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Abstract 

Aphanomyces euteiches is a soil-borne oomycete pathogen of leguminous plants, 

affecting production of peas and alfalfa all over the world. One of the major pathogenicity 

factors of filamentous organisms are the proteinaceous secreted effectors, which targets host 

plant physiology or modify microbiome composition to facilitate invasion. The pathogens have 

myriads of effectors encoded in their genome, which evolve rapidly during host-pathogen arm 

race and possess fine transcriptional regulation during the infection process. Genome 

sequencing of various pathogens demonstrated that each species encodes hundreds putative 

effectors with a high degree of lineage-specific genes. Whereas prediction of the effectors 

based on -omics data is rather easy and robust as the amount of the genome data is growing, 

the elucidation of the effector function is a laborious task and for each species the number of 

characterized effectors counts from none to dozens. Therefore, the selection of the effector for 

functional characterization is the important task for studying plant-pathogen interactions.  

This PhD work by comparative genomics studies firstly highlighted the large arsenal 

of secreted Crinklers (CRNs), Small Secreted Proteins (SSPs), cell wall degrading enzymes 

(CAZymes) and proteases in the genome of A. euteiches. Then the main aim of the work was 

related to the development of proteomics-based assays to support genomic prediction of 

putative effector that may play a role during infection of leguminous hosts. During the PhD I 

developed assays for rapid detection of the apoplastic proteases and nuclear targeting proteins 

present during the infection. The different approaches supported the genomic prediction of 

main effector categories. I also described modular microbial cysteine/serine proteases and 

various type of nuclear-localized proteins that participate in A. euteiches invasion by acting on 

plant development, plant genomic stability or plant immune responses.  

This PhD work is a part of a four-year European ITN ‘Protecta’ project (2018-2022) 

dedicated to study oomycete pathogenicity factors 766048 (MSCA-ITN-2017 PROTECTA).  
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Resumé 

Aphanomyces euteiches est un oomycète filamenteux pathogène racinaire de 

nombreuses légumineuses comme le pois et la luzerne. Ce microorganisme tellurique est 

responsable d’importants dégâts et restreint la culture de légumineuse. L'un des principaux 

facteurs de pathogénicité des organismes filamenteux eucaryotes sont les effecteurs protéiques, 

sécrétés par le parasite pendant l’interaction et affectant la physiologie de la plante ou modifier 

la composition du microbiome pour faciliter l'infection. Les agents pathogènes possèdent des 

myriades d'effecteurs, qui sont finement régulés au niveau de leur expression et peuvent 

évoluer au contact de la plante hôte. Le séquençage des génomes d’agents pathogènes a 

démontré que chaque espèce code des centaines d'effecteurs putatifs. Alors que la prédiction 

des effecteurs basée sur des données génomique est plutôt facile et robuste, l'élucidation de la 

fonction des effecteurs est une tâche longue et spécifique à chaque effecteur. Par conséquent, 

la sélection d’effecteurs candidats à partir des centaines prédits est une étape clé pour les 

analyses fonctionnelles.   

Ce travail de thèse avait donc pour objectif, tout d’abord, via des études de génomique 

comparative de prédire le répertoire d’effecteur d’A. euteiches et de définir si certains étaient 

impliqués dans la préférence d’hôte (pois vs luzerne). Cette analyse a mis en exergue le large 

arsenal de Crinklers sécrétés (CRNs), d'enzymes dégradant la paroi cellulaire végétale 

(CAZymes), de protéases. Enfin des Petites Protéines Sécrétées (SSPs) sans fonction prédite 

pourrait intervenir dans la préférence d’hôte. Dans un second temps deux techniques 

expérimentales ont été mises en place afin d’identifier les effecteurs présents chez l’hôte 

végétal au cours de l’interaction. Un premier focus a été réalisé sur les protéases extracellulaires 

et leur caractérisation par protéomique à partir d’extrait apoplastique de racines de pois 

infectées par le parasite. Cette approche a permis de confirmer les prédictions génomiques et 

révélée l’existence de protéases originales dotées en plus d’un site catalytique d’un domaine 

de liaison à des carbohydrates et lipides. La seconde approche visait à identifier les protéines 

extracellulaires d’A. euteiches présentes dans le noyau de racines de M. trunctaula infectées 

afin d’en identifier les effecteurs via une combinaison d’analyse en FACS et de protéomique. 

Des effecteurs candidats ont pu être également identifiés avec succès.  

Cette thèse à contribuer à une meilleure connaissance des facteurs de pathogénicité mis 

en place par les oomycètes au cours de l’infection de la plante hôte et révélé leur complexité. 

Cette thèse est soutenue par un projet Marie Skłodowska-Curie Actions - ITN ‘PROTECTA’ 

(2018-2022, 766048 (MSCA-ITN-2017 PROTECTA) dédié à l’étude de la pathogénicité des 

oomycètes.  
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1. Introduction 
 

During their life cycle plants are exposed to abiotic and biotic challenges originated 

from plant-environment interaction. When the plant faces suboptimal conditions in any 

environmental parameter, it activates programmed stress response (Gaspar et al., 2002). The 

abiotic stresses are mostly linked to weather, climate and soil conditions. Due to a rapid climate 

change recorded over past century, the most prominent abiotic factors affecting plant 

communities and therefore agriculture, nowadays and in near future are: longer exposure to 

extreme low or high temperatures, extended drought periods and/or stronger rainfalls, which 

cause soil floodings, changes in soil composition, remarkably increase in soil salinity and heavy 

metals pollutions (Gideon Onyekachi et al., 2019). In combination with abiotic stresses plants 

are exposed to biotic stresses such as pro- and eukaryotic pathogens, herbivorous animals, plant 

competitors etc. The most dangerous biotic factors for agricultural production are insects that 

globally consume 5-20% of grain yield (Deutsch et al., 2018) and pathogens which cause 10 – 

30% yield loss globally (Ficke et al., 2018; Savary et al., 2019). Pathogens in agriculture are 

originated from four major groups: bacteria, nematodes, fungi and oomycetes, last two 

commonly referred as filamentous organisms. 

To fight against pathogenic microbe plants evolved comprehensive immune system to 

counteract the pathogen attack. It’s mainly based on the recognition of Microbial Associated 

Molecules (MAMP) released by the pathogen (Jones and Dangl, 2006) that trigger an immune 

response that could be sufficient to protect the plant against the invader. To overcome this first 

layer of defence, adapted pathogens secrete molecules to perturb plant physiology and enhance 

host colonisation through the production of molecules called effectors. While some species are 

able to detect specially some effectors to induce stronger immune response and cell death of 

invading-cells, others plant species will be colonized by the pathogen. Thus infection of the 

plant appears as an evolutionary arms race between a host and a pathogen (Kamoun, 2006).  

This introductive chapter after a description of filamentous eukaryotic microorganisms, 

will give an overview of the molecular mechanisms related to the dialogue between plant and 

fungal/oomycetes pathogens during infection and the major objectives of my PhD work.  

 

1.2.1 Fungi 
 

Filamentous organisms threaten the yield of all major crops in the world: wheat, maize, 

rice, etc. Filamentous pathogens are represented by two phylogenetically unrelated groups 
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fungi and oomycetes, however, exploiting similar strategy for host invasion, which relates in 

large extent on a secreted proteins delivered to the particular host compartment (Kamoun, 2006, 

2009). The particular success of the filamentous pathogens is thought to be ensured by the 

genome plasticity of the organisms. Often the genes encoding the pathogenic determinants are 

located in telomeric or gene-sparse region, subjected to a higher mutation rate. Such plasticity 

combined with tuned epigenetic and transcriptional regulation offers the rapid evolution of the 

pathogens to overcome plant resistance mechanisms (Dong et al., 2015, 2016). 

Plant pathogenic fungi are mainly represented by the species from two phylum 

Ascomycota and Basidiomycota. Among ascomycetes, plant pathogens are in various classes 

such as the Dothideomycetes (e.g., Cladosporium spp.), Sordariomycetes (e.g., Magnaporthe 

spp.), or the Leotiomycetes (e.g., Botrytis spp.). Basidiomycetes are represented by the two 

largest plant pathogen groups: the rusts (Pucciniomycetes) and smuts (spread among the 

subphylum of Ustilaginomycotina). Fusarium is among the most devastating plant pathogenic 

fungi. It’s a polyphyletic groups of ascomycetes, which includes up to 300 species and 

characterized by the presence of fusiform multiseptate macroconidia (O’Donnell et al., 2015). 

Groups of Fusarium species (F. graminearum, F. culmorum, F. avenaceum, etc) induce a 

Fusarium head blight (FHB) disease in wheat cultures. It drastically affected the production of 

durum wheat and made it impossible to cultivate it in zones endemic for FHB. Fusarium 

produce large amount of mycotoxin, deoxynivalenol as example, seeds contaminated by 

mycotoxins are dangerous for the human or animal consumption (Fernandez and Knox, 2012). 

Species from Botrytis genera are another important pathogens of crops, vegetables and 

ornamental plants. (Elad et al., 2007). The most studied pathogen is a broad host range 

necrotrophic fungus B. cinerea able to infect over 200 dicotyledon species. It causes grey 

mould disease and have a great impact on production of protein-rich crops in Asia. B. cinerea 

is difficult to control because it has a variety of modes of attack, diverse hosts as inoculum 

sources, and it can survive as mycelia and/or conidia or for extended periods as sclerotia in 

crop debris (Williamson et al., 2007). 

1.2.2 Oomycetes 
1.2.2.1 Classification 
 

Oomycete is a phylum within SAR (Stramenopiles, Alveolata, Rhizaria) supergroups, 

which along with oomycetes includes brown algae, diatoms and apicomplexa (Grattepanche et 

al., 2018). As other Stramenopiles Oomycetes have an evolution footprint of the photosynthetic 

ancestors and thought to lose the chloroplast endosymbiont (Kamoun, 2009). Phylogenetically 
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the intracellular parasites of animals Plasmodium and Toxoplasma are the closest pathogens to 

oomycetes.  

