathogen Verticillium dahliae (Verticillium wilt disease) [25,26].

To develop durable control strategies against scab disease, a better understanding of the
roles that effectors play in promoting subcuticular growth by V. inaequalis is also required. To
date, subcuticular growth has been largely understudied, even though it is exhibited by many plant-
pathogenic fungi, including other crop-infecting members of the Venturia genus [11,27-29], as
well as, for example, Rhynchosporium (scald disease of graminaceous plants) [30,31] and
Diplocarpon (e.g. rose black spot) [32,33]. In recent years, host-colonization by plant-pathogenic
fungi has been studied by transcriptomic analysis [34-36]. However, comprehensive
transcriptomic studies focusing on the subcuticular parasitic strategy are not yet available. Indeed,
while previous expression data from interactions between V. inaequalis and susceptible apple have
been published [19,37], these data are only based on a limited number of infection time points with
no biological replicates.

In this study, we provide the first comprehensive transcriptomic analysis of V. inaequalis
during colonization of susceptible apple and identify infection-related temporal expression waves
associated with EC genes of this fungus. Using recent advances in de novo protein folding
algorithms, we also show that the EC repertoire of V. inaequalis is dominated by expanded families
with predicted structural similarity to Avr proteins from other plant-pathogenic fungi. Collectively,
this study furthers our understanding of subcuticular growth by V. inaequalis and provides an

enriched list of ECs that can be investigated for potential roles in virulence and avirulence.
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3. Results

3.1.  The different stages of host infection by V. inaequalis observed by bright-field

microscopy display distinct gene expression profiles

To investigate changes in V. inaequalis gene expression during host-colonization and relative to
growth in culture, we set up an infection time course involving detached leaves of susceptible
apple cultivar M. x domestica ‘Royal Gala’ and compared it to growth of the fungus on cellophane
membranes overlying potato dextrose agar (PDA). Here, six in planta time points (12 and 24 hours
post-inoculation [hpi], as well as 2, 3, 5 and 7 days post-inoculation [dpi]) and one in culture time
point (7 dpi) were used.

Analysis of leaf material from the infection time course by bright-field microscopy
revealed that, at 12 hpi, conidia of V. inaequalis had germinated and formed appressoria on the
leaf surface (Figure 3-1. A). At 24 hpi, primary hyphae had developed, indicating that colonization
of the subcuticular environment was underway. Then, by 2 and 3 dpi, stromata had differentiated
from primary hyphae and, in many cases, these stromata had undergone a rapid expansion in size
through non-polar division (Figure 3-1. A). Subcuticular runner hyphae had also started to radiate
out from stromata (Figure 3-1. A). By 5 dpi, fungal biomass had accumulated extensively in the
subcuticular environment and additional stromata had started to develop from runner hyphae
(Figure 3-1. A). Often, these stromata had formed conidiophores, from which conidia had
developed (Figure 3-1. A). Finally, at 7 dpi, conidia of V. inaequalis had started to rupture through
the plant cuticle (Figure 3-1. A) and the first macroscopic olive-brown lesions, indicative of heavy
sporulation, were apparent. This represented the end of the biotrophic infection stage, as detached
apple leaves had started to decay after this time point.

Inspection of the RNA-seq data revealed that the percentage of reads mapping to the V.

inaequalis genome [19] increased as the infection time course progressed (Figure 3-1. B,
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Appendix A-Additional file 1: Table A 3-1). Furthermore, the biological replicates clustered
robustly within time points and a clear distinction between the early and mid-late infection stages,

as well as between the in planta and in culture growth conditions, was observed (Figure 3-1. C).
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Figure 3-1. Microscopic and transcriptomic profile of Venturia inaequalis during infection of detached leaves
from susceptible apple cultivar ‘Royal Gala’. A. Microscopic evaluation of V. inaequalis during colonization of
apple leaves. Infection structures observed by bright-field microscopy were stained with aniline blue. Infected leaves
are representative of material used in the RNA-seq transcriptome sequencing experiment. ¢, conidium; gt, germ tube;
ap, appressorium; ecm: extracellular matrix; ph: primary hyphae. B. Percentage (%) of paired RNA-seq reads mapped
to the V. inaequalis genome relative to the total RNA-seq reads sequenced. Error bars represent standard deviation
across four biological replicates. C. Principal component analysis (PCA) of RNA-seq data from V. inaequalis during
colonization of apple leaves and in culture on the surface of cellophane membranes (CMs) overlaying potato dextrose

agar. Four biological replicates per time point are shown. hpi: hours post-inoculation; dpi: days post-inoculation.
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3.2.  Genes of V. inaequalis are expressed in temporal waves during infection of apple

leaves

We set out to identify which genes of V. inaequalis are up-regulated during infection of apple,
when compared to growth in culture, as these genes are most likely to be required for promoting
host-colonization. For this purpose, we updated the current gene catalogue for isolate MNH120
[19] to increase the total number of annotated genes, including those that encode ECs, which are
notoriously difficult to predict in fungi (Appendix A-Additional file 2: Figure A 3-1). In total,
24,502 genes, excluding splice variants, were predicted and, of these, 3,563 were up-regulated and
1,462 were down-regulated at one or more in planta time points (p value of 0.01 and log»-fold
change of 1.5) (Appendix A-Additional file 3). It must be pointed out here that our approach was
used to predict as many genes as possible and, consequently, it is expected that some spurious
genes were included in the annotation. However, as many of these spurious genes were anticipated
to show a negligible level of expression, most would not have featured in our list of differentially
expressed genes, which formed the central focus of our study. For example, of the 24,502 predicted
genes, 9,284 had a maximum DESeq2-normalized gene expression count across growth conditions
of <1, indicating that they were neither expressed under the conditions tested nor up-regulated in
planta.

The total set of in planta up-regulated genes was used to identify temporal host infection-
specific gene expression clusters, henceforth referred to as waves. Here, all expression data were
scaled across all samples (Z-score) to visualize the gene expression deviation from the overall
mean. For hierarchical clustering, the parameters were set to specifically identify the minimum
number of waves for which a distinct gene expression profile could be observed (Figure 3-2). In
total, five distinct gene expression waves (Figure 3-2. A), representing three separate infection

stages (Figure 3-2. B), were identified. More specifically, genes of waves 1 and 2 peaked in
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expression during early infection at 12 hpi, with expression largely plateauing (wave 1) or trending
downwards (wave 2) throughout the remaining infection time points (Figure 3-2). Wave 3
contained genes that peaked in expression during mid infection at 2 dpi (Figure 3-2). Genes of
wave 4 displayed their lowest level of expression at 12 and 24 hpi, with expression strongly
increasing through 2 and 3 dpi, peaking at 5 dpi during mid-late infection (Figure 3-2). Finally,
for genes of wave 5, a similar profile was observed to genes of wave 4, but with expression strongly
increasing from 3 dpi and peaking during mid-late infection at 7 dpi (Figure 3-2).

To determine which biological processes are overrepresented in the five temporal gene
expression waves, gene ontology (GO) (Figure 3-2. B) and protein family (Pfam) enrichment
(Appendix A-Additional file 4) analyses were performed. Genes from waves 1 and 2 were mostly
characterized by GO terms associated with high metabolic activity, responses to oxidative stress
and cutinase activity. Here, cutinases of carbohydrate esterase family 5 (CE5) were abundant
(Appendix A-Additional file 5: Figure A 3-2). In contrast, genes of wave 3 were mostly
characterized by GO terms associated with transmembrane transport (Figure 3-2. B). Finally,
genes of waves 4 and 5 were mostly characterized by GO terms associated with carbohydrate
metabolism and transcription (Figure 3-2. B). In wave 4, for example, a GO enrichment for
polygalacturonase activity was observed. This, together with the more general enrichment for
carbohydrate metabolism, was supported by the high number of plant cell wall-degrading enzyme
(PCWDE)-encoding genes in wave 4, most of which were predicted to encode polygalacturonase
enzymes of glycoside hydrolase family 28 (GH28) (Appendix A-Additional file 5: Figure A
3-2). A more detailed analysis of the general fungal biology and transporters expressed in each

temporal expression wave can be found in Appendix B.
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Figure 3-2. Genes of Venturia inaequalis up-regulated during infection of susceptible apple cultivar ‘Royal
Gala’, relative to growth of the fungus in culture on the surface of cellophane membranes overlying potato
dextrose agar, belong to one of five distinct temporal waves of expression. A. Expression profile of the five distinct
temporal expression waves at 12 and 24 hours post-inoculation (hpi), as well as 2, 3, 5 and 7 days post-inoculation
(dpi), relative to growth in culture (7 dpi). B. Heatmap of all V. inaequalis genes up-regulated in planta when compared
with growth in culture. Gene expression data are scaled rlog-normalized counts across all samples (Z-score), averaged
from four biological replicates. Genes up-regulated in planta were clustered using hclust according to the Ward.D2
and Euclidean distance methods. Early (12 and 24 hpi), mid (2 and 3 dpi) and mid-late infection (5 and 7 dpi) refer to
the stage of infection where peak gene expression was observed. Coloured block labels on the left indicate gene
expression waves. Numbers in brackets indicate number of genes per wave. The black asterisk indicates the wave
significantly enriched for genes encoding effector candidates (ECs) (p value: 3.644e-14). Grey boxes indicate enriched
gene ontology (GO) terms. p: p value.
3.3.  Genes encoding non-enzymatic proteinaceous effector candidates of V. inaequalis
predominantly demonstrate peak expression during the mid-late infection stage

of apple

From the 24,502 predicted genes of V. inaequalis, 1,955 genes were predicted to encode a secreted
protein without a transmembrane domain and, of these, 1,369 were predicted to encode a non-
enzymatic effector candidate (EC). Here, only small, secreted proteins of <400 amino acid residues
in length, as well as larger secreted proteins with an effector prediction by EffectorP v3.0, were
considered to be ECs (Appendix A-Additional file 6: Figure A 3-3. A). Of the 1,369 EC proteins,
518 were identical to proteins predicted by Deng et al. [19] (Appendix A-Additional file 6:
Figure A 3-3.B). Sequence similarities within our predicted set of ECs were investigated using
BLASTp, with the ECs then grouped into families using spectral clustering. Based on this analysis,
759 of the ECs were grouped into 118 families ranging in size from two to 75 members. Of these,
32 families were expanded with five or more members. Due to the observed similarity in sequence
between family members, and the fact that expanded families had previously been predicted by
Deng et al. [19], we do not expect the gene models encoding these ECs to be spurious. In contrast

to the 759 ECs mentioned above, 610 of the ECs were predicted to be singletons that did not belong
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to any family (Appendix A-Additional file 7). Interestingly, ~22% of the ECs that belonged to
families were encoded by genes that either clustered together or were located in close proximity
to each other (i.e. within 10 genes) in the genome of isolate MNH120 (Appendix A-Additional
file 7).

Based on the differential gene expression analysis presented above, 686 of the 1,369
predicted EC genes from V. inaequalis were up-regulated in planta. To determine when these
genes peaked in expression, their expression profile across the five temporal waves during host-
colonization was investigated. In total, ~20% of the up-regulated genes peaked in expression
during early infection, ~9% during mid infection, and ~71% during mid-late infection (Figure
3-3). In all cases, families made up the majority of ECs in each wave (Figure 3-3). Most of the
EC genes that peaked in expression during early infection (121) encoded proteins that lacked
predicted functional domains. Exceptions included: (1) a family that encoded proteins with an
‘Egh16-like virulence factor’ domain (PF11327) and had sequence similarity to the appressorium-
specific Gasl effector from the rice blast fungus Magnaporthe oryzae [38], hereafter named the
Gasl-like family, (2) a family that encoded proteins with a ‘stress-up regulated Nod19’ domain
(PF07712), hereafter named the Nod19 family, (3) a family that encoded proteins with a
‘hydrophobic surface-binding protein A’ (HsbA) domain (PF12296), hereafter named the HsbA
family, and (4) a family that encoded proteins with a ‘common fold in several fungal extracellular
membrane proteins’ (CFEM) domain (PF05730) [39], hereafter named the CFEM family.

While the HsbA and CFEM families possessed genes that mostly peaked in expression
during early host-colonization (Figure 3-3), each of these families also had a smaller number of
genes that peaked in expression during waves 4 and 5 of mid-late infection (Appendix A-
Additional file 8: Figure A 3-4). Given that HsbA and cutinase genes have been shown to be
regulated by the same transcription factor in Aspergillus nidulans [40,41], and that most cutinase

and HsbA genes of V. inaequalis peaked in expression during wave 2 of the early infection stage
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(Figure 3-3, Appendix A-Additional file 5: Figure A 3-2), we set out to determine whether the
cutinase and HsbA genes of V. inaequalis were co-expressed. Based on the Pearson correlation
coefficient, which was calculated between the cutinases and HsbA gene expression profiles during
the early infection stage, the cutinase and HsbA genes were indeed found to be co-expressed (R >
0.8, p < 0.01). Another family with members exhibiting different expression profiles during host-
colonization was the Cinl family (Appendix A-Additional file 8: Figure A 3-4), which is specific
to the Venturia genus [42]. This family contains the Cin1 gene (g8385), which encodes a cysteine-
rich protein with eight repeats, and two Cinl-like genes, Cinl-like 1 (g10529) and Cinl-like 2
(913013), which encode smaller proteins with only one repeat. Cinl peaked in expression during
wave 4, and was the most highly expressed gene during mid-late host-colonization. In contrast,
the Cinl-like genes peaked in expression during wave 2 of early infection (Appendix A-

Additional file 8: Figure A 3-4).
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The mid and mid-late waves were characterized by 513 genes that mostly encoded EC
proteins without a functional domain. The main exception was for members of the Avel-like
family [19], which had an ‘RlpA-like domain superfamily annotation (IPR036908). Notably, most
of the expanded EC families that encoded proteins with sequence similarity to effectors or Avr
effectors from other plant-pathogenic fungi, such as the AvrLm6-like [13] and Avel-like [19]
families, displayed a peak level of expression during waves 4 and 5 (Figure 3-3, Appendix A-
Additional file 9: Table A 3-2). Other examples included the Ecp10-like family, which encoded
proteins with sequence similarity to the Ecp10-1 Avr candidate from the tomato leaf mold fungus
Fulvia fulva (formerly Cladosporium fulvum), as well as the Ecp39-like family, which encoded
proteins with sequence similarity to the F. fulva EC Ecp39 [43]. An Ecp6-like gene (singleton),
which encoded a protein with sequence similarity to the Ecp6 effector from F. fulva [19,44], also
peaked in expression during wave 4. Interestingly, most expanded EC families that peaked in
expression during waves 4 and 5 encoded proteins that lacked sequence similarity to other proteins.
Examples included the most expanded EC family in V. inaequalis, family 1 (Figure 3-4), as well
members from family 2 (Appendix A-Additional file 15: Figure A 3-7). In most cases, only one
or a few family members were very highly expressed during host-colonization (Figure 3-4).

Finally, as it known that some fungal effectors are cyclic ribosomally-synthesized and post-
translationally modified peptides (RiPPs) called dikaritins [45], and that dikaritin precursor
peptides are often mistaken for standard secretory proteins, we set out to determine whether any
of our 1,369 ECs were in fact dikaritin precursor peptides. A hallmark of dikaritin precursor
peptides is an amino (N)-terminal signal peptide followed by multiple perfect or imperfect tandem
repeats [46]. As the genes encoding these precursor peptides form part of a biosynthetic gene
cluster that also includes a gene encoding a DUF3328 protein, we screened the V. inaequalis
genome for DUF3328 genes (and thus, dikaritin gene clusters) to determine which ECs could be

dikaritins. In total, nine dikaritin gene clusters were identified, with each cluster containing one or
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more dikaritin precursor genes. Based on this analysis, ten of the ECs were identified as putative
dikaritin precursor peptides and, of these, four were encoded by genes that peaked in expression
during mid-late infection (waves 4 and 5) (Appendix A- Additional file 10: Figure A 3-5). The
most highly expressed dikaritin precursor gene (g7830, from the dikaritin-2 cluster) corresponded
to the previously identified gene Cin3, which was formerly considered to encode a repeat-

containing EC protein [11,19].

3.4. Several expanded effector candidate families of V. inaequalis have predicted

structural similarity to Avr effector proteins from other plant-pathogenic fungi

To gain insights into the putative function of ECs, we predicted their tertiary structures using
AlphaFold2 [47], and then investigated these structures for similarity to proteins of characterized
tertiary structure (and in some cases, function) using the Dali server [48]. This analysis was
specifically performed on the most highly expressed member from each EC family (referred to as
the representative family member), as well as each singleton, expressed during the temporal host
infection-specific waves. In total, the tertiary structure was confidently predicted for the
representative family member of 71 (~76%) EC families and 118 (~65%) EC singletons
(Appendix A-Additional file 11).

Strikingly, many EC families were predicted to be structurally similar to one or more ECs
or Avr effector proteins with solved tertiary structures from other plant-pathogenic fungi (Figure
3-4, Appendix A-Additional file 12: Table A 3-3, Appendix A-Additional file 13: Figure A
3-6). More specifically, 12 EC families were predicted to be structurally analogous to ECs or Avr
effector proteins (Appendix A-Additional file 12: Table A 3-3). Remarkably, many of these
families were among the most expanded families in V. inaequalis. In contrast to the families, only
three EC singletons had predicted structural similarity to ECs or Avr effector proteins from other

plant-pathogenic fungi (Appendix A-Additional file 12: Table A 3-3).
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The representative member of the most expanded EC family in V. inaequalis, family 1,
was confidently predicted to adopt a six-stranded -sandwich fold with structural similarity to
seven ‘Magnaporthe Avr and ToxB-like’ (MAX) effectors. The identified MAX effectors were
the recently described MAX effector 6R5J [49] and the Avr effectors AvrPiz-t [50], Avr-Pia
[51,52], Avr-Pib [53], Avrl-CO39 [51] and Avr-Pik [54] from M. oryzae, as well as the host-
selective toxin effector ToxB from Pyrenophora tritici-repentis [55], the fungal pathogen
responsible for tan spot of wheat (Appendix A-Additional file 12: Table A 3-3). A sequence
alignment constructed from all family 1 members of V. inaequalis, as well as the identified MAX
effectors from M. oryzae, revealed that these proteins lacked significant sequence similarity, with
a maximum pairwise identity of only 13.9% observed between g13386 and Avrl-CO39
(Appendix A-Additional file 14). However, these sequence-diverse proteins did share the
characteristic conserved disulphide bond between 1 and B5 that has previously been reported for
MAX effectors [51] (Figure 3-4. A).

Similarly, two expanded families, families 7 and 28, as well as family 38 and a singleton,
were predicted to share a common B-sandwich fold with structural similarity to the host-selective
toxin effector ToxA from P. tritici-repentis [56], the Avr effector Avr2/Six3 from the wilt fungus
Fusarium oxysporum [57,58], and the AvrL567 (AvrL567-A and/or AvrL567-D) Avr effectors
from the flax rust fungus Melampsora lini [59,60] (Figure 3-4. A, Appendix A-Additional file
12: Table A 3-3, Appendix A-Additional file 13: Figure A 3-6). Notably, despite sharing an
overall B-sandwich fold with similar topology, these proteins were very diverse at the amino acid
level, with a maximum sequence identity of 12.7% (Appendix A-Additional file 14). All of the
ToxA-like families had a different number of -sheets (Appendix A-Additional file 13: Figure
A 3-6).

Another two families, families 15 and 47, were predicted to have structural similarity to

the AvrLm4-7 and AvrLm5-9 Avr effectors from L. maculans, as well as the Ecpll-1 Avr
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candidate from F. fulva [61,62] (Figure 3-4. A, Appendix A-Additional file 12: Table A 3-3,
Appendix A-Additional file 13: Figure A 3-6), which belong to the ‘Leptosphaeria AviRulence-
Supressing (LARS)’ structural effector family [62]. The V. inaequalis LARS-like effectors had the
same predicted topology as AvrLm4-7 but with a variable number of B-sheets. At the amino acid
level, the identified V. inaequalis LARS-like proteins shared only 7.8-16.9% sequence identity
with AvrLm4-7, AvrLm5-9 and Ecpl11-1 (Appendix A-Additional file 14). Interestingly, the V.
inaequalis structures were predicted to be stabilized by a different number of disulfide bonds and
lacked both the conserved disulfide bridge between the a-helix and B-strand, as well as the
conserved WR(F/L/V)(R/K) motif, previously reported for the LARS effectors [62].

Finally, family 49 was predicted to adopt a two-domain fold similar to the Avrl/Six4 and
Avr3/Six1 Avr effectors from F. oxysporum (Figure 3-4. A, Appendix A-Additional file 12:
Table A 3-3), which are the founding members of the recently identified Fol dual-domain (FOLD)
structural family of effectors [63]. Despite the V. inaequalis FOLD-like family representative
sharing only 17.6% amino acid identity with Avrl/Six4 (Appendix A-Additional file 14), the
cysteine spacing pattern was conserved.

Interestingly, many expanded EC families had a KP6-like fold similar to the KP6 protein
of the P6 virus from the corn smut fungus Ustilago maydis (Appendix A-Additional file 15:
Figure A 3-7) [64,65] and the Zt-KP6-1 EC from wheat blotch fungus Zymoseptoria tritici [66].
This included the AvrLm6-like family, families 2, 5, 23, and 26, as well as two singletons
(Appendix A-Additional file 15: Figure A 3-7). All KP6-like proteins were predicted to have
between two and four disulphide bridges, two a-helices and a variable number of B-sheets (Figure
3-4. B, Appendix A-Additional file 15: Figure A 3-7).

Unfortunately, many other EC proteins from V. inaequalis were too small to be included
in RCSB PDB searches (or did not have a significant hit) using the Dali server. To gain further

insights into their function, we investigated their general SCOPe fold classification and identified
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three families and one singleton that were predicted to adopt a knottin-like fold (Appendix A-
Additional file 11). The most highly expressed member of family 11 (Appendix A-Additional
file 16: Figure A 3-8) and a singleton were predicted to adopt a knottin-like fold with two 3-sheets
and three disulfide bonds that form an intramolecular knot (Appendix A-Additional file 16:
Figure A 3-8). Additionally, families 12, 24, and 35 were predicted to adopt a knottin-like fold
using the SCOPe database [67] (Appendix A-Additional file 16: Figure A 3-8). However, these
proteins were not predicted to have a true intramolecular knot characteristic of knottin proteins
based on our current AlphaFold2 predictions. Instead, these proteins shared a common fold with
cysteine-stabilized aff defensins, which are made up of a single a-helix and three B-strands.

In addition to these knottin-like proteins, the Ecp10-like family, along with the candidate
Avr effector Ecpl0-1 from F. fulva [43], were predicted to adopt a small compact B-folded
structure that is structurally similar to the PAF protein from Penicillium chrysogenum (Appendix
A-Additional file 17: Figure A 3-9) [68-70]. Furthermore, the Ecp39-like family, along with the
Ecp39 EC from F. fulva [43], were predicted to adopt a crambin-like fold (Appendix A-
Additional file 17: Figure A 3-9). Unlike that observed for the Ecp10-like family, no analogous
protein structures were identified for the Ecp39-like family in the RCSB PDB using the Dali
server. Lastly, the Avel-like family, together with the Avel Avr effector from V. dahliae [19,25],
were predicted to adopt a double-psi p-barrel fold, stabilized by two conserved disulfide bonds,
with high similarity to expansins (Appendix A-Additional file 17: Figure A 3-9).

Lastly, we investigated whether a relationship existed between the predicted fold types of
EC proteins and the expression profiles of genes that encoded them. Consistent with the results
mentioned above, ECs with a predicted HsbA-like fold were predominantly encoded by genes that
peaked in expression during wave 2 of early infection (Figure 3-3). In contrast, ECs with structural
similarity to ECs and Avr effector proteins from other plant-pathogenic fungi predominantly

peaked in expression during mid and mid-late infection (Figure 3-3). Remarkably, all members of
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the FOLD-like and LARS-like families peaked in expression during mid-late infection (wave 4
and wave 5). Similarly, the majority of members from the MAX-like (65%), ToxA-like (70%),

KP6-like (~59%) and knottin-like (~66%) families peaked in expression during wave 4.
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Figure 3-4. Predicted tertiary structures of secreted non-enzymatic proteinaceous effector candidates (ECs)
from Venturia inaequalis. A. Representative EC family members with structural similarity to avirulence (Avr)
effector proteins from other plant-pathogenic fungi. MAX-like: representative predicted family 1 protein structure
(green; g13386) aligned to an uncharacterized MAX effector from Magnaporthe oryzae (6R5J) (purple). ToxA-like:
representative predicted family 7 (green; g4781) protein structure aligned to ToxA from Pyrenophora tritici-repentis
(1ZLE) (purple). LARS-like: representative predicted family 15 (green; g11097) protein structure aligned to AvrLm4-
7 from Leptosphaeria maculans (7FPR) (purple). FOLD-like: representative predicted family 49 (green; g3787)
protein structure aligned to Avrl/Six4 from Fusarium oxysporum (7T6A) (purple). B. Predicted EC family members
with a KP6-like fold. KP6-like: representative predicted AvrLmé6-like family (green; g20030) protein structure aligned
to EC Zt-KP6-1 from Zymoseptoria tritici (6QPK). Expression data of up-regulated EC genes during colonization of
susceptible apple cultivar ‘Royal Gala’ are DESeq2-normalized counts, averaged from four biological replicates, with
error bars representing standard deviation (hpi: hours post-inoculation; dpi: days post-inoculation). Protein structures
predicted by AlphaFold2 represent the most highly expressed member of each EC family from V. inaequalis. Disulfide
bonds coloured in yellow. N: amino (N) terminus; C: carboxyl (C) terminus. pLDDT: predicted Local Distance
Difference Test score (0-100). A pLDDT score of 70—100 is indicative of medium to high confidence. A Dali Z-score
above 2 indicates ‘significant similarities’ between proteins. RMSD: root-mean-square deviation. The protein
structure of Avrl/Six4 was not present in the Dali database at the time of writing this manuscript and therefore no
Dali Z-score is shown.
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4. Discussion
In this study, we present the first comprehensive transcriptome of V. inaequalis during
colonization of apple, covering six biotrophic time points from early to late infection. In doing so,
we have, to our knowledge, also provided the first comprehensive in planta transcriptome of a
subcuticular fungal pathogen. Based on this transcriptome, we identified five temporal host
infection-specific waves of gene expression for in planta-upregulated genes of V. inaequalis. Here,
genes demonstrated peak expression during one of three stages of host-colonization corresponding
to early (12 and 24 hpi; waves 1 and 2), mid (2 and 3 dpi; wave 3) and mid-late (5 and 7 dpi; waves
4 and 5) infection. These temporal gene expression waves were biologically distinct from each

other and were enriched for different GO terms.

A key focus of our study was to understand the expression profile of EC genes that encode
secreted, non-enzymatic proteins during host-colonization, as these genes make up the bulk of
effectors identified from plant-pathogenic fungi to date [4,71]. Interestingly, during early host-
colonization, when V. inaequalis is either growing on the leaf surface or has just initiated
subcuticular growth, only around 20% of the up-regulated EC genes peaked in expression. In other
plant-pathogenic fungi, however, the percentage of EC genes that peak in expression during early
host-colonization is much higher. For instance, in U. maydis, ~40% of genes encoding secreted
proteins were found to be specifically induced during early host-colonization [34]. One possible
reason for this difference could be that, during the early infection stage, V. inaequalis
predominantly colonizes the epicuticular wax above apple epidermal cells, perhaps on its way to
colonizing the subcuticular environment. This may suggest that not all infections have yet resulted
in close contact with the underlying epidermal cells and, consequently, the mass upregulation of
genes encoding effector proteins with roles in suppressing host defences has not yet been initiated.

Among the EC genes that peaked in expression during early colonization, several belonged

to the HsbA family. HsbA proteins have been suggested to recruit cutinases to hydrophobic
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surfaces [41] and, in A. nidulans, HsbA and cutinase genes are co-regulated by the same
transcription factor [40,41]. Consistent with this previous research, we observed that some HsbA
and cutinase genes of V. inaequalis were co-expressed, suggesting that, as previously
hypothesized, the HsbA proteins of V. inaequalis may recruit cutinases to facilitate the degradation
and digestion of the hydrophobic apple cuticle during early host infection [19,41,72]. In line with
this observation, early infection was enriched for the GO term ‘cutinase activity’ and many CE
cutinase-encoding genes were up-regulated. Altogether, these observations support previous
reports showing that localized enzymatic hydrolysis is needed for penetration of the apple cuticle
by V. inaequalis to facilitate access to the subcuticular environment [9,73].

Other EC genes that peaked in expression during early host-colonization included members
of the Gasl-like family, which encode proteins with a ‘Egh16-like virulence factor’ domain, and
members of the Nod19 family, which encode proteins with a ‘stress up-regulated Nod19’ domain.
Recently, Gasl-like proteins have been shown to form part of the widely distributed fungal
‘effectors with chitinase activity’ (EWCA) family [74]. EWCA proteins are secreted chitinases
without a characterized enzymatic domain in the CAZyme database that degrade immunogenic
chitin fragments to prevent chitin-triggered immunity in plants [74]. Thus, it is tempting to
speculate that members of the Gasl-like family from V. inaequalis play a similar role upon access
to the subcuticular environment. The function of proteins with a stress up-regulated Nod19 domain
is currently unknown. However, it has been suggested that these proteins are associated with
responses to abiotic and biotic stress [75-78]. Based on these studies and the expression of the
Nod19 genes during early infection, the Nod19 family from V. inaequalis could play a role in
modulating oxidative stress during early subcuticular colonization of apple. A more detailed
analysis and efforts to functionally characterize this Nod19 EC family can be found in Appendix

C. Crucially, other genes associated with oxidative stress tolerance, such as those encoding
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peroxidases, were also enriched during early infection, suggesting that modulation of oxidative
stress is crucial for early host-colonization by V. inaequalis.

Like the HsbA family, most members of the CFEM family peaked in expression during
early host-colonization. The CFEM domain is found in several fungal proteins, including those of
plant pathogens [79], where it has been shown to confer a diverse range of functions ranging from
the promotion or suppression of plant cell death and chlorosis [80-82] to the development of
appressoria [83]. Consistent with this functional diversity, and because some members of the
CFEM family from V. inaequalis instead demonstrated a peak level of expression during mid-late
infection, it is likely that the CFEM proteins also play a diverse range of roles in V. inaequalis
during colonization of apple.

The mid infection stage, which was characterized by the large-scale expansion and
continued differentiation of subcuticular infection structures (i.e. stromata and runner hyphae),
was enriched for GO terms associated with transmembrane transport. Interestingly, while many
EC genes of V. inaequalis were highly expressed during this mid infection stage, very few
displayed their peak level of expression here. This may suggest that the expression of most EC
genes is still increasing during mid infection. However, it is important to point out that the mid
infection wave was not well defined, overlapping partially with the mid-late infection waves. This
is presumably due to the asynchronous nature of V. inaequalis infection.

Finally, during the mid-late infection stage, when V. inaequalis is heavily colonizing the
subcuticular space, most EC genes peaked in expression. Based on this expression profile, and the
fact that their expression steadily ramped up from the onset of the infection process, we believe
that these genes likely play a key role in the establishment and maintenance of biotrophy.
Intriguingly, many genes encoding GH enzymes associated with the degradation of the plant cell
wall, such as pectin-degrading GH28 proteins, also peaked in expression during this infection

stage. As nutrients in the subcuticular environment are likely to be scarce throughout host-
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colonization, it is anticipated that V. inaequalis meets a portion of its nutritional requirements
through the degradation of the pectin-rich layer located between the cuticle and epidermal cells of
apple using these enzymes [84]. Related to this, it is well known that fungal GH28 enzymes can
be recognized as MAMPs, while host cell wall fragments released as a consequence of GH28
hydrolytic activity can be recognized as damaged-associated molecular patterns (DAMPS) by
PRRs, to activate the plant immune system [7]. With this in mind, a subset of the ECs encoded by
genes that peaked in expression during mid-late infection may function to suppress plant defences
responses initiated by these GH28 enzymes.

Remarkably, many of the EC genes that peaked in expression during mid-late infection
encoded proteins that belonged to expanded families. Such a phenomenon, where ECs are known
to form part of expanded families, has also been observed in other lineage-specific pathogens,
including Blumeria graminis [85,86]. Although the relevance of EC family expansion to V.
inaequalis is not yet well understood, it is anticipated that this expansion facilitates the
diversification of effector function and enables the avoidance of recognition by cognate host R
proteins [19]. In any case, repetitive elements are expected to play a major role in the expansion
process, enabling both EC gene duplication and subsequent transposition to other regions of the
V. inaequalis genome [87,88]. In line with this, it has previously been shown that ECs of V.
inaequalis, including members of the Avel-like and AvrLm6-like EC families, tend to be closely
associated with repetitive elements [13,19]. Moreover, some EC genes belonging to the same
expanded families have been shown to cluster together in the V. inaequalis genome (this study),
indicating that tandem duplication events might have occurred. To provide further insights into the
process of EC family expansion in V. inaequalis, a chromosome-level genome assembly of this
fungus is now required as, due to its highly fragmented nature (1,012 scaffolds) [19], the current

Illumina genome provides an incomplete picture of repeat composition and gene clusters.
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To gain insights into the function of EC proteins from V. inaequalis, we used the de novo
folding algorithm AlphaFold2 to predict their tertiary structures, as AlphaFold2 has been
successfully benchmarked against effectors of characterized tertiary structure from other plant-
pathogenic fungi [63,89]. One of the main limitations when using AlphaFold2 is that proteins with
a low number of homologous sequences in public databases normally result in predictions with
low confidence scores. In an attempt to overcome this, we generated custom multiple sequence
alignments (MSAs) that included the amino acid sequences of all EC family members identified
in this study, many of which were not available in public sequence databases, which greatly
improved prediction scores (Appendix A-Additional file 18: Figure A 3-10).

Strikingly, many of the EC families, especially the expanded EC families, demonstrated
predicted structural similarity to Avr effector proteins from other plant-pathogenic fungi. The
biggest of these was the MAX-like family, which had predicted structural similarity to one of the
largest effector/EC families from M. oryzae, the MAX family [90,91]. Intriguingly, a recent
computational study of secreted proteins from multiple plant pathogens based on AlphaFold?2
concluded that the MAX fold was almost exclusive to M. oryzae, with a few members of this
family also found in the vanilla black spot fungus Colletotrichum orchidophilum [91]. However,
here we show that the MAX-like family has undergone massive expansion and diversification in
V. inaequalis, highlighting the need for more comprehensive sampling of fungal species using
AlphaFold2 to better understand the evolutionary origin and distribution of the MAX structural
fold.

In M. oryzae, Avrs of the MAX effector family are translocated into host cells, where they
are recognized by NLR R proteins [50,53,92-95]. Of these, Avr-PikD and Avrl-CO39 directly
interact with their corresponding NLR R proteins; an interaction mediated through a heavy metal-
associated (HMA) domain that is integrated into the R protein itself. Similarly, the MAX effector

Avr-Pik binds and stabilizes an independent HMA protein to modulate host immunity [96].
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Altogether, these studies suggest that the MAX fold could be well suited to interactions with HMA
domains [97,98]. It is therefore tempting to speculate that ECs of the MAX-like family from V.
inaequalis are translocated into host cells, where they interact with HMA domain-containing
proteins of apple. Certainly, as Rvil5, an R protein of apple that recognizes the AvrRvil5 Avr
effector of V. inaequalis, is an NLR [99], it seems likely that a subset of Avrs from this fungus are
translocated into host cells.

EC families and singletons with predicted structural similarity to ECs and Avr proteins
from the ToxA-like family were also identified in V. inaequalis. Interestingly, like that observed
in V. inaequalis, the recent computational study by Seong and Krasileva [91] showed that ToxA-
like ECs are greatly expanded in the cereal stem rust fungus Puccinia graminis. The same study
also showed that a further four species, F. oxysporum, C. orchidophilum, V. dahliae, and U.
maydis, have members of this family [91]. However, in the case of these four species, only a few
members of the ToxA family could be identified. Thus, V. inaequalis appears to have one of the
largest repertoires of ToxA-like ECs in fungal species investigated to date.

