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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 
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CHAPTER 1: Introduction 
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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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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 (QoIs). 

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

Organism Disease Lifestyle Host Niche References 

Venturia 

inaequalis 

Apple scab Biotroph Malus x 

domestica 

Subcuticular [25] 

Pyrenopeziza 

brassicae 

Oilseed rape 

light leaf spot 

Hemibiotroph Brassica napus Subcuticular [52] 

Rhynchosporium 

commune 

Barley leaf 

blotch 

Hemibiotroph Hordeum 

vulgare 

Subcuticular + 

Inter/intracellular 

[46] 

Rhynchosporium 

secalis 

Leaf scald of 

barley 

Hemibiotroph Hordeum 

vulgare 

Subcuticular + 

Inter/intracellular 

[59] 

Diplocarpon 

rosae 

Rose black 

spot disease 

Hemibiotroph Rosa spp. Subcuticular  

+ Inter/intracellular 

[49,50,56] 

Diplocarpon 

mali 

Marssonina 

leaf blotch of 

apple 

Hemibiotroph Malus x 

domestica 

Subcuticular  

+ Inter/intracellular 

[51] 

Fusarium 

graminearum 

Fusarium 

head blight 

Hemibiotroph Cereal crops 

(e.g. Hordeum 

vulgare) 

Subcuticular 

+ Inter/Intracellular 

[57,60,61] 

Epichloë 

festucae 

- Mutualistic 

symbiont 

Temperate 

grasses 

Subcuticular and 

Intercellular 

[58] 

Colletotrichum 

acutatum 

Anthracnose Hemibiotroph Wide host 

range 

Subcuticular  

+ Inter/intracellular 

[62] 

Colletotrichum 

capsici 

Leaf spot of 

peppers 

Hemibiotrophic Gossypium 

hirsutum, 

Vigna 

unguiculata 

Subcuticular  

+ Inter/intracellular 

[63] 

Colletotrichum 

circinans 

Onion 

smudge 

Hemibiotrophic Allium spp. Subcuticular  

+ Inter/intracellular 

[63] 

Colletotrichum 

gloeosporioides 

Anthracnose Hemibiotrophic Wide host 

range 

Subcuticular  

+ Inter/intracellular 

[53,63] 

Phytophthora 

ramorum 

Sudden oak 

death 

Hemibiotrophic Wide host 

range 

Subcuticular  

+ Inter/intracellular 

[55] 
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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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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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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 Pep1, Cce1 (Stp4), Stp1, 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 Cmu1 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. VdSCP41 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).  

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

characterized biological functions. 

Effector protein Fungal plant pathogen  Characterized biological function inside 

host cell 
References 

Cmu1 Ustilago maydis Reduces levels of chorismate, a salicylic 

acid precursor. 

[148] 

Tin2 U. maydis Promotes anthocyanin biosynthesis to 

inhibit cell wall lignification. 

[151] 

See1 U. maydis Activates plant DNA synthesis to induce 

tumour formation. 

[153] 

Jsi1 U. maydis Induces jasmonate/ethylate signalling to 

induce biotrophic susceptibility. 

[154] 

Pst18363 Puccinia striiformis f. sp. 

tritici  

Suppresses accumulation of reactive 

oxygen species (ROS) by stabilizing the 

negative regulator of defense, TaNUDX3. 

[155] 

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

BEC1054 Blumeria graminis f. sp. 

hordei 

Suppresses cell death by inhibiting host 

ribosome-inactivation proteins. 

[158] 

BEC4 B. graminis f. sp. hordei Interferes with host-associated vesicle 

trafficking. 

[159] 

AvrPiz-t Magnaporthe oryzae Suppresses plant immunity by modulating 

the activity of ubiquitin ligase and host 

potassium channels. 

[150,160-162] 

Avr -Pii M. oryzae Suppresses plant immune responses by 

inhibiting the malic enzyme NADP-ME2 

and by interacting with an exocytosis 

complex. 

 

[163,164] 
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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 

pathogen 

Immune 

receptora 

Mode of 

recognitionb 

Structural 

family c 

References 

AvrL567 Melampsora lini L5, L6 and L7 

(NLR) 

Direct ToxA-like [157,180,183] 

AvrPiz-t Magnaporthe oryzae Piz-t (NLR) Indirect MAX  [150,184-186] 

Avr -CO39 M. oryzae CO39, 

RGA4/RGA5 

(NLR-HMA) 

Direct MAX  [167,187,188] 

Avr -Pia M. oryzae RGA4/RGA5 

(NLR-HMA) 

Direct MAX  [167,187] 

Avr -Pik M. oryzae Pik-1/Pik-2 

(NLR-HMA) 

Direct MAX  [112,189-191] 

Avr-Pib M. oryzae Pib (NLR)  MAX  [192] 

AvrLm3  Leptosphaeria 

maculans 

Rlm3 (NLR)  LARS [169,193,194] 

AvrLm5 -9 L. maculans Rlm9 (WAKL) Indirect? LARS [169,195] 

AvrLm4 -7 L. maculans Rlm4, Rlm7 

(WAKL)  

 LARS [196,197] 

Avr1 (Six4) Fusarium 

oxysporum f. sp. 

lycopersici 

I (LRR-RLP)  FOLD [170,198,199] 

Avr2  F. oxysporum f. sp. 

lycopersici 

 

I-2 (NLR) Direct? ToxA-Like [182,200] 

Avr3 (Six1) F. oxysporum f. sp. 

lycopersici 

 

I-3 (S-RLK) Indirect? FOLD [170,201,202] 

a 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 (?).  