 

Figure 1. Maximum-likelihood phylogeny of the 65 oomycete species based on the 

concatenation of 102 conserved BUSCO sequences. The stramenopile Hyphochytrium 

catenoides is included as an outgroup. Adapted from McGowan and Fitzpatrick, 2020. 
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Oomycetes are relatively small lineage, which species abundance is estimated around 

900-1500 species (Lang-Yona et al., 2018). 101 genome of 89 oomycete species is available 

on the NCBI database (https://www.ncbi.nlm.nih.gov/genome, access date 04.2022), more than 

60% of studied species is represented by plant pathogens (Thines and Kamoun, 2010). By using 

single-copy orthologous genes (McGowan and Fitzpatrick, 2017) the phylogenetic tree of 

oomycetes was resolved forming 4 major orders: Peronosporales, Albuginales, Pythiales and 

Saprolegniales (Fig. 1). Peronosporales are the most studied oomycetes and represented by 

plant pathogens Phytophthora, Notophythophthora, Peronospora, Plasmopara genus. 

Albuginales is a small order represented by Albugo genus which causes ‘white blisted rust’ on 

angiosperms, including such crops as Brassica spp, spinach, sweet potato, sunflower and model 

plant A. thaliana (Furzer et al., 2022). In contrast to other oomycetes, Albugo species are 

obligate biotrophs and cannot be cultivated on synthetic media (Goyal et al., 1995). The two 

other orders Pythiales and Saprolegniales include both animal and plant pathogens even inside 

one genus, for example, Pythium genus where P. insidiosum induces pythiosis in animals, P. 

ultimum is responsible for root rot diseases and P. oligandrum is a mycoparasite with a 

potential for a biocontrol (Faure et al., 2020). In Saprolegniales the genus Saprolegnia contains 

two broad spectrum pathogens of aquatic animals. Saprolegniosis disease caused by S. 

parasitica and S. diclina is a dangerous threat for aquaculture in temperate climate all around 

the world (Sarowar et al., 2013). The genus Aphanomyces includes both plant and animal 

pathogens as well as saprotrophic organisms (Bazyli et al., 2015; Gaulin et al., 2007a).  

1.2.2.2 Lifestyle 
 

The recent study by Gomez-Perez and Kemen (2021) linked the genomic and 

metabolomic difference of oomycetes with their lifestyle (Fig. 2). According to their study, 

another classification based on species’ available biochemical pathways was proposed, which 

confirms the phylogenetic tree and adds additional functional characteristics: i) obligate 

biotrophs, ii) Saprolegniales and iii) the group where most of the Peronosporales and Pythiales 

species fall.  

Biotrophic organisms get nutrients from live tissue of the host to support the growth 

and life cycle. As an adaptation to biotrophy obligatory biotrophs lost their biosynthetic genes, 

relying completely on the host supply (Spanu and Kämper, 2010). The loss of the biosynthetic 

genes is tightly connected with an expansion of genes, which are used for nutrients acquisition. 

Within oomycetes biotrophs are represented by the Albuginales order and downy mildew from 
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Peronosporales (Bremia lactucae, Plasmopara halstedii, Peronospora effusa, 

Hyalopernospora arabidopsidis). The most striking characteristic was an overall reduction in 

their metabolism, evident by the lack of many functional annotations in comparison with other 

oomycetes. This lack of core biosynthetic pathways, including vitamin and cofactor 

biosynthesis, makes them reliant on their host for growth and survival (Gomez-Perez and 

Kemen, 2021). 

The second group corresponds to Saprolegniales which are not auxotrophic on sterol, 

in comparison to other oomycetes (Madoui et al., 2009), and possess their own biosynthetical 

pathway (Dahlin et al., 2017; Madoui et al., 2009) as compared to others oomycetes. 

Saprolegniales order is very diverse in terms of host range, they include invertebrate and 

vertebrate animals and plants. It was previously described that in this order experienced 

expansion of a kinases and secreted enzymes, such as CAZymes and proteases (Gaulin et al., 

2018; Jiang et al., 2013a). The lifestyle of plant pathogens A. euteiches and A. cochlioides from 

this group is not studied in details, but it is thought to be closer to a hemibiotrophy, as they 

could be cultivated without a host and massive cell death was not observed during the infection 

(Gaulin et al., 2007; Taguchi et al., 2009). 

The third group consists of hemibiotrophs from Pythiales order and non-biotroph 

Phytophthora species. Those organisms usually could be cultivated on the synthetic media 

without a host, in contrast to obligate biotrophs (Gomez-Perez and Kemen, 2021). 

Hemibiotrophic infection consists of biotrophic and necrotrophic stages, which are tightly 

regulated and present different set of the expressed genes from a pathogen. On the example of 

P. infestans the necrotrophic stage begins several days after the infection, while at this stage 

the effectors inducing plant cell death are activated (Zuluaga et al., 2016) 
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Figure 2. Presence/absence of functional attributes in the genomes of the Stramenopiles dataset 

correlated with phylogeny. Equal distance cladogram constructed from conserved families 

inferred by the maximum likelihood on the left and clustering by Unweighted Pair Group 

Method with Arithmetic Mean (UPGMA) of genome properties of the dataset on the right. In 

the equal distance phylogenetic tree, colored lines match phylogeny to the clustered taxa with 

annotated lifestyles. All nodes in the tree have a 100-bootstrap support. In the heatmap, 

different colors represent the presence or absence of particular functional groups belonging to 

the specified categories. Names in grey represent long-read sequencing assemblies in the 

dataset for that species. Adapted from (Gómez-Pérez and Kemen, 2021). 
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1.2.2.3 Life cycle 
 

Oomycetes are apically growing filamentous microorganisms, with non-septate hyphae 

(Hardham, 2007). They are known as ‘water molds’ and usually found in aquatic or wet habitats 

as saprotrophs or pathogens (Thines, 2018). Throughout the life cycle oomycetes exploit two 

reproduction system: asexual (zoospores) and sexual (oospores) (Fig. 3). For a rapid 

dissemination, for example, in the infested field, oomycete produce myriads of motile bi-

flagellate zoospores, which can swim in soil water film and recognize the host roots through 

chemotaxis and electrical fields (van West et al., 2002). During the sexual reproduction 

oomycetes form the thick-walled oospore, which could preserve their germination ability for 

years in the environment, hardening the crop rotation of the infested fields (Babadoost and 

Pavon, 2013). Oomycetes have diploid mycelium, to form the gametes nuclei undergo meiotic 

division in oogonium and antheridium. The oogonium and antheridium from the same 

(homothallic) or different (heterothallic) mycelia conjugate and a single gametic nuclei from 

antheridia is transferred into oogonia to form an oospore. Upon maturation oospore develop a 

large lipid-containing vacuole and a thick cell wall, altogether that contributes to a long 

preservation of oospores (Judelson, 2009).  

 

Figure 3. Diagram depicting the life cycle of Aphanomyces euteiches. Adapted from Gaulin et 
al., 2007a. 
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1.3 Plant defence 
 

In contrast to motile organisms, plants cannot avoid the interaction with pathogens, 

therefore to counteract biotic stresses plants evolved a defence system based on early 

recognition of pathogens and induction of defence to minimize development of a pathogen 

(Fig. 4). In analogy to animals this system usually referred as a plant immune system. In 2006 

Jones and Dangl presented a ‘zigzag’ model of functioning of a plant immunity, where they 

defined the major actors in plant immunity, which enabling recognition extracellular or 

intracellular pathogen-related molecules and induce defence response. 

Apoplastic space of a plant is often an entry point of the infection. Plants evolved the 

extracellular receptors – Pattern Recognition Receptors (PRR) – to recognize molecules 

associated with pathogens – Pathogen Associated Molecular Pattern (PAMP or MAMP for 

Microbial) and elicit immune response. PAMPs/MAMPs are usually evolutionary conserved 

essential elements of pathogen’s cells such as bacterial flagellin or fungal chitin from the cell 

wall. Plants are also able to recognize Danger Associated Molecular Patterns (DAMP) that 

correspond to the plant endogenous molecules such as parts of cuticula or cell wall released 

upon the pathogen invasion. The activation of PRR lead to Pathogen Triggered Immunity 

(PTI). The rapid transcriptional reprogramming in the cell results in primary defence reaction 

such as ROS production, stomata closure, callose deposition, production of antimicrobial 

compounds and programmed cell death to localise the pathogen at the point of infection and 

induce resistance (Bigeard et al., 2015; Li et al., 2016; Polturak and Osbourn, 2021). 

To overcome the PTI plant pathogens evolved pathogenicity factors, mainly secreted 

and delivered into host cell, called effectors, which help overcome PTI and induce Effector 

Triggered Susceptibility (ETS) by direct or indirect modification of major components of plant 

immunity. The pep1 effector from maize pathogen Ustilago maydis is indispensable for a 

successful infection. Host plant triggers rapid H2O2 accumulation upon the infection by U. 

maydis, while the Pep1 protein is able to directly bind the POX12 peroxidase and diminish 

peroxide production (Hemetsberger et al., 2012). 

To neutralize effectors delivered into the cell plants evolved intracellular receptor 

proteins often referred as resistance proteins (R), able to recognise pathogen’s effector and 

reported is this case as ‘avirulence protein’ and induce effector triggered immunity (ETI). 

Although, ETI involves different receptors at the detection stage, the physiological output is 

similar to one induced by PTI (Yuan et al., 2021b). This qualitative interaction is also reported 
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as ‘gene-for-gene model’ is opposition to the quantitative resistance against a pathogen which 

is mediated by a combination of different genomic region coding different proteins required 

for an optimized protection of the host against the invader (Pilet-Nayel et al., 2017). 

Whether the initial zigzag model described PTI and ETI as independent and sequential 

processes, the current understanding of plant immunity suggests that PTI and ETI uses the 

similar mechanisms to induce defence response and represents different layers of the immune 

systems with extensive crosstalk between the layers offering the adaptive and fine tuning 

system (for detailed review see: Dodds and Rathjen, 2010; van der Burgh and Joosten, 2019; 

Yuan et al., 2021). 

1.3.1 The PTI 
 

MAMPs/PAMPs are recognized by surface localized pattern recognition receptors 

(PRR) to trigger PTI. The most studied MAMPs correspond to lipooligosaccharides of gram-

negative bacteria, bacterial flagellin, bacterial Elongation Factor-Tu (EF-Tu), part of glucans 

and glycoproteins from oomycetes or chitin from fungus cell wall (Zhang and Zhou, 2010). 