Like the MAX family, some members of the ToxA-like family (Avr2/Six3 and AvrL567)
are translocated into plant cells, where they perform their virulence functions and are recognized
by their corresponding R proteins [57,100,101]. For example, Avr2/Six3 of F. oxysporum
functions together with another effector, Six5, to facilitate the cell-to-cell movement of effectors
by increasing the size exclusion limit of plasmodesmata [102]. Other members, however, are
thought to be apoplastic. For instance, an ortholog of ToxA from the wheat blotch fungus
Parastagonospora nodorum interacts with an integral membrane protein of wheat from the
apoplast to facilitate a cell death reaction that involves the intracellular protein, Tsn1 [103]. As all
ToxA-like effectors functionally characterized to date display different virulence functions, no
insights into the possible function of ToxA-like proteins from V. inaequalis can be made. However,

as the Rvi6 R protein of apple, which recognizes the AvrRvi6 Avr effector protein of V. inaequalis,
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is an RLP [104], it is possible that these or other ECs of this fungus identified in our study could
be recognised as Avr determinants in the subcuticular environment.

Two other structural EC families in V. inaequalis were the LARS-like family [62] and the
two-domain FOLD-like family [63]. Of note, only one small EC family of V. inaequalis was
predicted to adopt the FOLD-like fold. However, it must be pointed out that proteins with this fold
are known to be difficult to predict [90] and, as a consequence, some members may have been
missed. Interestingly, while the precise functions of the LARS and FOLD effector families are
currently unknown, both contain members that suppress the host immune response related to the
recognition of another member. More specifically, in terms of the LARS family, AvrLm4-7
suppresses immune responses triggered by AvrLm3 and AvrLm5-9 [105,106], while for the FOLD
family, Avrl/Six4 suppresses immune responses triggered by Avr3/Six1 [107]. Together, this
suggests that these protein structures may play a role in molecular mimicry to prevent detection
[62,63,108]. It will be interesting to determine whether similar relationships are observed for the
LARS-like and FOLD-like ECs of V. inaequalis.

Aside from the folds described above, an intriguing observation was that many of the EC
families and singletons from V. inaequalis were predicted to adopt a KP6-like or knottin-like fold.
The KP6 fold was first described in the antifungal KP6 protein from the P6 virus from U. maydis
[64,65] and, in our study, was predicted to be adopted by the AvrLm6-like family as well as
AvrLm6 Avr effector protein from L. maculans. Notably, this fold is known to be adopted by the
EC Zt-KP6-1 (6QPK) from Z. tritici [66] and has also been predicted to be adopted by many
effectors such as the Avr effector AvrLm10 from L. maculans [90,109], the BAS4 effector from
M. oryzae [90,110], the Ecp28 EC family and Ecp29 EC from F. fulva [43], and the CbNipl
necrosis-inducing effector from the sugar beet leaf spot fungus Cercospora beticola [111]. Even
more interesting, as observed in V. inaequalis, the KP6-like fold has been predicted to be the most

abundant fold in the M. oryzae secretome [90,91] and is widely shared among phytopathogens
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[91]. Altogether, this suggests that this KP6-like fold is a widely conserved structural family of
effectors in different phytopathogens.

In terms of ECs from V. inaequalis that had a predicted knottin-like fold, several families
and a singleton were identified. Knottins are small, ultra-stable proteins with at least three disulfide
bridges that form an intramolecular knot known to provide stability in hostile conditions such as
the plant apoplast [112]. Current evidence suggests that multiple fungal effectors adopt this fold.
Indeed, the Avr effector Avr9 from F. fulva has previously been suggested to adopt a knottin fold,
based on NMR [113] and cysteine bond connectivity data [114]. Furthermore, an EC from the
poplar rust fungus Melampsora larici-populina, MLP124266, which is a homolog of the AvrPm4
Awvr effector from M. lini, was recently shown to adopt this fold [115]. Other knottin-like families
identified in our study appear to adopt a fold resembling defensins, similar to the VdAMP3 effector
of V. dahliae, which has antifungal activity and facilitates microsclerotia formation [116].

Curiously, the Ecp39-like EC family from V. inaequalis, along with the Ecp39 EC from F.
fulva, were predicted to adopt a crambin fold, which is commonly found in antimicrobial proteins
[117], while the Ecp10-like family from V. inaequalis, together with the Ecp10-1 Avr candidate
from F. fulva, were predicted to adopt a fold with similarity to the antimicrobial PAF protein from
P. chrysogenum [68-70]. The large number of proteins from V. inaequalis that are predicted to
have structural (KP6-like, knottin-like, Ecp39-like and Ecpl0-like) or sequence (Avel-like)
similarity to antimicrobial proteins suggests that a considerable proportion of the ECs from this
fungus may be dedicated to antagonistic fungus—microbe interactions to ward off microbial
competitors.

It should be noted that as part of our EC prediction pipeline, we also identified four putative
dikaritin RiPP precursor peptides that were encoded by genes displaying a peak level of expression
during late infection. Dikaritins are a class of cyclic bioactive peptides that have recently been

discovered in fungi [118] and have been hypothesized to play a role as effectors in promoting host-
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colonization [71]. In line with this, Victorin, a host-selective dikaritin toxin from the necrotrophic
oat blight fungus Cochliobolus victoriae, has been shown to be essential for pathogenicity in oat
cultivars resistant to the biotrophic crown rust fungus Puccinia coronata [45]. The late-expression
profile of the V. inaequalis dikaritins, together with the finding that many RiPPs from plants have
potent antimicrobial activity [71,119], may suggest that these peptides, perhaps in addition to some
of the ECs described above, promote host-colonization through the eradication of microbial
competitors in preparation for saprobic growth inside fallen leaf litter.

Taken together, our study on V. inaequalis, along with previous studies on effector proteins
from M. oryzae, F. oxysporum and other fungi [51,62,63,90,91], reinforces the idea that many
sequence-diverse fungal effectors share common structural folds. This provides weight to the
hypothesis that many fungal effector proteins have in fact originated from ancestral folds and
suggests that the genes encoding these effectors have evolved through duplication, followed by
sequence diversification, to encode sequence-unrelated but structurally similar proteins. Under this
hypothesis, the effector proteins have evolved rapidly to a point where almost all sequence
similarity, with the exception of residues involved in the maintenance of the overall structural fold,
has been lost [51]. It is of course possible, however, that the appearance of common folds, at least
in some instances, could be the result of convergent evolution, whereby certain similar folds have
evolved independently in different fungi [51].

Specific protein folds may be common across fungal effector proteins as they provide a
stable structural scaffold on which surface or loop features can be altered to enable functional
diversification [108]. For those Avr effectors that are directly recognized by their corresponding
R proteins, it may also be possible that these alterations extend to the evasion of host recognition.
Another possibility is that particular structural folds are well suited to certain functions or to
interactions with specific host components [108]. Most likely, though, both above-mentioned

scenarios are possible [108]. Future research focussing on the finer details of the distribution of

112



CHAPTER 3: The Venturia inaequalis effector repertoire is expressed in waves and is dominated by expanded families with
predicted structural similarity to avirulence proteins from other plant-pathogenic fungi

structural effector families among both pathogenic and non-pathogenic fungi, and on the
functional characterization of members within these families, will shed more light on this

intriguing topic.
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5. Conclusions

In conclusion, we have performed the first comprehensive gene expression analysis of a
subcuticular pathogen, with a specific focus on genes encoding non-enzymatic proteinaceous ECs,
during host-colonization. In doing so, our study provides valuable new insights into the molecular
mechanisms underpinning subcuticular host-colonization by this largely understudied class of
fungi, including V. inaequalis. Notably, in conjunction with structural modelling, we have also
provided an enriched list of ECs from which effectors and Avr effectors of V. inaequalis can be
identified and functionally characterized. Such a resource is desperately needed as, to date, there
have been no publications reporting the cloning of Avr effector genes from this fungus. Once
identified, these Avr effector genes will enable the real-time detection of resistance-breaking
strains in the orchard. Should Avr effectors of V. inaequalis belong to expanded protein families,
it may then be possible to engineer their cognate R proteins to recognize features common to the
structural fold (direct recognition) or to monitor specific host components targeted by multiple
members of the Avr family (indirect recognition). Certainly, with the recent development of
CRISPR-Cas9 technology in V. inaequalis [120], the functional characterization of ECs, and in
particular those that form part of expanded EC families, is now possible. Finally, our study has
provided further evidence that many sequence-diverse fungal effectors share common structural
folds. Given that the genomes of many other Venturia species have now been sequenced
[19,22,121-127], it will be interesting to determine whether specific effector folds are associated

with subcuticular growth or the infection of specific host species.
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6. Materials and methods

6.1.  V.inaequalis isolates

V. inaequalis isolate MNH120, also known as ICMP 13258 and Vil [19,128], was used for all
bright-field microscopy, transcriptome sequencing, gene predictions and AlphaFold2 protein
structure predictions in this study. MNH120 is a race (1) isolate, meaning that it can only overcome
resistance mediated by the Rvil gene in apple [19]. This is presumably due to a mutated, absent,
or non-expressed copy of the corresponding AvrRvil gene (a functional copy of which is rare
among isolates of V. inaequalis [129]). MNH120 is, however, anticipated to possess a functional
copy of all other known V. inaequalis Avr effector genes (AvrRvi2—20), corresponding to all other
known apple R genes (Rvi2—20) [19]. Gene predictions from V. inaequalis isolate 05/172 [21],

which is of unknown race status [130], were used to assist the gene predictions in isolate MNH120.

6.2.  Growth in culture for RNA sequencing

V. inaequalis isolate MNH120 was grown as a lawn culture from conidia on cellophane
membranes (Waugh Rubber Bands, Wellington, New Zealand) [131] overlaying PDA (Difco™,
NJ, USA) at 20°C for 7 days under white fluorescent lights (4,300 K) with a 16 h light/8 h dark
photoperiod. Four culture plates, representing four independent biological replicates, were then
flooded with 1 ml sterile distilled water and the fungal biomass was scraped from the membrane
surface using a cell spreader. Following this step, fungal suspensions were transferred to
independent microcentrifuge tubes, pelleted by centrifugation at 21,000 x g for 1 min, snap frozen
in liquid nitrogen, and then ground to a powder in preparation for RNA extraction. The 7 dpi time
point was chosen because V. inaequalis had produced enough biomass on the surface of cellophane

membranes for adequate RNA extraction.
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6.3.  Plant infection assays for RNA sequencing and microscopy

Seeds from open-pollinated M. x domestica cultivar ‘Royal Gala’ (Hawke’s Bay, New Zealand),
which is a cultivar susceptible to scab disease caused by V. inaequalis, were germinated at 4°C in
moist vermiculite with 100 mg/ml Thiram fungicide (Kiwicare Corporation Limited; Christchurch,
New Zealand) for approximately two months in the dark. Germinated seedlings were planted in
potting mix (Daltons™ premium potting mix; Daltons, Matamata, New Zealand) and grown under
a 16 h light/8 h dark cycle with a Philips SON-T AGRO 400 Sodium lamp, at 20°C with ambient
humidity. Inoculations with V. inaequalis isolate MNH120 were performed on freshly un-furled
detached leaves from 4- to 6-week old apple seedlings, as described previously [132], with the
exception that 5 pl droplets of conidial suspension (1 x 10° mI™%) were used to cover the entire leaf
surface. At 12 and 24 hpi, as well as 2, 3, 5 and 7 dpi, four infected leaves, each from an
independent seedling, were sampled to give four biological replicates. A microscopic evaluation
of infection was then performed on harvested tips from these leaves. Here, leaf tips were cleared
and stained according to a previously established protocol [133] and then visualised by bright-field
microscopy, with images captured using a Leica DFC 295 digital camera and the Leica Application
Suite X (LAS X). Immediately following tip harvesting, leaves were snap frozen in liquid nitrogen

and then ground to a powder in preparation for RNA extraction.

6.4. RNA extraction and sequencing

Total RNA was extracted from samples of V. inaequalis isolate MNH120 grown in culture, as well
as infected leaves, using a Spectrum™ Plant Total RNA Kit (Sigma-Aldrich, St. Louis, MO,
USA), with DNA subsequently removed using DNase | (Invitrogen™, Thermo Fisher Scientific,
MA, USA). RNA concentration and purity were quantified using a Nanodrop ND-1000

Spectrophotometer (NanoDrop Technologies, Rockland, DE, USA), while RNA integrity was
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assessed on the Agilent 2100 Bioanalyser (Agilent Technologies, Waldbronn, Germany) using an
Agilent RNA 6000 Nano Kit in conjunction with Agilent 2100 Bioanalyzer software. Genomic
DNA contamination was excluded by visualisation of RNA on a 0.8% agarose gel and absence of
polymerase chain reaction (PCR) amplification products specific to the actin gene of apple
(GenBank Accession OU745002.1 [location 20,713,063-20,714,807]; primers RE45 [5-
TGACCGAATGAGCAAGGAAATTACT-3] and RE64 [5-
TACTCAGCTTTGGCAATCCACATC-37]) [11,134]. Following these quality control checks,
total RNA from each of the samples was sequenced on a HiSeq X platform at Novogene (Beijing,
China) via the Massey Genome Service facility (Palmerston North, New Zealand; project number
MGS00286). Here, only those RNA samples with an RNA Integrity Number (RIN) value of >3.5

were sequenced.

6.5.  Gene prediction

The genome sequence of V. inaequalis isolate MNH120 [19] was downloaded from the Joint
Genome Institute (JGI) MycoCosm portal
(https://mycocosm.jgi.doe.gov/VVeninl/Veninl.home.html) and a new gene catalogue was
predicted to accommodate those genes that may have been missed in the initial annotation by Deng
et al. [19] (summarized in Additional file 2: Figure A 3-1). Here, we combined three sources of
information to generate a more complete gene catalogue. More specifically, for the first source of
information, the complete set of predicted genes (coding sequences; CDSs) for V. inaequalis
isolate 05/172 was downloaded from the National Center for Biotechnology Information (NCBI,;
https://www.ncbi.nlm.nih.gov/nuccore/QFBF00000000.1/) and mapped to the MNH120 genome
using GMAP v2021-02-22 [135] to generate a genome annotation file. Isolate 05/172 was used as
the source of information for homology-based gene prediction, as it was deemed to have a more

complete set of predicted EC genes than the previously predicted gene catalogue for isolate
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MNH2120 [19], based on a crude assessment of how many EC family members were present in the
non-redundant (nr) protein database using a tBLASTn search. For the second source of
information, we used the RNA-seq data generated from isolate MNHZ120 in this study to predict
open reading frames (ORFs), and thus CDSs, from transcript sequences. More specifically, high
quality RNA-seq reads (see the RNA-seq read analysis section below) from one biological
replicate of each time point of V. inaequalis grown in planta and in culture were mapped to the
MNH120 genome using HISAT2 v2.2.1 [136,137], with unmapped reads filtered out using
SAMtools v9.2.0 [138]. Then, a genome-guided de novo transcriptome assembly was performed
with the mapped reads using Trinity v2.12.0 [139]. Likely CDSs were identified using
Transdecoder v5.5.0 (https://github.com/TransDecoder/TransDecoder), a program that predicts
genes from transcript sequences, in conjunction with a minimum ORF length of 50 amino acids.
To support gene predictions, a Pfam domain search was performed to ensure that translated ORFs
with one or more characterized functional domains were retained. Additionally, to capture as many
EC-encoding ORFs as possible, translated ORFs were scanned against a list of EC proteins
identified in the previous gene annotation by Deng et al. [19], supplemented with an in-house
database of putative MNH120 effector proteins (de la Rosa and Mesarich, unpublished). Here, a
BLASTp e-value threshold of <0.05 was employed, with proteins identified using this analysis
retained as likely CDSs. Finally, for the third source of information, the original gene catalogue
predicted for isolate MNH120 by Deng et al. [19] was downloaded from the JGI MycoCosm portal
as above. Together, the three sets of CDSs, derived from the three sources of information described
above, were then loaded onto the MHN120 genome as different tracks in Geneious v9.05 [140],
and manual curation was performed to create an updated gene catalogue based on a consensus
prediction for each gene. More specifically, predictions that were identical across at least two of
the three sets of CDSs for a given gene were accepted as correct. Likewise, if for a given gene

predictions were different across all CDSs, only the CDS supported by mapped RNA-seq reads
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(intron—exon boundaries) was selected. Finally, when a CDS was only predicted with one method

it was accepted as correct.

6.6.  Prediction of protein functions

Protein functional domains were predicted using InterProScan v5.51-85.0 in conjunction with the
Pfam, HAMAP, MOBIDB, PIRSF, PROSITE and SUPERFAMILY tools [141], while GO class
predictions were carried out using Pannzer2 [142]. N-terminal signal peptides were predicted using
SignalP v5.0 [143] and transmembrane (TM) domains were predicted using TMHMM v2.0 [144].
CAZymes were predicted using dbCAN2 in conjunction with the Hotpep, HMMER and
DIAMOND tools [145]. Only CAZymes predicted with at least two of the three tools were retained
for further analysis. Putative PCWDEs were manually identified based on their CAZy
classification (http://www.cazy.org) [146], KEGG description and InterPro annotation. RiPP gene
clusters were manually identified in the V. inaequalis MNH120 genome (Additional file 19: S1
Text) through the presence of a gene encoding a protein with a DUF3328 domain in close
proximity to a gene encoding a dikaritin precursor peptide with an N-terminal signal peptide,
followed by one or more perfect or imperfect tandem sequence repeats of at least 10 amino acid

residues in length separated by putative kexin protease cleavage sites.

6.7. Prediction of effector candidates and effector candidate families

Small proteins of <400 amino acid residues in length with a predicted N-terminal signal peptide,
but without a predicted TM domain or endoplasmic reticulum (ER) retention motif
(HDEL/KDEL), were annotated as ECs. This list of ECs was supplemented with proteins of >400
amino acids in length with a predicted N-terminal signal peptide, but no predicted TM domain or
ER retention motif, provided that they were predicted to be an effector using EffectorP v3.0 [147].

ECs were grouped into protein families using spectral clustering SCPS v0.9.8 [148]. The identified
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protein families were then manually curated by eye, taking into account conservation of the N-
terminal signal peptide sequence, cysteine spacing, as well as conserved functional domains
identified with InterProScan v5.51-85.0. To further refine the list of ECs, proteins with an
enzymatic annotation by InterProScan v5.51-85.0 were discarded. In cases where only one or two
ECs from a family were predicted to have an enzymatic domain, the EC was retained. To determine
whether the ECs had sequence similarity to other proteins, a BLASTp analysis using an e-value

threshold of 0.05 was performed against the nr protein database at NCBI.

6.8. RNA-seq read analysis

Methods associated with this section are summarized in Additional file 2: Figure A 3-1. As a
starting point for the analysis of RNA-seq reads, all unique genes of V. inaequalis isolate MNH120
were identified, and any additional genes that were identical in sequence, representing paralogs
(or false gene duplications generated as a consequence of incorrect genome assembly by Deng et
al. [19]), were masked to avoid the multimapping of RNA-seq reads. Here, a gff3 file containing
only the duplicated genes was generated using AGAT [149], with the sequences subsequently
masked using BEDTools v2.30.0 (maskfasta) [150]. Finally, a mappability mask was applied to
the MNH120 genome to prevent the multimapping of reads to repetitive genomic regions,
including those genes of EC families that are known to be highly similar in sequence. To generate
the mappability mask, the MNH120 genome was fragmented into all possible 150-bp stretches and
mapped to the MNH120 genome using the Burrows-Wheeler Aligner (bwa) [151] with a gap open
penalty of 3, gap extension penalty of 3 and max mismatch penalty of 3. Finally, the resulting
SAM file from was used to generate the mappability mask
(http://1h3Ih3.users.sourceforge.net/download/seqbility-20091110.tar.bz2). Raw RNA-seq reads
were then filtered, in which adapter sequences, as well as reads with >10% Ns or >50% low quality

(Qscore: 5) bases, were removed, and the final quality of reads was checked using fastQC v0.11.9
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[152]. Next, filtered RNA-seq reads from all samples were mapped to the masked MNH120
genome using HISAT2 v2.2.1 [136,137] and SAMtools v9.2.0 [138] was used to only keep those
reads that mapped to the fungal genome. Uniquely mapped reads were counted using
featureCounts from SubRead package v2.0.0 to generate a count matrix [153]. Results from all
steps of the RNA-seq analysis were aggregated for quality control assessment using MultiQC

v1.11 [154].

6.9. Differential gene expression and clustering

The count matrix (see section 6.8) was imported to R and a differential gene expression analysis
was performed with DESeq?2 package v1.32.0 [155]. Pairwise comparisons from all samples were
performed and genes with a logz-fold change in expression of >1.5 and a padj value of <0.01
during at least one in planta infection time point, relative to growth in culture, were considered
significantly differentially expressed. Here, multiple testing correction was applied using the
Benjamini-Hochberg (BH) method of the DESQg2 package, in conjunction with a padj value
threshold of <0.01. A PCA plot was then generated using the PCA function of the DESeq?2
package. Genes that were up-regulated at one or more in planta infection time points were selected
for hierarchical clustering. For hierarchical clustering, RNA-seq read counts were first normalized
using the rlog method from the DESeq2 package and scaled. Hierarchical clustering of the genes
was performed using the hclust function according to the Ward.D2 and Euclidean distance
methods, with the minimum number of clusters displaying a distinct expression profile during host
infection identified in the resulting clustering dendrogram. Using quantitative guidance from the
cutree function, the number of clusters was initially set to 10, then systematically reduced due to
observed similarity between clusters, to give five distinct clusters with unique expression trends.
Visualization of gene expression clusters (waves), with the expression trends plotted, was

performed using ggplot2 v3.3.5 [156], while gene expression heatmaps were generated using
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Complexheatmap v2.9.1 [157]. Pearson correlation coefficients were calculated to investigate the

co-expression of genes inside specific clusters.

6.10. GO and Pfam term enrichment analysis

GO predictions from Pannzer2 [142] with a predictive positive value (PPV) >5 were used for a
GO term enrichment analysis across the five distinct gene expression waves. The GO term
enrichment analysis was performed with topGO package v2.44.0 [158], using the total set of genes
employed for clustering as background and a Fisher’s exact test for all GO terms: Biological
Process (BP), Cellular Component (CC) and Molecular Function (MF). GO enrichment analysis
results were visualized using ggplots2 v3.3.5 [156]. An enrichment test for Pfam domains was
performed using a Fisher’s exact test, with all genes targeted in the clustering analysis used as

background.

6.11.  Structural modelling of protein tertiary structures

AlphaFold2 [159], in conjunction with the ColabFold notebook [160], was used to predict the
protein tertiary structures of EC family members from V. inaequalis isolate MNH120. Here, only
those family members that were encoded by genes up-regulated in planta, relative to growth in
culture, were used in this analysis, with only the most highly expressed member targeted for
prediction (i.e. as a family representative). In each case, the mature amino acid sequence of the EC
(i.e. without its predicted N-terminal signal peptide) was used as input. For the Avrl/Six4-like
family, the published pro-domain [63] was also removed. For those ECs that had <30 proteins with
sequence similarity in the NCBI database, as identified by a BLASTp analysis in conjunction with
an e-value threshold of <0.05, a custom MSA was generated and used as input. These custom
MSAs, which were built with up to 100 protein sequences, depending on how many protein

sequences were available, included all mature EC family members that were unique to the updated
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MNH120 annotation (i.e. that could not be accessed by the AlphaFold2 search algorithms), as well
as similar protein sequences identified through the BLASTp analysis at NCBI. To build the custom
MSAs, all sequences were aligned using Clustal Omega [161,162], with the alignments
subsequently converted to the a3m format using ToolSeq [163,164]. The only exception was for
members of the FOLD-like family. Here, in an attempt to improve the structural prediction, the F.
oxysporum Avrl/Six4 and Avr2/Six3 proteins were manually added to the input sequences to
generate a custom MSA, even though these proteins were not identified in the initial BLASTp
similarity search. For EC singletons, protein tertiary structures were predicted using AlphaFold2
open source code v2.0.1 and v2.1.0 [159], with preset caspl4, max_template_date: 2020-05-14,
using mature protein sequences as input. Again, only those ECs that were encoded by genes up-
regulated in planta, relative to growth in culture, were used in this analysis. All predicted protein
tertiary structures with a pLDDT score of >70 were considered confident predictions. Protein
structures with an pLDDT score of 50—60 that also had an intrinsically disordered region predicted
with MobiDB-lite [165] or PrDos [166] were also considered confident predictions.

Predicted EC protein tertiary structures were screened against the Research Collaboratory
for Structural Bioinformatics (RCSB) PDB database to identify proteins with similar folds using
the Dali server [48]. Here, all hits with a Z-score of >2 were considered similar. Protein tertiary
structures were visualized and aligned using PyMol v2.5, in conjunction with the alignment plugin
tool CEalign [167]. To further investigate similarities between protein tertiary structures, TM-align
[168] was used to calculate a root-mean-square deviation (RMSD) value. Finally, the general fold
of confidently predicted protein tertiary structures was investigated using RUPEE [169,170]
against the SCOPe v2.08 database [67,171]. Proteins predicted to have a knottin fold in the SCOPe
database were assessed using Knotter 3D to determine whether they had a true knottin structure

[112].
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7. Appendix A: Supplementary material

This appendix contains all the supplementary information associated with the published
manuscript in bioRxiv. All the supplementary files that are excel spreadsheets are available as a

hyperlink to the “Supporting information” section of this particular manuscript.

Additional file 1: Table A 3-1. RNA-seq transcriptome sequencing read statistics from this study. Samples used
for the RNA-seq transcriptome sequencing experiment were derived from an infection time course of Venturia
inaequalis on detached leaves from susceptible apple cultivar ‘Royal Gala’ at 12 and 24 hours post-inoculation (hpi),
as well as 2, 3, 5 and 7 days post-inoculation (dpi), and during growth of the fungus in culture on the surface of

cellophane membranes overlying potato dextrose agar at 7 dpi.

Sample Time  Tissue Total Number of paired  Overall
name point number of reads mapped to alignment rate
reads the V. inaequalis
MNH120 genome

S12Vv2 72,515,775 91,069 0.13%
S12V3 12 hpi Apple leaf 71,722,781 84,531 0.12%
S12Vv4 (In planta) 65,009,930 78,419 0.12%
S12V5 61,088,214 123,211 0.21%
S24V1 67,826,021 135,704 0.21%
S24V3 24 hpi Apple leaf 67,811,505 134,126 0.20%
S24V4 (In planta) 75,706,837 205,908 0.28%
S24V5 78,244,648 148,265 0.20%
S2v1 47,424,653 125,061 0.27%
S2V2 2 dpi Apple leaf 68,132,940 279,525 0.42%
S2V3 (In planta) 73,356,846 327,163 0.46%
S2V5 63,149,333 136,993 0.22%
S3v1 Apple leaf 46,736,839 475,239 1.05%
S3V2 3 dpi (Inplanta) 48,406,231 341,262 0.73%
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Sample Time  Tissue Total Number of paired  Overall
name point number of reads mapped to alignment rate
reads the V. inaequalis
MNH120 genome

S3V3 63,951,888 658,625 1.07%
S3V5 46,365,679 465,485 1.04%
S5v1 40,513,300 1,439,733 3.68%
S5V2 5 dpi Apple leaf 36,798,369 494,654 1.39%
S5V3 (In planta) 53,569,444 2,965,281 5.73%
S5V4 46,221,769 1,666,765 3.73%
S7V2 47,760,909 3,482,001 7.55%
S7V3 7 dpi Apple leaf 48,892,959 2,331,267 4.94%
S7Vv4 (In planta) 47,854,848 4,350,665 9.43%
S7V5 43,384,995 1,988,632 4.76%
SS1 24,522,994 22,249,229 93.77%
SS3b 7 dpi Apple leaf 20,754,255 18,915,521 93.99%
SS4b (Inplanta) 22,646,155 20,670,316 93.89%
SS8b 26,675,000 24,347,911 94.34%
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Additional file 2: Figure A 3-1. Bioinformatic pipeline used for transcriptome analysis and genome annotation.

Total RNA was extracted from apple leaves infected with Venturia inaequalis at 12 and 24 hours post-inoculation

(hpi), as well as 2, 3, 5 and 7 days post-inoculation (dpi). As a reference for growth in culture, total RNA was also

extracted from V. inaequalis grown on the surface of cellophane membranes overlaying potato dextrose agar at 7 dpi.

Four biological replicates were included per sample. PE: paired-end; CDS: coding sequence; CAZyme: carbohydrate-

active enzyme; EC: effector candidate.
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Additional file 3: Differentially expressed genes of Venturia inaequalis during infection of susceptible apple cultivar
‘Royal Gala’, when compared to growth of the fungus in culture on the surface of cellophane membranes overlying
potato dextrose agar.

https://www.biorxiv.org/content/biorxiv/early/2022/09/22/2022.03.22.482717/DC2/embed/media-

2.XIsx?download=true

Additional file 4: List of Pfam domains in proteins encoded by genes of the five distinct temporal expression waves
of Venturia inaequalis that are up-regulated during colonization of susceptible apple cultivar ‘Royal Gala’, when

compared to growth of the fungus in culture on the surface of cellophane membranes overlying potato dextrose agar.

https://www.biorxiv.org/content/biorxiv/early/2022/09/22/2022.03.22.482717/DC3/embed/media-

3.xIsx?download=true
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Additional file 5: Figure A 3-2. Plant cell wall-degrading enzyme (PCWDE)-encoding genes of Venturia inaequalis
up-regulated during infection of susceptible apple cultivar ‘Royal Gala’, relative to growth of the fungus in culture on
the surface of cellophane membranes overlying potato dextrose agar. A. Proportion of in planta up-regulated PCWDE-
encoding genes in each host infection-specific temporal expression wave. B. Heatmap of PCWDE-encoding genes
up-regulated in planta that demonstrate a peak level of expression during waves 1 and 2 of the early infection stage at
12 and 24 hours post-inoculation (hpi). C. Heatmap of PCWDE-encoding genes up-regulated in planta that
demonstrate a peak level of expression during wave 3 of the mid infection stage at 2 and 3 days post-inoculation (dpi)
and waves 4 and 5 of the mid-late infection stage at 5 and 7 dpi. Block labels on the left indicate gene expression
wave. Numbers in brackets indicate number of genes per wave. Gene expression data are scaled rlog-normalized
counts across all samples (Z-score), averaged from four biological replicates. Labels on the right indicate
carbohydrate-active enzyme (CAZyme) classification. Bar plots depict the maximum log, DESeq2-normalized count
value across all in planta time points. AA: auxiliary activity; GH: glycoside hydrolase; CE: carbohydrate esterase;

PL: polysaccharide lyase; CBM: carbohydrate-binding module.

A. Effector candidate (EC) prediction

24,502 annotated proteins
SignalP v5.0
2,185 proteins with a signal peptide (SP) B.
TMHMM v2.0 (using mature proteins)

1,955 proteins with a SP but no transmembrane (TM) domain

Small secreted proteins (SSPs; <400 aa) EffectorP v3.0
851 553
1,513 S8Ps 808 ECs
762 SSPs

44 ECs »400 ga
L J

T
1,657 ECs

This study Deng et al. 2017
1,369 ECs 1,071 ECs

BLASTp + spectral clustering to group ECs into families

Remove proteins with enzymatic domain
{dbCan2 CAZy prediction and InterPro v5.51-85.0 annotation)

+‘* If only one or two ECs from a family had a predicted
enzymatic domain, they were kept as ECs

1,369 ECs

Additional file 6: Figure A 3-3. Effector candidates (ECs) prediction. A. Pipeline for the identification of ECs
from Venturia inaequalis. B. Comparison of the number of ECs predicted from V. inaequalis isolate MNH120 in this
study and a previous study [19]. The comparison is based on an exact protein sequence match. The previous study by
Deng et al. [19] defined ECs as small proteins of <500 amino acid residues in length with a signal peptide and no

similarity to lytic enzymes.
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Additional file 7: List of effector candidates (ECs) identified from Venturia inaequalis, their family classification,

and indication of whether EC family members cluster in the genome.

https://www.biorxiv.org/content/biorxiv/early/2022/09/22/2022.03.22.482717/DC4/embed/media-

4.xIsx?download=true
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Additional file 8: Figure A 3-4. Gene families encoding proteinaceous effector candidates (ECs) of Venturia
inaequalis that have members demonstrating different expression profiles during early and mid-late colonization of
susceptible apple cultivar ‘Royal Gala’. Expression data during host-colonization are DESeq2-normalized counts,
averaged from four biological replicates, with error bars representing standard deviation (hpi: hours post-inoculation;
dpi: days post-inoculation). HsbA: Hydrophobic surface-binding protein A; CFEM: common fold in several fungal

extracellular membrane proteins; Cinl: Cellophane-induced 1.
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Additional file 9: Table A 3-2. Effector candidate (EC) protein families or singletons from Venturia inaequalis that

have sequence similarity to EC or avirulence (Avr) effector proteins from other plant-pathogenic fungi.

EC protein family Number of  Similar EC/Avr Maximum Temporal gene
family and host pathogen amino acid expression wave
members identity to

similar
EC/Avr

Gasl-like family 2 Magnaporthe oryzae Gasl 24.6% Wave 2 (early

infection)

Avel-like family 11 Verticillium dahliae Avel 36.5% Waves 4 and 5 (mid-

late infection)

Ecp39-like family 6 Fulvia fulva Ecp39 46.9% Waves 4 and 5 (mid-

late infection)

Ecpl0-like family 61 F. fulva Ecp10 23.2% Waves 4 and 5 (mid-

late infection)

AvrLm6-like 31 Leptosphaeria maculans 22.7% Waves 4 and 5 (mid-

family AvrLm6 late infection)

Ecp6-like NA F. fulva Ecp6 43% Wave 4 (mid-late

singleton infection)

NA: Not applicable, as the protein is a singleton.
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Additional file 10: Figure A 3-5. Expression of ribosomally-synthesized and post-translationally modified peptide
(RiPP) dikaritin gene clusters from Venturia inaequalis that are up-regulated during colonization of susceptible apple
cultivar ‘Royal Gala’, relative to growth of the fungus in culture on the surface of cellophane membranes overlying
potato dextrose agar. Heatmap gene expression data are scaled rlog-normalized counts across all samples (Z-score),
averaged from four biological replicates. hpi: hours post-inoculation; dpi: days post-inoculation. Bar plot annotation
depicts the maximum log, DESeq2-normalized count value across all in planta time points. Genes marked as ¢
putatively encode a protein with a DUF3382 domain or were annotated as a major-facilitator superfamily protein.
Genes marked with * putatively encode a dikaritin precursor peptide. The gene marked with N encodes a protein with

no characterized functional domain.

Additional file 11: List of protein tertiary structures from Venturia inaequalis with a confident AlphaFold2 prediction
and list of predicted SCOPe folds.

https://www.biorxiv.org/content/biorxiv/early/2022/09/22/2022.03.22.482717/DC5/embed/media-

5.xlsx?download=true
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Additional file 12: Table A 3-3. Effector candidates (ECs) of Venturia inaequalis (Vi) with predicted structural
similarity to EC or avirulence (Avr) effector proteins from other plant-pathogenic fungi that have a characterized

tertiary structure present in the RCSB PDB.

Vi EC family =~ Number pLDDT Structural similarity Dali RMSD
protein of score! (RCSB PDB ID) Z-score?
ID family
members
g13386 Family 1 75 84.34 Magnaporthe oryzae MAX
effector (6R5J); 4.9; 3.81;
M. oryzae AvrPiz-t (2LW6); 3.7; 2.72;
Pyrenophora tritici-repentis ToxB
(2MM2); 3.4; 2.98;
M. oryzae Avr-Pia (2N37); 3.3; 3.14;
M. oryzae Avr-Pib (5Z1V); 3.3; 4.71;
M. oryzae Avrl-CO39 (2MYV); 2.9; 4.31,
M. oryzae Avr-Pik (6FUB) 2.4 3.95
g11711 Family 2 32 97.77 Zymoseptoria  tritici  Zt-KP6-1
(6QPK) 5.8 2.02
918375  Family 5 36 89.01 Z. tritici Zt-KP6-1 (6QPK) 5.7 2.34
920030 AvrLm6- 31 89.96 Z. tritici Zt-KP6-1 (6QPK) 4.2 2.79
like®
94577 Family23 5 80.18 Z. tritici Zt-KP6-1 (6QPK) 5.9 3.03
gl2079  Family26 4 88.49 Z. tritici Zt-KP6-1 (6QPK) 4.9 3.15
g18322  Singleton  NA 738 Z. tritici Zt-KP6-1 (6QPK) 4.4 3.28
94356 Singleton ~ NA 78.02 Z. tritici Zt-KP6-1 (6QPK) 5.8 2.57
04781 Family 7 22 89.89 P. tritici-repentis ToxA (1ZLE); 5.3; 2.95;
Fusarium oxysporum Avr2/Six3
(50D4); 3.2; 3.63;
Melampsora lini AvrL567-A
(20PC) 2.7 3.48
g13172 Family 28 6 59.95% P. tritici-repentis ToxA (1ZLE); 7.4; 247,
F. oxysporum Avr2/Six3 (50D4); 6.5; 3.36;
M. lini AvrL567-D (2QVT); 5.3; 3.39;
M. lini AvrL567-A (20PC) 4.9 3.78
g9034 Family 38 3 49.75 P. tritici-repentis ToxA (1ZLE); 5.8; 3.01;
F. oxysporum Avr2/Six3 (50D4); 5.0; 3.28;
M. lini AvrL567-D (2QVT); 3.1; 3.39;
M. lini AvrL567-A (20PC) 2.9 3.67
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Vi EC family = Number pLDDT Structural similarity Dali RMSD

protein of score! (RCSB PDB ID) Z-score?