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

oxysporum f. sp. lycopersici dual-domain.   







CHAPTER 1: Introduction 

36 

 

 

inaequalis proteins, Cin1-L1 and Cin1-L2, which have only one repeat [209]. The tertiary structure 

of the first two repeat domains of  Cin1 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 Ave1 

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

mutants developed using gene disruption technologies.  
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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 EIHMx in 3.b and the EHMx 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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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, MoChi1, a 

chitinase from M. oryzae, has recently been demonstrated to suppress chitin-triggered immunity 

[36,37]. Notably, MoChi1 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 MoChi1 and OsMBL1 compete with each other for chitin binding, with MoChi1 

degrading or sequestering chitin oligomers to interfere with recognition by OsMBL1 [36]. 

Interestingly, MoChi1 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 MoChi1 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 VdPDA1 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 VdSSEP1, 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 VdSSEP1, 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, 

PsXEG1 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 PsXEG1 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 PsXEG1 to fulfill its virulence function [41]. 
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Rsp3 U. maydis Protects hyphae from antifungal activity of 

host mannose-binding proteins 

[12] 

Ave1 Verticillium dahliae Manipulates the host microbiome through 

the suppression of antagonistic bacteria 

[672] 

VdPDA1 Verticillium dahliae CE4 polysaccharide deacetylase. 

Deacetylates chitin oligomers to chitosan 

to prevent chitin-triggered immunity 

[39] 

VnaChtBP Verticillium nonalfalfae CBM18 protein. Protects hyphae from 

plant chitinases and prevents chitin-

triggered immunity 

[35] 

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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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 

effector 

protein 

Filamentous plant-

associated microbe 

Corresponding plant 

cell-surface immune 

receptor1 

Mode of 

recognition2 

References 

Avr2  Fulvia fulva Cf-2.1 and Cf-2.2 (LRR-

RLPs) 

Indirect [46,71,85] 

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

Avr4E F. fulva Cf-4E (LRR-RLP)  [76,87] 

Avr5  F. fulva Cf-5 (LRR-RLP)  [70,88] 

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

Avr1 (Six4) Fusarium oxysporum f. 

sp. lycopersici 

I (LRR-RLP)  [69,92] 

Avr3 (Six1) F. oxysporum f. sp. 

lycopersici 

I-3 (S-RLK) Indirect? [79,93] 

AvrLm1  Leptosphaeria maculans LepR3 (LRR-RLP) Indirect? [74,94] 

AvrLm2  L. maculans Rlm2 (LRR-RLP)   [75,95] 

AvrLm5 -9 L. maculans Rlm9 (WAKL) Indirect? [803,96] 

SnTox1 Parastagonospora 

nodorum 

Snn1 (WAK) Direct [55,97] 

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

Ave1 Verticillium dahliae Ve1 (LRR-RLP)  [73,98] 

AvrStb6 Zymoseptoria tritici Stb6 (WAKL) Indirect? [81,99] 

NLPs Various fungi and 

oomycetes 

RLP23 (LRR-RLP) Direct [68,100] 

1LRR, 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 (?). 
3Currently 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 AEPs, 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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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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Ave1-like family [19], which encode proteins with sequence similarity to Ave1, 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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3.2. 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 log2-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 3-3, 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 Cin1 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 Cin1-like genes, Cin1-like 1 (g10529) and Cin1-like 2 

(g13013), which encode smaller proteins with only one repeat. Cin1 peaked in expression during 

wave 4, and was the most highly expressed gene during mid-late host-colonization. In contrast, 

the Cin1-like genes peaked in expression during wave 2 of early infection (Appendix A-

Additional file 8: Figure A 3-4).  
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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 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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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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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 Ave1-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.  



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 
 

108 

 

 

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 AlphaFold2 

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 Avr1-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]. 



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 

109 

  

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 Rvi15, an R protein of apple that recognizes the AvrRvi15 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, Avr1/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 CbNip1 

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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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 
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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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[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 DESeq2 package v1.32.0 [155]. Pairwise comparisons from all samples were 

performed and genes with a log2-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 DESq2 package, in conjunction with a padj value 

threshold of <0.01. A PCA plot was then generated using the PCA function of the DESeq2 

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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analysis. MR, CHM, BH and JKB wrote the manuscript. All authors read, revised, and approved 

the final manuscript. 
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Sample 

name 

Time 

point 

Tissue Total 

number of 

reads 

Number of paired 

reads mapped to 

the V. inaequalis 

MNH120 genome 

Overall 

alignment rate 

S3V3  63,951,888 658,625 1.07% 

S3V5 46,365,679 465,485 1.04% 

S5V1  

5 dpi 

 

 

Apple leaf 

(In planta) 

40,513,300 1,439,733 3.68% 

S5V2 36,798,369 494,654 1.39% 

S5V3 53,569,444 2,965,281 5.73% 

S5V4 46,221,769 1,666,765 3.73% 

S7V2  

7 dpi 

 

 

Apple leaf 

(In planta) 

47,760,909 3,482,001 7.55% 

S7V3 48,892,959 2,331,267 4.94% 

S7V4 47,854,848 4,350,665 9.43% 

S7V5 43,384,995 1,988,632 4.76% 

SS1  

7 dpi 

 

Apple leaf 

(In planta) 

24,522,994 22,249,229 93.77% 

SS3b 20,754,255 18,915,521 93.99% 

SS4b 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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