Plants also recognize proteinaceous oomycete MAMPs or PAMPS  such as Cellulose binding 

domain (Gaulin et al., 2006) cell wall transglutaminase, oligopeptide elicitor protein, elicitin 

family of sterol-binding proteins, endoglucanase XEG1, CBEL glycoproteins (Gaulin et al., 

2002; Judelson and Ah-Fong, 2019). Oomycete as other pathogens release PAMPS/MAMPs 

recognized by plants. These include cell wall composites as beta-glucans, arachidonic acid and 

chitosaccharides (Judelson and Ah-Fong, 2019).  

PRR bound with the PAMP often needs to form a complex with a Receptor-like Kinase 

to induce the signalling cascade (Fig. 4). PRRs are represented by two distinct classes: 

Receptor-Like Kinases (RLK) and Receptor-Like Proteins (RLP), both often having 

extracellular leucine-rich repeats, perceiving PAMPs/MAMPs. The activated receptor 

activated Receptor-Like Cytoplasmic Kinase (RLCK), which induces the cascade reaction, 

leading to physiological and transcriptional reprogramming of the cell (Bigeard et al., 2015).  

One of the most studied LRRs is FLS2, which is able to recognize a part of bacterial 

flagellin protein corresponding to 22 amino acid (Flg22) and conserved within bacteria. In A. 

thaliana, FLS2 formed a complex with flg22 recruits the receptor like kinase BAK1 and 

induces the signalling cascade (Saijo et al., 2018). A. thaliana has several extracellular 

receptors of LYK-family (LysM-containing receptor-like kinases), which bind the chitin 

released from fungal cell wall. LYK5 receptor changes its conformation upon chitin binding 
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and form a complex with CERK1 kinase to intracellular signalling cascade resulting in 

abundant ROS production (Fesel and Zuccaro, 2016). Elicitor protein INF1 from oomycete P. 

infestans is recognized by conserved in Solanaceae family BAK1/SERK3 kinase with five 

extracellular LRR domains. The activation of BAK1/SERK3 kinase triggers PTI in Solanaceae 

plant leading to ROS accumulation and a rapid cell death (Chaparro-Garcia et al., 2011).  

 

Figure 4. PRR (blue arrows) and NLR (red arrows) signalling co-regulate immune responses 

and converge at multiple points. Upon recognition of PAMPs/DAMPs, cell surfacelocalized 

PRRs recruit co-receptors to form receptor complexes and activate downstream RLCKs, which 

subsequently phosphorylate downstream components (e.g. RBOHD, CNGCs/OSCA1.3, 

MAPKKKs, WRKYs) to trigger ROS burst, Ca2+ influx, MAPK activation, phytohormone 

production and transcriptional reprograming. Importantly, ETI resistance and responses are 

dependent on PTI pathway components and ETI potentiates PTI. Therefore, the two signalling 

cascades work together in a collaborative manner to ensure effective immunity. Solid arrows 

indicate direct effects and dashed arrows indicate indirect effects. Question marks indicate 

unknown mechanisms. Adapted from Yuan et al., 2021b. 
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1.3.2 The ETI 
 

Another layer of microorganism recognition by the plant host is the direct or indirect 

recogntion of microbial virulence factors inside the cells by nucleotide-binding leucine-rich 

receptors (NLRs), often referred as Resistance (R) proteins, and activation of Effector triggered 

immunity (ETI) resulted in an enhanced resistance and hypersensitive response (HR) (Yuan et 

al., 2021b).  

Intracellular R proteins usually consist of a middle nucleotide binding (NB) domain, a 

C-erminal leucine rich domain (LRR) and a N-terminal variable domain. NLRs proteins can 

recognize pathogen effectors by direct protein-protein interaction or by perception of the 

changes in other effector target. The database of functionally validated plant NLRs 

RefPlantNLR contains 481 proteins from 31 genera of plants (Kourelis et al., 2021). Upon 

activation, NLRs form a multimer structure for further signal transduction. Recent advances in 

structural biology demonstrated that Arabidopsis ZAR1 protein froms a complex with a 

resistance-related kinase 1 (RSK1) to sense bacterial effector AvrAc from Xanthomonas 

campestris, which uridylates the PBS1-like protein 2 (PBL2) kinase. PBL2 is reqruited into 

RSK1-ZAR1 complex, which oligomerize into pentamer having pore-like structure (Wang et 

al., 2019). When anchored into membrane induce Ca2+ flux into plant cell to activate cell death 

(Bi et al., 2021). While ZAR1 is acting itself in the resistosome serving both functions as sensor 

and executor, some other NLRs recruit helpers to transduce the signal for ETI activation. NRG1 

protein serves as a helper for numerous sensing NLRs, which activate NRG1 to induce calcium 

flux and cell death by the mechanism similar to ZAR1 (J. Chen et al., 2021).  

Rice genome encodes paired NLRs Pik-1/Pik-2 and RGA5/RGA4, which are 

responsible for recognition of MAX effectors of a fungal pathogen Magnaporthe oryzae. Both 

of these NLR pairs are harbouring a heavy metal-associated domain (HMA) and for both NLR 

pairs the physical interactions of an effector and a HMA domain is needed. Pik-1/2 NLR pair 

is able to recognize AVR-Pik effector of M. orizae, Pik-1 receptor is able to recognize the 

effector and requires Pik-2 to induce downstream signalling. In RGA5/4 mechanism, RGA4 is 

able to induce downstream reaction upon recognition of AVR-Pia and AVR-CO39, while 

RGA5 serves as inhibitor of RGA4 signalling in the absence of a pathogen (Białas et al., 2018; 

Césari et al., 2014). 
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1.3.3 ETI-PTI crosstalk 
 

The succesfull activation of PTI and/or ETI prevents the infection and leads to 

incompatible to interaction between a plant host and the pathogen. The most common output 

of the recognition is a hypersensitice response (HR), characterized by a rapid and a local cell 

death at the point of a pathogen contact (Balint‐Kurti, 2019). Activated R protein initiate signal 

transduction, which leads to transcriptional reprogramming of the cells. The signal transduced 

through mitogen-activated kinase cascade, which at the end induces the biochemical changes 

in the cells (Meng and Zhang, 2013). Activation of immune response leads to transient 

accumulation of intracellular calcium. Several cyclic-nucleotide gated calcium channels 

(CNGC) were shown to be involved in the Ca2+ spikes in Arabidopsis induced by PTI or ETI. 

The calcium signal is important for further reaction such as ROS accumulation and stomata 

response (Yuan et al., 2021b). In the immune response the major role is also played by the 

hormonal regulation: mainly jasmonate (JA), ethylene (ET) and salycilate (SA) pathways. SA 

pathway is preferentially implicated into the response to biotrophic or hemobiotrophic 

pathogens, while JA and ET pathways are induced against necrotrophic pathway. SA and 

JA/ET pathway act antagonistically and their interaction tunes the immune response leading to 

adaptive reaction to various symbionts: pathogens and symbionts (Bari and Jones, 2009). 

ETI and PTI are activated by the perception of different ligands by different receptors, 

the outcome of both immune cascades converge into similar output, leading to incompatible 

interaction between pathogen and host (Fig. 4). The recent studies conducted on Arabidopsis 

plant lacking receptors of either ETI or PTI demonstrated that two layers of plant defence are 

indispensible parts of plant immunity and are implicated in cross-regulation and cross-

potentiation for adequate response (Ngou et al., 2021; Yuan et al., 2021a) . 

1.3.4 Qualitative and quantitative resistance 
 

ETI is playing a dominant role in the protection of plant againts microbial attack in 

certain plant genotype against specific races of microbes certain and is related to the 

development of the HR that restrict pathogen growth. Quantitative disease resistance (QDR) in 

constrast to qualitative resistance leads to a reduction of symptoms rather to an inhibition of 

symptoms. QDR is generally associated to mulitple quantitative trait loci (QTL) found in 

various genomic regions of the host plant (Pilet-Nayel et al., 2017). This resistance is more 

difficult to decipher at the molecular level and to use in breeding programm as compared to the 

introduction of R genes in susceptible genotype (French et al., 2016).  
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The introduction of R genes is a popular strategy in breeding for resistance since mid-

XX century. During the period from 1960s to 2000s in breeding programs of tomato in Japan, 

several R genes (called Cf-4, Cf-5, Cf-9) were introduced conferring resistance to biotrophic 

fungal pathogen Cladosporium fulvum. Cf genes encode LRR proteins, which can recognize 

Avr proteins from C. fulvum. However, several years after the introduction of resistant line into 

the commercial line, the new races of C. fulvum able to avoid recognition by Cf-proteins were 

detected in the environment (Iida et al., 2015). However, there are R genes which confer the 

resistance against multiple pathogens during many years, such as Lr34 and Lr67 genes in 

cereals (Spielmeyer et al., 2013). 

In this context new source of resistance is required and the use of QDR is a great 

strategy to overcome this limitation. QDR shows incomplete resistance and is controlled by 

multiple genes with small effect of each, but more durable in terms of time and development 

of more aggressive races of pathogen. In contrast to qualitative, where genotypes could be 

divided into susceptible and resistance, the quantitative resistance is represented by continuum 

of the genotypes from low to high resistance, often following a normal distribution (Nelson et 

al., 2018). One stratetgy to identify genomic regions implicated in quantitative resistance, 

genome wide association studies (GWAS) are performed using the collection of diverse 

genotype or quantitative trait loci (QTL) mapping in population produced in artificial crosses 

(Khan et al., 2021).The genome regions contributing into the resistance are identified as QTLs, 

often the role of particular genes in building a resistant phenotype remain largerly unknown. 

The GWAS of a collection of genotypes of Medicago truncatula – a model legume plant – 

revealed a quantitaive resistance against root rot disease induced by oomycete A. euteiches. 

The study identified a major QTL, located on the third chromosome and include F-Box protein, 

which is known to play a role in the plant development and disease response (Bonhomme et 

al., 2014). To increase durability and resistance power of a genotype, in breeding program a 

pyramiding of a QTL is used, which is aiming to accumulate several QRLs in one line (Ashikari 

and Matsuoka, 2006; Pilet-Nayel et al., 2017).  
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1.4 Fungal and oomycete pathogenicity 
 
1.4.1 Microbial Effectors 
 

During the infection process of the host plant, eukaryotic filamentous pathogens such 

as fungi and oomycetes release molecules that act as virulence factors also called ‘effectors. 