ID family

members

04288 Singleton NA 55.02* F. oxysporum Avr2/Six3 (50D4); 4.5; 3.42;
P. tritici-repentis ToxA (1ZLE); 3.6; 3.38;
M. lini AvrL567-A (20PC) 2.8 3.05

911097 Family 15 12 89.58 Leptosphaeria maculans AvrLm5-
9 (TAD5); 6.5; 3.50;
L. maculans AvrLm4-7 (4FPR); 5.9; 3.98;
Fulvia fulva Ecp11-1 (6ZUQ) 5.4 3.63

024490 Family 47 2 75.85 L. maculans AvrLm4-7 (4FPR); 4.1; 3.86;
L. maculans AvrLm5-9 (7AD5); 3.6; 3.61;
F. fulva Ecpll-1 (6ZUQ) 35 3.69

93787 Family 49 3 78.15 F. oxysporum Avrl/Six4 (7T6A); NA,; 5.10;
F. oxysporum Avr3/Six2 (7T69) NA 4.00

1pLDDT: AlphaFold2 predicted Local Distance Difference Test score (0—100). A score of 70100 is indicative of
medium to high confidence. RCSB PDB: Research Collaboratory for Structural Bioinformatics Protein Data Bank.
2Z-score: A Dali Z-score above 2 indicates ‘significant similarities’ between proteins. RMSD: root-mean-square
deviation (a measure of similarity between protein structures). The smaller the RMSD, the more similar the proteins
structures are. NA: Not applicable, structures not available on Dali server database.

3: Effector candidate family has similarity to the AvrLm6 protein from L. maculans.

4: Indicates that the protein is predicted to have an intrinsically disordered region, which reduces the overall pLDDT

score.
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Additional file 13: Figure A 3-6. Effector candidates (ECs) from Venturia inaequalis with structural similarity to
known avirulence (Avr) effector proteins from other plant-pathogenic fungi not shown in Figure 3-4. Representative
V. inaequalis protein structures (green; family 28 [g13172], family 38 [g9034], singleton g4288) aligned to ToxA
from Pyrenophora tritici-repentis (1ZLE) (purple), LARS-like protein structure (green; family 47 [g24490]) aligned
to AvrLm4-7 from Leptosphaeria maculans (7FPR). Protein tertiary structures predicted by AlphaFold2 are the most
highly expressed member from each EC family. Disulfide bonds coloured in yellow. N: amino (N) terminus; C:
carboxyl (C) terminus. pLDDT: predicted Local Distance Difference Test score (0—100); a pLDDT score of 70-100
is indicative of medium to high confidence. A Dali Z-score above 2 indicates ‘significant similarities’ between
structures. RMSD: root-mean-square deviation. Gene expression data are from up-regulated ECs during host-
colonization and are based on DESeq2-normalized counts, averaged from four biological replicates, with error bars

representing standard deviation (hpi: hours post-inoculation; dpi: days post-inoculation).

Additional file 14: Matrix amino acid identity of the effector candidate (EC) structural families (MAX, ToxA, LARS,
FOLD).

https://www.biorxiv.org/content/biorxiv/early/2022/09/22/2022.03.22.482717/DC6/embed/media-

6.xIsx?download=true
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Additional file 15: Figure A 3-7. Effector candidates (ECs) from Venturia inaequalis with structural similarity to
killer protein 6 (KP6) from Ustilago maydis P6 virus not shown in Figure 3-4. Representative V. inaequalis protein
structures (green; family 2 [g11711], family 5 [g18375], family 23 [g4577], family 26 [g12079], singleton g4356,
singleton g18322) aligned to EC Zt-KP6-1 from Zymoseptoria tritici (6QPK). Protein structures predicted by
AlphaFold2 are the most highly expressed member from each EC family. Disulfide bonds coloured in yellow. N:
amino (N) terminus; C: carboxyl (C) terminus. pLDDT: predicted Local Distance Difference Test score (0—100); a
pLDDT score of 70-100 is indicative of medium to high confidence. A Dali Z-score above 2 indicates ‘significant
similarities’ between structures. RMSD: root-mean-square deviation. Gene expression data are from up-regulated ECs
during host-colonization and are based on DESeq2-normalized counts, averaged from four biological replicates, with

error bars representing standard deviation (hpi: hours post-inoculation; dpi: days post-inoculation).
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Additional file 16: Figure A 3-8. Effector candidates (ECs) from Venturia inaequalis with a predicted knottin-like
fold. Representative V. inaequalis structures (green; family 11 [¢g8686], family 12 [g10808], family 24 [g22936],
family 35 [g22623], singleton g8946). Protein structures predicted by AlphaFold2 are the most highly expressed
member from each EC family. pLDDT: predicted Local Distance Difference Test score (0-100); a pLDDT score of
70-100 is indicative of medium to high confidence. A Dali Z-score above 2 indicates ‘significant similarities’ between
structures. Gene expression data are from up-regulated ECs during host-colonization are based on DESeq2-normalized
counts, averaged from four biological replicates, with error bars representing standard deviation (hpi: hours post-

inoculation; dpi: days post-inoculation). Disulfide bonds coloured in yellow. N: amino (N) terminus; C: carboxyl (C)

terminus.
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Additional file 17: Figure A 3-9. Effector candidate (EC) families from Venturia inaequalis (Vi) with sequence
similarity to effectors and characterized or candidate avirulence (Avr) effector proteins from other plant-pathogenic
fungi. A. Expression data of EC genes during host-colonization are DESeq2-normalized counts, averaged from four
biological replicates, with error bars representing standard deviation (hpi: hours post-inoculation; dpi: days post-
inoculation). B. Protein tertiary structures of candidate virulence and avirulence (Avr) effector proteins predicted by
AlphaFold2. Disulfide bonds coloured in yellow. F. fulva is Fulvia fulva and V. dahliae is Verticillium dahliae. Green
tertiary structures represent the V. inaequalis protein; purple structures represent the EC/Avr from the other fungal
pathogen; cyan, represents closest analogous structure in the RCSB PDB database. Sequence similarity was identified
by reciprocal protein searches based on BLASTp (E-value <0.05). pLDDT: predicted Local Distance Difference Test
score (0-100). A pLDDT score of 70100 is indicative of medium to high confidence. A Dali Z-score above 2 indicates

‘significant similarities’ between proteins. RMSD: root-mean-square deviation.
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Additional file 18: Figure A 3-10. Comparison of protein tertiary structures predicted for two effector candidates
(ECs) of Venturia inaequalis using different AlphaFold2 methods. EC protein tertiary structures are coloured by amino
acid pLDDT (predicted Local Distance Difference Test) score, with a high pLDDT score coloured in blue and a low
pLDDT score coloured in red. ColabFold multiple sequence alignments (MSAs) were generated with Mmseqs2 [172]
and MSAs generated by AlphaFold2 open source CASP14 were assembled using HHBIits and HMMER [173,174].
Sequence coverage graphs of the MSAs used for the structural predictions were automatically generated by ColabFold
[160].
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Additional file 19: Al Text. Supplementary methods for the identification of dikaritin RiPP gene clusters in
Venturia inaequalis. As a starting point for the identification of dikaritin RiPP gene clusters in V. inaequalis, genes
encoding DUF3328 proteins were identified through a tBLASTn analysis of the MNH120 genome in Geneious v9.1.8,
using the g7827 DUF3328 protein of V. inaequalis (Dikaritin cluster 2) as a query. This was followed by exhaustive
reciprocal tBLASTnN analyses of the identified sequences against the V. inaequalis genome until no new sequences
were identified. The resulting protein sequences were then analysed using InterproScan v5.51-85.0 to identify those
that carried a putative DUF3328 domain [141]. Notably, some proteins were not predicted to contain a DUF3328
domain or were instead predicted to belong to the Major facilitator superfamily (MFS). These proteins were manually
investigated and proteins with a characteristic DUF3328 domain structure, consisting of a short amino (N)-terminal
tail (34-58 aa), a transmembrane (TM) domain (19-24 aa) and a domain containing the tandem HxxCH DUF3328
active site motif, were manually annotated as putative DUF3328 proteins. Up to 10 genes up- and down-stream of the
putative DUF3328-encoding gene in the MNH120 genome were then assessed for signatures of a classical dikaritin
RiPP precursor-encoding gene (i.e. a gene that encodes a precursor peptide with an N-terminal signal peptide, followed
by one or more perfect or imperfect tandem sequence repeats of at least 10 amino acids in length that are separated by
putative kexin protease cleavage sites), and analysed for functional domains using InterproScan v5.51-85.0. Finally,
to define the borders of dikaritin RiPP gene clusters, transcriptome data from this study were used to investigate the
expression of genes encoding the DUF3328 domain-containing protein and putative precursor protein, as well as the
surrounding genes. Only those genes with a similar in planta expression profile to the genes encoding the DUF3328
domain-containing protein and putative precursor peptide were considered to form part of the dikaritin RiPP gene

cluster in question.
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8. Appendix B: Beyond proteinaceous effectors - the role of fungal nutrition

and secondary metabolism during host-infection

This appendix contains additional information relating to subcuticular host-colonization by V.
inaequalis that was not included in the manuscript due to size constraints. Here, the results and
discussion are condensed in a combined format. All results presented in this appendix are discussed

in the context of Chapter 3.

8.1. Results and discussion

8.1.1. Genes encoding nutrient transporters peak in expression during mid-late infection

To better understand the general biology and nutritional requirements of V. inaequalis during
colonization of the subcuticular environment, | investigated the expression profile of genes
encoding fungal transporters, with a focus on nitrogen-associated transporters, adenosine
triphosphate (ATP)-binding cassette (ABC) transporters, and major facilitator superfamily (MFS)
transporters. Among the MFS transporters, the sugar transport family (PF0083) is the largest. As
this family is likely associated with sugar nutrition, | refer to its members as sugar transporters
from this point forward.

Early infection is divided into wave 1, which contains genes that peak in expression at 12
hpi, and wave 2, which contains genes that peak in expression at 12—-24 hpi. During wave 1, only
one transporter-encoding gene associated with nutrition (specifically, a nitrogen-associated
transporter) was upregulated. The low number of upregulated genes encoding nutrient transporters
during wave 1 indicates that, at 12 hpi, amino acid or sugar uptake is not a significant process.
This is in line with a transcriptomic study in M. oryzae that reported that the number of genes
encoding nitrogen transporters was low during early infection [175]. In addition, in V. inaequalis,

four genes encoding non-nutritional transporters peaked on expression during wave 1, two genes
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encoding MFS transporters and two genes encoding ABC transporters. The expression profile of
these genes, together with the enriched GO-terms ‘RNA-binding’ and ‘branched amino acids
synthesis’ during wave 1, suggests, that this wave represents a pre-infection stage, where the
fungus is gearing up for infection, and genes associated with nutrition and detoxification of the
host are not expressed yet.

During wave 2, the expression of genes encoding transporters associated with nutrition was
still low, with only two sugar transporter genes expressed. However, six genes encoding nitrogen-
associated transporters peaked in expression during wave 2. Most of these transporters belonged
to the oligopeptide transporter (OPT) family (Additional file 20: Figure B 3-1), which transport
different substrates such as small peptides, amino acids, and glutathione [176]. Additionally, these
transporters can mediate sulfur uptake by taking up glutathione and they have been reported to be
associated with stress tolerance [176,177]. Therefore, the transporters encoded by these genes
could facilitate detoxification of the hostile subcuticular environment during early infection. No
ABC transporter-encoding genes and only eight genes encoding MFS transporters were expressed
during wave 2. The MFS transporters could play a role in detoxification of the host, as observed
with an MFS-transporter from M. oryzae that detoxifies host-derived phytoalexins during early
host-infection [178]. Interestingly, one of the expressed MFS transporters from V. inaequalis
belonged to the multidrug and toxic compound extrusion (MATE) family. In bacteria, MATE
transporters are associated with protection against ROS [179], and in M. oryzae, a MATE
transporter has been found to regulate carbon metabolism [180].

During mid infection (wave 3), only two genes encoding sugar transporters and six genes
encoding nitrogen-associated transporters peaked in expression. These genes encoding the
nitrogen-associated transporters were mostly ammonium and nitrite transporters. Up-regulation of
these genes likely reflects the scarcity of nitrogen available in the subcuticular environment and

suggests the nitrogen starvation during host-colonization has started. Additionally, during wave 3,
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there was an increase in the number of MFS transporter-encoding genes that peaked in expression
and of these, two were annotated as trichothecene efflux pump proteins. Trichothecene is a
mycotoxin produced by different fungal species and its synthesis has been well-studied in
Fusarium spp. [181,182]. There is no evidence that V. inaequalis can produce trichothecene and
the genes encoding these transporters did not locate in any of the identified secondary metabolite
clusters (Additional file 21: Figure B 3-2). Of note, trichothecene efflux pump genes are abundant
in the genomes of plant-pathogenic fungi and, intriguingly, many species with an expansion in
trichothecene efflux pump-encoding genes do not have the biosynthetic machinery to produce this
mycotoxin [181]. Therefore, these transporters could play a role during infection that is not
associated with trichothecene biosynthesis, for example in protection against plant-derived toxins
or mycotoxins produced by antagonistic microbes [181].

Later, at the start of mid-late infection, wave 4, there was a drastic increase in the number
of genes encoding sugar and nitrogen-associated transporters that peaked in expression, suggesting
a change in nutrition. The main nitrogen transporters encoded by genes with a peak of expression
during wave 4 were OPT transporters, proton-dependent oligopeptide (POT) transporters,
ammonium transporters and amino acid (aa) permeases (Additional file 20: Figure B 3-1).
Interestingly, genes encoding aa permeases were almost exclusively expressed during mid-late
infection (Additional file 20: Figure B 3-1). In M. oryzae, up-regulation of aa permease-encoding
genes was observed under nitrogen starvation conditions [183], suggesting that during this stage
of colonization by V. inaequalis, nitrogen is scarce. Additionally, the up-regulated genes encoding
nitrogen transporters were co-expressed with six genes encoding aspartyl proteases; these
proteases may degrade extracellular apple proteins to obtain oligopeptides that are then taken up
by OPT transporters to be used as a nitrogen source. Co-regulation of genes encoding OPT
transporters and aspartyl proteases has been reported in the human pathogen Candida albicans and

the plant pathogen U. maydis [34,184].
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Finally, during the late infection stage, wave 5, the high level of expression of genes
encoding sugar and nitrogen-associated transporters observed in wave 4, was maintained.
Additionally, during this infection stage, there was an increase in the number of genes encoding
MFES and ABC transporters that peaked in expression (Additional file 20: Figure B 3-1). The
large number of genes encoding MFS and ABC transporters with a peak in expression during wave
5 could be associated with the increased expression of genes associated with secondary
metabolism (Additional file 21: Figure B 3-2). Indeed, wave 5 corresponded to the last stage of
biotrophic host-colonization, as apple leaves infected with V. inaequalis started to decay after 7
dpi. In line with this, PCWDE genes expressed during this late infection stage mainly encoded
auxiliary activity (AA) enzymes. These AA enzymes may facilitate the maceration of the plant
cell wall at the end of the biotrophic stage, following leaf senescence as a means of nutrition. A
subset of cutinase-encoding genes were also expressed during late infection, which | anticipate
may help V. inaequalis to rupture through the plant cuticle to enable the release of conidiospores

from infection structures.
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Additional file 20: Figure B 3-1. Expression profile of transporter-encoding genes from Venturia inaequalis
during colonization of the apple cultivar ‘Royal Gala’, relative to the growth of the fungus in culture on the
surface of cellophane membranes (CMs) overlying potato dextrose agar. A. Major facilitator superfamily (MFS)
transporter belonging to the sugar transporter family (PF0083). B. Nitrogen-associated transporters (PF13520: amino
acid [aa] permease; PF03169: oligopeptide transporter [OPT]; PF01226: formate/nitrite transporter; PF00909:
ammonium transporter; PF00854: proton-dependent oligopeptide transporter [POT]). C. MFS transporters not
associated with sugar transport (PF07690: MFS; PF06609: fungal trichothecene efflux pump [TRI12]; PF01554: Multi
Antimicrobial Extrusion/Multidrug and Toxin Extrusion [MATE] transporter). D. Adenosine triphosphate (ATP)-
binding cassette (ABC) transporters (PFO0005: ABC transporter; PF00664: ABC transporter type 1; PF01061: ABC-
2 type transporter; PF19055: ABC-2 type transporter). Gene expression data are scaled rlog-normalized counts across
all samples (Z-score), averaged from four biological replicates. Bar plots depict the maximum log, DESeq2-
normalized count value across all in planta time points. Coloured block labels on the left indicate gene expression
waves and numbers in brackets indicate number of genes per wave. Labels on the right indicate transporter

classification. dpi: days post-inoculation, hpi: hours post-inoculation.
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Next, | performed an analysis of genes putatively associated with secondary metabolism.
To identify putative secondary metabolite gene clusters in the V. inaequalis genome, antiSMASH
v6.0.1 [185-190] was used. A total of 26 putative secondary metabolite gene clusters were
identified and, of these, only seven were up-regulated during host-colonization. Remarkably, most
of these genes peaked in expression during late infection (Additional file 21: Figure B 3-2). The
up-regulated genes belonged to two NRPS-like clusters, two T1PKS clusters, two indole clusters,
and one siderophore cluster (Additional file 21: Figure B 3-2). The core biosynthetic gene from
the NRPS-like cluster (g17828) was the most highly expressed secondary metabolite gene during
host infection, with a peak of expression during wave 5 (Additional file 21: Figure B 3-2). This
gene encodes a protein with an N-terminal ‘adenosine monophosphate (AMP)-binding” domain
and a carboxyl (C)-terminal ‘phosphopantetheine (PP)-binding’ domain that is likely an acetyl-
CoA synthase based on BLASTp similarity searches. Given that acetyl-CoA is an important
precursor for secondary metabolism, this enzyme is likely crucial for V. inaequalis infection.
Interestingly, in Gibberella zeae, deletion of an acetyl-CoA-like synthetase gene affected sexual
reproduction [191], suggesting that this enzyme could be necessary to produce secondary
metabolites required for the start of sexual reproduction by V. inaequalis at the end of its biotrophic
phase. The second most highly expressed core biosynthetic gene was g5336, which forms part of
a T1PKS secondary metabolite gene cluster. This gene is highly expressed during late infection
(Additional file 21: Figure B 3-2) and, based on a BLASTp analysis, likely encodes a polyketide
synthase.

The low expression of genes putatively associated with secondary metabolites during early
and mid host-colonization is in line with the biotrophic nature of V. inaequalis. In contrast with
necrotrophic fungi that produce secondary metabolites to induce cell death and obtain nutrients
[192,193], V. inaequalis appear to only express secondary metabolites towards the end of the

biotrophic infection stage. Indeed, many biotrophic fungal pathogens, such as F. fulva, have been
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observed to express genes associated with secondary metabolites to a low level during host-
colonization [194]. Potentially, many of the V. inaequalis genes associated with secondary
metabolism expressed during late infection could play a role in shaping microbial communities in
preparation for saprobic growth inside fallen leaf litter, as hypothesized for RIPPs in Chapter 3

[195].
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Additional file 21: Figure B 3-2. Secondary metabolite clusters of Venturia inaequalis that are up-regulated
during colonization of apple cultivar ‘Royal Gala’, relative to the growth of the fungus in culture on the surface
of cellophane membranes (CMs) overlying potato dextrose agar. A. Genome location of the up-regulated
secondary metabolite gene clusters in the V. inaequalis MNH120 genome [19]. Dark red: biosynthetic gene; pink:
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secondary biosynthetic gene; blue: transporter gene; grey: other genes (no annotation). Secondary metabolite clusters
were predicted by antiSMASH v6.0.1 for fungi. B. Expression of the core secondary metabolite biosynthetic genes
from V. inaequalis that are up-regulated during colonization. Heatmap gene expression data are scaled rlog-normalized
counts across all samples (Z-score), averaged from four biological replicates. Bar plot annotation depicts the maximum
log, DESeqg2-normalized count value across all in planta time points. NRPS-like: non-ribosomal peptide-synthetase;
T1PKS: Type | polyketide synthase. dpi: hours post-inoculation; hpi: hours post-inoculation. Coloured block labels

on the left indicate gene expression waves and numbers in brackets indicate number of genes per wave.
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9. Appendix C: Towards the functional characterization of the V. inaequalis

Nod19 EC family

This appendix contains preliminary data towards the functional characterization of the Nod19 EC

family from V. inaequalis.

9.1. Results and discussion

9.1.1. The potential role of the Nod19 EC family modulating ROS during host-colonization

The Nod19 family, identified in Chapter 3, is an EC family expanded in V. inaequalis. Members
of this EC family had an annotated ‘Stress-up regulated Nod19’ domain of unknown function.
Proteins with a Nod19 domain are commonly found and widely distributed in plants [77] and
oomycetes (Additional file 22: Figure C 3-1. A, C). However, in fungi, these proteins are only
found in selected species of the phylum Ascomycota, mostly from the Dothideomycetes class.
Interestingly, genes with an annotated Nod19 domain appear to be exclusively expanded in
Venturia spp. and these genes are not found in other well-known fungal pathogens (Additional
file 22: Figure C 3-1. B). The phylogenetic distribution of the genes encoding these proteins in
phylum Ascomycota does not suggest that they were acquired by horizontal gene transfer
(Additional file 22: Figure C 3-1. A). In V. inaequalis, the Nod19 family had 39 annotated
members and of those, 21 were encoded by genes that peaked in expression during early host-
colonization (waves 1 and 2) (Additional file 23: Figure C 3-2). The observation that this EC
family was almost exclusively expressed during early host-colonization, suggests that it could play
an important role during early infection.

Alignment of Nod19 EC family members from V. inaequalis with Nod19 domain-

containing proteins from apple (M. x domestica) and the potato late blight oomycete Phytophthora
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infestans revealed that, although these proteins were quite diverse at the amino acid level, they all

contained the conserved H-X-H-X-GG-X motif (Additional file 24: Figure C 3-3. A).
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Additional file 22: Figure C 3-1. Phylogenetic distribution of Nod19 protein with a ‘Stress-upregulated Nod19’
domain. A. Phylogenetic tree of Nod19 proteins from fungi (phylum Ascomycota), oomycetes and plants from the
Malus and Medicago genera. Phylogenetic tree generated using the Geneious tree builder software from Geneious
v.9.1.8 with clustering method: neighbor-joining, resampling method: bootstrap. Number of proteins with an
annotated ‘Stress-upregulated Nod19’ domain (Pfam: PFO7712, InterPro: IPR011692) in B. Ascomycetes and C.
Oomycetes. Domain distributions based on the InterPro database [196]. Lifestyle classification based on current
literature. Note that some species are not well studied, and some species classified as saprophyte here, have an unclear

lifestyle.
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Additional file 23: Figure C 3-2. Heatmap of Nod19 EC genes up-regulated during colonization of susceptible
apple cultivar ‘Royal Gala’, relative to growth of the fungus in culture on the surface of cellophane membranes
(CMs) overlying potato dextrose agar. Heatmap gene expression data are scaled rlog-normalized counts across all

samples (Z-score), averaged from four biological replicates. Bar plot annotation depicts the maximum log, DESeq2-
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Tertiary structure predictions of the representative Nod19 member from V. inaequalis, as
well as a representative protein from M. x domestica and P. infestans, showed that all proteins had
a predicted dual domain structure composed of two B-barrels (Additional file 24: Figure C 3-3.

B). To shed light on the putative function of these proteins, | searched for proteins with a similar
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structure in the public protein database using the Dali server. The predicted structures of the Nod19
proteins were found to be analogous to different peptidyl-glycine a-amidating monooxygenases
from animal and bacterial species. Monoxygenase enzymes are metalloproteins that catalyse
reactions using redox-active metals [197]. Interestingly, cytochrome P450 monooxygenases have
been shown to be associated with ROS scavenging [198] and in V. dahliae, a cytochrome P450
monooxygenase was shown to promote host-colonization by scavenging ROS [199]. Altogether,
these findings suggest that members of the V. inaequalis Nod19 EC family could be
metalloenzymes that promote host-colonization by directly or indirectly manipulating ROS to
suppress the oxidative burst associated with plant defence.

To test whether V. inaequalis Nod19 proteins could manipulate ROS, the three most highly
expressed members of the V. inaequalis Nod19 family were overexpressed in Nicotiana
benthamiana using Agrobacterium tumefaciens-mediated transient transformation. The V.
inaequalis Nod19 proteins have a predicted signal peptide, and thus are expected to function in the
apoplast. Therefore, for expression in N. benthamiana, the Nod19 proteins were fused to the
Nicotiana tabacum PRI1a signal peptide for delivery into the plant apoplast, and an N-terminal
3XFLAG tag for detection of the proteins via Western blot. The GFP-labelled Avr3a effector from P.
infestans, which is a protein that has been shown to inhibit the oxidative burst during host infection
[200] was used as a positive control,while the PR1a-3XFLAG-green fluorescent protein (GFP) was
used as a negative control. Constructs were transformed into N. benthamiana by infiltration of A.
tumefaciens, and after 48 h, plant defence responses were elicited by infiltration of PR1a-3xFLAG-
INF1, as INF1 from P. infestans is a well-known elicitor of plant defences [201]. To detect ROS
generated by INF1 elicitation, leaves were stained using 3, 3'-diaminobenzidine (DAB). As a
starting point, DAB staining revealed that none of the PR1a-3XFLAG-Nod19 proteins, the
negative PR1a-3XFLAG-GFP control, or the GFP-Avr3a positive control elicited a ROS burst

alone (Additional file 25: Figure C 3-4. A). However, after infiltration with INF1, an oxidative
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burst (ROS production) associated with plant defences was observed. In 38% of the samples
elicited with INF1, the positive control GFP-Avr3a, gave only weak DAB staining, indicative of
ROS inhibition (Additional file 25: Figure C 3-4. A). This low percentage of ROS inhibition by
the positive control highlights the variability an unreliability of this assay. On some occasions
where the positive control worked, the most highly expressed Nod19 member (Nod19#1) also
displayed a weaker DAB staining, suggestive of oxidative burst inhibition (Additional file 25:
Figure C 3-4. A). However, the ROS inhibition percentage observed for Nod19#1 ranged from
60-15% across biological replicates. Therefore, the putative ROS inhibition by Nod19#1 was not
consistent (Additional file 25: Figure C 3-4. A). All proteins, except the positive control GFP-
Avr3a, could be detected by Western blot (Additional file 25: Figure C 3-4. B). It is important to
note that the GFP-Avr3a protein has been observed to be functional and was detected by Western
Blot in a previous study [207]. Therefore, the lack of detection of the GFP-Avr3a positive control
here is likely due to antibody problems, as the anti-GFP antibody used has low binding affinity.
Remarkably, Nod19#1 appeared to be the most stable protein, as only one band of the expected
size (41 kDa) was observed (Additional file 25: Figure C 3-4. B). In contrast, multiple bands for
Nod19#2 protein were observed, and one band of the expected size (46 KDa) was observed for
Nod19#3 in addition to a slightly bigger band. In all cases, the INF1 elicitor protein was detected
(Additional file 25: Figure C 3-4. B).

Given that the DAB staining results were inconsistent, and that this assay is not
quantitative, | next quantified ROS using luminol-based chemiluminescence after plant defence
elicitation with chitin fragments. In this assay, | only investigated Nod19#1, as it was the only
Nod19 protein displaying putative ROS inhibition based on the DAB staining. As a positive
control, | attempted to use Ecp6 from F. fulva overexpressed in N. benthamiana, as this effector
has been shown to inhibit chitin-triggered immunity [202]. The PR1a-3XxFLAG-Nod19#1

construct, the positive control PR1a-3XFLAG-Ecp6 and the negative control PR1a-3XFLAG-GFP
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were overexpressed in N. benthamiana by A. tumefaciens transient expression transformation.
After 48h, N. benthamiana leaf discs overexpressing each construct of interest were harvested and
plant defences were elicited by the addition of chitin to induce an oxidative burst. Surprisingly, |
did not observe any ROS inhibition by the Ecp6 or Nod19#1 proteins (Additional file 25: Figure
C 3-4. C). It should be noted that previous studies used purified protein to assess suppression of
chitin-triggered immunity by Ecp6, instead of overexpressing the gene in N. benthamiana [202].
Therefore, the lack of ROS inhibition by Ecp6 in this assay could be due to insufficient protein
production. Additionally, | attempted to use the Pepl effector from U. maydis as an alternative
positive control, as this effector is known to inhibit host peroxidases [203]. However, ROS
inhibition assays by Pep1 do not work when the gene is overexpressed in N. benthamiana (personal
communication, Prof. Gunther Doehlemann). Therefore, this luminol-based assay was
inconclusive due to the lack of an appropriate positive control. Therefore, it is suggested that
purified protein needs to be used to perform luminol-based ROS inhibition assays in any future
Nod19-based experiments. Additionally, it is also possible that the target of Nod19 proteins
required for the manipulation of ROS in apple is not present in N. benthamiana. Therefore, it
would be beneficial to perform a ROS inhibition assay in apple, for instance by using apple leaf
discs. Another important step towards the characterization of the Nod19 EC family is to study its
contribution to virulence during host-colonization. Deletion of some of the most highly expressed
members could be performed with the recently developed CRISPR-Cas9 technology for V.
inaequalis (see Chapter 5). However, given the large number of family members in the Nod19
EC family, functional redundancy among members is expected. Another alternative could be to
overexpress some of the Nod19 EC genes in V. inaequalis and investigate if there is an impact on
the virulence of this fungus during host-colonization.

In conclusion, more experimental work is needed to unravel the function of the Nod19 EC

family from V. inaequalis. Once the function is elucidated, it would be interesting to determine if
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this function is conserved across the oomycete and the plant Nod19 proteins. Potentially, these
Nod19 proteins could share a conserved function and some plant pathogens could be mimicking

the function of the plant Nod19 proteins to contribute to virulence.
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Additional file 24: Figure C 3-3. Proteins with a ‘Stress-upregulated Nod19’ domain are present in oomycetes,
plants and fungi from the phylum Ascomycota. A. Alignment of three Nod19 proteins from Venturia inaequalis
(Nod19#1: g2262, Nod19#2: g4502, Nod19#3: g7685; encoded by the most highly expressed Nod19 genes during
infection of apple), Malus x domestica (Mdg_14A013850) and Phytophthora infestans (rnal12209). Identical amino
acids are coloured in black and similar amino acids are coloured in grey. B. Nod19 protein structures of Nod19#1, M.
x domestica and P. infestans Nod19s from A. were predicted by Alphafold2. In both A. and B. mature protein

sequences (i.e. without their amino [N]-terminal signal peptide) were used.
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Additional file 25: Figure C 3-4. The putative role of the Nod19 EC proteins in scavenging ROS remains elusive.
A. Nicotiana benthamiana leaves expressing the PR1a-3xFLAG-g2262 (Nod19 #1) (1), PR1a-3xFLAG-g4502
(Nod19 #2) (2), PR1a-3xFLAG-g7685 (Nod19 #3) (3), PR1a-3XFLAG-GFP (GFP), GFP-Avr3a (Avr3a) protein
constructs using Agrobacterium tumefaciens-mediated transient transformation assays. Right side of the leaf shows
expression of the protein constructs of interest (black circles) alone (i.e. as a control to show that the protein constructs

alone do not induce reactive oxygen species [ROS] production). Left side of the leaf shows expression of the protein
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constructs of interest in conjunction with PR1a-3XxFLAG-INF1 (i.e. the elicitor of ROS production) 48 hours post-
infiltration (red circles). Detection of ROS (H.0,) accumulation in N. benthamiana was performed by 3,3'-
diaminobenzidine (DAB) staining at 72 hours post-infiltration of the constructs of interest and 24 hours post-
infiltration of the INF1 elicitor. Pictures are representative of each biological replicate; total number of technical
replicates (n): 84. B. Western blot (WB) with anti-Flag antibody showing production of the proteins of interest and
the elicitor INF1 in N. benthamiana. The protein GFP-Avr3a could not be detected by WB with the a-GFP antibody
(not shown). The total protein load in the WB is shown by ponceau staining. Expected size of PR1a-3XFLAG-g2262:
41.45 KDa, PR10-3XxFLAG-g4502: 45.05 KDa, PR1a-3XFLAG-g7685: 46.35 KDa, PR1a-3XFLAG-GFP: 32 KDa,
PR10-3XFLAG-INF1: 16 KDa, GFP-Avr3a: 44 KDa. C. ROS production quantified using luminol-based
chemiluminescence for 60 minutes (only 30 minutes shown) following elicitation of N. benthamiana leaf discs
expressing the constructs of interest (PR1a-3xFLAG-g2262 (O), PR1a-3xFLAG-Ecp6 (&), PR1a-3xFLAG-GFP (O
)) with 10 nM chitin (white fill) or water (grey fill). Data plotted from three independent biological replicates with
eight leaf discs each; n: 24. Error bars display standard deviation. Note that the PR1a-3xFLAG-g2262 protein
construct appears to display a higher amount of ROS after elicitation of plant defences; however, this was not

significant given the large standard deviation.

9.2. Material and methods

9.2.1. Phylogenetic analysis of the Nod19 domain

To investigate the phylogenetic distribution of proteins with a ‘Stress-upregulated Nod19” domain,
amino acid sequences of proteins annotated with this domain in the InterPro database were
downloaded (August, 2022) [196]. Specifically, all sequences from oomycetes and members of
the fungal kingdom were downloaded. Given the large number of proteins with an annotated
‘Stress-upregulated Nod19’ domain in plants, only proteins from the Medicago (where the initial
Nod19 studies have been performed) and Malus genera, were downloaded. All protein sequences
were aligned using the MUSCLE plug in from Geneious v.9.1.8 and a phylogenetic tree was
generated using the Geneious tree builder software in conjunction with the clustering neighbor-
joining and resampling bootstrap methods. A figure with the frequency of Nod19 proteins across
fungal, oomycete and plant species was generated using the annotated proteins identified in the

InterPro database with ggplots2 v3.3.5 [156].
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9.2.2. cDNA synthesis

RNA of V. inaequalis colonizing susceptible apple leaves at 12 hpi and 24 hpi was extracted as
described in section 6.4 of this chapter. RNA was mixed in a 1:1 ratio and used for cDNA
synthesis. cDNA synthesis was performed using 10 pug RNA as template and the QuantiTect
Reverse Transcription Kit (Qiagen, Hilden, Germany) following manufacturer’s instructions.
Genomic DNA (gDNA) was removed using the gDNA Wipeout Buffer from the same QuantiTect

Kit.
9.2.3. Agrobacterium tumefaciens-mediated transient transformation assays

The three most highly expressed V. inaequalis Nod19 genes (92262, g4502, g7685) were amplified
from cDNA generated in section 9.2.2, using primers listed in Table C 3-1. Then, the Nod19 genes
and a PR1a -FLAG fragment (synthesized by Integrated DNA Technologies, IDT) were used as
fragments for Golden Gate assembly [204] for cloning into the Agrobacterium expression vector
pICH86988 [205]. Constructs were verified by sequencing using the Massey Genome Service
(Massey University, Palmerston North, New Zealand) and were transformed into A. tumefaciens
GV3101 [206]. For the ROS inhibition assays, overnight cultures of A. tumefaciens GV3101
carrying the construct of interest were grown in lysogeny broth (LB) with the appropriate
antibiotics at 28 °C. Then, cells were resuspended in infiltration buffer (10 mM MgCI2:6H-0, 10
mM MES-KOH pH 5.6, 100 uM acetosyringone) to a final ODeoo 0f 0.4 and were infiltrated into
fully expanded leaves of 5 week-old N. benthamiana plants. For DAB staining, N. benthamiana
leaves expressing the genes of interest (48 h) were infiltrated with an A. tumefaciens strain carrying
pICH86988: PRIa-FLAG-INF1 construct [207], to express the well-known elicitor gene INF1
[201]. The pICH86988: PRIa -FLAG-GFP construct [208] was used as a negative control, while
the pICH86988: GFP-Avr3a construct was used as a positive control, as Avr3a has been shown to

inhibit the oxidative burst during host infection [200].
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Table C 3-1. Oligonucleotides used in this study. Bold sequence corresponds to the Bsal restriction site and underlined

sequence corresponds to the Golden Gate overhangs for cloning into pICH86988 plasmid.