Those molecules could be proteins (Gaulin, 2017), metabolites (Lievens et al., 2017), toxins 

(Lamour and Kamoun, 2009) and small RNA (Iki, 2017). Increasing evidence and experimental 

studies have recently revealed that non-pathogenic organisms such as mycorrhizal (Voß et al., 

2018), endophytic (Queiroz and Santana, 2020) and saprotroph (Feldman et al., 2020) also 

produce such type of molecules. Thus ‘effectors’ should be described as molecules that are 

secreted by microorganisms to affect physiology of host cells or environment and facilitate 

microbial invasion or niche colonization. 

Numerous effector proteins harbor a signal peptide at the N-terminus to be secreted in 

the extracellular space making easier their in-silico detection by genome mining (Sperschneider 

and Dodds, 2021). Around 15% of all predicted proteins of fungi and oomycetes are supposed 

to be secreted (Choi et al., 2010). Nevertheless, size and composition of ‘effectomes’ vary 

greatly between microorganisms including at the intraspecific level, ranging from as little as 

80 in entomopathogenic fungi Nosema ceranae to over a thousand of effector proteins per 

isolate in some fungi, and oomycetes as Phytophthora spp. with a tendency of higher secretome 

size in plant pathogenic hemibiotrophs (Kim et al., 2016; McGowan and Fitzpatrick, 2017). 

Presence of a signal peptide is a good characteristic of the sequence for effectors selection from 

whole predicted secretome. However, numerous effectors without a signal peptide, but still 

acting outside a pathogen’s cell were described in filamentous pathogens. Thus effectors 

secreted by unconventional secretion pathway were reported, for example in fungus 

Magnaporthe oryzae and oomycete P. infestans  (Giraldo et al., 2013; Liu et al 2014). 

 One key point regarding effectors studies is their functional characterization, thus 

secreted ‘effectors’ are usually classify based on different criteria as: i) by the target cell 

compartment (e.g. apoplastic vs intracellular effectors), ii) by the putative function (predicted 

or not predicted), by the size and amino acid component (small secreted proteins, cysteine-rich) 

, iii) by the expression profile (early, later stage of infection), or iv) by structural prediction 

(sequence-unrelated structurally similar effectors). All of these criteria are useful to support 

genomic annotation and to predict activity of the secreted protein (Kim et al., 2016; McGowan 
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and Fitzpatrick, 2020, 2017; Seong and Krasileva, 2021) but functional studies are required to 

validate the putative function. 

1.4.1.1 Effectors with a conserved functional domain 
 

To get first information about the molecular function of the effector, the prediction of 

a functional domain PFAM/SMART or InterPro could be done. Among the effectors with 

functional domain fungi and oomycetes secrete proteins, which serve for adhesion, nutrient 

acquisition and also for triggering necrotic/cell death symptoms Such proteins are often rich in 

cysteine residues (usually 6 or 8 residues per protein), which stabilize 3D structure of the 

protein. 

Numerous effectors with a functional domain present necrotic activity within the host 

cell. Among them Phytophthora species have two families of cell death inducing proteins: 

elicitins (PFAM PF00964) and NLP domain (PF05630, necrosis- and ethylene-inducing 

peptide 1)-like proteins to less extent some pectate lyases or glycoside hydrolases can also act 

as cell death inducing proteins. (Li et al., 2020). One of the most studied proteins are elicitins, 

which demonstrate the sterol binding activity (Mikes et al., 1998), which could be important 

for nutrient function for sterol auxotrophic Peronosporales oomycetes, while its cell death 

induction is not dependent on sterol binding activity (Derevnina et al., 2016). As sterol and 

fatty acids stimulate sexual reproduction and oospore formation in Phytophthora, elicitins may 

also contribute to the development of more aggressive strains (Chepsergon 2020). Elicitins 

actively induce cell death on N. benthamiana and different plant species as tomato or potato, 

however differential responses can occur within a given taxon of plant (Kamoun et al., 1998, 

1997). The small ~24k Da NLPs proteins have a dual function in dicotyledonous plants, i.e 

activating immune responses and inducing necrosis, but the mechanisms are still not well 

understood. While NLPs genes are identified in fungi and oomycetes with a large expansion in 

Phytophthora species thanks to tandem duplication events, NLPs seems to be absent from 

Saprolegniales genomes, except for A. euteiches (Gaulin et al., 2008). The vast majority of 

fungal and oomycetes NLPs have a N-terminal signal peptide (Seidl and Van den Ackerveken, 

2019). Among cell death inducing effector with a functional domain, Cerato-platanin family 

proteins (IPR010829) are another secreted protein family found only in filamentous fungi 

including in B. cinerea, S. sclerotiorum, and Magnaporthe oryzae (Yang et al., 2009) but seems 

to be absent in oomycetes (Gao et al., 2020). Another cell-necrotic effector belongs to the 

CBEL family firstly reported as a cell wall protein from Phytophthora parasitica. CBEL-like 
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protein with cellulose-binding domain (CBM1, PF00734) within the sequence in addition to 

PAN-Apple domain (PF00024) are largely distributed within oomycetes and contribute to P. 

parasitica pathogenicity (Gaulin et al., 2002). 

A large set of effectors predicted with a functional domain, as a PFAM domain, 

correspond to plant cell wall degrading enzymes (CWDE) acting consequently in the apoplastic 

space of the infected tissues in contact to the pectocellulosic plant wall. The apoplast is the cell 

matrix located beyond the plasma membrane and is the first point where microbes contact the 

plant either in roots or leaves (Sattelmacher, 2001). The root cell wall is built from cellulose-

xyloglucan framework with prevalence of xyloglucans in dicots embedded in a network of 

pectic polysaccharides (Pauly et al., 1999). Thus to get through plant cell wall, plant-associated 

pathogens release a set of CWDE, which mostly consist or glycosyl hydrolases families (GH) 

and pectate lyases (PL) also regrouped as CAZymes (Lombard et al., 2014). Interestingly, the 

secreted CAZymes appeared to be not only apoplastic effectors targeting the cell wall. Indeed, 

Glycoside Hydrolase family 11 protein from fungal plant pathogen Verticillium dahliae 

promotes the pathogenicity through nuclear localisation (Liu et al., 2021) 

Along with CAZYmes, filamentous pathogens possess a large repertoire of proteases. 

According to a MEROPS database the proteolytic enzymes are classified into clans and then 

families  according to the structure and function of their catalytic pocket (Rawlings et al., 2014). 

Analyses of fungal and oomycetes genome identified families of secreted proteases whose 

expression may support a putative role as pathogenicity factors probably to facilitate growth of 

the pathogen. Global analysis of fungal proteases revealed 22 families of proteases are present 

in the secretomes of fungi. The major groups of these proteases correspond to serine, cysteine, 

aspartic, metalloproteases (for review see Franceschetti et al., 2017). A clear enrichment in 

trypsin (S1) and subtilisin (S8) proteases are observed in pathogenic fungi (Muszewska et al., 

2017). The recent analysis of Metalloproteases (MP) of Stramenopila, with focus on 

Oomycetes, revealed the high variability in MP content and potential involvement in 

pathogenicity process of P. infestans (Schoina et al., 2021). Secreted trypsin-like protease from 

Septoria nodorum SNP1 constitute the unique example of purified and functionally 

characterized serine protease. SNP1 was demonstrated to directly destruct plant cell wall 

(Carlile et al., 2000) by targeting Hydroxyprolin-rich (HRGP) structural proteins (Mazau and 

Esquerré-Tugayé, 1986). Jashni et al 2015 identified collaborating secreted fungal serine- and 

metalloproteases from Fusarium oxysporum, which are responsible for cleavage of Chitin 

Binding Domain (CBD) of the tomato secreted antifungal chitinases SlChi1 and SlChi13 
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leading to a less active immune enzyme. Genome mining of the fish pathogen S. parasitica 

linked the abundance of secreted proteases with an adaptation to animal hosts (Jiang et al., 

2013). Gene editing of an extracellular serine subtilisin protease from Aphanomyces invadans 

drastically reduced fish ulcerative symptoms (Majeed et al., 2018) and extracellular proteases 

from Saprolegnia parasitica and A. invadans secreted in culture medium have been reported 

as active against fish immune IgM antigen, suggesting their contribution as virulence factors 

(Jiang et al., 2013; Majeed et al., 2017). 

Growing evidences highlight the importance of proteolytic cascades in the plant 

apoplastic space for activation of plant defense (Misas‐Villamil et al., 2016; Paulus et al., 

2020). Plants and pathogens evolved various defensive and counter-defensive proteases and 

inhibitors acting in the apoplastic space, which signalize about the importance of proteolytic 

cascades in plant-pathogen interaction. Thus fungal/oomycetes effectors harboring a protease 

inhibitor activity are reported (Avr2 from Cladosporium fulvum (Shabab et al., 2008), Pit2 

from Ustilago maydis (Mueller et al., 2013)). Some are also known to act within the host 

cytoplasm as suspected for cysteine protease inhibitor UfRTP1p from the obligate rust fungi 

Uromyces fabae. Within oomycetes genomes, the serine protease inhibitor ‘Kazal-like domain’ 

(PFAM PF07648) is enriched in 33 of 37 oomycetes species analyzed by Fitzpatrik et al., 2017. 

Accordingly, P. infestans as other oomycetes, genome encodes numerous secreted protease 

inhibitors, among them two Kazal-like inhibitors EPI1 and EPI10 were characterized as 

inhibitors of defense-related serine protease P69B, which is known as an immune hub (Tian et 

al., 2005, 2004). Furthermore, two cystatin-like inhibitors EPIC1 and EPIC4 were also 

described in P. infestans, which target pathogen-related cysteine protease PIP1 (Tian et al., 

2007).  