Oligonucleotide Oligonucleotide name (5°-3°) Construct name
name

MR260 GGTCTCCCAAGCCTCTCGCTGAGGTGGCC PRIo -FLAG-g2262
MR261 GGTCTCAAAGCTTAAGTAGGACCGACGTA PRIo -FLAG-g2262
MR262 GGTCTCCCAAGGCACCAGCAGCAAATGAG PRI1o -FLAG-4502
MR263 GGTCTCAAAGCTTACATCTTAGGCTGAGG PRIo -FLAG-g4502
MR266 GGTCTCCCAAGGCGCCGGCAAACGAGAAG PRIo -FLAG-g7685
MR267 GGTCTCAAAGCCTAGGCTCCGGGATATTT PRIo -FLAG-g7685

9.2.4. DAB staining and luminol-based ROS assay

A 1 mg/ml DAB (Sigma-Aldrich) solution in 10 mM Na;HPO4 was prepared as previously
described [209]. For each biological replicate, the DAB staining solution was prepared fresh and
kept on the dark. For staining, N. benthamiana leaves infiltrated with the A. tumefaciens strains
carrying the construct of interest were harvested at 72 hours post-infiltration, submerged in DAB
staining solution, and vacuume-infiltrated for 20 minutes in the dark, two times. Then, leaves were
incubated overnight in the DAB staining solution with slow shaking at room temperature. The next
morning, leaves were de-stained by boiling in 95% ethanol until the chlorophyll was removed.
For the luminol-based chemiluminescence assay, leaf discs (~4 mm) were carefully
harvested from N. benthamiana leaves 48 hours post-infiltration carefully, so as not to damage the
plant tissue. Importantly, to avoid variation in ROS production between leaves, leaf discs for all
samples and technical controls were harvested from the same leaf. Leaf discs were soaked in 100
pl distilled water overnight in a white OptiPlate-96 well plate (PerkinElmer, Waltham, United
States). The next morning, the water was carefully removed, and samples were elicited by the
addition of a 100 pl of elicitor master mix: 10 mM chitohexose (GIcNAC)e (IsoSep AB, Tullingen,

Sweden), 100 uM luminol (Sigma-Aldrich) and 20 pg/ml horseradish peroxidase (HRP) (Sigma-
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Aldrich). For the blank controls, 100 ul of control master mix: 100 uM luminol and 20 pg/mi
HRP, without the elicitor was added. Immediately, following this step, luminol signal was
measured using a POLARstar Omega plate reader (BMGLabtech, Ortenberg, Germany), with

signal measured every 36 seconds for 60 minutes.

9.2.5. Crude protein extraction

To extract total protein from N. benthamiana leaves, half leaves were frozen in liquid nitrogen and
ground to a fine powder. Then, GTEN extraction buffer (10% v/v glycerol, 0.1 M (v/v) Tris-HCI
(pH 7.5), 1 mM (v/v) EDTA, 150 mM (w/v) NaCl) plus 10 mM (v/v) dithiothreitol (DTT) (Sigma-
Aldrich), 0.1% (v/v) Tween20 (Ajax Fine Chemicals)) was added to a 1:1 ratio with plant tissue
as well as 10 pl/ml protease inhibitory cocktail (Sigma-Aldrich), and 2% (w/v)
polyvinylpolypyrrolidone (PVPP) (Sigma-Aldrich). Samples were incubated at 4°C rotating at 60
rpm for 30 min and centrifuged at 5,000 g for 20 min to remove plant debris. Finally, the
supernatant was filtered through miracloth (Merck) and transferred to a fresh tube. The protein
extraction was concentrated to an approximate final volume of 200 ul using a SpeedVac

concentrator (Thermo Fisher Scientific).

9.2.6. SDS page and Western blot

Proteins samples were mixed in a 2:1 ratio with 3 x SDS loading dye (30% v/v glycerol, 3% wi/v
SDS, 94 mM v/v Tris (pH 7.5), 0.05% w/v bromophenol blue, 24 mM v/v DTT) and proteins
were resolved in a 10% resolution gel (10.2% (v/v) acrylamide (Bio-Rad), 390 mM Tris (v/v)
(pH8.8), 0.1% SDS (viv), 0.1% (v/v) ammonium persulfate, 0.04% (v/Vv)
tetramethylethylenediamine TEMED (Sigma-Aldrich) and a 5% stacking gel (5.1% (v/v)
acrylamide, 130 mM (v/v) Tris (pH 6.8), 0.1% (v/v) SDS, 0.1% (v/v) ammonium persulfate,

0.001% (v/v) TEMED).
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After the SDS-PAGE, proteins were electrophoretically transferred (30 V, 4°C, overnight) to a
polyvinylidene fluoride (PVVDF) membrane (Bio-Rad) that was previously activated in 100% (v/v)
methanol. The next day, the membrane was blocked using 5% blocking solution (20 mM (v/v)
Tris, 136 mM (v/v) NaCl, 10% (v/v) Tween, 5% (w/v) skim milk) for 1.5 h at room temperature.
For FLAG detection, membranes were immunolabelled with 1:5,000 dilution of the monoclonal
anti-FLAG® M antibody (Sigma-Aldrich) for 1 h at room temperature. The secondary antibody
(chicken anti-mouse, produced by Santa Cruz Biotechnology, Texas, USA) was added to the
membrane at a 1:20,000 ratio and incubated for 1 h at room temperature. For GFP detection, the
membrane was incubated with 1:1,000 dilution anti-GFP antibody (Santa Cruz Biotechnology) for 1.5
h at room temperature and incubated with the secondary antibody (chicken anti-mouse; Santa Cruz
Biotechnology) with a 1:10,000 dilution for 1 h at room temperature. Finally, the membrane was
washed and it was incubated 5 minutes with 0.8 mL of SuperSignal® West Dura Extended
Duration substrate (Thermo Fisher Scientific). Western blot was visualised using an Azure

Biosystems ¢600 Bioanalytical Imaging system (Azure Biosystems, CA, USA).
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CHAPTER 4: Cell wall carbohydrate dynamics during the differentiation of infection structures by the apple scab fungus,
Venturia inaequalis

1. Abstract
Scab, caused by the biotrophic fungal pathogen Venturia inaequalis, is the most economically
important disease of apples. During infection, V. inaequalis colonizes the subcuticular host
environment, where it develops specialized infection structures called runner hyphae and stromata.
These structures are thought to be involved in nutrient acquisition and effector (virulence factor)
delivery, but also give rise to conidia that further the infection cycle. Despite their importance,
very little is known about how these structures are differentiated. Likewise, nothing is known about
how these structures are protected from host defences or recognition by the host immune system.
To better understand these processes, we first performed a glycosidic linkage analysis of
sporulating tubular hyphae from V. inaequalis developed in culture. This analysis revealed that the
V. inaequalis cell wall is mostly composed of glucans (44%) and mannans (37%), whereas chitin
represents a much smaller proportion (4%). Next, we used transcriptomics and confocal laser
scanning microscopy to provide insights into the cell wall carbohydrate composition of runner
hyphae and stromata. These analyses revealed that, during subcuticular host-colonization, genes
of V. inaequalis putatively associated with the biosynthesis of immunogenic carbohydrates, such
as chitin and B-1,6-glucan, are down-regulated relative to growth in culture, while on the surface
of runner hyphae and stromata, chitin is deacetylated to the less immunogenic carbohydrate,
chitosan. These changes are anticipated to enable the subcuticular differentiation of runner hyphae
and stromata by V. inaequalis, as well as to protect these structures from host defences and

recognition by the host immune system.
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2. Importance
Plant-pathogenic fungi are a major threat to food security. Among these are subcuticular
pathogens, which often cause latent asymptomatic infections, making them difficult to control. A
key feature of these pathogens is their ability to differentiate specialized subcuticular infection
structures that, to date, remain largely understudied. This is typified by Venturia inaequalis, which
causes scab, the most economically important disease of apples. In this study, we show that, during
subcuticular host-colonization, V. inaequalis down-regulates genes associated with the
biosynthesis of two immunogenic cell wall carbohydrates, chitin and p-1,6-glucan, and coats its
infection structures with a less-immunogenic carbohydrate, chitosan. These changes are
anticipated to enable subcuticular host-colonization by V. inaequalis and provide a foundation for
understanding subcuticular host-colonization by other plant-pathogenic fungi. Such an
understanding is important, as it may inform the development of novel control strategies against

subcuticular plant-pathogenic fungi.

Keywords

Venturia inaequalis, apple scab, cell wall, morphological differentiation, subcuticular infection

structures.
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3. Introduction
Scab, caused by the fungus Venturia inaequalis, is one of the most devastating diseases of apples
worldwide [1,2]. Under favourable conditions, disease symptoms emerge as brown-green lesions
on leaves, buds and fruit, rendering the fruit unmarketable and reducing crop yield by up to 70%
[3,4]. Scab is also the most expensive disease of apples to control, with up to 20 fungicide
treatments required each year [4,5]. This intensive fungicide use has accelerated the development
of fungicide resistance in V. inaequalis and has increased production costs for growers [6]. While
some disease-resistant apple cultivars have been developed, their use has been limited due to the
rapid emergence of resistance-breaking strains of V. inaequalis in the field [7]. Thus, there is an

urgent need to develop durable control strategies against scab.

V. inaequalis is a biotrophic pathogen that colonizes the subcuticular (apoplastic)
host environment located between the cuticle and underlying epidermal cells of apple tissues [1,4].
During colonization, V. inaequalis develops specialized subcuticular infection structures called
runner hyphae and stromata [8-10]. These structures are non-melanized and are different from
regular tubular hyphae developed on the host surface [9]. Indeed, runner hyphae are wider and
flatter than regular tubular hyphae and are often fused along their length to form ‘hyphal
superhighways’ [9], while stromata are multi-layered pseudoparenchymatous structures that are
the result of a switch from polar tip extension to non-polar lateral division [9]. In terms of
functionality, stromata give rise to asexual conidia that further the infection cycle but are also
thought to be involved in nutrient acquisition and effector (virulence factor) delivery. Runner
hyphae, on the other hand, enable the fungus to radiate out from the initial site of host penetration,

acting as a base from which additional stromata can be differentiated [9].

Notably, subcuticular infection structures are also produced by other crop-infecting

members of the Venturia genus [11-14], as well as several other species of plant-pathogenic fungi.
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The latter include Diplocarpon rosae, which causes black spot disease of roses [15], and
Rhynchosporium secalis, which causes barley and rye scald [16,17]. Despite these observations,
very little is known about how these structures are differentiated or how the fungal cell wall is
remodelled during this process. Strikingly, V. inaequalis can develop infection-like structures
inside cellophane membranes (CMs) that are reminiscent of those formed in planta [9]. This
contrasts with growth on the CM surface, where the fungus develops tubular hyphae like those
formed on the surface of apple tissues [9]. This finding suggests that CMs can be used as an in
culture model for studying the differentiation of subcuticular infection structures and the dynamics

of cell wall remodelling.

The fungal cell wall is an external barrier that plays an essential role in fungal
growth and morphogenesis [18,19]. For plant-pathogenic fungi, the cell wall also has an important
role in protection, as it is the first structure to encounter the hostile apoplastic environment of the
host [20]. Despite this importance, its composition and biosynthesis are still poorly understood,
especially for non-model filamentous pathogens [19]. While the structure and composition of the
fungal cell wall differs between species, it is typically comprised of a polysaccharide and protein
matrix, with glucans, chitin and mannans the main components [18]. Crucially, some of these
carbohydrates, such as chitin and 3-glucan, are strong elicitors of the plant immune system, with
defence responses initiated upon their recognition as microbe-associated molecular patterns

(MAMPs) by cell surface-localized plant immune receptors [21,22].

Chitin, a linear polymer of B-1,4-linked N-acetylglucosaminyl residues, is
synthesized by membrane-bound glycosyltransferase (GT) family 2 enzymes called chitin
synthases (CHSs) [18,23]. In terms of glucans, the majority is of the f-1,3-linked type, which in
some instances is cross-linked with chitin to form the core structure of the fungal cell wall.

Additionally, different proportions of branched p-1,6-glucan can be found in some fungi, usually
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extending to the cell wall surface where it forms connections to mannoproteins [19,24,25]. B-1,3-
glucan is synthesized by a membrane-bound enzyme from GT family 48 (GT48) [25,26]. The
enzymes required for §-1,6-glucan biosynthesis have not been described in any filamentous fungal
species [27]. However, multiple enzymes associated with -1,6-glucan biosynthesis and (-1,3-

glucan modification have been described in the yeast Saccharomyces cerevisiae [18,27,28].

Given the immunogenic nature of some cell wall carbohydrates, plant-associated
fungi must modify their cell wall during host-colonization to avoid detection [29,30]. Likewise, as
the apoplast is rich in plant-derived glucanases and chitinases [29], fungi must also actively prevent
the hydrolytic release of chitin and -glucan oligomers from their cell walls [31]. One proposed
strategy used by fungi is to deacetylate chitin to chitosan [32-35], which is a poor elicitor of plant
defences [36-38] and a weak substrate of plant chitinases [39,40]. Another strategy is to
accumulate a-1,3-glucan on the cell surface, which shields it from the action of plant hydrolases

and, in doing so, prevents the release of carbohydrate-based MAMPs [41-44].

In line with the importance of the fungal cell wall, its structure and the enzymes
required for its biosynthesis are common targets for antifungal compounds [24,45]. As such,
knowledge of fungal cell wall carbohydrate composition is important for the development of novel
fungicides and, therefore, control strategies. To date, a detailed analysis of the cell wall
carbohydrate composition in a Venturia species has not been published, with only one study in
1965 reporting that the cell wall of V. inaequalis grown in culture is made up of 28%
hemicellulose, 13% B(y)-cellulose, 20% a-cellulose and 7% chitin [46]. As cellulose is generally
accepted to be absent from fungal cell walls [47], a more thorough investigation of the cell wall
carbohydrate composition in V. inaequalis using state-of-the-art techniques is now needed. Here,
using a glycosidic linkage analysis, with support from gene expression and proteomic data, we

report the cell wall carbohydrate composition of sporulating tubular hyphae from V. inaequalis
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developed on the surface of CMs. Then, using confocal laser scanning microscopy (CLSM), again
in conjunction with gene expression data, we provide insights into the cell wall carbohydrate
composition of infection structures developed by V. inaequalis in planta and compare these to the

infection-like structures developed in CMs.
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4. Results

4.1. The major cell wall polysaccharides of sporulating tubular hyphae formed by V.
inaequalis in culture are glucans and mannans

To investigate the carbohydrate composition of the V. inaequalis cell wall during growth in culture,
a glycosidic linkage analysis was performed on cell walls harvested from sporulating tubular
hyphae developed on CMs overlaying potato dextrose agar (PDA) (Figure 4-1). The fungal
material was extensively washed to avoid contamination from the underlying PDA. The glycosidic
linkage analysis revealed that most polysaccharides present in the V. inaequalis cell wall were
composed of glucosyl (Glc) (~44%) and mannosyl (Man) (~37%) residues, followed by
unidentified hexopyranosyl (Hxp) (~10%), galactosyl (Gal) (~8 %) and N-acetylglucosaminosyl
(GIcNAC) (~4%) residues (Figure 4-2). This analysis also revealed that the most dominant Glc
linkage was 1,3-Glc (41.7%), followed by 1,4-Glc (26%), terminal (t)-Glc (9.63%), 1,3,6-Glc
(8.03%), 1,6-Glc (3.8%) and 1,4,6-Glc (3.5%) (Figure 4-2). The entire GIcNAc fraction consisted
of 1,4-GIcNAc residues, while the most dominant Man linkage was t-Man (50.4%), followed by
1,2-Man (33.1%). Finally, the Hxp fraction consisted of only two linkages, 2,6-Hxp (78.3%) and
4,6-Hxp (21.7%), while the Gal fraction was mostly t-Gal (87.2%) and 1,4-Gal (12.8%) (Figure

4-2).
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Figure 4-1. Summary of Venturia inaequalis samples used in this study. Tubular hyphae growing on the surface
of cellophane membranes (CMs) overlaying potato dextrose agar were used for the glycosidic linkage analysis,
proteomic analysis, gene expression (RNA-seq) analysis, as well as confocal laser scanning microscopy (CLSM).
Infection-like structures formed inside CMs were used for CLSM. Infected apple leaves were used for the gene
expression analysis and CLSM. Infected etiolated apple hypocotyls (a model in planta infection system) were used

for CLSM. All scale bars: 20 um. c, conidium; s, stroma; th, tubular hypha.
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Figure 4-2. Glycosidic linkage analysis (mole percentage, % mol) of the cell wall carbohydrate fraction from
sporulating tubular hyphae of Venturia inaequalis developed on the surface of cellophane membranes (CMs)
overlaying potato dextrose agar at 5 days post-inoculation. Man, mannose; Glc, glucose; Gal, galactose; Hxp,
hexopyranose; GIcNAc, N-acetylglucosamine. Error bars represent standard deviation across three technical
replicates.

4.2. ldentification and expression of genes putatively associated with cell wall
polysaccharide biosynthesis in sporulating tubular hyphae of V. inaequalis

To determine which cell wall carbohydrate biosynthetic genes are expressed during growth of V.
inaequalis on the surface of CMs, we used a combination of bioinformatic, proteomic and
transcriptomics approaches (Figure 4-1). As a starting point, the most recently predicted gene
catalogue for V. inaequalis [48] was inspected to identify genes putatively associated with cell
wall biosynthesis (Appendix A: Table A 4-1, Appendix A: Supplementary file 1). Based on this

analysis, 231 genes were identified (Appendix A: Supplementary file 1). Next, the expression of
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these genes was investigated using pre-existing RNA-seq data from sporulating tubular hyphae of
V. inaequalis grown on CMs at 7 dpi [48]. This analysis revealed that, of the 231 predicted cell
wall biogenesis genes, 135 were expressed with a transcripts per million (TPM) value >10 (Figure
4-3, Supplementary file 2). Finally, a proteomic analysis of total protein from sporulating tubular
hyphae of V. inaequalis grown on CMs at 5 dpi was performed. Based on this analysis, 24 of the
231 putative cell wall biosynthetic genes were found to encode proteins with proteomic support
(Appendix A: Supplementary file 3 and 4), confirming that they were indeed produced. Of these,

17 had a TPM expression value >10 (Figure 4-3).

Among the glycosyltransferases (GTs) identified, 13 were putative family 2
enzymes and, of these, eight were annotated as CHSs. These were named ViCHS1-7 according to
the previously established CHS classification scheme [49], based on both their CHS domain
(Figure 4-4. A) and phylogenetic distribution (Figure 4-4. B). V. inaequalis had at least one
representative from each CHS class (class 1-V1), and two CHSs from class 11l (Figure 4-4. A).
Four CHSs were from division I, having a simple ‘amino (N)-terminus CHS domain 1’ plus ‘CHS
domain 1’ structure (Figure 4-4. A). All division | CHSs, except VICHS1, were encoded by genes
that had a TPM expression value >10, with VICHS3Db being the most highly expressed and the only
CHS with proteomic support (Figure 4-3). Three CHSs were from division Il and, of these,
ViCHS4 only had a single ‘CHS domain 2’ module (Figure 4-4. A). In contrast, VICHS5 and
ViCHS7 both had a ‘cytochrome b5-binding domain’ and a ‘Dek domain’ at their carboxyl (C)-
terminus, while VICHS5 also had an N-terminal ‘myosin motor-like’ domain (Figure 4-4. A).
Finally, VICHS6 was from division Il and had a single C-terminal ‘CHS domain 2’ module
(Figure 4-4. A). The gene encoding this CHS, however, was not highly expressed in culture (<10
TPM). All CHSs contained both a QxxRW motif required for catalytic activity, as well as QxxEY

and EDRxL domains of unknown function (Appendix A: Figure A 4-1) [23].
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Figure 4-3. Expression of carbohydrate-active enzyme (CAZyme)-encoding genes from Venturia inaequalis
putatively associated with cell wall biosynthesis during growth as sporulating tubular hyphae on the surface of
cellophane membranes overlying potato dextrose agar at 7 days post-inoculation. Gene expression data are
transcripts per million (TPM), averaged from four biological replicates, with error bars representing standard
deviation. Only genes with TPM values >10 are shown and are grouped into families by colour. Enzymes labelled
with an asterisk (*) were identified by Protein family (Pfam) search. Yellow blocks indicate proteins that have
proteomic support by mass spectrometry. AGS, o-1,3-glucan synthase; BGS, B-1,3-glucan synthase; CBM,
carbohydrate-binding module; CDA, chitin deacetylase; CE, carbohydrate esterase; CHS, chitin synthase; GH,

glycoside hydrolase; GT, glycosyltransferase; PL, polysaccharide lyase.
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Figure 4-4. Chitin synthase (CHS) proteins of Venturia inaequalis. A. Predicted classification and domain
organization of CHS proteins. B. Phylogenetic classification of the eight predicted CHSs. CHSs from Aspergillus
nidulans (Aspnid), Neurospora crassa (Neucr), Botrytis cinerea (Botci) and Ustilago maydis (Ustma) were included
for reference. V. inaequalis CHS proteins are highlighted in bold and coloured letters. Phylogenetic tree was generated
from a MUSCLE alignment and end-joining method using Geneious v9.0.5, with node values indicating consensus

support (%) from 100 replicates.
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Multiple enzymes putatively associated with chitin modification were encoded by
genes expressed during growth of V. inaequalis in culture, including five glycoside hydrolase (GH)
family 18 chitinases, and one -N-acetyl hexosaminidase of GH family 3 (Figure 4-3, Appendix
A: Supplementary file 1). However, only one chitinase had proteomic support (Figure 4-3). In
total, eight putative chitin deacetylase (CDA) genes were identified (Appendix A:
Supplementary file 1). Of those (Appendix A: Figure A 4-2. A), a sequence alignment revealed
that only VICDAL and VICDAT possessed all previously described conserved residues for
catalytic activity and metal-binding and were likely functional [50,51] (Appendix A: Figure A
4-2. B). VICDA4 had all metal-binding and catalytic site residues, except one, as the second
conserved aspartic acid for catalytic activity was substituted by a similar negatively charged amino
acid, glutamic acid. Therefore, it is likely that VICDA4 is functional. ViCDAS5 and ViCDA®6 had
all catalytic site residues, except the last histidine, and an amino substitution in the first metal-
binding position (Appendix A: Figure A 4-2. B). As such, these two proteins might not be
functional. ViCDA3 had two amino acid substitutions at the first and third metal-binding positions
which are characteristic of allantoinases; enzymes that hydrolyse allantoin, a nitrogen-rich organic
compound [52] (Appendix A: Figure A 4-2. B). Therefore, VICDA3 might function as an
allantoinase instead of a CDA. Finally, due to a C-terminal truncation, ViCDAS8 was missing the
last two catalytic site residues and, therefore, is likely to be non-functional (Appendix A: Figure
A 4-2. B). None of the CDAs had a predicted transmembrane domain or
glycosylphosphatidylinositol (GPI) anchor, while only VIiCDAL and VICDA4 had a predicted N-
terminal signal peptide for secretion (Appendix A: Figure A 4-2. A). VICDAL was the only
potentially active CDA-encoding gene with a high level of expression during growth of V.
inaequalis in culture; however, this enzyme did not have proteomic support (Figure 4-3 and

Appendix A: Figure A 4-2. C).
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Only one gene encoding a putative 3-1,3-glucan synthase of GT family 48, ViBGS1,
was identified in the V. inaequalis genome (Appendix A: Supplementary file 1). This gene was
expressed in culture and the resulting enzyme was detected by the proteomic analysis (Figure 4-3).
Additionally, many genes encoding B-1,3-glucan-modifying enzymes were identified, such as
members of the GH17 and GH72 families (Appendix A: Supplementary file 1), which are
anticipated to assist in either the elongation or branching of 3-1,3-glucans [28,53]. Of these, four
GH17 and four GH72 genes were expressed during growth of V. inaequalis in culture and half of
these had proteomic support (Figure 4-3). This included the GH17 gene g7121, which was the

most highly expressed carbohydrate-active enzyme (CAZyme)-encoding gene.

A further 13 genes encoding putative GH family 16 enzymes were also identified
(Appendix A: Supplementary file 1), with four of these found to be expressed during growth in
culture (Figure 4-3). Three of these possibly encode chitin transglycosylases required to cross-
link chitin with glucan [54], while the fourth encodes a KRE6-like enzyme (VIKREG) that is
possibly associated with B-1,6-glucan biosynthesis [55,56]. None of the four GH16 enzymes were

identified in the proteomic analysis.

The genome of V. inaequalis also carried two genes encoding putative a-1,3-glucan
synthases, named VIAGS1 and VIAGS2 (Appendix A: Supplementary file 1). Both were
expressed in culture; however, only ViAGS1 had proteomic support (Figure 4-3). Finally, the V.
inaequalis genome possessed 71 genes involved in the biosynthesis of mannan (Appendix A:
Supplementary file 1). Of these, six encoded mannan polymerases and 25 encoded
mannosyltransferases expressed with a TPM value >10 in culture. However, none of these

enzymes had proteomic support (Figure 4-3).
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4.3. Genes putatively associated with the biogenesis of carbohydrate-based MAMPs
from V. inaequalis are down-regulated during host-colonization

A glycosidic linkage analysis could not be performed to determine the carbohydrate composition
of infection structures produced by V. inaequalis during infection of apple tissue. This was due to
the paucity of fungal material generated during subcuticular growth. Thus, to make inferences
about how the V. inaequalis cell wall carbohydrate composition changes during host infection,
relative to growth in culture, the expression of the 231 putative cell wall biosynthesis genes
identified above was investigated using pre-existing in planta transcriptomic data [48] (Figure
4-1). These data were collected from apple leaves infected with V. inaequalis at six time points:
12 and 24 hours post-inoculation, as well as 2, 3, 5 and 7 dpi [48]. Using these data, a total of 68
genes putatively associated with fungal cell wall biosynthesis were found to be up-regulated, and
43 down-regulated, at one or more in planta time points compared to growth in culture (Appendix
A: Supplementary file 2). Interestingly, most differentially expressed genes were associated with
B-glucan metabolism (Figure 4-5. A and Appendix A: Figure A 4-3). More specifically, during
early infection (12-24 hpi), the Gas5/Gell-like gene, which encodes a GH72 1,3-B-
glucanosyltransferase with sequence similarity to Gas5 enzymes from yeast and Gell from
Aspergillus spp. [57,58], was up-regulated. Later, during mid-late infection (5 and 7 dpi), several
B-glucosidase-encoding genes were up-regulated. Only a few genes associated with B-glucan
metabolism were down-regulated during host-colonization, such as two genes encoding GH17
proteins and the KREG6-like enzyme (Figure 4-5. A and Appendix A:Figure A 4-3). Regarding
a-1,3-glucan metabolism, VIAGS2 was up-regulated during early (12 and 24 hpi) host infection

(Figure 4-5. B).

Genes involved in chitin metabolism were, in general, down-regulated during host-
colonization (Figure 4-5. C and Appendix A:Figure A 4-4). During early infection, two genes

encoding putative GH18 chitinases and one gene encoding a GH3 enzyme of unknown function,

197



CHAPTER 4: Cell wall carbohydrate dynamics during the differentiation of infection structures by the apple scab fungus,
Venturia inaequalis

were down-regulated. Later, during mid-late infection, the CHS genes VICHS3b, ViCHS4 and
VICHS7 were down-regulated. Interestingly, from 3 dpi, two chitinase-encoding genes, as well as
the gene encoding the putatively inactive VICDAG6 were up-regulated (Figure 4-5. C and
Appendix A: Figure A 4-4). Additionally, VICDAL, which encodes the putatively secreted and
active CDA, was constitutively expressed both in culture and in planta (Appendix A: Figure A

4-2 .C).

Several genes associated with galactose metabolism were down-regulated during
mid-late infection. However, others were up-regulated over this infection stage, especially three
genes encoding GH114 proteins (Figure 4-5. D). Finally, most genes associated with mannose
and glycoprotein metabolism were up-regulated, especially those genes encoding putative

mannosidases (Appendix A: Supplementary file 2).
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Figure 4-5. Heatmaps showing the expression profiles of genes from Venturia inaequalis that are both putatively
associated with cell wall biosynthesis and differentially expressed during host-colonization, relative to growth
in culture. Only differentially expressed genes putatively associated with A. glucose (B-glucan), B. glucose (a-
glucan), C. N-acetylglucosamine, and D. galactose metabolism at one or more in planta time points when compared
to growth on cellophane membranes overlying potato dextrose agar, and with a minimum expression of 10 transcripts
per million (TPM) are shown. Heatmaps are rlog-normalized counts across all samples (Z-score), averaged from four
biological replicates. Bar plots depict the maximum logz TPM count value across all in planta time points. hpi, hours
post-inoculation; dpi, days post-inoculation; CBM, carbohydrate-binding module; CDA, chitin deacetylase; CE,
carbohydrate esterase; CHS, chitin synthase; GH, glycoside hydrolase; GT, glycosyltransferase. Blue colour
highlights genes down-regulated and red colour highlights genes up-regulated during host-colonization, relative to

growth in culture.
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4.4. Chitosan is present on the surface of V. inaequalis infection structures formed in
planta, while chitin is restricted to septa

To further investigate the cell wall carbohydrate composition of the cellular morphotypes formed
by V. inaequalis, we used CLSM in conjunction with different carbohydrate-specific probes and
antibodies to label chitin, chitosan, -1,3-glucan, and a-1,3-glucan. CLSM was performed on V.
inaequalis growing in culture on the surface and inside CMs, as well as during host-colonization
on the surface and inside living host tissue (Figure 4-1). For host-colonization, two approaches
were taken, with the first involving detached apple leaves, and the second involving detached
etiolated apple hypocotyls (Figure 4-1). Here, etiolated apple hypocotyls were included as they
have previously been shown to be a good system for visualising infection by V. inaequalis due to
their reduced tissue thickness, as well as their lower levels of chlorophyll, other pigments and
phenolic compounds, when compared to apple leaves [59]. However, it is important to note that
hypocotyl infection does not occur in orchards, as these apples are cultivated from clonal bud

wood, not seed. Hypocotyl infection may, though, occur in natural apple forests.

To monitor the distribution of chitin on the surface of the fungal cell wall, all
samples were labelled with wheat germ agglutinin (WGA) conjugated to the fluorophore
AlexaFluor (AF) 488 (WGA*®) (Figure 4-6 and Appendix A: Figure A 4-6). Tubular hyphae
formed on the surface of CMs (Figure 4-6. A), infected apple leaves (Figure 4-6. D) and etiolated
hypocotyls (Appendix A: Figure A 4-6) presented limited amounts of surface-exposed chitin,
with labelling mainly restricted to hyphal breakage points and, sometimes, septa. The maximum
fluorescence intensity occurred at the cell periphery, indicating that the labelling signal was
derived from the cell wall (Figure 4-6. B). To label the total chitin present in the cell wall, fungal
material was first permeabilized with NaOH and then labelled with the chitin stain calcofluor
white. By doing so, faint labelling was observed around the periphery of tubular hyphae, with

stronger labelling found at septa (Figure 4-6. C, E). On the infection-like structures developed
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inside CMs, chitin labelling was observed around the periphery of runner hyphae, as well as at the
septa of runner hyphae and stromata (Figure 4-6. A). In contrast, following host penetration, chitin

was exclusively restricted to septa (Figure 4-6. D and Appendix A: Figure A 4-6).
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Figure 4-6. Labelling of chitin on Venturia inaequalis cellular morphotypes developed in culture and in planta.
A. Cellular morphotypes developed in culture in and on cellophane membranes (CMs) overlaying potato dextrose
agar labelled with wheat germ agglutinin-AlexaFluor 488 (WGA*®) (green pseudocolour). B. Plot profile of pixel
intensity along a line (magenta) in A (top right-hand image) made with ImageJ 1.x. C. Tubular hyphae developed on
a CM labelled with calcofluor white (cyan pseudocolour) after permeabilization with NaOH. D. Cellular morphotypes
developed in and on ‘Royal Gala’ apple leaves labelled with WGA*® (green pseudocolour). E. Tubular hyphae
developed on ‘Royal Gala’ apple leaves labelled with calcofluor white (cyan pseudocolour) after permeabilization
with NaOH. Dashed yellow squares indicate zoomed-in areas. ap, appressorium; rh, runner hyphae; s, stroma; th,

tubular hypha; arrow, hyphal breakage; *, septum. All scale bars: 20 um.

201



CHAPTER 4: Cell wall carbohydrate dynamics during the differentiation of infection structures by the apple scab fungus,
Venturia inaequalis

Next, as V. inaequalis has eight putative CDA genes (Appendix A: Figure A 4-2) and, of
these, VICDAG is up-regulated during infection, while VICDA1L is constitutively expressed in
culture and in planta, it was hypothesized that V. inaequalis deacetylates chitin to chitosan during
host-colonization. Therefore, the tubular hyphae and infection structures of V. inaequalis
developed in culture and in planta were probed using the oligogalacturonate (OGA) probe
conjugated with AF488 (OGA*®) [60].
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Figure 4-7. Label-accessible chitosan on the surface of Venturia inaequalis cellular morphotypes developed in
culture and in planta. The fluorophore-labelled oligosaccharide OGA*® was used to visualize chitosan (red
pseudocolour). A. V. inaequalis cellular morphotypes developed in culture in and on cellophane membranes (CMs)
overlying potato dextrose agar. B. Plot profile of pixel intensity along a line (magenta) in A (top right-hand image)
made with ImageJ 1.x. C. Cellular morphotypes developed in and on apple leaves. D. Cellular morphotypes developed
in and on etiolated hypocotyls, fungal nuclei labelled with propidium iodide (P, yellow pseudocolour). E. Surface
hyphae developed on a CM covered with apple wax. All scale bars: 20 pm. ap, appressorium; rh, runner hyphae; th,

tubular hypha; s, stroma. Dashed yellow squares indicate zoomed-in areas.
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Chitosan labelling was not detected on tubular hyphae developed on the surface of
CMs or apple leaves (Figure 4-7. A, C). In contrast, tubular hyphae developed on etiolated
hypocotyls had surface-exposed chitosan (Figure 4-7. D), highlighting a key difference among
these host infection systems. The reason behind chitosan induction on the surface of etiolated
hypocotyls is not clear, but we hypothesize that V. inaequalis may grow more intimately with the
cutin layer and, as part of this, there might be some plant-derived trigger (e.g. cutin monomers)
inducing chitosan production. With this in mind, we tested if chitosan production could be induced
in culture. For this purpose, wax was extracted from apple fruit and added to the surface of CMs
before inoculation with V. inaequalis conidia. Remarkably, following germination, apple wax
triggered chitosan production on tubular hyphae developed in culture (Figure 4-7. E). The
maximum fluorescence intensity from chitosan labelling occurred at the cell periphery, indicating
that the labelling signal was derived from the cell wall (Figure 4-7. B). Regarding the infection
structures developed in planta, as well as the infection-like structures developed in CMs, chitosan

labelling was also observed at the periphery (Figure 4-7. C, D).

Next, we investigated the distribution of B-1,3-glucan during growth of V.
inaequalis in culture and in planta, as B-1,3-glucan is known to be an elicitor of plant defences
[61]. For this purpose, B-1,3-glucan localization was investigated with a primary mouse antibody
specific to B-1,3-glucan in conjunction with the anti-mouse secondary antibody CF*%, B-1,3-
glucan-specific labelling was rarely observed around tubular hyphae developed on the surface of
CMs, with labelling mostly observed at hyphal breakage points (Figure 4-8. A). To label B-1,3-
glucan present on the surface of infection-like structures formed inside CMs, sandpaper had to be
used to create antibody entry points. In doing so, we observed an intense but patchy labelling at
the periphery of the infection-like structures (Figure 4-8. A). A similar patchy distribution was
observed on tubular hyphae developed on the surface of apple leaves and etiolated hypocotyls

(Figure 4-8. B and Appendix A: Figure A 4-6. B). Interestingly, labelling of B-1,3-glucan was
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not observed on young infection structures developed in leaves (Figure 4-8. B) or hypocotyls
(Appendix A: Figure A 4-6. B). Instead, labelling of B-1,3-glucan could only be observed on

mature stromata that had ruptured the apple cuticle upon sporulation (Figure 4-8. B).