1.4.2.2 Effectors with a conserved sequence motif 
 

Numerous of fungal or oomycete secreted proteins have weak or no sequence similarity 

with functional domain (Feldman et al., 2020). These proteins tend to have low molecular 

weight, high cysteine content and low serine content (Sperschneider et al., 2018). Comparative 

analysis of avirulence proteins from Phytophthora species led to an identification of modular 

secreted proteins thanks to a conserved N-terminal RxLR motif, which stands for R(arginine)-

X(any amino acid)-L(leucine)-R(arginine) motif (for review see (Anderson et al., 2015; Birch 

et al., 2008; Fabro, 2022), while the Cterminal part is highly variable. The role of RxLR motif 

is still under controversy, however it was shown that it is responsible for the protein 
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translocation, since a protein mutated in RxLR domain fails to translocate into plant cells (Birch 

et al., 2008). Nevertheless the later studies showed that N-terminal motif is cleaved out within 

the pathogen’s cell, before translocation within the plant cell (Wawra et al., 2017). Hundreds 

of RxLRs are predicted in Phytophothra spp, Peronospora spp, Bremia spp, Pythium spp 

(Chepsergon et al., 2021). However, the oomycete phytopathogenic species within Albugo, 

Saprolegnia and Aphanomyces genus encode for none or very few RxLR effectors (Furzer et 

al., 2022; Elodie Gaulin et al., 2018; Jiang et al., 2013a). Comparative genomics of fungi 

revealed that the RxLRs proteins if not absent, at least not so abundant in fungi as compared to 

oomycetes (Lo Presti et al., 2015). 

Description of modular proteins such as RxLRs stimulated the search for the other 

conserved motifs. It led to a discovery of proteins harbouring conserved N-terminal LFLAK 

motif responsible for translocation and C-teminal part governing its function (Haas et al., 2009; 

Schornack et al., 2010). Oomycete genomes contain numerous CRN effectors, while the 

numbers vary between the species: P. infestans > 400, P. sojae > 80, A. euteiches > 160 (Gaulin 

et al., 2018; Haas et al., 2009). Being firstly described as oomycete effectors, CRNs are 

ubiquitously present in filamentous organisms and some of them probably horizontally 

transferred between evolutionary unrelated organisms, as CRN13, which homologs were 

identified in the genome plant pathogenic oomycete A. euteiches and animal pathogenic animal 

pathogenic fungus B. dendrobatidis. AeCRN13 harbours HNH-like endonuclease module and 

shown to interact directly with a DNA of a host cell and induce DNA-damage (Ramirez-Garcés 

et al., 2016). The studies of symbiotic fungus R. irregularis demonstrated that it has a large set 

of 82 CRNs (Voß et al., 2018) demonstrating that CRNs are important effectors for establishing 

pathogenic or symbiotic interactions between plants and fungi or oomycetes.  

The screening of fungal genomes for the putative pathogenicity factors led to the 

identification of Small Secreted Proteins (SSP), which are induced during pathogenicity 

process (Kim et al., 2016). SSP’s are less than 300 amino acids in length without predictable 

functional and transmembrane domains, and accounts for a large proportion (40-60%) of a 

fungal secretome (Kim et al., 2016). SSPs were identified in the genomes of pathogens and 

saprotrophs, signifying that SSPs has various roles in fungal interactions (Feldman et al., 2020). 

Among the fungal SSPs, numerous effectors contributing to virulence were identified, a 74 

amino acid peptide encoded in the genome of Colletotrichium gloeosporioides supresses host 

cell death of death during the infection of Stylosanthes guianensis and shown to be 

indispensable for a biotrophic stage of a pathogen (Stephenson et al., 2000). V. dahliae genome 
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encodes over hundred cysteine rich SSP, some of them were shown to be involved in plant 

pathogen interaction and induce BAK1 and SOBIR1 dependent cell death in N. benthamiana 

(Wang et al., 2020). The SSPs were identified not only in pathogenic organisms, but also in 

symbiotic and saprotrophic fungi, which signifies about the broad functions carried out by 

SSPs. Poplar ectomycorrhizal fungus Laccaria bicolor secretes SSP7 protein, which interacts 

with jasmonate defense pathway proteins (i,e JAZ) putatively favours the establishment of the 

symbiosis (Daguerre et al., 2020). 

Recently the presence of SSP in oomycetes were supported by studies of our research 

group. In genome of plant pathogenic A. euteiches around 300 genus-specific SSPs were 

detected, while in crayfish pathogen A. astaci 138 SSPs were found. Functional analysis of one 

cluster of six SSPs revealed an effector candidate AeSSP1256, which enhances plant 

susceptibility through inhibition of root development and binding to RNA helicase MtRH10 

(Camborde et al., 2022; Gaulin et al., 2018). Genome-wide screenings of SSPs in oomycetes 

were not performed, therefore it could be expected that other oomycete possesses own set of 

SSPs as well. Since by definition SSPs are a very wide group of proteins the development of 

its classification is needed for better description of the SSPs repertoire in the organisms. 

1.4.2.3 Effectors with a conserved structure 
 

It is well established that protein structure is more conserved that amino acid sequence 

(Illergård et al., 2009). Almost 50% of oomycete RxLR effectors do not carry W/Y/L motifs, 

which are responsible for alpha-helix structure, however bioinformatics modelling predicted 

alpha-helixes at the N-terminus (Ye et al., 2015). The two studies published by Seong and 

Krasileva (2021 and 2022) demonstrated that phenomenon of sequence-unrelated structurally 

similar effector is widespread within several plant pathogenic fungi such as Magnaporthe 

oryzae, Ustilago maydis, Puccinia graminis etc. To perform such studies the reliable algorithm 

for structure prediction is needed, in 2021 the AlphaFold 2 neural network predictor was 

released, which significantly outperformed the available algorithms such as i-Tasser and 

trRosetta during 14th CASP (14th Community Wide Experiment on the Critical Assessment of 

Techniques for Protein Structure Prediction, https://predictioncenter.org/casp14/). The very 

recent release of predicted structures for 200 million proteins in the AlphaFold database gives 

a great opportunity to incorporate the structure analysis in the study of effectors (Jumper et al., 

2021). In some fungal pathogenic species, the effectors with similar 3D structure were 

identified using predictive modeling approach, despite their low sequence similarity (less than 
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25% aa identity). As example one MAX effectors were identified in several fungal pathogens 

such as Leptosphaeria maculans, P. tritici-repentis, Z. tritici and Botrytis oryzae, from 2 to 6 

effectors from the family were identified in Colletotrichium genus (de Guillen et al., 2015). 

However, MAX family undergone a huge expansion in the Magnaporthe genus with over 150 

effectors per species (de Guillen et al., 2015). In addition, within structurally conserved MAX 

effectors the molecular mechanism of host target protein-binding is conserved rather than the 

host target proteins themselves (Guo et al., 2018). Another family of structurally-similar 

effectors correspond to LARS effectors. Firstly  identified in biotrophic oilseed rape pathogen 

L. maculans as avirulence proteins (Lazar et al., 2022) , LARS effectors are conserved between 

Leptosphaeria species. (Lazar et al., 2022). The MAX and LARS effectors could be considered 

as lineage-specific effector as they are detected mostly within a single class of 

Dothideomycetes fungi. 

Up to date, several structurally-similar effectors classes are described in fungi: LARS, 

RALPH, MAX, FOLD and ToxA-like. Those examples allows to hypothesize that a wide 

variety of effectors, without any apparent sequence relationship, could in fact constitute a 

limited set of structurally conserved effector families and that they have expanded in some 

fungal lineages or even in several fungal classes (Guo et al., 2018; Lazar et al., 2022). The 

structural prediction facilitates the identification of effectors, which have similar fold, but 

unrelated on a sequence level, however, it’s far from the correct prediction of their activity in 

the host cell. 

Within oomycete the structural similarity was shown for NLP effectors, which can 

trigger immune responses in plants cells, and cytotoxic mechanisms of NLPs have been 

recently precise thanks to the crystal structure of NLPs from Pythium aphanidermatum, which 

reveals a fold similar with pore-forming toxin from marine organism (Ottmann et al., 2009) 

and up to know 3D modeling approaches have not been used but can be probably useful to 

predict function of the large set of effectors with unknown function (i.e RxLR, CRN (Crinklers 

families), SSPs). 

 

1.4.2.4 Molecular Function of effector: a special place of nuclear effectors 
 

To promote microbial colonization, effectors could favour microbial growth by 

manipulation of plant defences, escape of pathogen’s recognition and/or enhance invader 

nutrition (Gaulin, 2017). Thus, functions and targets of effectors are diverse and range from 



 29 

altering plant cell surface or metabolic pathways, signalling cascades, supressing immune 

responses, blocking trafficking and/or acting on RNA silencing, transcription, and interfering 

with DNA machinery. 

Plants can sense the presence of chitin as fungal PAMPs by the extracellular chitin 

receptors. To avoid triggering the plant immune response fungal pathogen Cladisporium 

fulvum encode apoplastic LysM domain containing effector Ecp6, which is able to sequester 

chitin residues so they are not detected by the plant receptors (de Jonge et al., 2010). LysM-

domain effectors orthologs are widely present among plant pathogenic and beneficial fungi 

with the similar action of preventing chitin oligomer recognition (Kombrink and Thomma, 

2013). Such effectors are present not only in pathogenic, but in beneficial fungi: Tal6 from the 

beneficial root-colonizing endophytic fungus, Trichoderma atroviride, and RiLysM from the 

root-colonizing arbuscular mycorrhizal fungus, Rhizophagus irregularis (Rocafort et al., 

2020). 

To avoid the transduction of immune signal, plant pathogens evolved to subvert the 

metabolism processes of the host. So Ustilago maydis effector Cmu1, which is one of the most 

strongly induced genes during the infection, encodes a chorismate mutase, which is delivered 

inside host cell. It interacts with a maize chorismate mutase ZmCm2 and enhance the flow of 

chorismate from plastids to the cytosol, in turn depleting the substrate for salicylic acid 

synthesis in plastids. This metabolism priming inhibits quick distribution of immune signals 

mediated by salicylic acid (Djamei et al., 2011). Another U. maidys intracellular effector Jsi1 

reprograms the hormone signalling through binding to TOPLESS family protein, which leads 

to biotrophic susceptibility (Darino et al., 2021). 

Host nucleus appears to be an important subcellular localization of pathogen’s 

intracellular effectors. As was discussed above, host defense response is regulated by nuclear 

gene expression and protein trafficking inside and outside the nucleus (Yuan et al., 2021b). So 

it is expected for pathogen’s effector to act in this compartment to alternate host transcriptional 

reprogramming through various modes as modification of histone patterns, modify 

transcription by direct interaction with nucleic acids or targeting host transcription factors 

(Stam et al., 2021). In addition, direct nucleic acid damage by introducing of double-strand 

break and aberration of the development of host cell also exploited by the pathogens 

(Camborde et al., 2019). Therefore, effectors localized in host nucleus take a special place in 

studying of a plant-pathogen interaction. In addition, numerous intracellular effectors have 

been shown to target this compartment. As example, a large screening assays of CRNs or RxLR 
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effectors in oomycetes revealed over 60% as nuclear localized, demonstrating that nuclei are 

important targets for intracellular effectors (Liu et al., 2018, Caillaud et al., 2012, Stam et al., 

2013, Chen et al., 2020). Mining the literature data, identified over a hundred of oomycete 

nuclear effectors, among them the largest part is dedicated to study of RxLRs effectors and 

smaller part is for CRNs, outside of these two groups is only SSP from A. euteiches. The 

screening of 61 effector from Brassicaceae pathogen Colletotrichum higginsianum revealed 

the nuclei localization as the most frequent among effectors encountered for 40 nucleo-

cytoplasmic and 9 nuclear effectors (Robin et al., 2018). 

Inside the nucleus, one of the key functions of nuclear effectors is the manipulation of 

transcription machinery and transcription regulators to alleviate immune system induction 

(Fabro, 2022). Two nuclear effectors from rice blast pathogen M. oryzae MoHTR1 and 

MoHTR2 bind to a regulatory sequence of immune-related genes and act as transcription 

repressors, as a result downregulate the expression of many immune-associated genes in rice 

(Kim et al., 2020). Another mechanism of inhibition of early is exploited by oomycete pathogen 

Phytophthora infestans through inhibition of signal transduction through MAP kinase pathway. 

Pi22926 interacts with a potato mitogen-activated protein kinase kinase kinase, StMAP3Kβ2, 

in the nucleoplasm and supresses activation of MEK2, which in normal condition leads to a 

cell death induction (Ren et al., 2019). AeCRN13 effector from oomycete Aphanomyces 

euteiches carries HNH endonuclease domain and induce cytotoxicity and aberrant development 

in host cells through introduction of double-strand breaks (Ramirez-Garcés et al., 2016) 

Several fungal and oomycete effectors were shown to modulate the transcription of host cells 

through alteration of histone acetylation patterns (Chen et al., 2022; Kong et al., 2017). Effector 

UvSec117 from the rice false smut fungus Ustilaginoidea virens is able to enhance histone 

H3K9 acetylation level through a translocation of host HDA701 histone acetylase into nucleus 

(Chen et al., 2022). Controversy, suppression of H3K9 acetylation is exploited by oomycete 

Phytophthora sojae, which. PsAvh23 effector binds to ADA2 subunit of histone acetylase 

complex SAGA and as a result supresses H3K9 histone acetylation. Silencing of ADA2 or 

overexpression of PsAvh23 leads to increased susceptibility of soybeans (Kong et al., 2017). 

The direct interaction with the transcription factor and modulation of its activity is 

another mechanism used by the pathogens to promote the infection. Oomycete 

Hyaloperonospora arabidopsidis nuclear targeting effector RxLL470 can bind the HY5 

transcription factor, which positively regulates pathogen-related genes. RxLL470 attenuates 

HY5 binding activity to DNA and negatively regulates the expression of many immune-related 
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genes (Chen et al., 2021). RxLR effector from P. infestans Pi22798 promotes the infection 

through induction of homodimerization of the transcription factor KNOX3, which regulates 

transcription of susceptibility genes, as its overexpression enhance host susceptibility while the 

silencing decreases it (Zhou et al., 2022). 

In addition to targeting DNA and proteins, the effectors also can target ribosomal 

subunits as pseudoenzyme effector CSEP0064/BEC1054 from biotroph B. graminis, which 

binds the ribosome to inhibit the action of plant ribosome-inactivating proteins (RIPs) 

(Pennington et al., 2019). Nuclear effector Pst_A23 from Puccinia striiformis directly binds to 

pre-mRNA of immune related host proteins TaXa21-H and TaWRKY53 and induce incorrect 

splicing of their mRNA (Tang et al., 2022). Another effector, which perturbs transcription 

process is AeSSP1256 from A. euteiches, which hijacks nuclear RNA Helicase MtRH10 from 

Medicago truncatula and enhance host susceptibility and delays host root development 

(Camborde et al., 2022). 

1.4.2.4 Environmental effectors 
 

In the natural environment, the interaction between a microbe and a plant never happens 

in one-to-one settings and the infection success doesn’t only depend on overcoming plant 

defense, but also the interaction with plant microbiota (Gaulin, 2017). One can suspect that the 

effector repertoire used far beyond manipulation of host immunity, but manipulation of 

environmental condition (pH, redox status) or microbe-microbe communication to shape the 

microbiome. Indeed recent studies show that the infection by pathogens modulates the host 

microbiome composition (Panstruga and Kuhn, 2019). Therefore, Snelders et al. (2018) 

suggested the following grouping for effectors: 1) effectors implicated in manipulation of host 

immunity; 2) effectors manipulating both pathogen immunity and host microbial community; 

and 3) effectors directed only to manipulation of host microbial community. Many studies of 

microbial communities highlighted that virulence of pathogen is dependent of host microbial 

composition (Carrión et al., 2019; Klein et al., 2012; Mariotte et al., 2018) and those interaction 

with host microbiome could be mediated through secreted effectors that could be identified as 

‘environmental/ecological effectors’. To colonize niches and combat with other microbes the 

fungal pathogens may probably exploit their effector arsenal using two major ways: by direct 

antimicrobial function or by manipulation of the microbial host metabolism, which shapes plant 

microbiome (Snelders et al., 2018b). Few example illustrate this concept as the Zt6 effector 

from the wheat pathogen Z. tritici that induce toxicity either on plant, bacteria yeast and 

filamentous fungi (Kettles et al., 2018). In addition, VdAve1 effector from Verticillium dahliae 
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continuously expressed during infection and during mycelia stage, possesses antimicrobial 

functions, and is able to modify microbial community organisation during the soil and infection 

stages (Snelders et al., 2020). Future studies of the pathogen-microbiome interaction at the 

level of environmental effector will open new perspectives in sustainable pest management 

(Hashemi et al., 2022, Gaulin et al., 2017). 

1.5 Genomics and Effectors Evolution 
 

Fungi and Oomycetes have rather small genomes, in average less than 100 Mb in size, 

with few exceptions as Phytophthora infestans (> 200Mb). Up to date hundreds genomes of 

fungi and oomycete were sequenced, with a great participation of a fungal 1000 genomes 

project (Grigoriev et al., 2014). Some fungal pathogens possess dispensable chromosomes, 

carrying pathogenicity genes, and their loss diminish the infection ability of the strain, up to 

now 14 fungal species described to carry dispensable chromosomes (Plaumann et al., 2018). 

For both fungal and oomycete genomes the high duplication rate of the pathogenicity genes 

was observed (McGowan et al., 2019; Pendleton et al., 2014) 

Genome sequence is the starting point and one of the major prerequisites for genome-

wide analysis of pathogen’s biology and effectors identification. The first oomycete genomes 

were published in 2006 for P. ramorum and P. sojae (Tyler, 2006) and in 2009 for P. infestans 

(Haas et al., 2009). Those two studies showed the great variability in genome size even within 

one genus of oomycete: genomes of P. ramorum and P. sojae were sized at 65 Mb and 95 Mb 

respectively, while genome size of P. infestans reached 229 Mb. Up to date, the smallest 

oomycete genome is biotroph Peronospora effusa 32 Mb and the largest is another biotroph 

Plasmopara obducens with a genome size of 295 Mb. (Fletcher et al., 2018; McGowan and 

Fitzpatrick, 2020). The size of predicted proteome is also varies greatly within oomycetes from 

10 to 26 thousands of proteins in P. nicotianae and P. parasitica respectively, while the 

proportion of the secretome varies between 2% and 8%  (McGowan and Fitzpatrick, 2017).  

Whole genome sequencing of multiple species allowed discovering that genetic 

landscape is not equal throughout the genome. Comparative analysis of the whole genome 

sequences and studying of the landscape of the genome regions, where the effectors are 

localized led to the development of ‘two-speed’ genome concept (Croll and McDonald, 2012; 

Dong et al., 2015; Raffaele and Kamoun, 2012), where it was demonstrated that pathogenicity 

effectors localized mainly in the gene-sparse region enriched in transposable element, whereas 

the ‘housekeeping’ genes are localized in the gene-rich regions. The evolution rate of the gene-
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sparse region is shown to be higher than in gene-dense regions. One of the possible ways to 

speed-up the evolution is the presence of transposable elements in the proximity of the effector 

genes, which replication and recombination within genome can regulate lifecycle of the genes 

in the genome (Fouché et al., 2018). Strikingly, the effector genes of P. infestans were 

predominantly found in such gene-sparse TE-rich regions, such compartmentalisation of the 

genome gives advantages of rapid evolution of the effector repertoire and protect the 

housekeeping genes from unwanted mutational burden (Dong et al., 2015). Further studies 

demonstrated, that the clear two-speed divergence of the genome is not the rule for all plant 

pathogens (Dong et al., 2015), whereas the compartmentalization of the genomes is more 

correct description of the organization of the effectors-encoding genes (Torres et al., 2020). As 

example, for oomycete pathogen A. euteiches the absence of clear two-speed genome was 

demonstrated, but the clusters of effectors-encoding genes were described (Gaulin et al., 2018). 

Activity of transposable elements are linked to the gene duplication events, where the 

duplicated genes can acquire new function during the pathogenicity (Fig. 5a). Another source 

of novel pathogenicity genes within filamentous pathogens is Horizontal Gene Transfer (HGT), 

which enables cross-kingdom exchange of genetic material. The processes, which increase 

amount of effectors in the genome lead to a redundancy in an effectome of a pathogen (Sánchez-

Vallet et al., 2018). The redundant effectome helps to rapidly adapt effectors to recognition of 

one of the effectors by a host plant. Thus, pathogens need to maintain the rapid evolution to be 

able to escape from the recognition by the plant NLRs. The most efficient mechanism leading to 

the loss of an effector gene is related to the activity of TEs. TEs can drive multiple effects on gene 

sequence, from gene disruption to repeat-induced point (RIP) mutations, Open Reading Frame 

(ORF) disruption, epigenetic silencing or promotor insertion (Fig. 5b). Adaptive loss of function 

was reported in the fungal pathogen of wheat Zymoseptoria tritici, where gene losses affected more 

than 10% of all genes in the genome, including both effectors and genes with conserved functions 

such as secondary metabolite gene clusters (Hartmann and Croll, 2017). The point mutations are 

also the driving factors of the effectors evolutions, which could be divided into two classes. The 

first, are insertions, deletion, substitutions, which directly affect the protein properties, while the 

second are mutations, which have a weak effect on the protein properties but are cumulative. 