A.

-1,3-glucan
Cellophane membrane

-1,3-glucan

Apple leaves

O

a-1,3-glucan
Cellophane membrane

Figure 4-8. Label-accessible B-1,3-glucan and a-1,3-glucan of Venturia inaequalis (Vi) cellular morphotypes
developed in culture and in planta. The monoclonal anti B-1,3-glucan primary antibody and CF*% secondary
antibody were used to label B-1,3-glucan (blue pseudocolour), while the monoclonal MOPC-104E primary antibody
and CF*®  gsecondary antibody were wused to label a-1,3-glucan  (pink  pseudocolour).
A. B-1,3-glucan labelling of V. inaequalis cellular morphotypes developed in culture in and on cellophane membranes
(CMs). B. B-1,3-glucan labelling of V. inaequalis cellular morphotypes developed in and on detached apple leaves.
C. B-1,3-glucan labelling of a cross-section of a detached leaf infected with V. inaequalis. C: apple cuticle, E: apple
epidermal cells, M: apple mesophyll cells. D. a-1,3-glucan labelling of V. inaequalis cellular morphotypes developed

in culture in and on CMs. All scale bars: 20 um. rh, runner hyphae; s, stroma; th, tubular hyphae; arrow: hyphal

breakage points.

As V. inaequalis has two putative o-1,3-glucan synthase genes and, of these,
VIAGS?2 is up-regulated during early host-colonization (Figure 4-5), we attempted to label a-1,3-
glucan using the primary antibody MOPC-104E in conjunction with the secondary antibody anti-

mouse CF*®. Labelling of 0-1,3-glucan was observed on tubular hyphae developed on the surface
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of CMs (Figure 4-8. D), but not on tubular hyphae developed on the surface of apple tissue (data
not shown). Likewise, no labelling of a-1,3-glucan was observed on the surface of infection-like

structures formed in culture or on the infection structures developed in planta (data not shown).
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5. Discussion
Even though the cell wall plays a crucial role in viability and pathogenesis [20,30,62], few studies
have focused on the cell wall of plant-pathogenic fungi. Here, we examined the cell wall
carbohydrate composition of sporulating tubular hyphae from V. inaequalis developed on the
surface of CMs using glycosidic linkage analysis. As observed in other fungi, the most abundant
glucosyl linkages found in V. inaequalis were 1,3-Glc, with the proportion identified similar to
that found in the subcuticular plant pathogen, R. secalis (Table 4-1) [63]. Glycosidic linkage
analysis does not allow discrimination between o- and B-linkages. However, using CLSM, we
were able to show that a-1,3-glucan was present on surface hyphae developed in culture.
Therefore, a fraction of the identified 1,3-Glc could be from a-1,3-glucan, which coats the surface

of the V. inaequalis cell wall.

Surprisingly, a-1,3-glucan could not be detected on the surface of V. inaequalis
infection-like structures developed inside CMs or on the infection structures developed in planta,
even though the a-1,3-glucan synthase gene, VIAGS2, was up-regulated during early host-
colonization. The lack of a-1,3-glucan labelling in planta could indicate that this carbohydrate is
not label-accessible on the cell wall surface during host-colonization. However, it is more plausible
that this is due to the problem we encountered with antibody penetration inside host tissue.
Interestingly, in some human fungal pathogens, such as Histoplasma capsulatum and Aspergillus
fumigatus, as well as the fungal plant pathogen Magnaporthe oryzae, a-1,3-glucan accumulates
on the surface of the fungal cell wall to conceal cell wall-derived MAMPs and, thus, prevents the
induction of host defence responses during host infection [41-44,64]. Additionally, in A.
fumigatus, a-1,3-glucan is important for hyphal and conidial aggregation [65,66]. With this
research in mind, additional experiments are now needed to investigate whether a-1,3-glucan is

present on the surface of V. inaequalis infection structures.
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Another abundant glucosyl linkage identified as part of our glycosidic linkage
analysis was 1,4-Glc. It cannot be ruled out that a portion of this 1,4-Glc arose from cellulose
contamination from the CM itself, or an intracellular form of a glycogen/starch-like polysaccharide
that co-purifies with the cell wall during sample preparation. Nevertheless, the low amount of
1,4,6-Glc identified suggests that not all of the 1,4-Glc originated from glycogen/starch-like
polymers. Notably, there is very little evidence for the presence of 3-1,4-linked glucosy! residues
in fungal cell walls although, interestingly, these residues were recently reported in the cell wall
of A. fumigatus by solid-state nuclear magnetic resonance [47,67]. Hence, it cannot be ruled out
that a small fraction of the reported 1,4-Glc from V. inaequalis originates from B-1,4-glucan.
Another more likely possibility is that a portion of the identified 1,4-Glc forms part of nigeran, a
polymer commonly found in Ascomycota fungal cell walls that are composed of a-1,3- and a-1,4-

glucans [68].

The presence of 1,3,6-Glc suggests that a fraction of the identified 1,3-Glc is
branched. A set of GH17 and GH72 genes found to be highly expressed in culture likely encode
the enzymes responsible for the presence of 1,3,6-linked glucosyl residues in the V. inaequalis cell
wall, as these enzymes are putative B-1,3-glucan transglycosylases involved in cross-linking -
1,3-glucans through B-1,6-linkages [28,53,54,69]. Interestingly, during mid-late infection, V.
inaequalis was observed to down-regulate a gene encoding a KRE6 enzyme, VIKREG, which is
putatively associated with B-1,6-glucan biosynthesis [55,56,70]. We suggest that, as reported in
Colletotrichum graminicola [70], V. inaequalis down-regulates ViKRES® to reduce surface-exposed

B-1,3-6-glucans that would otherwise elicit plant immune responses.

The glycosidic linkage analysis also revealed a relatively large proportion of Man
(~37%) and Gal (~8%) residues in the cell wall of V. inaequalis, with the majority being terminal.

Due to this terminal nature, we cannot conclude from which polymer these residues are derived.
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The large amount of t-Man (18.9%), however, is similar to the amount of t-Man reported in S.

cerevisiae (15.7%) [71] and drastically more than other filamentous fungi (1-3%) [63,72,73].

Table 4-1. Carbohydrate composition (%) of the Venturia inaequalis cell wall, determined in this study using

glycosidic linkage analysis, compared to other fungal species for which carbohydrate composition is known.

! V. B. graminis  R. secalis N. crassa A. fumigatus S. cerevisiae
inaequalis f.sp. hordei
t-Man 18.9 1.7 3.1 15 0.1 15.7
t-Glc 4.3 5.7 13.9 13 0.3 55
t-Gal 7.3 2.2 0 1 2.2 0
3-Glc 18.5 35.6 11.6 54 43.3 26.9
2-Man 124 4.3 4.3 3 2.4 7.9
6-Man 1.7 3.8 4.4 0 1.2 1.2
6-Glc 1.7 2 0.5 0 0.3 0.7
4-Gal 11 6.8 0 0 0 0
4-Glc 11.7 6.3 17.2 4 14.2 0
2,3-Man 2.2 0 0.9 0 0 0
3,4-CGlc 1.8 2.1 0.5 0 0.3 0.7
2,3-Glc 1.2 7.5 15 0 0 7
3,6-CGlc 35 1.6 2.7 5 1.6 2
3,6-Man 2.3 0.6 0.6 0 0 0.4
2,6-Hxp 7.8 0 0 0 0 0
4,6-Glc 15 2.3 0.5 0 0 0
4,6-Hxp 2.2 0 0 0 0 0
1,4- 3.8 8.7 6.3 10 17.65 0.6
GIcNAc
3,6-Gal 0.0 0 0 0 0 0

L This comparison was made for the filamentous fungi Blumeria graminis f. sp. hordei [73], Rhynchosporium secalis

[63], Neurospora crassa [72], Aspergillus fumigatus [74] (alkali-insoluble fraction of the cell wall), and the yeast
Saccharomyces cerevisiae [71]. This table was extracted and modified from [73]. Gal, galactose; Glc, glucose;

GIcNAc, N-acetylglucosamine; Man, mannose; Hxp, hexopyranose.

Following glycosidic linkage analysis, we attempted to investigate the presence and
location of B-1,3- and branched B-1,3-6-glucans on the fungal cell wall surface using a specific
antibody that labels -1,3-glucan. Regarding the infection structures developed inside the host, we
only observed strong labelling on the surface of mature stromata that were rupturing through the
apple cuticle as part of the sporulation process. It is unclear whether these infection structures were
labelled because the mature stromata were more accessible to the -1,3-glucan antibody, or
because the B-1,3-glucan is masked during early host-colonization and is only surface-exposed

upon sporulation.
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The glycosidic linkage analysis also revealed that the cell wall of sporulating
tubular hyphae from V. inaequalis is comprised of 3.8% chitin, which is relatively low for a
filamentous fungus. Indeed, chitin usually makes up around 10-15% of the fungal cell wall
[18,25,27] (Table 4-1). This result is in line with the labelling profile of chitin present on the
surface of tubular hyphae formed on CMs using the WGA*® probe and calcofluor white, where
chitin was mostly restricted to septa. Transcriptomic and proteomic data obtained in our study
suggest that VICHS3Db, a class Ill CHS enzyme, might be responsible for the bulk of chitin

biosynthesis in V. inaequalis tubular hyphae.

Interestingly, on the plant surface, chitin was exclusively observed on tubular
hyphae and appressoria, while on the infection structures produced after host penetration, chitin
was found to be restricted to the septa. Furthermore, genes encoding CHSs and some chitinases
were down-regulated during early host-colonization. These findings suggest that, in addition to
transcriptionally regulating chitin production, V. inaequalis also restricts the amount of chitin it
exposes on its surface to prevent activation of chitin-triggered host defences. Another possibility
is that V. inaequalis masks chitin on the cell wall surface through the secretion of chitin-binding
effectors, similar to that shown for the Avr4 effector protein of Fulvia fulva [75]. Alternatively, V.
inaequalis may produce chitin-binding effectors that sequester chitin oligomers during the process
of cell wall remodelling to prevent their detection by the apple immune system. Notably, during
in planta host-colonization, the lysin motif (LysM) domain-containing effector candidate, ViEcp6,
which has sequence similarity to the chitin-binding Ecp6 effector of F. fulva [76,77], was found
to be up-regulated [48] and had proteomic support in culture (Appendix A: Supplementary file
3and 4). Although Ecp6 from F. fulva is known to sequester chitin oligomers to evade host defence
responses in tomato [78], other LysM domain-containing effectors, such as Mg3LysM from

Zymoseptoria tritici, have been shown to protect the hyphal cell wall from hydrolysis by plant

209



CHAPTER 4: Cell wall carbohydrate dynamics during the differentiation of infection structures by the apple scab fungus,
Venturia inaequalis

chitinases [79]. It is therefore possible that ViEcp6 plays a role in chitin protection and/or

sequestration during subcuticular host-colonization.

Another possibility could be that V. inaequalis deacetylates chitin to chitosan
during host-colonization to avoid activation of plant defences, as reported for other plant-
associated fungal pathogens [33,35,80,81] and endophytes [34]. In line with this, we observed that
runner hyphae and stromata developed in culture and in planta were completely covered with
chitosan. This indicates that chitosan is the main surface-exposed carbohydrate present on these
structures. Interestingly, chitosan was also observed on tubular hyphae developed on the surface
of hypocotyls and chitosan production could be induced during growth on the surface of CMs
coated with apple wax. These results suggest that chitosan induction is triggered by a plant-derived
cue present in the apple wax. Additionally, chitosan labelling was observed at the periphery of
infection-like structures developed inside CMs, indicating that another trigger, such as pressure,
might be involved. It is important to note here, however, that although the OGA*® probe is specific
for chitosan [60], binding to the positively charged groups of the carbohydrate, it cannot be ruled

out that it also binds to positively charged proteins present on the surface of infection structures.

In addition to preventing activation of the plant immune system, chitosan has also
been reported to be important for cell adhesion and morphogenesis in fungi [81-84]. Therefore,
chitosan may play other functions in V. inaequalis. The deacetylation of chitin to chitosan is
catalysed by CDAs, and an inspection of the V. inaequalis genome revealed that this fungus has
eight predicted CDA-encoding genes, three of which (VICDAL, ViCDA4, VICDAY) are predicted
to be functional. One of these, VICDAL, encodes a protein with a predicted N-terminal signal
peptide, and is constitutively expressed in culture and during host-colonization. Secreted CDASs
are usually assumed to deacetylate chitin to chitosan to prevent activation of the plant immune

system [50,85]. Therefore, it seems plausible that ViCDAL is the main enzyme responsible for
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deacetylating chitin to chitosan on the surface of V. inaequalis infection structures. In any case,
the recently developed CRISPR-Cas9 method for reverse genetics in this fungus [86] will serve to

investigate the putative role of VICDAL and other CDAs in V. inaequalis.

In conclusion, we have detailed, for the first time, the cell wall carbohydrate
composition of V. inaequalis during growth in culture. Furthermore, by assessing the expression
profile of genes putatively associated with cell wall biogenesis, as well as by monitoring the
localization of cell surface-associated carbohydrates using CLSM, we have also provided new
insights into how this fungus differentiates and protects its infection structures during host-
colonization. Importantly, as the first study of its kind for a subcuticular pathogen, our research
provides a foundation for understanding not only how this class of plant-pathogenic fungi causes

disease, but also how they can potentially be controlled.
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6. Materials and methods

6.1. V. inaequalis isolate

V. inaequalis isolate MNH120, also known as ICMP 13258 and Vil [77,87], derived from a

monospore culture, was used in this study.

6.2. Preparation of fungal material for glycosidic linkage analysis and proteomics

Fungal material for glycosidic linkage analysis and proteomics was prepared by inoculating 100
ul of 10°-10° conidia from V. inaequalis on CMs (Waugh Rubber Bands; Wellington, New
Zealand) overlaying PDA (Scharlab, S.L; Senmanat, Spain) and culturing for 5 days at 22°C under
a 16 h light/8 h dark cycle. Following culturing, fungal biomass, comprising a mix of tubular
hyphae and asexual conidia was harvested from the surface of the CMs using an L-shaped
spreader, washed three times by centrifugation at 4,000 g for 15 min, frozen at —20°C, freeze-

dried, and then ground to a fine powder using liquid nitrogen.

6.3. Glycosidic linkage analysis

Cell wall material from V. inaequalis grown in culture on the surface of CMs overlaying PDA at
5 dpi was prepared in triplicate (i.e. as three technical replicates) using a previously described
protocol [88]. The cell wall preparations were subjected to permethylation and GC/EI-MS analysis
[88]. Partially methylated alditol acetate (PMAA) derivatives were separated and analysed by gas
chromatography (GC) on a SP-2380 capillary column (30 m x 0.25 mm [inner diameter]; Supelco)
using an HP-6890 GC system with an HP-5973 electron-impact mass spectrometer (EI-MS) as a
detector (Agilent Technologies; CA, US). The temperature was programmed to increase from
180°C to 230°C at a rate of 1.5°C/min. The mass spectra of the fragments obtained from the PMAA

derivatives were compared with reference derivatives.
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6.4. Proteomic analysis

Approximately 10 mg of powdered fungal material from V. inaequalis grown in culture on the
surface of CMs overlaying PDA at 5 dpi in triplicate (i.e. as three technical replicates) was boiled
in SDS buffer (75 mM Tris-HCI buffer pH 6.8 containing 3% [w/v] SDS, 100 mM DTT, 15%
[w/v] glycerol and 0.002% bromophenol blue) for 5 min at 95°C. Insoluble material was then
removed by centrifugation at 14,000 x g for 10 min and the supernatant was loaded on a 12% Mini-
Protean TGX SDS-PAGE system (Bio-Rad; CA, USA). After staining with Coomassie Blue
(Thermo Fisher Scientific, MA, USA), the gel lane was cut into 10 bands and the proteins were
subjected to in-gel digestion with trypsin (Promega, Madison, WI, United States) as previously

described [89].

Peptide analysis was performed with reverse-phase liquid chromatography
electrospray ionization—tandem mass spectrometry (LC-ESI-MS/MS) using a nanoACQUITY
Ultra Performance Liquid Chromatography system coupled to a Q-TOF mass spectrometer (Xevo
Q-TOF, Waters; MA, USA). The in-gel tryptic peptides were resuspended in 0.1% trifluoroacetic
acid (TFA) and loaded on a C18 trap column (Symmetry 180 um x 20 mm, 5 pm, Waters) that
was then washed with 0.1% (v/v) formic acid at 10 pl/min for 5 min. The samples eluted from the
trap column were separated on a C18 analytical column (75 um x 150 mm, 1.7 pm, Waters) at 250
nl/min using 0.1% formic acid as solvent A and 0.1% formic acid in acetonitrile as solvent B in a
stepwise gradient: 0-10% B (0-5 min), 10-30% B (5-70 min), 30-40% B (70-72 min), 40-90%
B (7275 min), 90% B (75-80 min), and 90-0.1% B (80-85 min). The eluting peptides were
sprayed in the mass spectrometer (capillary and cone voltages set to 2.1 kV and 45 V, respectively),
and MS/MS spectra were acquired using automated data-directed switching between the MS and
MS/MS modes using the instrument software (MassLynx v4.0 SP4). The five most abundant

signals of a survey scan (400-1300 m/z range, 1 sec scan time) were selected by charge state, and
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collision energy was applied accordingly for sequential MS/MS fragmentation scanning (100—

1800 m/z range, 1 sec scan time).

The resulting MS raw data files were processed using Mascot Distiller (v2.4.3.2,
Matrix Science, London, UK), and the resulting files were submitted to a local Mascot (Matrix
Science, v2.3.1) server using the Venturia protein database (25,153 sequences) [48]. The following
settings were used for database search: trypsin-specific digestion with two missed cleavages,
ethanolated cysteine as fixed and oxidized methionine as variable modifications, peptide tolerance
of 200 ppm and fragment tolerance of 0.2 Da. Only those peptides with mascot scores exceeding
the threshold for statistical significance (p <0.05) were retained. The peak list files generated from
the mass spectrometry raw data have been deposited to the MassIVE database (accession number

MSV000090342, doi:10.25345/C56M3379F).

6.5. Plant growth conditions and infection of apple material

Open-pollinated Malus x domestica cultivar ‘Royal Gala’ apple seeds (Hawke’s Bay, New
Zealand) were germinated at 4°C in moist vermiculite containing 100 mg/ml Thiram fungicide
(Kiwicare Corporation Limited; Christchurch, New Zealand) for approximately two months in the
dark. Once germinated, apple seedlings were planted in potting mix (Daltons™ premium potting
mix; Daltons, Matamata, New Zealand) and grown under a 16 h light/8 h dark cycle with a Philips

SON-T AGRO 400 Sodium lamp, at 20°C with ambient humidity for 4-to-6 weeks.

For the growth of etiolated hypocotyls, a fast-germination method was used. Seeds
were sterilized with 5% ethanol for 5 min, rinsed five times with sterile MilliQ water, and soaked
in MilliQ water overnight. The next morning, the testa of the apple seeds were peeled away with
sterile forceps until the underlying white embryo was uncovered. Then, the white embryo was
placed in Murashige and Skoog (MS) agar medium (2. 25 g/L MS [Sigma-Aldrich; Castle Hill,

Australia], 10 g/L agar, pH 5.8 [KOH]) inside 50 ml Falcon™ tubes, with the tip of the radical
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submerged in the agar. Once the apple seeds had germinated and the cotyledons were fully
expanded, the seedlings were transferred to potting mix soil and grown at 20°C with ambient
humidity in the dark for two weeks. V. inaequalis infection of detached apple leaves and

hypocotyls was performed as described by Rocafort et al. [48] and Shiller et al. [90], respectively.

6.6. Extraction of apple wax and coating of cellophane membranes

Approximately ten fruit from apple cultivar ‘Royal Gala’, acquired from a local supermarket in
New Zealand, were used for wax extraction. To extract the wax, each apple was dipped a total of
five times, each for 10 sec, in 200 ml chloroform contained within a glass beaker. Following this
step, the chloroform in the beaker was evaporated off at room temperature (RT) until the extracted
wax had completely dried out. To coat the CMs with apple wax, a Kimwipe (Kimtech; Milsons
Point, Australia) was dipped in chloroform, wiped over the surface of the wax in the beaker, and
then transferred by wiping onto the surface of CMs until an homogeneous white coating was
observed. Coating of the CMs with apple wax was performed under sterile conditions as much as

possible, with coated CMs subsequently subjected to 15 min of UV exposure to ensure sterility.

6.7. Confocal laser scanning microscopy

Cross-sections of detached apple leaves infected with V. inaequalis at 7 dpi were prepared for
labelling as described previously [9]. Briefly, leaf tissue was fixed in paraformaldehyde and 2.5%
(v/v) glutaraldehyde in 0.1 M phosphate buffer (pH 7.2) and then embedded in LR White resin
(London Resin, Reading, UK), with samples subsequently cross-sectioned from the resin-

embedded material.

All the other samples (non-cross-sectioned), CMs associated with V. inaequalis at
6-7 dpi, as well as detached apple leaves and etiolated hypocotyls infected with V. inaequalis at 7

dpi, were fixed in 95% ethanol and stored at 4°C until required. Additionally, to enhance the

215



CHAPTER 4: Cell wall carbohydrate dynamics during the differentiation of infection structures by the apple scab fungus,
Venturia inaequalis

penetrability of the carbohydrate-specific probes and antibodies used for labelling (see below), in
planta samples were macerated with 10% KOH at RT for 4 h. For a-1,3-glucan and p-1,3-glucan
labelling, non-cross section CM samples were gently scratched with sandpaper (200 grit) to
generate entry points for the antibody. All samples were washed 3 times with 1 ml phosphate-

buffered saline (PBS) buffer (pH 7.4) prior to labelling.

To facilitate the visualization of V. inaequalis infection structures in apple
hypocotyls, fungal nuclei were stained with 0.002% (w/v) propidium iodide (PI) in PBS buffer
(pH 7.4) containing 0.02% Tween 20. For the labelling of chitin and chitosan, carbohydrate-
specific probes were used. More specifically, for WGA®*® labelling of chitin, samples were
vacuum-infiltrated in the dark for 30 min in a solution containing 0.1 mg/ml of WGA*® probe and
0.02% Tween 20 in PBS buffer (pH 7.4). For calcofluor white labelling of chitin, samples were
incubated in 300 mM sodium hydroxide (NaOH) for 1 h prior to incubation with 0.01% calcofluor
white (Sigma-Aldrich) in PBS (pH 7.4). For OGA*® labelling of chitosan, samples were vacuum-
infiltrated in the dark for 30 min with a solution of 0.1% (w/v) OGA*®® and 0.02% Tween 20 in
PBS buffer (pH 7.4). For this purpose, a 1 mg/ml stock solution of OGA*® in 0.1 M sodium acetate
buffer (pH 4.9) was kindly provided by Jozef Mravec from the University of Copenhagen [60]. In
all cases, the probe used for labelling was vacuum-infiltrated into samples for 20 min, twice, in

the dark.

For the labelling of B-1,3-glucan in cross-sectioned and non-cross-sectioned
samples, and a-1,3-glucan in non-cross-sectioned samples, carbohydrate-specific antibodies were
used. More specifically, samples were first washed three times with 1 ml PBS buffer (pH 7.4) and
blocked with 3% bovine serum albumin (BSA, Gibco; Maryland, USA) in PBS buffer for 1 h at
RT in a rotatory shaker (John Morris Scientific; Palmerston North, New Zealand). Then, samples

were washed with 1 ml PBS buffer three times and vacuum-infiltrated for 20 min with 0.1 mg/ml
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of primary mouse anti-1,3--glucan antibody (Biosupplies; Sydney, Australia) for -1,3-glucan
labelling or 0.1 mg/ml mouse MOPC-104E primary antibody (Sigma-Aldrich) for a-1,3-glucan
labelling, and then incubated overnight with shaking (30 rpm) at 4°C. The next day, samples were
washed three times with 1 ml PBS buffer (pH 7.4) and vacuum-infiltrated for 20 min with 0.1
mg/ml anti-mouse CF* secondary antibody (Biotum; California, USA) in PBS buffer (pH 7.4)
and incubated with shaking at 30 rpm, at RT in the dark. Finally, samples were washed three times

with 1ml PBS buffer.

CLSM was performed on labelled samples using a Leica SP5 DM6000B confocal
microscope (488 nm argon and 405 nm UV laser) (Leica Microsystems, Manheim, Germany),
with images produced using ImageJ 1.x software (NIH) [91]. Here, multiple optical sections (z-
stacks) were projected into a single image as maximum or average intensity projections. Pl was
excited at 561 nm using a DPSS laser with an emission spectrum of 561-600 nm. WGA*% OGA*®
and CF*8 were excited using a 488 nm Argon laser (power ~30%) with an emission spectrum of
498-551 nm. Calcofluor white was excited using a 405 nm UV laser with an emission spectrum
of 445-455 nm. For all samples, an appropiate non-stained control was performed (Appendix A:

Figure A 4-5).

6.8. Annotation of fungal cell wall enzymes

The predicted V. inaequalis isolate MNH120 protein catalogue from Rocafort et al. [48]

(10.5281/zen0do.6233646) was used in this study. Proteins that were putatively associated with

fungal cell wall biogenesis were identified based on CAZyme annotation and KEGG classification,
and decisions about the potential classification of enzymes involved in cell wall biosynthesis were
further assessed by InterProscan scan annotation (in conjunction with the Pfam, HAMAP,
MOBIDB, PIRSF, PROSITE and SUPERFAMILY tools). Here, all InterProScan and CAZyme

annotations, as well as KEGG classifications, were provided by Rocafort et al. [48].
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To identify CDAs, proteins with a CE4 CAZyme annotation or with
‘polysaccharide deacetylase domain’ (PF01522) were annotated as CDAs. To further investigate
other putative CDAs in the genome a BLASTp [92] search was performed against the V. inaequalis
MNH2120 genome [77] using the protein sequence of CDAs from pathogens whose activity has
been experimentally shown: P. graminis (GMQ_17027) [93], Colletotrichum lindemuthianum
(CICDA) (AAT68493) [50], Pestalotiopsis sp. (PesCDA) (KY024221) [85] and M. oryzae
(MGG_12939, 14966, 09159, 04172, 08774, 01868, 08356, 05023, 04704 and 03461) [81].
Although the enzymatic activity of the M. oryzae CDAs has not been experimentally shown, their
function as potential CDAs has been reported by gene deletion studies [31,33,81]. The E- value
cut-off used for all BLASTp searches was 1E-02. To investigate whether the putative CDAs had
the conserved amino acid residues required for catalytic activity and metal binding, an alignment
was performed between all of the predicted V. inaequalis CDAs and the functionally characterized

CDAs from above, CICDA and PesCDA [94], using the MUSCLE plugin of Geneious v9.0.5.

To classify CHSs, the InterProScan domain annotation from Rocafort et al. [48]
was used and an alignment of all V. inaequalis CHSs was performed using the MUSCLE plugin
of Geneious v9.0.5 [94]. The CHSs from the Aspergillus nidulans [95], Neurospora crassa [96],
Botrytis cinerea [97] and Ustilago maydis were included in this alignment as a reference. To
determine if the predicted CHSs of V. inaequalis had the conserved motifs required for CHS
activity, a protein sequence alignment was performed with the functionally characterized CHS

from N. crassa [96] as a reference.

6.9. Gene expression analysis

Pre-existing V. inaequalis gene expression data from Rocafort et al. [48] (GEO Series accession:
GSE198244) were used for the gene expression analysis, and differentially expressed genes were

identified using DESeq2 package v1.32.0 [98]. Genes up- or down-regulated at one or more in
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planta infection time points, relative to growth in culture, with a log> fold change of +/-1.5 and a
p value of 0.01 were considered differentially expressed. VVolcano plots were generated using
ggplots2 v3.3.5 [99], while gene expression heatmaps were generated using Complexheatmap

v2.9.1 [100].
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7. Appendix A: Supplementary information

Supplementary file 1: Venturia inaequalis genes that encode enzymes putatively associated with fungal cell wall

biogenesis. Enzymes were classified according to their predicted roles in cell wall biogenesis, as based on predicted

‘Kyoto Encyclopedia of Genes and Genomes’ (KEGG) and InterProScan annotations. CBM, carbohydrate-binding

module; CDA, chitin deacetylase; CE, carbohydrate esterase; CHS, chitin synthase; GH, glycoside hydrolase; GT,

glycosyl transferase; PL, polysaccharide lyase. * Only three CE4 proteins were predicted to be a carbohydrate-active

enzyme (CAZYme) using dbCan2.

https://www.biorxiv.org/content/biorxiv/early/2022/09/21/2022.09.21.508768/DC2/embed/media-

2.XIsx?download=true

Table A 4-1. Venturia inaequalis carbohydrate-active enzymes (CAZymes) putatively involved in fungal cell

wall biogenesis and modification.

Enzyme ! CAZyme family 2 Copy number
CHITIN METABOLISM

Chitin synthase GT2 8
Chitinase GH18 5
Hexosaminadase GH20 1
B-N-acetylhexosaminidase GH3 1
Chitin deacetylase CE4 8s
GLUCAN METABOLISM

-1,3-glucan synthase GT48 1
a-1,3-glucan synthase GH13+GT15 2
1,3-B-glucanosyltransferase GHT72 6
B-glycanase GH16 13
1,3-B-glucanase GH128, GH152, GH64, GH81 8
B-glucosidase GH1, GH132, GH17, GH3, GH5, GH55 29
1,4-a-glucan branching enzyme CBM48+GH13_8 1
a-amylase GH13 7
alpha-1,6-glucohydrolase GH13 2
glucan 1,4-alpha-glucosidase GH15 2
a-glucosidase GH31, GH71 6
MANNOSE METABOLISM

a-1,2-mannosyltransferase GT15, GT4, GT71 7
a-1,3-mannosyltransferase GT69 7
a-1,6-mannosyltransferase GT22,GT34 6
a-1,3/a-1,6-mannosyltransferase GT4 1
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Enzyme ! CAZyme family 2 Copy number
GPI-mannosyltransferase GT22, GT50, GT76 4
-1,4-mannosyltransferase GT33 1
Dolichyl-phosphate-mannose-protein

mannosyltransferase GT39 3
Mannan polymerase complex

MNN9/ANP1 GT62 2
a-1,2-mannosidase GH92, GH47 13
Mannan endo-1,6-a-mannosidase GH76 8
Mannosyl-oligosaccharide glucosidase GH63, GH31 3
a-mannosidase GH38 1
B-mannosidase GH2 1
Mannosyl-glycoprotein endo- 8 -N-

acetylglucosaminidase GH85 1
GALACTOSE METABOLISM

Inositol 3-alpha-Galactosyltransferase GT8 1
a-galactosidase GH27 6
B-galactosidase GH2 1
a-1,4-galactosaminogalactan hydrolase GH135 4
a-1,4-polygalactosaminidase GH114 9
N-acetylgalactosamine deacetylase CE18+CBM87 4
Endo- B -1,6-galactanase GH5 1
UDP-glucose 4-epimerase - 3

! Enzymes were classified according to their predicted roles in cell wall biogenesis, as based on predicted ‘Kyoto

Encyclopedia of Genes and Genomes’ (KEGG) and InterProScan annotations.

2CBM, carbohydrate-binding molecule; CE, carbohydrate esterase; GH, glycoside hydrolase; GT, glycosyl
transferase; PL, polysaccharide lyase.

3 Only three CE4 proteins were predicted to be a carbohydrate-active enzyme (CAZYme) using dbCan2.
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Figure A 4-1. Multiple sequence alignment of putative chitin synthase (CHS) proteins from Venturia inaequalis.
The CHS proteins from Neurospora crassa (Neucr) were used as reference for alignment. Alignment generated using
the MUSCLE plugin of Geneious v9.0.5 in conjunction with full-length protein sequences. The conserved motifs for

catalytic activity are highlighted under the alignment with orange boxes. Amino acids are coloured based on similarity,
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Figure A 4-2. Predicted chitin deacetylases (CDAs) of Venturia inaequalis. A. Domain organization of putative
CDA proteins from V. inaequalis. Only ViCDAL, ViCDA4 and ViCDAY7 display all conserved amino acid residues
required for catalytic activity and metal binding and, therefore, are likely to be functional (labelled with green circles).
Protein lengths are shown. SP, Signal peptide; PF01522, Protein family (Pfam) polysaccharide deacetylase domain.
B. Multiple sequence alignment of putative CDA proteins from V. inaequalis. CDA proteins from Colletotrichum
lindemuthianum (CICDA) and Pestalotiopsis sp. (PesCDA) were used as references for alignment. Alignment
generated using the MUSCLE plugin of Geneious v9.0.5 in conjunction with full-length protein sequences. The
conserved amino acids for catalytic activity are highlighted with red triangles under the alignment and with dashed
red boxes. Conserved amino acids for metal binding are highlighted with cyan triangles under the alignment and with
dashed cyan boxes. Amino acids are coloured based on similarity, with the most similar amino acids coloured black.
C. Expression of the eight predicted V. inaequalis CDA genes during growth of the fungus in planta (12 hours post-
inoculation [hpi] to 7 days post-inoculation [dpi]) and in culture on the surface of cellophane membranes (CMs) (7
dpi). Gene expression is shown as transcripts per million (TPM). Error bars represent standard deviation across four

biological replicates.
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Supplementary file 2: List of genes encoding putative cell wall biogenesis proteins from Venturia inaequalis that are
up- or down-regulated at one or more in planta time points during infection of apple leaves (12 hours post-inoculation
[hpi] to 7 days post-inoculation [dpi]), relative to growth of the fungus in culture on the surface of cellophane

membranes (CMs) overlaying potato dextrose agar (7 dpi).

https://www.biorxiv.org/content/biorxiv/early/2022/09/21/2022.09.21.508768/DC3/embed/media-

3.xIsx?download=true

Supplementary file 3: List of proteins identified by mass spectrometry from Venturia inaequalis grown on the surface
of cellophane membranes overlaying potato dextrose agar at 5 days post-inoculation, and short-list of proteins
putatively associated with fungal cell wall biogenesis from this list. Only peptides exceeding the threshold for

statistical significance (p < 0.05) were selected.

https://www.biorxiv.org/content/biorxiv/early/2022/09/21/2022.09.21.508768/DC4/embed/media-

4 .xIsx?download=true

Supplementary file 4: Peptide coverage of proteins identified by mass spectrometry from Venturia inaequalis grown
on the surface of cellophane membranes overlaying potato dextrose agar at 5 days post-inoculation that are putatively

associated with fungal cell wall biogenesis.

https://www.biorxiv.org/content/biorxiv/early/2022/09/21/2022.09.21.508768/DC5/embed/media-

5.pdf?download=true
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Figure A 4-3. VVolcano plots illustrating genes of Venturia inaequalis that are both putatively associated with f3-
glucan metabolism and are up- or down-regulated during one or more in planta time points compared with
growth in culture on the surface of cellophane membranes (CMs) overlaying potato dextrose agar. In planta
time points were at 12 and 24 hours post-inoculation (hpi), as well as 2, 3, 5 and 7 days post-inoculation (dpi), while
growth in culture was at 7 dpi. Dashed red lines indicate the 1.5 log,-fold change used in this study to identify
significant (p-adjusted, padj) differentially expressed genes (DEGSs). Each dot represents one gene, coloured by
carbohydrate-active enzyme (CAZyme) classification. Only genes with a minimum expression of 10 transcripts per

million (TPM) at one or more in planta time point are shown. CBM, carbohydrate-binding module; GH, glycoside
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Figure A 4-4. Volcano plots illustrating genes of Venturia inaequalis that are both putatively associated with
chitin (N-acetylglucosamine) metabolism and are up- or down-regulated during one or more in planta time
points compared with growth in culture on the surface of cellophane membranes CMs overlaying potato
dextrose agar. In planta time points were at 12 and 24 hours post-inoculation (hpi), as well as 2, 3, 5 and 7 days post-
inoculation (dpi), while growth in culture was at 7 dpi. Dashed red lines indicate the 1.5 log.-fold change used in this
study to identify significant (p-adjusted, padj) differentially expressed genes (DEGS). Each dot represents one gene,
coloured by carbohydrate-active enzyme (CAZyme) classification. Only genes with a minimum expression of 10
transcripts per million (TPM) at one or more in planta time point are shown. CBM, carbohydrate-binding module;
CE, carbohydrate esterase; GH, glycoside hydrolase; GT, glycosyl transferase. Asterisk (*) indicates CE family 4

(CE4) proteins were only predicted using a protein family (Pfam) domain search.
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Figure A 4-5. Representative negative controls to ensure that the emission signals observed during confocal
laser scanning microscopy (CLSM) were derived from specific labelling and not autofluorescence. Samples of
non-labelled cellophane membranes (CMs) (A. 1) associated with V. inaequalis or treated with 10% KOH (A. 2) did
not emit any signal when excited at 488 or 405 nm by CLSM. Likewise, non-labelled V. inaequalis-infected apple
leaf (B.1) treated with 10% KOH or V. inaequalis-infected apple leaf treated with 300 mM NaOH (B. 2) did not emit
any autofluorescence signal. Finally, etiolated apple hypocotyls treated with 10% KOH (C. 1) were only stained with
propidium iodide (PI) to label fungal nuclei, and only Pl-derived signal was observed after excitation at 561 nm. No

emission was observed after excitation at 488 nm. All scale bars: 20 um.
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Figure A 4-6. Label-accessible chitin and B-1,3-glucan on the surface of infection structures developed by
Venturia inaequalis in and on etiolated apple hypocotyls. A. The fluorophore-labelled lectin WGAu4ss was used to
visualize chitin (green pseudocolour), and propidium iodide (PI, yellow pseudocolour) was used to stain fungal nuclei,
in conjunction with confocal laser scanning microscopy. Dashed yellow squares indicate zoomed-in areas. B. The
monoclonal anti-p-1,3-glucan primary antibody and CF* secondary antibody were used to label B-1,3-glucan (blue
pseudocolour). All scale bars: 20 um. ap, appressorium; s, stroma; th, tubular hyphae; *: septa; dashed white lines
highlight stromata.
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1. Abstract

Apple scab, caused by the fungal pathogen Venturia inaequalis, is the most economically
important disease of apple (Malus x domestica) worldwide. To develop durable control strategies
against this disease, a better understanding of the genetic mechanisms underlying the growth,
reproduction, virulence and pathogenicity of V. inaequalis is required. A major bottleneck for the
genetic characterization of V. inaequalis is the inability to easily delete or disrupt genes of interest
using homologous recombination. Indeed, no gene deletions or disruptions in V. inaequalis have
yet been published. Using the melanin biosynthesis pathway gene trihydroxynaphthalene
reductase (THN) as a target for inactivation, which has previously been shown to result in a light-
brown colony phenotype when transcriptionally silenced using RNA interference, we show, for
the first time, that the CRISPR-Cas9 gene editing system can be successfully applied to the apple
scab fungus. More specifically, using a CRISPR-Cas9 single guide RNA (sgRNA) targeted to the
THN gene, delivered by a single autonomously replicating Golden Gate-compatible plasmid, we
were able to identify six of 36 stable transformants with a light-brown phenotype, indicating an
~16.7% gene inactivation efficiency. Notably, of the six THN mutants, five had an independent
mutation. As part of our pipeline, we also report a high-resolution melting (HRM) curve protocol
for the rapid detection of CRISPR-Cas9 gene-edited mutants of V. inaequalis. This protocol
identified a single base pair deletion mutation in a sample containing only 5% mutant genomic
DNA, indicating high sensitivity for mutant screening. In establishing CRISPR-Cas9 as a tool for
gene editing in V. inaequalis, we have provided a strong starting point for studies aiming to
decipher gene function in this fungus. The associated HRM curve protocol will enable CRISPR-
Cas9 transformants to be screened for gene inactivation in a high-throughput and low-cost manner,
which will be particularly powerful in cases where the CRISPR-Cas9-mediated gene inactivation

efficiency is low.

239



CHAPTER 5: CRISPR-Cas9 gene editing and rapid detection of gene-edited mutants using high-resolution melting in the
apple scab fungus, Venturia inaequalis

Keywords
CRISPR-Cas9 gene editing, Venturia inaequalis, fungus, apple scab, high-resolution melting,

trihydroxynaphthalene reductase gene, melanin biosynthesis pathway.

240



CHAPTER 5: CRISPR-Cas9 gene editing and rapid detection of gene-edited mutants using high-resolution melting in the
apple scab fungus, Venturia inaequalis

2. Introduction

Fungal species from the Venturia genus are devastating plant pathogens of economically important
crops that mainly belong to the Rosaceae [1-3]. The best researched of these pathogens is Venturia
inaequalis, which causes scab, or black spot, the most economically important disease of apple
(Malus x domestica) worldwide [3]. Under favourable conditions, this disease can result in 70%
or more of the crop being lost, as scab renders the apples unmarketable (i.e. through blemishes and
deformation), and reduces both the growth and yield of the plant (i.e. by causing repeated
defoliation of trees over several seasons) [2-4]. To develop durable control strategies against scab
disease, a better understanding of the genetic mechanisms underlying the growth, reproduction,
virulence and pathogenicity of V. inaequalis is required.

A key development over recent years has been the availability of several V. inaequalis
genome sequences and gene catalogues [1,5-9], as well as the development of both polyethylene
glycol (PEG)-mediated protoplast and Agrobacterium tumefaciens-mediated transformation
protocols for use with this fungus [10]. However, while several V. inaequalis genes of interest that
are putatively involved in the infection process of apple have been identified [5,11-15], none have
been functionally characterized to date using traditional gene deletion or disruption techniques.
Indeed, no gene deletions or disruptions have yet been reported for V. inaequalis in the literature.
This suggests that gene deletion or disruption by traditional homologous recombination is
extremely inefficient in V. inaequalis. It should be noted that transcriptional silencing of multiple
genes in V. inaequalis has been achieved using RNA interference (RNAI) [16]. However, RNAI
does not typically silence a gene to completion and the observed phenotypes can be inconsistent,
unclear or absent, making it difficult to determine function [17,18]. Taken together, alternative

gene disruption and deletion tools, such as the Clustered Regularly Interspaced Short Palindromic
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Repeats-Cas9 (CRISPR-Cas9) system [19], are desperately needed to assess gene function in V.
inaequalis.

The CRISPR-Cas9 system is a powerful tool for gene editing that has been established in
many species of filamentous plant-pathogenic microbes. Indeed, CRISPR-Cas9 has been used to
generate gene inactivations in more than 40 species of filamentous fungi and oomycetes [20],
including Phytophthora sojae [21], Magnaporthe oryzae [22], Ustilago maydis [23] and a fungus
that is closely related to V. inaequalis, Leptosphaeria maculans [24]. The CRISPR-Cas9 gene
editing system requires two components: the Cas9 endonuclease and a single guide RNA (sgRNA).
The Cas9 endonuclease is an RNA-guided enzyme that generates a double strand break (DSB) in
the genome. The sgRNA often consists of a protospacer sequence of 20 nucleotides at the 5” end
that targets specific DNA by base pairing, and an 80-nucleotide scaffold structure that binds to
Cas9 [25]. The sgRNA-Cas9 complex only cleaves the target DNA if it is flanked by a protospacer
adjacent motif (PAM) [19].

After the Cas9 endonuclease generates a DSB in the target DNA, DNA repair mechanisms
of the target organism are activated [19,26]. The DNA can be repaired by a non-homologous end-
joining mechanism (NHEJ) or homology-directed repair (HDR), although NHEJ is usually the
dominant DNA repair pathway in fungi [27]. DNA repair by NHEJ is error-prone and is likely to
introduce small insertions/deletions (indels) or nucleotide substitutions, which can lead to
frameshift mutations that cause a gene disruption [26]. Alternatively, a double-stranded DNA
template (donor DNA), usually harbouring a selectable marker, can be introduced to use as a repair
template for HDR.

Traditionally, screening for the identification of mutants generated by the CRISPR-Cas9
system can be achieved using an enzymatic mismatch cleavage (EMC) method [28] or a
polyacrylamide gel electrophoresis (PAGE)-based method [29] that both rely on the detection of

DNA heteroduplexes. Both EMC and PAGE detect large indels with a similar efficiency; however,
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the sensitivity with which they detect small indels (i.e. the type of indels that are usually generated
by CRISPR-Cas9 DSB) is low [28-30]. Alternatively, CRISPR-Cas9 mutants can be identified by
amplicon sequencing, which is a tedious and expensive process. A high-resolution melting (HRM)
curve analysis is a fluorescence-based technique that measures the melting temperature of double-
stranded DNA and, in doing so, can discriminate between amplicons with different melting
temperatures [31-33]. An HRM curve analysis has been widely used to identify mutations and
single nucleotide polymorphisms in various genes [31,34], and has recently been used to reliably
identify CRISPR-Cas9-mediated base pair (bp) indels in plants [30,35]. To date, even though
HRM curve analyses are largely used for fungal species identification, to our knowledge, an HRM
curve analysis has not yet been employed to screen for CRISPR-Cas9-generated mutants in fungi.

In this study, we set out to establish the CRISPR-Cas9 gene editing system in V. inaequalis.
For this purpose, we first generated the Golden Gate-compatible plasmid CasOHygAMAccdB by
modifying the previously published Cas9 autonomously replicating plasmid ANEp8-Cas9-LIC
[36]. Here, Golden Gate-compatibility was chosen as it enabled the introduction of a sgRNA into
Cas9HygAMAccdB using a single step, facilitating the creation of a Cas9HygAMA-sgRNA
plasmid in less than one week. Next, using the melanin biosynthesis pathway gene
trihydroxynaphthalene reductase (THN) as a proof of concept, we showed, in conjunction with the
Cas9HygAMA-sgRNA plasmid, that the CRISPR-Cas9 gene editing system can be successfully
applied to V. inaequalis. As part of this process, we also established a method based on an HRM
curve analysis for the high-throughput screening of CRISPR-Cas9 gene-edited mutants of V.

inaequalis.
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3. Methods

3.1. Strains used and growth conditions

V. inaequalis isolate MNH120 from New Zealand (ICMP 13258; [37]) was used for CRISPR-
Cas9 experiments, and was grown on a cellophane membrane (Waugh Rubber Bands) overlaying
potato-dextrose agar (PDA) (Scharlab) at 22°C with a 16 h light/dark cycle. For long-term storage,
V. inaequalis cellophane membranes were air-dried overnight and stored at —20°C. Escherichia
coli strain DH5a (Thermo Fisher Scientific) was used for cloning, propagation and maintenance
of all plasmids without the ccdB gene, and E. coli strain TG1 (kindly provided by Jasna Rakonjac,
Massey University) for propagation of all plasmids with the control of cell death B (ccdB) killer

gene, in lysogeny broth (LB) at 37°C and 180 rpm, or on LB agar at 37°C.

3.2. Construction of the Cas9HygAMAccdB plasmid

The ANEp8-Cas9-LIC and ANEp8-Cas9-gRNA plasmids were kindly provided by Adrian Tsang
from Concordia University. The first plasmid, ANEp8-Cas9-LIC, was previously constructed by
Song et al. [36] through the introduction of a 38-bp ligation-independent cloning (LIC) site,
centred with a Swal restriction site, into the ANEp8-Cas9 plasmid. The second plasmid, ANEp8-
Cas9-gRNA, was previously constructed by Song et al. [36] through the introduction of a sRNA
cassette, via the LIC method, into the ANEp8-Cas9-LIC plasmid (see S5 Fig. of Song et al. [36]
for more details). We adapted the ANEp8-Cas9-LIC plasmid to contain a hygromycin resistance
cassette in place of the PyrG gene for the selection of fungal transformants (summarized in
Appendix A: Figure A 5-4. A). To achieve this, the ANEp8-Cas9-LIC plasmid was first digested
with Notl (New England Biolabs) to liberate a 5.3 Kb fragment containing the AMAL cassette,

and a 10.3 Kb fragment containing the Cas9 and PyrG genes, with both fragments purified by gel
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extraction using a PureLink Quick Gel Extraction Kit (Thermo Fisher Scientific). Subsequent
digestion of the 10.3 Kb fragment with Kpnl (New England Biolabs) liberated a 9 Kb Cas9 cassette
containing the Cas9 gene (i.e. through removal of the PyrG gene), which was again purified by
gel extraction. Next, the 2.9 Kb hygromycin resistance cassette was amplified by PCR from the
pDONR221-Hyg plasmid [38] using Phusion DNA polymerase (New England Biolabs), according
to the manufacturer’s instructions, in conjunction with the restriction enzyme-adapted primers Notl
PgpdA Hyg pDONR Fw and Kpnl TtrpC Hyg DONR Rv (Table 5-1), purified by gel extraction,
and digested with both Notl and Kpnl. Following digestion, the Notl/KpnI-digested Cas9 cassette
and the Notl/Kpnl-digested hygromycin resistance cassette were ligated together with T4 ligase
(Invitrogen) at 16°C overnight to create the Cas9Hyg plasmid, and then purified using a PureLink
Quick Plasmid Miniprep Kit (Invitrogen). Finally, the Cas9Hyg plasmid was digested with Notl,
dephosphorylated with Shrimp Alkaline Phosphatase (rSAP) (New England Biolabs), and purified
by gel extraction, before ligation with the Notl-digested AMA1 cassette using T4 ligase to create
the Cas9HygAMA plasmid.

Next, we set out to create the CasHygAMASapl plasmid by adding the sgRNA cassette,
which contains a mock 20-bp sgRNA protospacer flanked by Sapl restriction sites, to the
Cas9HygAMA plasmid (summarized in Appendix A: Figure A 5-4. A). This was achieved
through overlap fusion PCR and ligation-independent cloning (LIC) [36]. More specifically, a
fragment containing the tRNA promoter and mock protospacer sequences was first amplified from
the ANEp8-Cas9-gRNA plasmid by PCR, as above, using the primers Fw LIC2 and Sapl site
CRISPR Rv (Table 5-1). Here, the Sapl site CRISPR Rv primer was designed to introduce a Sapl
restriction site between the tRNA promoter and mock protospacer sequences. At the same time, a
second fragment containing the mock protospacer and tRNA terminator sequences was amplified
from the ANEp8-Cas9-gRNA plasmid by PCR using the primers Sapl site CRISPR Fw and Rv

LIC2 (Table 5-1). In this case, the Sapl site CRISPR Rv primer was designed to introduce a Sapl
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restriction site between the mock protospacer and tRNA terminator sequences. Following gel
extraction, the two purified fragments were then fused by PCR. For this purpose, 1 ng of each of
the purified PCR fragments was combined and used as template in a 25 p. PCR with Phusion
DNA polymerase in conjunction with the Fw LIC2 and Rv LIC2 primers (Table 5-1). The overlap
fusion PCR was performed with the following thermocycler program: 30 sec at 98°C, followed by
35 cycles of 98°C for 5 sec, 60°C for 10 sec, 72°C for 30 sec, and then a final step of 72°C for 10
min. Finally, upon gel extraction, the purified PCR product was inserted into the Cas9HygAMA
plasmid through LIC via its Swal restriction site [36] to create the CasOHygAMASapl plasmid.
Lastly, to insert the ccdB and chloramphenicol acetyltransferase (cat) resistance genes into
the Cas9HygAMASapl plasmid (i.e. for subsequent cloning and screening), a 2 Kb fragment
containing the ccdB and cat resistance gene cassette was amplified by PCR, as above, from the
pSM1 plasmid [39] using the Sapl restriction enzyme-adapted primers Sapl ccdB Fw and Sapl
ccdB Rv (Table 5-1). The resulting product was purified by gel extraction, digested by Sapl at 37
C, and ligated into the Sapl-digested Cas9HygAMASapl plasmid using T4 ligase at 16°C for 24

h to create the Cas9HygAMAccdB plasmid (Figure 5-1 and Supplementary Information 1).

Table 5-1. Oligonucleotides used in this study. Bold sequence corresponds to the Sapl restriction site. Italicised

sequence corresponds to the Notl restriction site. Bold italicized sequence corresponds to the Kpnl restriction site.

Oligonucleotide Oligonucleotide sequence (5"-3")
name

MR135 GTCTTTCAAGGACGTCACACCAG
MR136 AACCTGGTGTGACGTCCTTGAAA
MR137 GTCGCCCCATCATGGTCTTTGGA
MR138 AACTCCAAAGACCATGATGGGGC
MR139 TTTTCTCTTCCATTTACGC

MR161 GTAGGGAGGTCCATTAGTG
MR162 GGATAACACACTAGAGATA
MR170 TTATAGTCGACCACCGCTCG
MR171 CCACGACCTGTTGATTGCAT
MR172 CCCACTCACTAAACAAACTA

246



CHAPTER 5: CRISPR-Cas9 gene editing and rapid detection of gene-edited mutants using high-resolution melting in the
apple scab fungus, Venturia inaequalis

Oligonucleotide Oligonucleotide sequence (5-3")

name

MR173 TCGATTGACAAGAACATACC

MR182 GCATCTGACGCCCCATCATGGGGTTT

MR183 AAACCCCATGATGGGGCGTCAGATGC

MR184 GCGAGAATGCAGAGAGTTGG

MR185 GTGTGTGTCGCTGGATGATC

MR204 CGCCAGCCTTCAATGCCAAT

MR205 CATTGCGCCATCCCGATCTG

MR252 CGTTGGCCAATCAGACGTCG

MR253 GCCCAGAGCATCATCACCCT

MR258 GAGCGGATTCCTCAGTCTCG

MR259 CTCGGAGGGCGAAGAATCTC

Kpnl  TtrpC  Hyg

DONR Rv GCCGGTACCGCGCTTACACAGTACACGAG

Notl PgpdA  Hyg

pDONR Fw AAGGAAAAAAGCGGCCGCCTAAAATCCGCCGCCTCCAC

Sapl site CRISPR Fw | GTCGGAAGAGCAAAATGCTCTTCAGTTTTAGAGCTAGAAATAGCAAG
Sapl site CRISPR Rv | AACTGAAGAGCATTTTGCTCTTCCGACGAGCTTACTCGTTTCG
Fw LIC2 CAACCTCCAATCCAATTTGACTCCGCCGAACGTACTGG

Rv LIC2 ACTACTCTACCACTATTTGAAAAGCAAAAAAGGAAGGTACAAAAAAGC
Sapl ccdB Fw TCGGCTCGTCGGAAGAGCGACCGACAGCCTTCCAAATG

Sapl ccdB Rv TCGCTAAAACTGAAGAGCGTTGGCAGCATCACCCGACG
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Sapl  pkiA
Prom

Figure 5-1. Schematic representation of the CasOQHygAMAccdB plasmid. The plasmid, which is 19,273 bp in size,
contains the autonomously replicating sequence AMAL from Aspergillus nidulans, as well as the cas9 gene from
Streptococcus pyogenes (codon-optimized based on Asergillus niger), which is flanked by the A. niger pyruvate kinase
gene promoter (pkiA Prom) and the A. niger glucoamylase gene terminator (glaA Term) [36]. Fused to the carboxyl
(C)-terminus of the cas9 gene is nucleotide sequence encoding a nuclear localization signal (NLS). The
Cas9HygAMAccdB plasmid also contains a hygromycin B resistance casette (Hyg) flanked by the A. nidulans
glyceraldehyde-3-phosphate dehydrogenase gene promoter (gpdA Prom) and the A. nidulans tryptophan C gene
terminator (trpC Term) [38]. Sapl restriction sites for introduction of a SgRNA cassette by Golden Gate cloning (i.e.
through replacement the control of cell death B [ccdB] gene) are shown. bla: beta-lactamase gene conferring ampicillin

resistance; cat: chloramphenicol acetyltransferase gene conferring chloramphenicol resistance.

3.3. Protospacer design and cloning

The V. inaequalis THN gene (Joint Genome Institute ID: atg3631.t1) was screened for CRISPR-
Cas9 target sites with the PAM (NGG) sequence using the ‘Find CRISPR Sites’ function in
Geneious (v.9.0.5) [40]). Only those protospacers with no predicted off-target effects (i.e. a
Specificity score of 100%), an on-target (Activity) score of at least 0.4, and no predicted off-target

binding sites in the V. inaequalis MNH120 PacBio reference genome (unpublished, The New

248



CHAPTER 5: CRISPR-Cas9 gene editing and rapid detection of gene-edited mutants using high-resolution melting in the
apple scab fungus, Venturia inaequalis

Zealand Institute for Plant and Food Research Limited) using BLASTn, were considered. Based
on these criteria, two protospacer sequences with the best on-target score, targeting the first and
second exon of the THN gene, respectively, were selected. Each protospacer, with the appropriate
Sapl overhang for Golden Gate cloning into the destination plasmid Cas9HygAMAccdB, was
ordered as a forward and reverse oligonucleotide from Integrated DNA Technologies. The
protospacer #20 was generated by pre-annealing 40 ng of the forward (MR135) and reverse
(MR136) oligonucleotides (Table 5-1), and protospacer #4 by pre-annealing 40 ng of the forward
(MR137) and reverse (MR138) oligonucleotides (Table 5-1), in annealing buffer (10 mM Tris-
HCI pH 8, 50 mM NaCl, 1 mM EDTA, pH 8) with the following thermocycler program: 5 min at
95°C, 20 sec at 92°C, followed by a decrease of 0.5°C each cycle for 140 cycles, and finally, 1
min at 25°C. Pre-annealed oligonucleotides were cloned into the Cas9HygAMAccdB plasmid
using Golden Gate in association with the Sapl restriction enzyme to generate SgRNA20 and
sgRNAA4. Golden Gate reactions were performed with the following thermocycler program: 1 min
at 37°C, 1 min at 16°C for 30 cycles, followed by 5 min at 55°C and 5 min at 80°C. Transformants
positive for each CasOHygAMA-sgRNA plasmid were screened by colony PCR using Tag DNA
polymerase (New England Biolabs) with the forward Cas9HygAMAccdB primer (MR139) and
reverse SgRNA-specific primer (MR136 or MR138) (Table 5-1). Colony PCRs were carried out
with the standard manufacturer’s protocol. Sequence authenticity of the sgRNAs was confirmed
by PCR amplicon sequencing, provided by the Massey Genome Service (Massey University,

Palmerston North, New Zealand), using the MR139 forward Cas9HygAMAccdB primer.

3.4. V. inaequalis protoplast preparation and transformation

Cas9HygAMA-sgRNA plasmids were introduced into V. inaequalis using a PEG-mediated
protoplast transformation protocol. For this purpose, V. inaequalis was first grown on cellophane

membranes overlaying PDA for 10-14 days. Fungal mycelia on top and inside cellophane
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membranes were then macerated in 1.5 ml microcentrifuge tubes using plastic micropestles,
transferred to a 250 ml Erlenmeyer flask containing 30 ml potato-dextrose broth (PDB) (Difco),
and cultured without shaking in the dark at 22°C for 48 h. After culturing, fungal material was
harvested by centrifugation at 2,800 g for 20 min, washed three times with KC buffer (0.60 M
KCI, 50 mM CaCl2-2H.0), with collection by centrifugation as above after each wash, and
incubated in a 250 ml Erlenmeyer flask containing 10 g/L Trichoderma harzianum lysing enzymes
(Sigma-Aldrich) in 50 ml KC buffer at 24°C and 80 rpm for 4-5 h. Finally, protoplasts were filtered
through glass wool, and washed three times with KC buffer as above. Protoplasts were counted
using a haemocytometer and re-suspended to a final concentration of 10°~10° protoplasts/ml.
Transformation was performed by mixing 100 pl of V. inaequalis protoplasts (10*-10°
protoplasts/ml) with 100 pl of 25% PEG4000, 10 pg of circular Cas9HygAMA-sgRNA plasmid
DNA, and 5 pl of 50 uM sterile spermidine. The protoplast-PEG mixture was then chilled on ice
for 20 min and 500 ul of 25% PEG4000 gently added. Each protoplast-PEG mixture was plated
across five Sucrose Hepes (SH) plates (0.6 M sucrose, 5 mM HEPES, 0.6% agar) and incubated
at 20°C for 48 h. After incubation, protoplasts were overlaid with %2-strength PDA cooled-down
to ~50°C and supplemented with 50 mg/ml hygromycin B (Merck). Transformants appearing on
the PDA surface, between two and three weeks after transformation, were transferred to 16-well
PDA plates supplemented with 50 mg/ml hygromycin B, and grown until abundantly sporulating.
After mutant screening, selected transformants were single-spore purified. This was achieved by
re-suspending a single colony in 500 pl sterile water and vortexing for 30 sec, with 100 pl streaked
onto 4% water agar (WA) plates and the conidia germinated for 24 h. Following germination, one
single germinated conidium was transferred to a cellophane membrane overlaying PDA for

continued growth.
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3.5. V. inaequalis genomic DNA extraction

Two-to-four week-old cultures of V. inaequalis grown on cellophane membranes were freeze-
dried and ground to a fine powder in liquid nitrogen with a pre-cooled mortar and pestle, and
approximately 300 mg of powder was transferred to a 1.5 ml microcentrifuge tube. To this, 1 ml
of DNA extraction buffer (0.5 M NaCl, 10 mM Tris-HCI, 10 mM EDTA, 1% SDS, pH 7.5) was
added, vortexed, and incubated at 65°C for 30 min, followed by 2 min incubation at room
temperature (RT). Fungal material was collected by centrifugation at 16,000 g for 2 min and 800
pl of supernatant was transferred to a fresh 1.5 ml microcentrifuge tube. Then, 4 pl of RNase A
(20 mg/ml) (Invitrogen) was added and samples were incubated at 37°C for 15 min. After
incubation, a 0.5 volume of phenol and a 0.5 volume of chloroform:isoamy! alcohol (24:1) were
added and samples were centrifuged for 5 min at 16,000 g. The aqueous phase was then transferred
to a fresh 1.5 ml microcentrifuge tube and 1 volume of phenol:chloroform (1:1) was added.
Samples were again centrifuged at 16,000 g for 5 min and the supernatant transferred to a new 1.5
ml microcentrifuge tube. The chloroform:isoamyl alcohol (24:1) step was then repeated and the
supernatant was transferred to a new 1.5 ml microcentrifuge tube. Genomic DNA was precipitated
by the addition of a 0.1 volume of 3 M sodium acetate (pH 5.2) and two volumes of 95% ethanol.
Samples were mixed by inversion and incubated overnight at —20°C. Following incubation, the
precipitated DNA was collected by centrifugation at 16,000 g for 30 min, and the supernatant was
decanted. The genomic DNA pellet was then washed with 200 ul of 70% ethanol and collected by
centrifugation at 16,000 g for 5 min. Finally, the genomic DNA pellet was air-dried for 15-30 min

and suspended in 50 pl of MilliQ water.
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3.6. High resolution melting curve analysis

A positive control for the HRM curve analysis was created by site-directed mutagenesis. First,
primers MR161 and MR162 (Table 5-1) were phosphorylated with T4 Polynucleotide Kinase
(New England Biolabs) at 37°C for 1 h in a 4.5 pl reaction volume with 10 uM primer, 10x T4
ligase buffer (New England Biolabs) and 0.4 ul of T4 polynucleotide kinase (New England
Biolabs). The THN gene was amplified with the phosphorylated primers MR161-MR162 using
Phusion Flash High-Fidelity PCR Master Mix (Thermo Fisher Scientific) and purified using an
OMEGA Gel Extraction kit. The pICH41021 plasmid (kindly provided by Dr Kee Hoon Sohn,
formerly of Massey University) was digested with the Smal restriction enzyme in a 50 pl volume
for 2 h at 37°C. Digested plasmid was then de-phosphorylated with Shrimp Alkaline Phosphatase
(rSAP) for 30 min at 37°C, with the reaction subsequently heat-inactivated at 65°C for 5 min.
Finally, the THN gene was ligated to pICH41021 in a 3:1 molar ratio using T4 Ligase (New
England Biolabs) at 4°C overnight and transformed by heat shock into chemically competent E.
coli cells. Positive transformants were confirmed by colony PCR. Next, the pICH41021-THN
plasmid was amplified with overlapping primers MR182 and MR183 to introduce a mutation in
the THN gene that substituted a thymine and cytosine at nucleotide positions 26 and 27 for two
guanines. The resulting re-circularized pICH41021-THNTc(s/27)cc plasmid was confirmed by
sequencing.

Two sets of primers (MR170-MR171 and MR172-MR173) were designed with Geneious
v.9.0.5 software for use in the HRM curve analysis (Table 5-1). These primers were designed to
amplify the DNA region in the THN gene recognized by the sgRNA (and thus, edited by the Cas9
endonuclease), with an amplicon size of 123 bp (MR172-MR173) and 230 bp (MR170-MR171).

Primers were tested to be specific and suitable for HRM by performing an HRM curve analysis
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with DNA standards (wild-type and engineered positive control), as described below, with the
resulting amplicons resolved by electrophoresis on a 1.5% Tris-acetate-EDTA (TAE) gel.

The HRM curve analysis was performed using a LightCycler 480 Instrument (Roche) with the
AccuMelt HRM SuperMix fluorescent dye (DNAture) in a 20 uL reaction with 1x AccuMelt HRM
SuperMix, 300 nM forward primers (MR172), 300 nM reverse primer (MR173) and 1.5 ng of
genomic DNA template or 0.01 ng of the pucl9-THNrc@s27)cc plasmid. At least two technical
replicates were performed for each sample. The qPCR amplification was performed with the
following program: initial denaturation of 5 min at 95°C, followed by 40 cycles of 95°C for 8 sec,
60°C for 15 sec, 70°C for 20 sec, with one fluorescence reading per annealing step. The gPCR was
followed by a melting program consisting of 95°C for 1 min, 40°C for 1 min and 76°C for 1 sec,
at which point the temperature was ramped up to 92°C (with a temperature increase of 0.02°C per
second, and a continuous signal acquisition mode made up of 25 acquisitions per degree), followed
by a cooling step of 40°C for 30 sec. The HRM curve data were analysed with the LightCycler
480 gene scanning software. To confirm mutants identified by HRM, the THN gene was amplified
with Phusion Flash High-Fidelity PCR Master Mix using primers MR161 and MR162, with the

resultant PCR amplicons gel-purified as above and sequenced using primer MR161.

3.7. Southern blot analysis

For the detection of Cas9HygAMA-sgRNA plasmid DNA in genomic DNA samples of V.
inaequalis by Southern blotting, a probe binding to the hygromycin resistance cassette of the
Cas9HygAMAccdB plasmid was generated by PCR using Phusion DNA polymerase in
conjunction with primers MR258-MR259 (Table 5-1), the PCR product was gel purified and the
digoxigenin (DIG) High Prime DNA Labelling and Detection Starter Kit | (Roche) according to
manufacturer’s instructions. Following synthesis of the probe, genomic DNA was extracted from

wild-type V. inaequalis, as well as single-spore purified transformants of V. inaequalis, using the
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method described in section 2.5. A total of 5 ug genomic DNA from each sample, as well as 50
ng of Cas9HygAMAccdB plasmid DNA (positive control DNA), was then digested with the EcoRI
restriction enzyme (New England Biolabs) overnight at 37°C and resolved by electrophoresis on
a 1.5% Tris-borate-EDTA (TBE) gel. DNA was subsequently transferred to a positively charged
nylon membrane (Roche) overnight at room temperature. DNA was crosslinked to the membrane
by UV irradiation for 2 min using a CEX-800 UV cross-linker (120 mJ/cm2, 254 nm; Ultralum,
Inc.), and the probe hybridized to the DNA on the membrane overnight at 50°C. Colorimetric
detection of the probe was then performed as per the manufacturer’s instructions using the DIG
High Prime DNA Labelling and Detection Starter Kit | for 3 h for the Cas9HygAMAccdB plasmid

DNA control, and 9 h for V. inaequalis genomic DNA samples.
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4. Results and discussion

4.1. CRISPR-Cas9 can be used for gene disruption in V. inaequalis

We set out to establish the CRISPR-Cas9 gene editing system in V. inaequalis, using the melanin
biosynthesis pathway gene THN (Joint Genome Institute ID: atg4736.t1) as a target for
inactivation. The THN gene was chosen as a proof of concept, as a previous study had shown that
V. inaequalis displays a distinctive light-brown phenotype when this gene is transcriptionally
silenced using RNAI, indicative of reduced melanisation [16]. In this way, transformants of V.
inaequalis inactivated for the THN gene using the CRISPR-Cas9 gene editing system can be
rapidly identified through a simple visual screen. For ease of use, we chose to employ a CRISPR-
Cas9 gene editing system that, similar to the one previously established in Aspergillus niger [36],
only requires a single autonomously replicating plasmid derived from Cas9HygAMAccdB and
containing both the Cas9 endonuclease and sgRNA, for gene inactivation (Figure 5-1).

The Cas9HygAMAccdB plasmid contains an A. niger codon-optimized cas9 gene
expressed under the control of the pkiA (pyruvate kinase) promoter. To ensure expression in the
fungal nucleus, the Cas9 endonuclease was tagged at its carboxyl (C) terminus with a nuclear
localization signal (NLS). The Cas9HygAMAccdB plasmid also contains an RNA polymerase 111
promoter to facilitate expression of the sgRNA in vivo. Using the chosen CRISPR-Cas9 system,
the 20 bp encoding the sgRNA protospacer were synthesized as two pairs of complementary
oligonucleotides that were pre-annealed and cloned into the Cas9HygAMAccdB plasmid by a
single-step Golden Gate reaction, enabling Polymerase Chain Reaction (PCR)-free cloning that
could be completed in less than one week.

An autonomously replicating plasmid was chosen as it has several advantages. Firstly,
autonomously replicating plasmids can enhance fungal transformation efficiency, as

recombination between the plasmid and chromosome is not required [41]. As such, autonomously

255



CHAPTER 5: CRISPR-Cas9 gene editing and rapid detection of gene-edited mutants using high-resolution melting in the
apple scab fungus, Venturia inaequalis

replicating plasmids can be used in fungal species that exhibit low transformation efficiency, such
as V. inaequalis. Secondly, autonomously replicating plasmids could be lost once selection (e.g.,
as mediated through hygromycin B) is removed [41]. In doing so, autonomously replicating
plasmids can reduce off-target effects by only enabling transient expression of the Cas9
endonuclease in the fungus [42]. As such, autonomously replicating plasmids could be recycled,
which would enable the sequential inactivation of genes in CRISPR-Cas9 gene-edited mutants and
could also facilitate the subsequent complementation of mutants generated using CRISPR-Cas9
technology.

As a starting point for inactivation, SgRNAs were designed to target the amino (N) terminus
(first and second exon) instead of the C terminus of the THN gene. This is because mutations at
the C terminus of a gene are less likely to cause a frameshift mutation that results in inactivation
[43]. As different sgRNAs can display different targeting efficiencies ([43], two different SgRNAs,
sgRNA 4 and sgRNA 20, with similar predicted on-target activity, and no predicted off-target
activity (Table 5-2), were selected for inactivation of the THN gene. Special attention was taken
to ensure that the sgRNAs did not target any other melanin biosynthesis pathway genes that have
a high degree of conservation to THN, such as the 1,3,6,8-tetrahydroxynaphthalene reductase gene
(atg3631.t1). PEG-mediated protoplast transformation of V. inaequalis with sgRNA 4, targeting
the first THN exon (Appendix A: Figure 5-2. A), resulted in 98 independent transformants, of
which 62 ceased to grow on hygromycin B selection media after one week, and were therefore
considered transient, giving a final number of 36 stable transformants. Transient transformants
have been reported in a large number of PEG-mediated protoplast transformations of fungi [44,45],
and it has previously been reported that up to 98% of PEG-mediated protoplast transformants of
V. inaequalis are transient [10]. Of course, it remains possible that the large number of transient
transformants generated in our study was the result of premature loss of the autonomously

replicating plasmid used to deliver the sgRNA and Cas9.
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Notably, of the 36 stable transformants, six had a light-brown phenotype (Figure 5-2. B).
These were transformants THN #9, THN #37, THN #60, THN #66, THN #89 and THN #96. To
validate the presence of a mutation in the THN gene, it was amplified from each of the six putative
mutants by PCR, as well as from three dark-brown transformants without the light-brown
phenotype (THN #38, THN #53 and THN #90), and subjected to amplicon sequencing. As
expected, all three dark-brown transformants did not contain a mutation in their THN gene (Figure
5-2 .C). For the putative light-brown mutant THN #9, the THN gene could not be amplified by
PCR using two different sets of primers (MR161-MR162, MR185-MR186). This was despite the
fact that both THN-flanking genes could be amplified, suggesting that a large deletion at the THN
locus might have occurred (Appendix A: Figure A 5-2). In contrast to the dark-brown
transformants, the remaining light-brown THN transformants displayed a range of mutations. More
specifically, these were a single bp insertion (T) at the same location in THN #37 and THN #66, a
33-bp deletion (TTTGGAGGGCAAGGTCGCCCTCGTTACCGGTTC) in THN #60, a single bp
deletion (T) in THN #89, and a 24-bp deletion (TCATGGTCTTTGGAGGGCAAGGTC) in THN
#96. Therefore, from the 36 stable transformants, six had a confirmed mutation, giving a gene
inactivation efficiency of ~16.7%.