Fixation of beneficial mutations leads to optimization of the effector function and can infer the past 

selective history at the effector locus. (Sánchez-Vallet et al., 2018).  
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Figure 5. Evolutionary death and birth of the effectors. (A) New effectors can emerge through 

gene duplication or the gain of a secretion function. Effector genes may also evolve de novo 

from noncoding sequences through the gain of a regulatory element or be acquired horizontally 

from a different pathogen species. (B) Effector genes can undergo rapid sequence evolution 

upon recognition of the encoded effector by the host. The major mechanism leading to the loss 

of an effector gene is the presence and activity of nearby transposable elements (TEs). The 

effects of the transposable elements can include repeat-induced point (RIP) mutations, 

epigenetic silencing or the disruption of the gene sequence. Escape from recognition can also 

be mediated by chromosomal rearrangements or the fixation of beneficial mutations. 

Rearrangements and selection for beneficial mutations are also major routes for effectors to 

optimize their function. Abbreviations: ORF, open reading frame; P, promoter regions. From 

Sánchez-Vallet et al., 2018. 
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Comparative genomics studies helped to uncover the adaptation tendencies in the 

effectome of various oomycetes. In general, biotrophic pathogens have smaller arsenal of the 

secreted effectors compared to necrotrophs and hemibiotrophs (Gómez-Pérez and Kemen, 

2021). Oomycete show large genome plasticity upon the adaptation for the host and lifestyles 

and demonstrate multiple events of lineage-specific gene acquisition and duplication events 

(McGowan and Fitzpatrick, 2020). As illustration, the pathogens of organism containing chitin 

at their outer barriers, fungi and crayfishes, demonstrate the enrichment of chitin-targeting 

enzymes as in genomes of P. oligandrum and A. astaci. Remarkably, these species possess 

specific chitin targeting-enzymes such as GH19, GH46 in P. oligandum, which are not present 

in phytopathogenic species of the same genus (Faure et al., 2020; Gaulin et al., 2018).  

1.6 Methods to identify and prioritize effectors for functional characterization 
 

Recent advances in high-throughput sequencing technologies have facilitated the 

availability of several fungal/oomycetes genomes and of transcriptomes, allowing the 

prediction of extremely large repertoire of putative effectors. The bottleneck of the studies 

resides firstly in the selection of candidate effector for functional experiments and secondly in 

the functional methods to identify the role of such genes for plant-microbe and microbe-

microbe interactions.  

1.6.1 In-silico methods, efficient approaches to predict effectors 
 

The in-silico prediction of microbial effectors is often based on several software, which 

can predict the biochemical properties based on protein sequence. There is a large diversity of 

tools available for the identification of signal peptide, conserved motifs, signature sequences 

and structural features in the proteins. Many pipelines and online servers, which combine 

several tools, are made available to help for genome-wide identification of effector proteins 

(for review see Sonah et al., 2016). In general steps presented in Figure 6 are commonly used. 
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Figure 6. Flowchart of in-silico analysis can be used for the prediction of secretome and 

candidate secretory effector proteins in fungi and oomycetes and their prioritization for 

functional analysis.  

 

First step of in-silico selection is filtering by the presence of signal peptide with SignalP 

(José Juan Almagro Armenteros et al., 2019) algorithm and absence of transmembrane domains 

with TMHMM algorithm (Krogh et al., 2001), so the proteins secreted into extracellular space 

or the ‘secretome’ of the microorganism can be predicted. This approach cannot cover all the 

secreted proteins due to the unconventional secretion pathway, which utilized by the pathogens 

to deliver the effectors. Previously it has been shown that around half of the CRN effectors 

from oomycetes do not possess a secretion signal at their N-terminus (Gaulin et al., 2018; Stam 

et al., 2013). Magnaporthe spp. intracellular effectors secreted through biotrophic interfacial 

using exocytosis for delivering proteins and such effectors do not have the secretion signal 

(Giraldo et al., 2013). 

The other features, predicting subcellular localization of the secreted protein could be 

also predicted using various combination of algortihms, such as TargetP for prediction of 

mitochondrial, chloroplast and thylakoid transit peptide (Armenteros et al., 2019), or various 

options for nuclear localization signal (NLS) (Brameier et al., 2007; Horton et al., 2005; 

Nguyen Ba et al., 2009) Depending on species this filter ends up in from several hundred to 

over a thousand secreted proteins for each species. To restrict the list proteins with a conserved 

motif, i.e. at the N-terminus for  CRNs and RxLRs, may be searched using regular expression 
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as realized in EffectR package (Tabima and Grünwald, 2019). Relying on the motif search only 

could mislead to the false positive effectors due to a random match of the motif. Therefore, the 

verification of the correct start-stop codons and if possible, expression should be done. 

The massive work of genome sequencing and functional characterization of fungal and 

oomycete proteins creates a valuable dataset for further exploration. Recently machine learning 

algorithms were developed to predict the effector activity and subcellular localization of the 

proteins. EffectorP v3.0 is a tool, which using machine learning models trained on 64 apoplastic 

and 112 intracellular effectors. The software can discriminate the localization of the protein 

with a precision of 80-90% (Sperschneider and Dodds, 2021). The increase in diversity of 

characterized effectors should increase the predictive ability of EffectorP software. When the 

secretome of the species is predicted, the next step of the characterization of the effector 

candidate is the prediction of the functional domain. For that the sequence similarity search 

with a blast (Altschul et al., 1990) against lineage-specific or global RefSeq database and 

domain search using HMM algorithm against InterProScan databases can be  performed (Jones 

et al., 2014). The rapid development of the structural prediction of the proteins thanks to 

development of precise algorithm, especially AlphaFold2 (Jumper et al., 2021) allows to 

introduce the structure similarity search for protein annotation. The studies performed by Seong 

and Krasileva, 2021, 2022 demonstrated the possibility of the secretome-wide search for 

protein structural similarity. Especially, this approach was useful for the identification of 

sequence-unrelated structurally similar effectors, such as MAX or LARS as reported 

previously. To discover novel families of structurally similar proteins, the accumulation and 

availability for the research community of the predicted structures is necessary to perform such 

studies.  

Identification of the ortholog groups is an important task to study the effectome in the 

evolutionary and comparative genomics context. Several popular softwares such as 

OrthoMCL, OrthoFinder, OMA, InParanoid are available for identification of the paralogs 

based on the genome data. The orthologs analysis, for example, was used to decipher the gene 

losses linked to biotrophy in oomycetes (Dussert et al., 2019; Gómez-Pérez and Kemen, 2021; 

McGowan and Fitzpatrick, 2017). Also, OrthoMCL algorithm was used to identify the 

intragenus adaptation of the effectome to various hosts as could be seen on examples of 

Aphanomyces (Gaulin et al., 2018) or Pythium (Faure et al., 2020) genes. Functionally verified 

effectors are added into manually curated Pathogen-host interaction (PHI) database. In the 

version 4.8 released in 2019, the top three organisms were represented by plant pathogens 
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Fusrium graminearum, Magnaporthe oryzae and Ralstonia Solanaceae with 1340, 748 and 

132 genes listed. A very important tool is PHI-blast, which allows a blast search for 

homologous sequences present in PHI database (Urban et al., 2019). In silico analysis outputs 

the secretome composition of the species, which consists of hundreds putative effectors. Up to 

now computational tools can hardly predict the function. Therefore, further shortlisting of gene 

set is necessary, which is based on the transcription profile of the corresponding gene (e.g. 

induction on the infection phase), or on a positive signal in screening tests, including transient 

overexpression of putative effectors (e.g. subcellular localization or enhancing susceptibility) 

Expression data of the microorganism at different step of its life cycle and during 

different stages of the host infection provide important dataset to predict and select effectors 

for functional studies). For some of the effectors a tight regulation of the expression timing is 

observed. For example the microarray transcriptomics analysis of M. orizae effectors revealed 

the set of biotrophy-associated effectors, whose expression is highly induced in a biotrophic 

phase (Mosquera et al., 2009). Waves of expression in Leptospahearia maculans effector (Gay 

et al., 2021). Following the expression profile of effector candidates can give valuable 

information for the further selection of the candidate for a functional analysis and give hints 

about their function if they have a stage-specific expression profile.  

In addition to genomics studies the exploitation of multi-omics approaches for the 

modelling of the filamentous organisms’ lifestyles and deciphering its biology is now a key 

point to predict genes related to the microorganism biology. The combination of the proteomics 

and genomics approaches gives a first validation of the presence of the effectors in the 

pathosystem. Proteomics studies of P. sojae and P. ramorum validated the presence of 62 

RxLR effectors in the infected tissue (Meijer et al., 2014). The time-resolved proteomics study 

of fungus F. graminearum revealed that the transcription and translation of the majority of the 

secreted proteins employed in the infection process already happened at the very early stage of 

the infection, when no symptoms could be observed (Fabre et al., 2019). Such time-resolved 

studies are useful to validate or correct the expression profiles of the genes, obtained by 

transcriptomics analysis.  

For the pathogens with a high-quality reference genome, the association mapping could 

be used to identify virulence genes. Selection scams could identify the loci under selection 

without a priori knowledge. Quantitative trait locus mapping (QTL) and genome-wide 

association studies (GWAS) are designed to identify loci that mediate heritable phenotypic 

variation. GWAS and QTL differ primarily in the selection of the mapping populations. QTL 
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mapping analyses genetic variants segregating among progenies of a cross, whereas GWAS 

utilizes genetic variation among unrelated individuals from a natural population. For QTL 

approach only the species, for which two strains could be crossed and their progeny could be 

followed and tested for pathogenicity are suitable, while for GWAS studies the diversity of the 

field isolates needed to identify the genetic underlies of heritable traits. When both conditions 

are satisfied the QTL and GWAS approaches could complement each other (Plissonneau et al., 

2017). Large GWAS study included 106 isolates of fungal wheat pathogen Zymoseptoria tritici 

revealed 25 genomic loci linked to the success of the pathogen, while the major loci encoded 

for a small secreted protein highly expressed during the infection (Hartmann et al., 2017). 