CRISPR-Cas9 gene inactivation efficiencies in other filamentous fungi, in experiments that
rely on NHEJ, range between 10 and 100% [22,23,46-48]. In cases where the CRISPR-Cas9
NHEJ-based gene inactivation efficiency is low, the gene inactivation efficiency could be
improved greatly by the incorporation of a donor DNA that is integrated into the genome using
HDR [22]. Nevertheless, gene inactivation efficiencies between experiments cannot be compared,
as these efficiencies will greatly depend on Cas9 expression, sgRNA design and accessibility of
the target gene, among other factors [20]. Therefore, even though the inactivation efficiency of the
V. inaequalis THN gene with sgRNA 4 is at the low end, it is likely to vary between genes and no

conclusions can yet be drawn as to the overall efficiency of the technique.
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Remarkably, PEG-mediated protoplast transformation of V. inaequalis with sgRNA 20,
targeting the second exon of the THN gene (Figure 5-2. A), resulted in a similar number of stable
independent transformants on hygromycin B selection media (31 in total), but none of these
transformants had the distinctive light-brown phenotype, indicating that if a Cas9-induced
mutation was generated, it was synonymous or did not disrupt THN activity. This stark difference
in the number of transformants inactivated for the THN gene is interesting, given that both sgRNAs
had a similar predicted on-target activity score (Table 5-2). However, it is known that different
sgRNAs can vary greatly in their efficiency, as previously observed for sgRNAs targeting the yA
gene of the filamentous fungus A. nidulans [49], highlighting the importance of reliable methods
to estimate sgRNA efficiency. Thus, while genes will differ in their ability to be inactivated using
the CRISPR-Cas9 gene editing system (e.g. due to their location in the genome) [20], it is
important that future studies consider multiple sgRNAs for successful gene inactivation in V.
inaequalis.

Table 5-2. Selected sgRNA protospacers used to target the Venturia inaequalis melanin biosynthesis pathway

gene trihydroxynaphthalene reductase (THN).

Sequence (5°-3")! Binding  Direction Off- Off- On-
site targets? target  target
score®  score?
Protospacer 4 GCCCCATCATGGTCTT | Exon1 Forward 0 (0 in|100% 0.448
TGGAGGG CDS)

Protospacer 20 TTTCAAGGACGTCAC | Exon?2 Forward 0 (0 in| 100% 0.539
ACCAGAGG CDS)

INGG: protospacer adjacent motif (PAM) site.
2CDS: coding sequence.

30ff-target score: prediction of how likely a sgRNA sequence might bind to somewhere else in the genome. Scores

are between 0 and 100, with higher scores indicative of less off-target activity.

“On-target scores are between 0 and 1, with higher scores indicative of higher expected activity of the sgRNA-Cas9

complex on the target gene, based on Doench et al. [43].
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Figure 5-2. Establishment of the CRISPR-Cas9 gene editing system in Venturia inaequalis. A. Schematic
representation of the V. inaequalis melanin biosynthesis pathway gene trihydroxynaphthalene reductase (THN; 911
bp) with binding sites for the two selected sgRNAs used in CRISPR-Cas9 gene editing experiments shown. Orange:
gene exons; Grey: gene introns; Bold nucleotides: expected sgRNA cleavage site; orange nucleotides: PAM site.
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Arrows: binding direction of sgRNAs. B. Colony phenotype of wild type (wt) V. inaequalis, and three dark-brown
and six light-brown CRISPR-Cas9 transformants grown on potato-dextrose agar at 22°C for 14 days. C. Spectrum of
CRISPR-Cas9-generated mutations in the THN gene. Black nucleotides: exon; Grey nucleotides: intron; Orange
nucleotides: PAM site; Red amino acids/nucleotides: mutations observed. Light-brown mutant THN #9 was not
sequenced due to a lack of PCR amplification for the THN gene.

4.2. The autonomously replicating CRISPR-Cas9 gene editing plasmid is rapidly lost in

most transformants once selection is removed

With the finding that the CRISPR-Cas9 gene editing system could be successfully applied to V.
inaequalis, we next set out to determine whether this fungus can lose the autonomously replicating
plasmid, CasOHYygAMA-sgRNA, once the hygromycin B selection is removed. For this purpose,
all six light-brown THN mutants (THN #9, THN #37, THN #60, THN #66, THN #89 and THN
#96), as well as three dark-brown transformants (THN #38, THN #53 and THN #90), all derived
from the transformation of V. inaequalis with sgRNA 4, were single-spore purified and replica-
plated onto both PDA and PDA supplemented with 50 pg/ml hygromycin B. After only one round
of single-spore isolation and sub-culturing, four of the THN mutants (THN #60, THN #66, THN
#89 and THN #96) and two of the transformants without the light-brown phenotype (THN #53
and THN #90) lost the ability to grow on PDA supplemented with hygromycin B, suggesting that
they have lost the CasOHYygAMA-sgRNA plasmid (Appendix A: Figure A 5-3).

To confirm that this is indeed the case, and to assess whether the remaining transformant
(THN #38) and THN mutants (THN #9 and THN #37) still possess the Cas9HygAMA plasmid in
its autonomously replicating form, or whether this plasmid has instead been integrated into their
genomes, a Southern blot experiment was performed using a probe binding to the hygromycin B
cassette of the Cas9HygAMA plasmid (Appendix A: Figure A 5-4). Here, genomic DNA from
each of the transformants and THN mutants was digested with the restriction enzyme EcoRI.
Similar amounts of EcoRI-digested genomic DNA from each of the transformants and THN

mutants was used for Southern blot as observed by gel electrophoresis prior to membrane transfer
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and blotting (Appendix A: Figure A 5-4. A). For the THN mutant THN #37, two bands of
approximately 2.7 Kb and 2.4 Kb, respectively, corresponding to the expected banding profile of
EcoRlI-digested Cas9HygAMA plasmid DNA, were observed, indicating that the autonomously
replicating plasmid was still present (Appendix A: Figure A 5-4. B). However, in addition to
these two bands, several bands ranging in size from approximately 3.2 Kb to >10 Kb that do not
correspond to the expected banding profile of EcoRI-digested Cas9HygAMA plasmid DNA, were
also observed (Appendix A: Figure A 5-4. B). This suggests that multiple integrations of
Cas9HygAMA plasmid DNA into the genome of THN mutant THN #37 have also occurred.
Unlike THN #37, the THN mutants THN #9 and THN #38 were only found to have unique bands
that do not correspond to the autonomously replicating CasOQHygAMA plasmid (Appendix A:
Figure A 5-4). This suggests that these transformants do not possess the plasmid in its
autonomously replicating form, but rather, that it has integrated into their genomes. Finally, the
Cas9HygAMA plasmid, either in its autonomously replicating form or as a version that has been
integrated into the genome, could not be detected in transformants THN #53 and THN #90, as well
as THN mutants THN #60, THN #66, THN #89 and THN #96 (Appendix A: Figure A 5-4. B),
which collectively lost the ability to grow on PDA supplemented with hygromycin B (Appendix
A: Figure A 5-3), confirming that they have indeed lost the autonomously replicating

Cas9HygAMA plasmid (Appendix A: Figure A 5-4. B).

4.3. High-resolution melting analysis is a sensitive and high-throughput method to screen

for CRISPR-Cas9 mutants

In our study, mutants of V. inaequalis with a CRISPR-Cas9-mediated gene inactivation of the THN
gene could be rapidly identified based on their light-brown colony phenotype. However, not all
genes of V. inaequalis will result in an observable phenotype when inactivated or mutated. For

this reason, a low-cost, high-throughput method is required to rapidly identify CRISPR-Cas9 gene-
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edited mutants of V. inaequalis that lack an observable phenotype on a transformation plate
facilitating selection. One such method is an HRM curve analysis, which enables the rapid
identification of single bp indels in DNA amplicons from transformant genomic DNA (Reed and
Wittwer, 2004; Simko, 2016; Wittwer, 2009). We set out to test the efficiency of an HRM curve
analysis for the detection of V. inaequalis THN mutants generated using CRISPR-Cas9 sgRNA 4.
As a starting point for this analysis, we first generated a positive control sequence for detecting
indels relative to the wild type (wt) sequence (Figure 5-2. C). The positive control was generated
by introducing a two-nucleotide substitution into a PCR amplicon of the THN gene using site-
directed mutagenesis.

According to the literature, an HRM curve analysis can be affected by different parameters
such as genomic DNA quality, PCR amplicon size, amplicon GC content and fluorescent dye used
[50]. To ensure reliability of the assay, good quality genomic DNA should be extracted. Likewise,
the same DNA preparation method should be used across all samples to ensure uniformity in
genomic DNA quality. Amplicon size is another crucial parameter that affects the HRM curve
analysis. Therefore, two different primer sets were designed to generate amplicons of 230 bp
(MR170-MR171) and 123 bp (MR172-MR173) (Table 5-1). The HRM curve assay was
performed with both primers sets using wt genomic DNA and the engineered positive control as
DNA template. Specific DNA amplicons could be amplified using both primers sets (Figure 5-3.
A); however, the smaller amplicon showed a clearer shift in the melting curve between wt and
positive control (Figure 5-3. B). Given that smaller amplicons are more suitable for HRM curve
analysis [50], and because the smaller amplicon showed a clearer shift in the melting curve, we

decided to use the 123 bp amplicon for our screen (primer set MR172-MR173).
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Figure 5-3. Optimization of primers for gPCR-HRM curve analysis of the trihydroxynaphthalene reductase
(THN) gene mutants generated using CRISPR-Cas9 sgRNA 4. A. Conventional PCR amplification of the THN
gene positive control (+) and wild type (wt) sequences with the different primer sets resolved by electrophoresis on a

1.5% TBE agarose gel. Ladder sizes are shown in base pairs (bp). B. Normalized and shifted melting curves of the

THN gene positive control (+) and wild type (wt) PCR amplicons generated with two different primer sets (MR170-
MR171 and MR172-MR173).

The HRM curve analysis was performed using the AccuMelt HRM SuperMix high
saturating dye SYTO 9™, resulting in clear separation of unique melting curves between mutants
(Figure 5-4). The normalized HRM curves showed that amplicons from wt fungus, as well as
dark-brown transformants, clustered together into a group with a similar melting curve profile
(blue curves in Figure 5-4). In contrast, amplicons from the engineered positive control (green
curves in Figure 5-4) and the light-brown THN mutants showed distinct melting curves (green,
red, grey and purple curves in Figure 5-4) that correlated with the different mutations seen in
Figure 5-2 .C. These results indicate that the HRM curve assay can not only efficiently identify
CRISPR-Cas9 gene-edited mutants, but can also discriminate between different types of mutations

(Reed & Wittwer, 2004). The light-brown mutant THN #9 could not be screened using the HRM
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curve analysis due to a lack of PCR amplification for the THN gene, suggesting that a large deletion
at the THN locus has been generated. This highlights one of the main limitations of the HRM curve
analysis, in that it is not suitable for the detection of large deletion mutants. However, given that
such deletion mutants can be easily assessed using standard PCR, this is not an issue.

One of the main advantages of the HRM curve analysis is that it can detect mutant DNA
that is mixed in with wt DNA, even when the amount of mutant DNA is as low as 1-5% [30,35].
To test the efficiency of the HRM curve assay, genomic DNA from one mutant with a single bp
insertion (THN #66) was mixed with wt genomic DNA at different mutant:wt ratios (1:99, 5:95,
10:90, 20:80, 30:70 and 50:50), similarly to that performed by [30]. Under our conditions, the
assay could not differentiate mutant and wt in 1:99 mutant:wt ratio; however, the mutant DNA
could be identified by the HRM curve analysis in all of the other ratios, with a clear shift in the
melting curve, indicating an assay sensitivity as high as 5% (Figure 5-5). Therefore, mutants do
not need to be single-spore purified before performing an HRM curve analysis, and multiple
mutants can be pooled together for large-scale screens. The observation that mutant DNA can be
detected when mixed with wt DNA further reduces the cost and workload of the assay, and further
validates the use of an HRM curve analysis for the high throughput screening of CRISPR-Cas9

fungal transformants.
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Figure 5-4. Screening of CRISPR-Cas9 transformants of Venturia inaequalis using gPCR-HRM curve and PCR
amplicon sequencing analyses. Plot showing normalized and temperature-shifted differences in melting curves
between trihydroxynaphthalene reductase (THN) amplicons of transformants. Melting curve groups were generated
by LightCycler® 480 gene scanning software with a sensitivity of 0.40 and using AccuMelt HRM SuperMix

fluorescent dye (DNAture). The experiment is based on two technical replicates per sample.
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Figure 5-5. gPCR-HRM sensitivity to detect a one base pair deletion in mutant—wild type DNA mixtures. Plot
showing normalized and temperature-shifted differences in melting curves between wild type (wt)
trihydroxynaphthalene reductase (THN) DNA samples of V. inaequalis wt mixed with mutant THN DNA samples to
detect the resolution limit of the HRM curve assay. Melting curve groups generated by LightCycler® 480 gene
scanning software with a sensitivity of 0.48 and using AccuMelt HRM SuperMix fluorescent dye (DNAture). A
minimum of two technical replicates were performed per sample. Wt genomic DNA and mutant THN #66 genomic
DNA were diluted in different ratios (mutant:wt): 1:99, 5:95, 10:90, 20:80, 30:70 and 50:50.
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4.4. CRISPR-Cas9 editing of the THN gene does not alter the phenotype of V. inaequalis

grown in culture

CRISPR-Cas9-based experiments can sometimes be detrimental to the target organism due to Cas9
toxicity and/or off-target mutations [51], even though CRISPR-Cas9 off-target mutations have
been reported to be unlikely in different filamentous fungi [22,23,52]. To test if CRISPR-Cas9-
mediated transformation has greatly affected the phenotype of V. inaequalis (e.g. through toxicity
or off-target effects), we investigated the phenotypes of the wt, three dark-brown transformants
(THN #38, THN #53, THN #90) and six light-brown mutants (THN #9, THN#37, THN#60,
THN#66, THN#89, THN#96) of V. inaequalis on and in cellophane membranes overlaying PDA.
During growth in cellophane membranes, V. inaequalis undergoes morphological differentiation,
similar to that observed under the cuticle in planta, where it develops infection structures called
runner hyphae and stromata [13]. Therefore, we investigated whether the THN mutants maintained
their ability to develop runner hyphae and stromata in cellophane membranes after CRISPR-Cas9-
mediated transformation (Figure 5-6). All mutants showed a similar phenotype to wt, in that they
were able to penetrate the cellophane membrane to develop runner hyphae and stromata. Likewise,
all mutants maintained their ability to sporulate on the cellophane membrane surface. Taken
together, these results suggest that CRISPR-Cas9-mediated transformation has not greatly affected
the phenotype of V. inaequalis. A more in-depth analysis based on whole genome sequencing is

the next step to determine whether this experiment has resulted in any off-target mutations.
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Wild type Dark-brown Light-brown
(THN #53) (THN #89)

Surface hyphae

Stromata

Runner hyphae

Figure 5-6. In-culture phenotype of wild-type and CRISPR-Cas9 transformants of Venturia inaequalis on and
in a cellophane membrane. The conidia of each strain were plated on a cellophane membrane overlaying potato-
dextrose agar, followed by incubation at 22°C for 10 days. Scale bar 50 pM. Pictures are representative of all THN

mutants identified.
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5. Conclusions

We have successfully applied CRISPR-Cas9 gene editing to the filamentous fungal pathogen, V.
inaequalis, providing an opportunity for future studies to characterise gene functions associated
with the growth, reproduction, virulence and pathogenicity of this fungus. Given that the genomes
of several other species from the Venturia genus have recently been sequenced [5,53-58], this
development will likely be useful for the functional characterization of genes in these species.
Notably, genome sequencing has revealed that members of the Venturia genus contain large,
expanded families of putative effector genes that likely play an important role in host-colonization
[5]. As the functional characterization of gene families is often hindered by functional redundancy
between family members, and because the sequential deletion of family members using standard
homologous recombination is limited by the number of selectable marker genes that are available,
our finding that CRISPR-Cas9 technology can be applied to V. inaequalis is also expected to
greatly facilitate the functional characterization of effector gene families in the Venturia genus
(i.e. through sequential gene deletion/disruption or simultaneous gene targeting (multiplexing))
[59].

In addition to applying CRISPR-Cas9 gene editing to V. inaequalis, we have developed a
high-throughput screening protocol based on an HRM curve analysis for the identification of
CRISPR-Cas9-generated mutants of this fungus with as little as one bp insertion or deletion. We
have observed that this highly sensitive method can detect mutant DNA even when mixed in a
5:95 mutant:wt ratio, making it an excellent method for high-throughput screening, as mutants do
not need to be single-spore purified prior to screening. This method will be of great value for the
identification of mutants generated by CRISPR-Cas9 technology in different fungal species where

the mutation efficiency is low.
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Figure A 5-1. Flow diagrams illustrating Cas9HygAMAccdB plasmid construction and Golden Gate cloning of
the sgRNA. A. Construction of the Cas9HygAMAccdB plasmid. Step 1: the ANEp8-Cas9-LIC plasmid [36] was
digested with Notl to liberate a 5.3 Kb fragment containing the AMAL cassette, and a 10.3 Kb fragment containing
the Cas9 and PyrG genes; Step 2: the 10.3 Kb fragment containing the Cas9 and PyrG genes from Step 1 was digested
with Kpnl to liberate a 9 Kb Cas9 cassette containing the Cas9 gene (i.e. through removal of the PyrG gene); Step 3:
the 2.9 Kb hygromycin resistance cassette was amplified by PCR from the pDONR221-Hyg plasmid [38] in
conjunction with the restriction enzyme-adapted primers Notl PgpdA Hyg pDONR Fw and Kpnl TtrpC Hyg DONR
Rv; Step 4: the PCR amplicon from Step 3 was digested with Notl and Kpnl; Step 5: the Notl/Kpnl-digested Cas9
cassette from Step 2 and the Notl/Kpnl-digested hygromycin resistance cassette from Step 4 were ligated together to
create the Cas9Hyg plasmid; Step 6: the Cas9Hyg plasmid from Step 5 was digested with Notl; Step 7: the Notl-
digested Cas9Hyg plasmid from Step 6 and the Notl-digested AMA1 cassette from Step 1 were ligated to create the
Cas9HygAMA plasmid; Step 8: a fragment containing the tRNA promoter (PtRNA) and mock protospacer (CRISPR
RNA,; crRNA) sequences was amplified from the ANEp8-Cas9-gRNA plasmid by PCR using the primers Fw LIC2
and Sapl site CRISPR Rv. Here, the Sapl site CRISPR Rv primer was designed to introduce a Sapl restriction site
between the tRNA promoter and mock protospacer sequences. At the same time, a second fragment containing the
mock protospacer and tRNA terminator (TtRNA) sequences was amplified from the ANEp8-Cas9-gRNA plasmid by
PCR using the primers Sapl site CRISPR Fw and Rv LIC2 (Table 5-1). In this case, the Sapl site CRISPR Rv primer
was designed to introduce a Sapl restriction site between the mock protospacer and tRNA terminator sequences; Step
9: the two PCR amplicons from Step 8 were fused together by overlap PCR using the Fw LIC2 and Rv LIC2 primers;
Step 10: the PCR product from Step 9 was inserted into the Cas9QHygAMA plasmid from Step 7 through ligation-
independent cloning (LIC) via its Swal restriction site [36] to create the Cas9HygAMASapl plasmid; Step 11: a 2 Kb
fragment containing the control of cell death B (ccdB) killer gene and chloramphenicol acetyltransferase (cat)
resistance gene was amplified by PCR from the pSM1 plasmid [39] using the Sapl restriction enzyme-adapted primers
Sapl ccdB F and Sapl ccdB R; Step 12: the PCR amplicon from Step 11 was digested with Sapl and ligated into Sapl-
digested Cas9HygAMASapl using T4 ligation to create the Cas9HygAMAccdB plasmid. Other abbreviations: bla:
beta-lactamase gene conferring ampicillin resistance; NLS: Nuclear Localization Signal, Kan: Kanamycin resistance
gene; ori: origin of replication; tracrRNA: transactivating crRNA sequence. Black arrowheads depict restriction sites
and arrows PCR primer binding sites. Figure not to scale. B. Cloning of the sgRNA into the Cas9HygAMAccdB
plasmid using a two-step process involving 1) primer-annealing and 2) Sapl-dependent Golden Gate assembly. Red
line indicates the recognition site of the Sapl restriction enzyme, and red triangles indicate the cut site of the Sapl

restriction enzyme. Yellow and blue boxes show Sapl restriction site overhangs.
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Figure A 5-2. A large deletion event has potentially occurred at the THN locus in mutant THN #9. A. Schematic

representation of the trihydroxynaphthalene reductase (THN) gene locus in the Venturia inaequalis MNH120 genome.

Arrows: primer binding site, dashed lines: amplicon. B. Conventional PCR of THN and its neighbouring genes using

wild type genomic DNA, THN #9 genomic DNA and water as a negative control. PCR amplicons were resolved by
electrophoresis on a 1% TBE gel. Marker: 1 Kb plus DNA ladder. 1. MR204-MR205: upstream gene; 2. MR161-

MR162: THN; 3. MR184-MR185: THN; 4. MR252-MR253: downstream gene.
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PDA

PDA + 50 Hyg

PDA

PDA + 50 Hyg

Figure A 5-3. Loss of the autonomously replicating Cas9HygAMA-sgRNA plasmid by CRISPR-Cas9
transformants of Venturia inaequalis. Conidia of each transformant were plated on a cellophane membrane
overlaying potato-dextrose agar (PDA) or a cellophane membrane overlaying PDA supplemented with 50 pg/mi

hygromycin B (Hyg), followed by incubation at 22°C for 14 days.
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Figure A 5-4. Southern blot analysis of Venturia inaequalis CRISPR-Cas9 transformants.
A. Cas9HygAMA plasmid DNA (50 ng), together with genomic DNA (5 pg) from wild-type V. inaequalis (Wt), three
transformants of V. inaequalis carrying a functional copy of the THN gene (THN #38, THN #53 and THN #90), and
six mutants of V. inaequalis lacking a functional copy of the THN gene (THN #9, THN #37, THN #60, THN #66,
THN #89 and THN #96), digested with the restriction enzyme EcoRI and resolved by 1% TBE gel electrophoresis.
Marker: 1 Kb plus DNA ladder. The expected sizes of the five bands following digestion with EcoRI are 6,653 bp,
5,310 bp, 2,673 bp, 2,368 bp and 2,281 bp, respectively. B. Colorimetric Southern blot based on the gel in A. using a
DIG probe specific to the hygromycin resistance cassette in the Cas9HygAMA plasmid. White arrowheads indicate
the location of EcoRlI digestion fragments from the Cas9HygAMA plasmid that are specifically targeted by the probe
(2,673 bp and 2,368 bp), while dotted lines indicate the location of EcoRI digestion fragments from the CasOHygAMA
plasmid that are not targeted specifically by the probe (6,649 bp and 5,306 bp). These non-specific bands are not
present in Wt V. inaequalis, and thus do not affect interpretation of the Southern blot. The arrowheads and dotted lines
are also shown in A. as a comparison). Asterisks indicate bands derived from the Cas9HygAMA-sgRNA plasmid that
have likely integrated to the genome. To enable colorimetric detection of the probe, the section of the blot containing
digested Cas9QHygAMA plasmid DNA (left side of the vertical white line) was exposed for 3 hours, while the section
of the blot containing digested V. inaequalis genomic DNA (right side of the vertical white line) was exposed for 9

hours. Marker: 1 Kb plus DNA ladder.
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1. Introduction

Each year, plant pathogens collectively result in up to 30% of the world’s crop yield being lost to
disease and are therefore considered one of the biggest threats to food security [1,2]. Among these,
subcuticular pathogens are a largely understudied group that colonize the subcuticular
environment of host plants. A key feature of these pathogens is their ability to develop visibly
similar infection structures, called runner hyphae and stromata, that appear to be specialized for
subcuticular host-colonization. However, these infection structures have never been studied in
detail, and their role in the infection process remains elusive. Venturia inaequalis is a model
species for studying the process of morphological differentiation during subcuticular host-
colonization as this pathogen produces infection-like structures inside cellophane membranes

during growth in culture [3].

Even though V. inaequalis is a model pathogen for both the Venturia genus and the
study of subcuticular host-colonization, the reality is that our understanding of the V. inaequalis—
apple (Malus) pathosystem, particularly at the molecular level, is still in its infancy [4-6]. Research
on the V. inaequalis—Malus pathosystem has progressed slowly due to the nature of the host, as
apple is a perennial crop that takes several years to grow. Additionally, V. inaequalis is a slow-
growing fungal species that is not easily amenable to genetic manipulation, with no gene deletions
or disruptions published at the time of starting this thesis. This is despite the fact that protocols for

the genetic transformation and manipulation of this fungus have been developed [7,8].

A large gap in our understanding centres around which secreted proteins of V.
inaequalis are required to promote host-colonization (virulence effectors) or trigger host resistance
(avirulence [Avr] effectors). Indeed, while previous efforts have been made to identify and
characterize effector candidates (ECs) of this fungus [3,9-11], the specific virulence functions of

these ECs have not yet been elucidated. Furthermore, no Avr effector genes have been published.
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However, progress on this front is being made and the AvrRvi4 and AvrRvi6 Avr effector genes of
V. inaequalis have likely been identified recently (Silvia de la Rosa et al., in preparation; Bruno
Le Cam et al., in preparation). The presumed identification of AvrRvi4 was facilitated through the
ease by which V. inaequalis isolates can be sexually crossed in culture, which enables genetic

dissection of traits.

Given the need to develop novel, durable control strategies against scab, further
research on the V. inaequalis—Malus pathosystem at the molecular level is desperately needed. In
particular, information on V. inaequalis effectors and the morphogenesis of infection structures by
this fungus is required to help identify targets for control strategies. In addition, as knowledge
about subcuticular host-colonization is scarce, it is hoped that any information gained on the
infection structures and biology of V. inaequalis can be extrapolated to other subcuticular

pathogens with the goal of informing disease control programs involving these species.
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2. Chapter 2: Apoplastic effector proteins of plant-associated fungi and
oomycetes

This chapter represents the most up-to-date review of apoplastic effector proteins from plant-
associated fungi and oomycetes performed until the time of its publication. First, in this review, |
defined the plant apoplastic environment as a continuum of all spaces and matrices from the plasma
membrane to the rhizoplane and cuticle. Next, | highlighted the great diversity of apoplastic
environments occupied by plant-associated fungi and oomycetes through the creation of a figure
that is the most comprehensive of its kind presented to date. This figure accentuates the complexity
of infection lifestyles associated with the apoplast, such as the subcuticular lifestyle used by V.
inaequalis, which is often overlooked in the literature.

Next, the review described the various functions of apoplastic effector proteins,
highlighting that most of those functionally characterized to date are associated with the evasion
of glycan-triggered immunity. This is not surprising given that the host apoplast is a hostile
environment rich in glucanases and chitinases [12]. Indeed, | suggest that to colonize the
subcuticular environment, a large portion of the apoplastic effector protein repertoire in V.
inaequalis is likely involved in evading glycan-triggered immunity. These effectors can be non-
enzymatic proteins (Chapter 3) or enzymatic proteins that chemically modify the fungal cell wall
to facilitate the morphogenesis and maintenance of infection structures (Chapter 4). In general, it
Is expected that, given the extracellular nature of host-colonization by V. inaequalis, many effector
proteins secreted by this pathogen perform their functions in the apoplastic environment. However,
this does not exclude the possibility that a subset of the effector proteins from V. inaequalis
function inside host cells, especially given that an intracellular nucleotide-binding domain and
leucine-rich repeat (NLR)-type resistance (R) protein against scab has been identified [13].

Finally, | propose that the majority of apoplastic effector proteins functionally

characterized to date are associated with glycan-triggered immunity because of the ease by which
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these proteins are identified. As described in the review, these effectors usually possess
carbohydrate-binding domains, such as the well-studied carbohydrate-binding module family 50
(CBM50)/lysin motif (LysM) originally identified in the Ecp6 effector from the tomato leaf mould
fungus Fulvia fulva [14,15]. Therefore, mining the genome for carbohydrate-binding domains can
quickly facilitate the identification of ECs potentially associated with evading glycan-triggered
immunity. Determining the function of apoplastic ECs without carbohydrate-binding domains is
not necessarily as straightforward, as these ECs do not usually display an annotated domain or
sequence similarity to other proteins. Later, in Chapter 3, | describe a new effector prediction
pipeline that could help identify ECs with novel functions beyond evasion of glycan-triggered

immunity.

3. Chapter 3: The Venturia inaequalis effector repertoire is expressed in
waves and is dominated by expanded families with predicted structural
similarity to avirulence proteins from other plant-pathogenic fungi

Chapter 3 describes the first comprehensive transcriptome analysis of V. inaequalis infecting a
susceptible apple host. This chapter aimed to investigate the general biology associated with
subcuticular growth (Chapter 3: Appendix B) and to generate an enriched list of V. inaequalis
ECs encoded by genes that are up-regulated during host infection (Chapter 3). Over the past few
years, many studies have performed transcriptome analysises on plant pathogens to investigate
their biology and infection strategies [16-18]. Prior to this thesis, only two gene expression studies
of V. inaequalis infecting susceptible apple had been published [10,19]. However, these studies
were based on a limited number of infection time points with no biological replicates and, thus,

were not comprehensive.
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3.1. Unravelling the nutritional strategy of a subcuticular pathogen

Little is known about how subcuticular plant-pathogenic fungi acquire nutrients from the
subcuticular environment, in which nutrients are scarce [20]. Thus, the first part of the study
(Chapter 3: Appendix B) focused on unravelling the nutritional strategy of V. inaequalis during
subcuticular host-colonization. Notably, it had previously been hypothesised that the stromata of
V. inaequalis are involved in nutrient acquisition during colonization of the subcuticular host
environment [21]. In line with this, during the development and expansion of stromata, several
genes encoding nutritional transporters were found to peak in expression. In future research, laser
microdissection could be used to generate an infection structure-specific transcriptome [22-24],
which could help confirm the link between nutrient transporters and the presence of stromata. The
use of laser microdissection represents some challenges, mostly in terms of sample preparation, as
fungal tissue needs to be effectively separated from plant tissue and in sufficient quantities for
RNA extraction [24]. However, this promising technique has been successfully used to study the
transcriptome of other infection structures generated by plant pathogens [25,26] and arbuscular
mycorrhizal fungi [27]. If a link can be established between nutrient transporters and the presence
of stromata, the next step would be to investigate the infection structures of other subcuticular
pathogens to assess if these structures display a conserved function for colonization of the

subcuticular environment.

In addition to the nutrient transporters, | observed that V. inaequalis expresses genes
encoding a collection of plant cell wall-degrading enzymes (PCWDEs), especially
polygalacturonases that use pectin as a substrate. Therefore, to acquire nutrients for degradation
and uptake, V. inaequalis may nibble away at the underlying plant cell walls, without killing them,
to obtain nutrients during biotrophic infection of apple tissue. The expression and secretion of

PCWDEs are generally limited in biotrophic pathogens, when compared with necrotrophic
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pathogens that have a more aggressive lifestyle [28,29]. For example, only one polygalacturonase
enzyme was observed to be produced by the corn smut fungus Ustilago maydis [30] and two by
the ergot fungus Claviceps purpurea during biotrophic host-colonization [31]. Indeed, the
expression of PCWDEs is tightly regulated by biotrophic pathogens, as some PCWDEs, such as
polygalacturonases, are well-known elicitors of plant defence [29]. Additionally, degradation of
the plant cell wall causes the release of damage-associated molecular patterns (DAMPS) that
trigger plant defences by plant cell-surface immune receptors, slowing or halting pathogen
infection [29,32,33]. At the same time, as part of the plant defence response, plants produce
polygalacturonase inhibitors that stop pathogen infection by hampering pathogen nutrition and
promoting the accumulation of DAMPs [33-35]. Therefore, as a counterattack, pathogens secrete
effectors to avoid and inhibit plant defences [36,37]. For example, plant-pathogenic fungi might
produce effectors that suppress these polygalacturonase inhibitors to promote virulence, as
observed recently in the white mould fungus, Sclerotinia sclerotiorum [38]. Certainly, in V.
inaequalis, the expression of PCWDEs is correlated with the peak of expression of most EC genes,
indicating that to successfully colonize the host while maintaining biotrophy, V. inaequalis must

deploy a large repertoire of ECs.

3.2. Effector families: an evolutionary playground for effector diversification

V. inaequalis deploys an extensive catalogue of non-enzymatic proteinaceous ECs during infection
to facilitate host-colonization (Chapter 3). Effectors perform specialized functions during
infection and, consequently, the expression of the genes that encode them is tightly regulated
during different infection stages and tissues [39]. Indeed, in this study, | determined that V.
inaequalis expressed EC genes in two waves: the early and mid-late EC waves. Therefore, this

study adds to the growing evidence that effectors are tightly regulated at the transcriptional level.
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Remarkably, only a small subset of EC genes demonstrated a peak level of
expression during early infection, with most EC genes found to peak during the mid-late infection
stage. This observation was surprising as several biotrophic pathogens have been reported to
express a large portion of effectors during early infection [17,40]. This delay in EC gene expression
highlights the differences in lifestyle of subcuticular pathogens compared with other well-known
inter- or intracellular species. | hypothesize that, during early infection, V. inaequalis might be
restricted to the upper surface of the subcuticular environment and remain largely undetected by
the plant immune system until later, when V. inaequalis is in close contact with the underlying
epidermal cells. Given the lack of transcriptional studies in other subcuticular pathogens, it is
unknown if this delay in EC gene expression is common among species with this lifestyle.
However, this hypothesis might be supported by the observation that many necrotrophic pathogens
have a quiescent subcuticular stage, indicating that pathogens can remain undetected in this

environment [41].

Interestingly, | also observed that most EC genes expressed during mid-late
infection belonged to expanded EC families of five or more members. Indeed, as previously
reported by Deng et al. [10], many V. inaequalis ECs share amino acid similarity and can be
grouped into families. Expansion of EC families has been observed in other plant pathogens, such
as the powdery mildew fungus Blumeria graminis [42,43] and U. maydis [44]. This expansion has
been suggested to be promoted by gene duplications followed by diversification of the new gene
copy towards a novel or altered function [39,45,46]. In many plant pathogens, EC families display
a rapid turn-over rate and are close to transposable elements (TEs), which have been proposed to
promote genome plasticity to accelerate the evolution of TE-rich genomic compartments

[43,45,47-49].
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Previous research in V. inaequalis determined that many EC gene family members
were close to TEs and, therefore, TEs could be promoting EC family expansion [10,50]. In this
study, | observed that in some cases, EC genes clustered together in the genome, suggesting that
they were created by recent duplication events. Indeed, TEs can induce duplication of genomic
material and chromosomal arrangements [47,49]. Additionally, TEs can promote genetic
diversification by the induction of repeat-induced mutations (RIPs). RIPs are a type of premeiotic
mutation that only occur during sexual reproduction. These mutations target TEs but sometimes
they can spread into neighbouring genes [51,52]. Remarkably, RIPs were observed to drive the
evolution of effectors towards virulence in the stem canker pathogen, Leptosphaeria maculans
[53]. Given that V. inaequalis has an overwintering sexual stage, and EC genes are near TEs, it
could be expected that RIP is a mechanism driving EC family diversification. However, even
though evidence of RIP was identified in the V. inaequalis genome, these mutations did not overlap
with TEs near EC genes [50], suggesting that RIP is not the main mechanism driving EC
diversification in this pathogen. Altogether, this thesis has added to the knowledge of EC family
creation and expansion in plant pathogens. However, deeper analysis to understand the genomic
arrangements of these EC gene family members in V. inaequalis was not possible, as the genome
available at the time of this study was largely fragmented. Therefore, future research is now needed
to investigate the evolution of EC gene families in V. inaequalis. once a chromosome-level genome

is available.

The EC family expansion in V. inaequalis is hypothesized to be the result of
selection pressure by the plant immune system [10], as it might facilitate the circumvention of R
protein-mediated defence or the improved suppression of host defences. An example of the former
could involve, for example, an effector that is directly recognized by a cognate immune receptor.
Under this scenario, if the recognized effector belongs to an expanded family of functionally

redundant virulence factors, the recognised effector can potentially be lost without an associated
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fitness cost to the pathogen. This is because other members of the family, which have diverged
enough in sequence to not be recognized directly by the R protein, can step in to perform the
virulence role vacated by the lost effector. EC families might also facilitate the evasion of R
protein-mediated plant immunity by being tightly transcriptionally regulated. In this thesis, I
observed that among an EC family, usually only one or a couple of family members were highly
expressed while the others remained transcriptionally silent during the in planta time points
investigated. Indeed, one reported strategy to avoid recognition by the plant immune system is for
pathogens to silence the gene encoding a recognized Avr effector [54,55]. Therefore, | speculate
that some V. inaequalis family members could be repressed in specific conditions or tissues to
avoid recognition by an apple R protein. Additionally, some EC genes might be transcriptionally
inactive as these gene copies are in the process of pseudogenization. Finally, in terms of improved
suppression of host defences, one possibility could be that members of a given expanded EC family
have evolved to target similar or overlapping host targets. For example, different members of an
EC family could target different members of a specific pathogenesis-related (PR) protein family

to suppress plant defences.

3.2.1. Exploring protein folds to understand effector evolution

Given the strong evolutionary pressure on effectors to diversify their sequence, studying their
evolution and function can be difficult, as amino acid similarity to other proteins can be rapidly
lost. However, as tertiary structures are usually more conserved than amino acid sequences [56],
the tertiary folds that these effector proteins adopt can also be used to provide insights into their

function and evolution.

In this study, | took advantage of recent advances in de novo protein folding
algorithms to predict the tertiary structures of all V. inaequalis ECs that were up-regulated during

host-colonization. Strikingly, this analysis, which was based on the AlphaFold2 algorithm [57],
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revealed that many sequence-unrelated V. inaequalis ECs had predicted tertiary structures that
were similar to Avr effectors from other phytopathogens, including members of the MAX, LARS,

ToxA, and FOLD structural effector families.

The observation that many sequence-unrelated ECs share a conserved fold suggests
that these effectors have evolved from a conserved ancestral protein [58]. This scenario is
consistent with the divergent evolution hypothesis. Here, rapid effector diversification causes the
loss of amino acid similarity to the point that only the amino acids required for the overall structure
are conserved [58]. In this study, | observed that some sequence-unrelated V. inaequalis ECs from
the MAX-like and FOLD-like structural families had conserved structural cysteines. In these cases,
I hypothesize that these families might be the result of divergent evolution. In contrast, V.
inaequalis ECs from the LARS-like structural family had the overall conserved fold typical of
LARS proteins, but lacked the previously reported conserved cysteines as well as the published
LARS motif [59]. Therefore, in this case, | speculate that the LARS-like proteins of V. inaequalis

could be the result of convergent evolution.

The research in this thesis, together with recent effectorome-level structural studies
on the rice blast fungus Magnaporthe oryzae, the wilt fungus Fusarium oxysporum and other fungi
[58-62] is starting to unravel the evolution of fungal effector proteins. However, these studies are
still in their infancy and more sampling of species is required. A recent large-scale structural study
by Seong & Krasileva et al. [62] explored the protein structures of the secretome from different
fungi and reported that the MAX-like fold was almost exclusively found in M. oryzae. However,
in this thesis, | reported an extreme expansion of this fold in V. inaequalis, highlighting the need
for an increased sampling of species to understand the evolution of these proteins. Additionally,
more sampling is needed to determine if some protein structures are overrepresented in fungi with

specific lifestyles, such as those known to be non-pathogenic. Interestingly, the Seong & Krasileva
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et al. [62] study reported that some effectors structural folds can be found in non-pathogenic fungal
species [62]. However, this is not surprising, as it is currently known that effector proteins are used
by all microbes independent of their lifestyle to establish and protect their niche [63]. Finally,
another future interesting line of research could be to generate structural predictions of ECs from
different subcuticular pathogens. Such an analysis could enable the identification of a core

subcuticular effectorome that is not obvious at the amino acid level.

3.2.2. Exploring protein folds to understand effector functions

3.2.2.1. Effectors with a putative role in the manipulation of the host microbiome

In this study, | determined that the most common fold among V. inaequalis ECs was a Killer protein
6 (KP6)-like fold, similar to that adopted by the antifungal KP6 protein of an U. maydis virus
[64,65]. Notably, this fold is known or predicted to be adopted by the EC Zt-KP6-1 from the
Septoria tritici blotch fungus Zymoseptoria tritici [66], two ECs from F. fulva [67], and a necrosis-
inducing effector from the Cercospora leaf spot fungus Cercospora beticola [68]. In this thesis, |
hypothesized that proteins with this fold might display toxic activities against microbes.
Additionally, in this study, I reported for the first time that the KP6-like fold might be an additional
conserved structural fold shared among fungal effectors. In line with this, a recent large-scale
structural study showed that this fold was predicted to be adopted by a number of fungal ECs
[60,62]. Surprisingly, the same study also reported that this fold was not predicted in the secreted
proteins of non-phytopathogenic fungal species. The exclusive distribution of the KP6-like fold in
plant-pathogenic species of fungi raises an interesting question: do these proteins solely function
in microbial antagonism, or do they also have other roles? | believe that other functions are likely,
as effectors with antimicrobial properties are expected to be shared among species with different

lifestyles [63,69]. The above-mentioned fold distribution could suggest that these KP6-like
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proteins also play a specialized role during the interaction with the plant, instead of manipulating
microbial interactions in the environment. Nevertheless, increased sampling of species needs to be
performed to develop any conclusions about the distribution of the fold. Additionally, future
studies to experimentally validate and functionally characterize these proteins are needed. The
starting point could be the expression of these ECs in a non-host system such as Nicotiana
benthamiana to screen for those with cytotoxic activities, as reported for the KP6-like effector in

C. beticola [68], and to perform in vitro antimicrobial assays using purified protein.

Additionally, | identified other ECs with crambin- or defensin-like structural folds,
which are typically shared among proteins with antimicrobial activity [70]. Therefore, it is likely
that a considerable proportion of the ECs from V. inaequalis are dedicated to antagonistic fungus—
microbe interactions to ward off microbial competitors. A future line of research could focus on
investigating the function of these ECs shortlisted for their putative antimicrobial role. However,
it is important to note that many cysteine-rich effectors are likely to adopt toxin or defensin-like
folds due to the stability that this fold provides in the hostile host environments [63]. Therefore,
not all proteins with structural analogy to antimicrobial proteins will be associated with microbiota
manipulation [63]. Arguably, a strategy to further prioritize ECs with putative antimicrobial
activity for further study would be the study their gene expression profiles, as their expression

might be distinct from effectors associated with the establishment of biotrophy [69].

After biotrophic host-colonization, V. inaequalis grows as a saprotroph in the leaf
litter on the soil surface under apple trees, which is a hotspot for microbial diversity [71]. Once
apple leaves decay and the plant immune defences dissipate, microbial competition is likely to
increase as opportunistic saprophytic microbes emerge [63]. The colonization of leaf litter is
crucial for V. inaequalis infection, as this stage is key to the production of sexual ascospores that

act as primary inoculum for the following season. Therefore, it is expected that during late
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infection, while transitioning from biotrophy to saprotrophy, V. inaequalis deploys a collection of
effector proteins that manipulate the host microbiome. | suggest that ECs with late expression
during infection should be prioritized for future studies for their putative antimicrobial activity.
This is in line with the proposed hypothesis in Chapter 3, that cyclic ribosomally-synthesized and
post-translationally modified peptides (RiPPs) called dikaritins might be associated with microbial
competition, as genes encoding these peptides were observed to be mostly expressed during late

infection.

3.2.2.2. Structurally conserved effectors: can we really infer function from structure?

The motivation behind the structural prediction of ECs is usually to shed light on their function.
Indeed, in many cases, structural analogy to other proteins can provide key clues about their
putative role during infection, as discussed in the section above. However, in this study, I reported
that many ECs of V. inaequalis display a conserved fold which raises questions about the origin
of such structural conservation. Recent studies have shown that effectors with conserved structural
folds, such as members of the ToxA family, target different host proteins and perform different
functions [72-75], suggesting that some protein folds may not have a conserved function and their
protein structure simply provides a stable scaffold during plant-microbe interactions. Therefore,
the prediction of effector tertiary structures does not always provide as much functional
information as it might be expected. In these cases, this structural scaffold might acquire novel
functions by changing surface properties or by developing loop features that can be altered to
enable functional diversification [76]. In line with this hypothesis, in this study, | observed that
many proteins with a conserved structural fold had a predicted disordered region. The flexibility
of this disordered region could facilitate interactions with different host proteins [77].
Alternatively, as disordered regions evolve faster than non-disordered regions [78], these regions

could facilitate the neofunctionalization of effector proteins. Therefore, to shed light on the
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function of these structurally conserved effectors, more attention should be given to these

intrinsically disordered regions.

Alternatively, some protein folds might be conserved as they facilitate interaction
with specific host proteins. This is one of the hypotheses for the MAX-like effectors, as many
MAX effectors in M. oryzae have been observed to translocate into cells where they are recognized
by NLR R proteins with an integrated heavy metal-associated (HMA) domain [79-84].
Additionally, the host targets of some MAX effectors are HMA-containing proteins [85].
Therefore, it appears that MAX-like effectors are well suited for interaction with HMA domains
[58,79,86,87]. However, recent research has shown that the conserved MAX effectors interact with
HMA domains using different surfaces, suggesting that these effectors have independently evolved
to bind HMA proteins [86]. Nevertheless, other MAX effectors interact with non-HMA proteins.
For example, the AvrPiz-t MAX effector has been reported to interact with many host proteins
(ligase and nucleoporin proteins) [88-91], while the MAX effector Avr-Pita has been found to
interact with a rice cytochrome C oxidase [92]. Therefore, it appears that MAX effectors are not
only well suited to interact with HMA proteins. This observation has led to the hypothesis that
proteins with this fold share a conserved molecular mechanism that facilitates interaction with

different host targets by a still unclear mechanism [86].

The discovery of MAX-like effectors in V. inaequalis reported in this thesis opens
a new opportunity to investigate the evolution and functionality of this fold. Given the extensive
differences between V. inaequalis and M. oryzae, regarding their host (dicot versus monocot) and
lifestyle (subcuticular biotroph versus intracellular hemibiotroph), the study of the ViMAX-like
ECs could give a wider perspective on the role of these effectors in the global context of plant—
microbe interactions. A future line of research could be to identify the host targets of VIMAX-like

ECs in apple. For that, a co-immunoprecipitation (co-1P) followed by mass spectrometry (MS)
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from extracts of apple leaves infected with V. inaequalis expressing ViMAX-like effectors with a
hemagglutinin (HA) tag could be performed. Later, structural modelling of MAX effectors with
their host target could help elucidate the biophysical properties of the interaction. At a practical
level, understanding the properties of the interaction between MAX effectors and HMA proteins,
as well as other host targets, could help engineer an R protein that recognizes this conserved
structural fold. The development of such an R protein could potentially confer plants with

resistance against multiple unrelated plant pathogens.

3.2.3. Improving effector prediction pipelines

As discussed in Chapter 2, multiple bioinformatic approaches have been used to predict the
effector catalogues of filamentous plant pathogens. In some cases, these approaches incorporate
support from proteomic or transcriptomic experiments involving infected plant tissue. However,
even when such analyses are performed, it is often difficult to ascertain what ECs might play an
important role in promoting host-colonization. This is especially true for many ECs of fungal
pathogens, which often lack conserved motifs or annotated functional domains that would
otherwise give insights into their function. Thus, with these points in mind, it can be difficult to

know which ECs to prioritise for further study.

In Chapter 3, | showed that transcriptomics combined with large-scale tertiary
structure predictions can be used to help identify and prioritise ECs for further study. More
specifically, at the start of this study, | predicted 1,369 proteins of V. inaequalis to be ECs. Of
these, 686 ECs were found to be up-regulated during host infection, with ~200 of the 686 found
to have structural similarity to Avrs from other plant-pathogenic fungi. These ~200 proteins now
represent key candidate avirulence effectors of V. inaequalis. Notably, this list can be refined even
more, by grouping ECs in families and selecting the most highly expressed member as the

representative EC of the family. Based on this criterion, the number of ECs to initially screen for
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arole in avirulence on apple could be as few as 12. Given my results, and how approachable large-
scale structural predictions of proteins are becoming, I suggest that large-scale structural prediction

should be integrated into all effector prediction pipelines.

Notably, AlphaFold2 has also opened the door to new, unexpected opportunities. A
recent study tested if AlphaFold2 could predict a protein tertiary structure for spurious proteins
that are the result of bioinformatic error. Importantly, this study by Monzon et al. [72] observed
that, in most cases, AlphaFold2 failed to confidently predict a fold for these proteins [72].
Therefore, this algorithm can be used to inform if a protein is likely spurious or real (bona fide)
[72]. Additionally, I suggest that structural searches in public databases could be used as a second
layer of information to help determine if a protein is real or spurious. It is to be expected that if a
protein has a good quality structural prediction by AlphaFold2 and shares structural similarities
with proteins in the public database, it is a bona fide protein. Nevertheless, some proteins might
display a novel fold. Therefore, this could only be used as an extra layer of information, not to
discard gene predictions. This is very useful in the field of effector prediction as gene prediction
in fungal genomes is in general very challenging. Additionally, prediction of EC genes poses even
more challenges as these genes are usually in the vicinity of repetitive elements, usually lack
obvious homology to other genes, and might display atypical codon usage, which hinder their
prediction [93]. For these reasons, the majority of in silico gene prediction algorithms tend to
discard these genes as spurious [93]. To avoid this problem, in this thesis | generated a manual
annotation for V. inaequalis to include as many genes as possible, which increased the chances of
generating a comprehensive effector catalogue. However, the immediate consequence of this
pipeline was that many spurious genes were annotated in the genome. This is where integrating
methods such as large-scale structural predictions with AlphaFold2 could become useful to
discriminate between spurious genes and EC genes to help in the annotation of fungal effector

catalogues.
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3.2.4. Other future directions

This chapter has considerably extended our understanding of the effectors deployed by V.
inaequalis during colonization of the subcuticular environment. However, this thesis is just a
starting point toward understanding V. inaequalis effector biology and many questions remain
unanswered. Firstly, the study presented here has focused on up-regulated EC genes during
colonization of the subcuticular environment. To focus on up-regulated EC genes is a common
strategy to prioritize ECs for study and it is especially suitable to identify genes that are associated
with the establishment of biotrophy. However, at the same time, this is a limitation as some EC
genes could be constitutively expressed. This indeed could be the case for putative antimicrobial
EC genes that function through all the life stages of the fungus. Additionally, it is known that some
genes with an important role during host-colonization are downregulated during infection [39,94].
Therefore, a study of the gene expression profiles of the non-upregulated EC genes could be

performed in the future, to supplement the putative effector catalogue identified in this study.

Additionally, I suggest that the generation of a transcriptome covering the complete
V. inaequalis lifecycle is essential to generate a more complete study of the biology of this
pathogen. Such a transcriptome would be ideal to identify ECs with a putative role in manipulating
the host microbiome. Ideally, this transcriptome could be generated from infected apple leaves in
the field, instead of using detached apple leaves. Generating a transcriptome of V. inaequalis
infecting the host in an orchard setting would better represent the natural conditions encountered
by the pathogen, such as those related to microbial competition, inoculum pressure, and weather
conditions. This would allow a better understanding of the biology of the fungus to be obtained,
and would enable a more complete effector catalogue to be generated by identifying effectors
specific for each lifecycle stage. Furthermore, it would be interesting to compare the transcriptome

of V. inaequalis infecting an organic orchard and infecting a traditional orchard with fungicides.
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Secondly, the strategies used by V. inaequalis to secrete and deliver effectors during
host-colonization are still unknown. One hypothesis is that stromata could play a role in the
delivery of effectors [3,50]. In line with this, localization of a ViAvrLm6-like EC and the Cin1 EC
during host-colonization showed accumulation of these proteins in stromata [50,95]. Additionally,
an ultrastructural study of V. inaequalis stromata, observed the presence of multivesicular bodies
in this structure [96], suggesting a role for stromata in secreting molecules. Therefore, it is
hypothesized that the stroma might be important for effector secretion, similar to haustoria
developed by obligate biotrophic pathogens [37,97,98]. To test this hypothesis, an interesting
follow-up experiment would be to perform a large-scale localization study of V. inaequalis ECs.
For instance, V. inaequalis strains expressing some putative apoplastic and intracellular ECs fused
to a fluorescent marker could be used to study the localization of these proteins during host-
colonization by confocal laser scanning microscopy. This study could confirm the role of these
infection structures in the secretion of effector proteins during host-colonization. Additionally, a
laser microdissection study to generate an infection structure-specific transcriptome could shed

light on the role of the stroma in effector delivery.

4. Chapter 4: Cell wall carbohydrate dynamics during the differentiation of
infection structures by the apple scab fungus, Venturia inaequalis

4.1.1. Deciphering the cell wall: a promising target for antifungal control methods

As a starting point, this study characterized the cell wall carbohydrate composition of sporulating
tubular hyphae developed by V. inaequalis in culture. These tubular hyphae resemble the hyphae
developed by V. inaequalis on the surface of apple leaves, which are an important source of conidia

for the spread of this pathogen in the orchard.
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Studies on the hyphal cell wall of filamentous plant pathogens are scarce. To my
knowledge, only a few studies have focused on the cell walls of plant-pathogenic fungi, including
F. oxysporum [99] and the grey mold fungus Botrytis cinerea [100]. However, these studies only
investigated the monosaccharide composition of cell walls, and only one study in the barley and
rye scald fungus Rhynchosporium secalis investigated the glycosidic linkages of cell wall
carbohydrates [101]. Therefore, this thesis adds to the overall knowledge of the cell wall

composition in plant-pathogenic fungi.

Understanding the composition and biosynthesis of the cell wall in plant-pathogenic
fungi can lead to the development of novel targeted fungicides. Another more sustainable control
strategy is the use of fungal biocontrol agents (BCAs), such as some Trichoderma spp. [102]. The
antagonistic potential of these BCAs has been associated with the secretion of cell wall-degrading
enzymes (CWDEs) that break down the cell wall of fungal pathogens [103-105]. Therefore,
increasing our knowledge of the cell walls of fungal pathogens can assist in the screening and
identification of BCAs with CWDE catalogues specific to different plant-pathogenic fungi.
Potentially, in the future, we could even engineer fungal BCAs in such a way that they produce

tailored sets of CWDEs to target specific fungal plant pathogens.

4.1.2. Potential strategies to avoid MAMP-triggered immunity during colonization of the

subcuticular host environment

The second part of the chapter reported studies of the subcuticular infection structures produced
by V. inaequalis (i.e. runner hyphae and stromata), with a focus on cell wall composition and
dynamics during host-colonization. Remarkably, the specialized infection structures produced by
this fungus, or any other subcuticular plant-pathogenic fungus, had not been investigated in detail

at the time this thesis was started. This study provided the first insights into how subcuticular plant-
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pathogenic fungi differentiate and maintain infection structures during colonization of the hostile

subcuticular environment of their host plants.

4.1.2.1. Transcriptional regulation of genes putatively associated with MAMP biosynthesis

First, in this chapter, I showed that many genes associated with the biosynthesis of cell wall-
derived elicitors of plant defence, called microbe-associated molecular patterns (MAMPS), were
down-regulated during host-colonization. Notably, the causal agent of maize anthracnose,
Colletotrichum graminicola, has been reported to down-regulate key genes associated with p3-1,6-
glucan synthesis, with overexpression of these genes found to trigger a strong plant defence
response [94]. Therefore, my study adds to the growing evidence that transcriptional regulation of
genes associated with the biosynthesis of MAMPs might be one of the strategies used by plant-
pathogenic fungi to avoid the elicitation of MAMP-triggered immunity. To confirm that the down-
regulated genes are indeed encoding enzymes associated with MAMP biosynthesis,
overexpression of these genes in V. inaequalis could be performed, in conjunction with apple
infection assays, to investigate whether there is an impact on pathogen virulence and to monitor if

plant defence responses are initiated.

Arguably, this transcriptional regulation is tightly controlled by V. inaequalis at
different stages of infection structure morphogenesis. As infection by V. inaequalis is not
synchronous, it would be challenging to obtain information about the dynamics of this
transcriptional regulation. Ideally, V. inaequalis strains expressing the cell wall biosynthetic
enzymes, fused to fluorescent reporters, under the control of native promoters, could be used to
monitor the regulation of these genes at the transcriptional and translational levels during host-
colonization using confocal laser scanning microscopy. Indeed, a similar assay in C. graminiciola
showed weak localization of enzymes associated with 3-glucan synthesis in biotrophic hyphae and

strong production of these enzymes in necrotrophic hyphae [94]. Finally, the generation of an
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infection structure-specific transcriptome by laser microdissection could also facilitate an

understanding of the transcriptional regulation of these genes in the infection structures.

4.1.2.2. V.inaequalis deacetylates chitin to chitosan on the surface of infection structures: what

is the role of chitosan during infection?

This study also revealed that V. inaequalis deacetylates chitin to chitosan on the surface of
infection structures during host-colonization. Accumulation of chitosan on infection structures,
such as invasive hyphae, has been observed in different plant pathogens [106,107]. This surface
modification has been proposed to provide protection against cell wall degradation by plant
chitinases and to prevent activation of MAMP-triggered immunity [107]. However, the biological
importance of chitosan accumulation on the fungal cell wall during host-colonization has never
been shown. A study of chitin deacetylases (CDAs) from U. maydis showed that deletion of CDA4,
resulted in mutants depleted of chitosan on the biotrophic hyphae. These mutants without chitosan,
did not display a change in virulence [106], even though an increased susceptibility to plant
chitinases was observed [106]. Therefore, the lack of a virulence penalty observed by deleting
CDA4 suggests that the putative protective role of chitosan during host-colonization is redundant
with other effectors secreted by this pathogen associated with downregulation of glycan-triggered
immunity [106]. Additionally, deletion of other CDA combinations affected virulence but also
generated morphogenesis defects; therefore, the contribution of chitosan during host-colonization
was unclear [106]. Nevertheless, the study in U. maydis provided clear evidence for the
requirement of chitosan in morphogenesis and cell wall integrity, as simultaneous deletion of all
CDA genes was lethal [106]. Similarly, in M. oryzae, chitosan has been observed to be important
for appressorial development and adherence to the host surface [108,109], suggesting additional

roles for chitosan during host-colonization.
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I hypothesize that chitosan in V. inaequalis might not only function as a ‘stealth’
molecule but might also play some role in morphogenesis. Remarkably, chitosan was not only
observed around the periphery of infection structures, but it was also observed to accumulate
between cells. Chitosan is a less rigid polymer than chitin [110]; therefore, this carbohydrate could
be providing flexibility to the cell wall needed for morphogenesis. Additionally, this carbohydrate
could also provide flexibility that enables the formation of these infection structures in the tight
subcuticular environment. This thesis provides the first report of chitosan accumulation on the cell
wall surface of infection structures produced by a subcuticular pathogen. Next, it would be
interesting to investigate whether the accumulation of chitosan is conserved across fungi with this

lifestyle.

Nevertheless, the relevance of chitosan accumulation on V. inaequalis cell wall
during host-colonization remains to be assessed. In the future, reverse genetic studies could be
performed to investigate the role of the different CDAs during host-colonization. Based on the
expression profiles of the CDA genes, there are two obvious candidates, CDA1 and CDAG, for
further study. Certainly, the recent application of CRISPR-Cas9 technology to V. inaequalis

(Chapter 5) will allow studying the role of chitosan by targeting these CDAs.

Additionally, in this study, I reported that one of the triggers for chitosan production
during host-colonization is apple wax. However, apple wax is not the only trigger, as chitosan was
also observed on the infection-like structures developed inside cellophane membranes (CMs),
indicating that pressure could be another cue. Of note, the plant surface has been reported to be
important in certain plant-pathogenic fungi for the induction of infection structure morphogenesis
[111-113]. As mentioned above, in M. oryzae, chitosan has also been observed to be required for
cell surface attachment and appressoria development on artificial hydrophobic surfaces [109].

Therefore, this study in M. oryzae hypothesized that chitosan was required for surface-sensing
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Even more surprising, in M. oryzae, the addition of wax was enough to override the need for
chitosan [109]. This observation highlights an intriguing link between wax, chitosan and
appressorial development. The observation that wax is a trigger for chitosan production in V.
inaequalis could be a starting point to elucidate some of the signalling pathways associated with
the initial morphogenesis of infection structures by this fungus. For example, future studies could
focus on investigating the differences in V. inaequalis gene expression in the presence and absence

of apple wax.

4.1.2.3. Towards understanding the role of a-1,3-glucan in V. inaequalis

In this study, I reported the presence of a-1,3-glucan on tubular hyphae of V. inaequalis developed
in culture. However, even though the a-1,3-glucan synthase gene ViAGS2 was up-regulated in
planta, this carbohydrate was not identified in the cell wall of the different cellular morphotypes
developed during host-colonization. | suggest that the lack of a-1,3-glucan labelling could be due
to problems with antibody affinity and penetrability inside apple tissue. Additionally, it is also
possible that a-1,3-glucan forms part of a hyper-mobile water-soluble matrix as recently reported
for Aspergillus fumigatus [114]. Arguably, such a water-soluble matrix would have been lost
during sample preparation, as the antibody labelling protocol required multiple washing steps. As
a future experiment, a-1,3-glucan localization could be investigated by generating a V. inaequalis
strain expressing an o-1,3-glucan biosensor, which would allow live cell imaging studies to be
performed. Such studies would ensure that the labelling limitations encountered above could be
bypassed. As a potential biosensor, the a-1,3-glucan-binding domains DB1-CB6-DB2 from the a-
1,3-glucanase of Bacillus circulans [115] could be fused to a fluorescent reporter such as green

fluorescent protein (GFP).

As with chitosan, a-1,3-glucan has been proposed to function as a ‘stealth molecule’

that masks MAMPs from the plant pathogen cell wall that would otherwise activate the plant
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immune system [116-118]. However, the studies proposing the role of a-1,3-glucan as a ‘stealth
molecule’ display some clear weaknesses, and the function of this carbohydrate in virulence
remains quite unclear [119]. A study in M. oryzae reported that deletion of an a-1,3-glucan
synthase gene impacted virulence. This study also observed a small up-regulation of plant defence-
related genes during infection with knock-out strains [116], which led to the conclusion that the
loss of a-1,3-glucan elicited MAMP-triggered immunity. However, knock-out mutants also
showed cell wall lysis before host penetration, indicating that they had some cell viability problems
[116,119]. Additionally, the up-regulation of plant defence genes was minimal compared with a
classical MAMP-triggered immune response [116,119]. Another study on the human pathogen A.
fumigatus reported that «-1,3-glucan synthase knock-out strains trigger strong host immune
responses in an animal system. However, this study also reported that loss of a-1,3-glucan causes
a massive structural change in the cell wall, which leads to the exposure of MAMPSs. This suggests
that a-1,3-glucan could be more than just a ‘stealth molecule’ and that it might also play an
important structural role in the cell wall [120]. Finally, a further study in A. fumigatus reported
that a-1,3-glucan was not only part of the outer cell wall matrix, but that it also formed part of the
core cell wall [121]. With these studies in mind, follow-up experiments that examine the location
and dynamics of a-1,3-glucan in the cell wall of V. inaequalis are of paramount importance. These
follow-up studies would shed light on the role that this carbohydrate plays in V. inaequalis and
would provide insights into the general role of a-1,3-glucan in cell viability or evasion of plant

defences during host-colonization.
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5. Chapter 5: CRISPR-Cas9 gene editing and rapid detection of gene-edited
mutants using high-resolution melting in the apple scab fungus, Venturia
inaequalis

5.1.1. CRISPR-Cas9 opens the door to reverse genetic studies in V. inaequalis

One of the main objectives of this thesis was to develop a gene disruption protocol that will
facilitate reverse genetic studies in V. inaequalis. At first, different homologous recombination-
based methodologies were tested without success. The targeted gene deletion efficiency varies
highly between fungi as it depends on two competing DNA repair mechanisms, homologous
recombination and non-homologous end joining (NHEJ). Additionally, gene sequence, chromatin
structure at the gene position, guanine/cytosine content of flanks, and other factors also affect
targeted gene deletion efficiency [122]. In this thesis, attempts to perform gene deletions in V.
inaequalis using homologous recombination were unsuccessful, suggesting that NHEJ is the
dominant DNA repair mechanism in V. inaequalis. Multiple strategies have been developed to
optimize homologous recombination-based gene deletions and screening over the years. One
strategy is the use of fungal mutants defective in NHEJ; however, these mutants frequently show
lower fitness and phenotypic defects that negatively influence downstream studies [122]. For this
reason, this method was not tested in this thesis. Another strategy is the use of a split-marker
system, which is based on the transformation of two fragments containing one flank (upstream and
downstream of the gene of interest) and the partial resistant marker [123]. Therefore, deletion
mutants only arise upon homologous recombination of the two fragments in the genome,
facilitating the screening for knockouts. This strategy was used without success to attempt gene
deletions in V. inaequalis, likely due to the low transformation efficiency in this fungus which

made it difficult to successfully co-transform two plasmids.

Given the lack of success attempting gene deletions by homology-based methods,

| attempted to generate a gene disruption using CRISPR-Cas9 technology. CRISPR Cas9 has been
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used to generate gene disruptions in more than 40 species of filamentous fungi and oomycetes
[124], including the Dothideomycete L. maculans, which is closely related to V. inaequalis [125].
The application of CRISPR-Cas9 technology to V. inaequalis was successful and led to the first

published gene disruptions in V. inaequalis.

The protocol developed in this thesis only required the use of one autonomously
replicating Golden Gate-compatible plasmid, which confers many advantages. One of the main
benefits is the autonomously replicating nature of the plasmid, which leads to higher
transformation efficiencies [126]. This is extremely advantageous to fungal species, such as V.
inaequalis, with low transformation efficiency. Notably, this autonomously replicating plasmid
has been successfully used for gene disruption in the forest pathogen Dothistroma septosporum
[127], the apple pathogen Neonectria ditissima (unpublished, Liz M. Florez) and the fungal
endophyte Epichloé festucae [128]. Additionally, in this chapter | show that, in most cases, the
autonomous replicating plasmid is readily lost after the removal of the antibiotic selection. This
represents many practical advantages, such as the development of footprint-less mutants.
Furthermore, this allows the generation of multiple sequential gene disruptions, without the
number of antibiotic markers available being a limitation. Therefore, sequential CRISPR-Cas9

deletions could be used to perform reverse genetic studies of expanded EC families in Venturia
spp..

Finally, in this thesis, | developed a high-throughput screening method for CRISPR-
Cas9 mutants that involves a high-resolution melting (HRM) analysis. This method is sensitive
enough to detect single base pairs indels [129-131], which allows researchers to quickly screen for
gene-edited mutants without the need to perform expensive sequencing. HRM has been used to
screen gene-edited mutants in multiple systems, such as fish embryos [132], Arabidopsis [133]

and rice plants [129]. However, to my knowledge, this is the first report of HRM being used for
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the screening of CRISPR-Cas9 mutants in a fungal species. This technology is very cost-effective
and, after the publication of this chapter, was used to successfully screen CRISPR-Cas9 mutants

in the fungal pathogen N. ditissima (unpublished, Liz M. Florez).

5.1.2. There is room for improvement: future directions to optimize CRISPR-Cas9 gene
editing in V. inaequalis

The V. inaequalis gene editing technology developed in this thesis is the most
efficient described to date for this species. However, the gene disruption efficiency obtained was
low compared with other fungal systems, where efficiency ranges from 10-100% [124]. The
mutations observed in the V. inaequalis genome after CRISPR-Cas9 transformations were always
small indels upstream of the PAM site, indicating that they were generated by NHEJ DNA repair.
The low gene disruption efficiency observed could indicate that the NHEJ mechanism in V.
inaequalis is highly efficient, which led to only a small number of indels after the double strand
break generated by the Cas9 nuclease. Alternatively, the low efficiency could be the result of
inefficient expression of the Cas9 and small guide RNA (sgRNA). The first step towards
optimizing this protocol would be to test expression levels of the Cas9 gene after fungal
transformation. The plasmid used here expresses Cas9 under an Aspergillus niger pyruvate kinase
gene promoter. A real-time quantitative PCR experiment could be performed to test the expression
of the Cas9 gene. On the occasion that the expression is low, a different promoter with a higher
constitutive expression level could be used. Second, an alternative to increasing gene editing
efficiencies could be to co-transform the CRISPR-Cas9 and sgRNA with a donor DNA, which has
been observed to increase editing efficiencies in many fungal species [127,134]. The donor DNA
consists of flanking regions to facilitate homologous integration, and a selection marker to improve
the selection scheme for successful transformants. Even though the efficiency of homologous
recombination appears to be low in V. inaequalis, these efficiency has been observed to increase

in different filamentous fungi after a Cas9-mediated double strand break [124].
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Finally, an exciting new avenue for improved functional studies in V. inaequalis
could involve the development of a CRISPR-Cas9 protocol for simultaneous gene editing
(multiplexing). In this way, genetic redundancy among EC family members, as well as the overall
contribution of EC families to virulence, could be better assessed. Notably, CRISPR-Cas9
technology has been used to assess the functional redundancy of an EC family in U. maydis
through simultaneous gene disruption [44]. To apply multiplexing in V. inaequalis, the CRISPR-
Cas9 plasmid should be modified to integrate more cloning sites to express different SgRNAs
under their own promoter [135]. Another alternative is to express multiple sgRNAs under one
promoter, flanked by ribozyme sequences and a linker, which allows the cleavage and expression
of the sgRNAs independently [136]. Intriguingly, a study in the fungal human pathogen
Blastomyces dermatitidis reported that this single-promoter strategy led to higher transformation

efficiencies than when using two independent promoters [136].
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6. Final conclusion

Plant diseases threaten the increase in food production that is required to meet the food demands
of a growing population. Additionally, climate change is increasing the number of plant disease
outbreaks around the world [2]. To achieve food security, the development of novel control
methods against plant diseases is of paramount importance [2]. Current control methods against
scab are failing, with new fungicide-resistant [137,138] and cultivar resistance-breaking strains
emerging constantly [139]. To optimize control methods, ensure their durability, and develop

novel strategies, a deeper understanding of pathogen biology is required.

In this thesis (Chapter 3), | described the different stages of host-colonization, with
a focus on the expression of EC genes. This chapter has considerably extended our understanding
of V. inaequalis effector biology and has created many future lines of research to experimentally
validate identified EC genes. Especially, in conjunction with tertiary structure predictions, I
provided a list of EC proteins with a potential role in avirulence that should be studied further.
Identification of novel avirulence effectors will facilitate screening of new scab R genes and ease
the development of diagnostics techniques to identify V. inaequalis resistance-breaking strains in
the field. This type of diagnostic technique is important to determine the frequency of resistance
breaking strains among the populations, which helps to investigate the durability of apple cultivars
carrying cognate R genes. Certainly, the use of single R genes has been observed to lead to the fast
emergence of resistance-breaking strains. Therefore, assessing the durability of R genes, to identify
the most durable R genes to stack in apple cultivars is seen as one avenue to obtaining durable
resistance [139]. Furthermore, this study has added to the evidence that many effector proteins
adopt common structural folds and provides some guidance to understanding their functions and

evolution. In practical terms, identification of structurally conserved Avr effectors that putatively
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interact directly with a cognate R protein could facilitate engineering of R genes to identify

multiple Avr effectors.

This thesis (Chapter 4) also investigated, for the first time, the composition and
dynamics of the V. inaequalis cell wall in culture and during host-colonization. By doing so, |
increased our understanding of the strategies used by pathogens to avoid glycan-triggered
immunity. The knowledge acquired from this chapter, specifically regarding major cell wall
carbohydrates and biosynthetic enzymes, could potentially be used in future research involving
the development of novel fungicides and BCAs efficient against scab. Finally, in Chapter 5, |
describe the first gene disruption method in V. inaequalis. The inefficiency to achieve gene
disruptions represented a bottleneck for further studies in this pathosystem. The technology
described in this chapter will greatly facilitate future reverse genetics studies in this and other

fungal species with low transformation efficiencies.

In conclusion, the knowledge acquired from this thesis not only furthered our
understanding of V. inaequalis biology but can also be used to inform future control strategies

against this pathogen and, potentially, other subcuticular pathogens.
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