Finally, the emerging applications of machine learning algorithms, which predict the 

organism lifestyle (Gómez-Pérez and Kemen, 2021), protein localization (Sperschneider and 

Dodds, 2021) and protein structure (Jumper et al., 2021) will help to aggregate and analyze the 

available data on multi-omics scale for better prediction of candidate effectors and 

prioritization strategy.  

 

1.6.2 Screening methods to prioritize effectors for functional studies 
 

Large set of predicted effectors are available within oomycetes and fungi, therefore a 

prioritization of the candidate is required before starting functional validation approaches. Thus 

prioritization could be done on the predicted subcellular localization of the effectors, the 

presence of a functional domain or motif, etc. In addition, screening methods to evaluate the 

activity of the effector toward plant defence responses or physiology have been developed. 

When available the genetic transformation of the pathogen is performed. These methods could 

be also used as screening methods since most of them are high throughput.  

To screen the effector for their capacity to enhance the infection and/or affect plant 

immune responses, a set of effectors could be overexpressed in planta. This approach was used 

to screen the pathogenicity effect of the SSPs from a gene cluster in A. euteiches. The different 

putative effectors from the cluster were transiently expressed in N. benthamiana and the leaves 

were spot inoculated with P. capsici. The effector that showed the positive signal in the 

screening, was selected for functional studies and  shown to enhance the pathogenicity of A. 

euteiches, on natural host plant roots (Elodie Gaulin et al., 2018).  

A more throughput assay is based on the identification of the ability of the effector to 

suppress hypersensitive response and thus facilitate growth of bacteria used for its transfer 
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within the host cell. The bacteria are expressing luciferase construct and the luminescence is 

read to estimate the effect of the protein. Using this assay 64 RxLR effectors from biotrophic 

oomycete Hyaloperonospora arabidopsidis were tested, identifying over 70% being positive 

in enhancement of bacterial growth (Fabro et al., 2011). 

Another readout corresponds to the absence of cell-death rather than development of a 

microorganism. In this system, recognition of the candidate protein within the cell by the NLR 

protein triggers ETI and leads to a programmed cell death. INF1 is known elicitin protein from 

P. infestans which triggers a cell death through recognition by ELR (Elicitin Response Protein) 

(Du et al., 2015). Co-expression of INF1 and testing effectors from oomycete biotroph Pl. 

viticola revealed that 52 of the tested effectors supress and 11 partially supress INF1-induced 

cell death, contrary, 10 effectors expressed alone induce cell death, 10 others do not have any 

effects on N. benthamiana cell death (Liu et al., 2018).  

 

1.6.3 Methods to identify function of selected effectors 
 
 Effector proteins shortlisted during the selection process described above enter the 

functional characterization pipeline, which often starts from subcellular localization assay. The 

method of choice is an Agrobacterium tumefaciens mediated transient transformation of 

tobacco leaves for in-planta effector production (Marsian and Lomonossoff, 2016). To identify 

the localization of an effector, it is fused to a fluorescence tag (GFP, CFP, YFP, etc.) at C-

terminus to identify localization (Sparkes et al., 2006). The great advantage of the method is 

relatively quick and simple procedure, which make possible to know protein localization within 

one or two weeks. Therefore, a semi-high-throughput studies could be performed to identify 

localization of a batch of effector candidates. Caillaud et al., 2012 characterized 49 RxLR 

proteins predicted in H. arabidopsidis genome and assigned them into 5 groups with regards 

to their subcellular localization: nuclear, nucleo-cytoplasmic, cytoplasmic, membrane, 

vacuolar. as was performed in several studies of effectors. Liu et al., 2018 studied subcellular 

localisation of 82 Pl. viticola effectors, which were localized in nucleus, nucleus + cytosol, 

chloroplast and membrane. 

To check whether the candidate effector is secreted and could be delivered into host 

cell two widely used assays were developed: Yeast trap invertase assay and expression of the 

corresponding effector with or without signal peptide in plant cell. Yeast invertase is an 

essential secreted protein which allows yeast growing on sucrose or raffinose containing media. 
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The strains lacking invertase gene could not use sucrose or raffinose as a carbohydrates source. 

In yeast trap assay the plasmid carrying functional invertase gene lacking native C-term signal 

peptide fused to a signal peptide of an interested protein. The mock transformants are not able 

to sustain growth on sucrose media, but when a functional signal peptide is inserted, it produces 

secreted invertase, which complements initial invertase deletion in a strain (Jacobs et al., 1997; 

Klein et al., 1996; Lee et al., 2020). This assay is widely used in the testing of functionality of 

the signal peptide and could be used for both fungal, for example Rizoctonia solani (Wei et al., 

2020), and oomycete, for example Plasmopara viticola (Lei et al., 2019) effectors.  

As a first step in functionnal characterization, the cell-death activity of the effector is 

often evaluated by transient expression in Tobacco leaves. The necrosis could be caused by the 

direct cytotoxic effect of the effector or to its capacity to modify plant cellular process or to 

interact with a unknown resistance protein. This approach was sucessfully used for the massive 

screening of oomycete Bremia lactucae effectors which identified 11 WY proteins without 

canonical RxLR motif, which elicit the cell death in N. benthamiana (Wood et al., 2020).  The 

detection of the cell death could be done visually or automatically by fluorescent imaging (Xi 

et al., 2021). 

The classical reverse genetics approaches are widely used in studying the effectors’ role 

in the pathogenicity such as effector silencing/overexpression. The RNAi techniques were used 

to identify the effect of the absence of certain effectors on the infection process. RNAi silencing 

is used in various filamentous pathogens such as Phytophthora capsisi (Cheng et al., 2022), 

Fusariumn oxysporum (Tetorya and Rajam, 2021), Botrytis cinerea (García et al., 2017) etc. 

The CRISPR/Cas systems were also developed for numerous fungi such as Ustilago maydis 

(Schuster et al., 2016), or oomycete like Aphanomyces invadans (Majeed et al., 2018), 

Phytophthora sojae (Qiu et al., 2021). The reverse genetics approaches require genetic 

manipulation of the pathogen, which is available for a limited number of filamentous 

organisms. However, the transient overexpression of the effector in the ‘natural’ host plant 

followed by microbial infection, could give some hints of the role of the effector for the 

pathogenicity (Camborde et al., 2022). 

Identification of a host target is one of the most complicated tasks during effector 

functional characterization, which needs extensive analysis of the results because all the 

available methods will generate a lot of false positive hits (Free et al., 2009; Serebriiskii et al., 

2000). Up to now, two methods of choice to identify if an effector interacts with a protein target 

are be co-immunoprecipitation (CoIP-MS) followed by mass spectrometry (Maccarrone et al., 
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2017) and Yeast-two-hybrid assay (Y2H) (Brückner et al., 2009). Both of these methods 

exploit direct interaction between studied proteins. Co-immunoprecipitation assay with a GFP-

tagged SSPs of M. larici-populina revealed multiple protein targets in the plant cells (Petre et 

al., 2015). This example reveals that the major limitation of Co-IP assay is the obtention of a 

large list of potential interactors. However, the application of multiple scoring systems, based 

on number of identified peptides by mass-spectrometry, for example, could help solving this 

issue. The application of scoring system and search for a unique target-effector helped to 

identify the poplar TOPLESS-related protein 4 as the target for an effector MLP124017 (Petre 

et al., 2015). Yeast-two-hybrid (Y2H) assay could be used for a genome-wide search of 

interactions between bait and prey protein and required in this case the composition of a library 

of the host genes encoded as prey proteins (Erffelinck et al., 2018). The recent study of lettuce 

downy mildew causative agent Bremia lactucae using Y2H genome-wide system allowed to 

identify the network of 61 protein-protein interactions between 21 B. lactucae effectors and 46 

lettuce proteins (Pelgrom et al., 2020). As for co-IP numerous false positive or interactors could 

be identified by Y2H.Proximity-dependent biotin identification, also known as BioID, is a 

relatively recent method that can be used to identify protein interactions in vivo (Gingras et al., 

2019; Kim & Roux, 2016; Roux et al., 2012). The assay exploits the ability of the bacterial 

biotin ligase BirA to promiscuously biotinylate proximal protein within a 10 nm range that 

contain a short peptide (Avitag). Once proteins are biotinylated, they can be extracted under 

denaturing conditions, isolated using affinity purification, and identified by mass spectrometry. 

BioID was firstly applied in human cells to identify Lamin A interactors proteins (Roux et al., 

2012). It was successfully applied in plant-bacteria interactions to identify novel interactors of 

P. syringae effector HopF2 (Khan et al., 2018). Similarly, by using Arabidopsis plants stably 

expressing biotin ligase, Khan et al., 2018 identified 99 effectors proteins from Fusarium 

graminearum, (Miltenburg, 2019). BioID system is under development to characterize targets 

of M. grisea effectors using rice protoplasts (T. Kroj, personal communication). 

Microbials effectors may also interact with nucleic acid rather than proteins. In this 

context, our research group developed a FRET-FLIM approach to decipher in Nicotiana 

benthamiana leaves nucleic acid / protein interaction (Camborde et al. 2017). FRET (Förster 

resonant energy transfer), utilizes energy transfer from a fluorescent donor (tagged-GFP 

effector) to an acceptor (sytox-labelled nucleic acid) that can take place only when the two 

fluorophores are situated at distances <~10 nm. Decreasing of the GFP fluorescence lifetime 

indicating a proximity of both interactors. Such approaches have been successfully used to 



 43 

identify the interaction with nucleic acid for two A. euteiches effectors: AeCRN13 and 

AeSSP1256 (Camborde et al., 2022; Ramirez-Garcés et al., 2016). 

 

1.7 Aphanomyces genus 
 

Aphanomyces genus was firstly described by de Bary in 1860 as new genus of aquatic 

‘fungi’ to include saprothrophic and parasitic fungi. The genus Aphanomyces corresponds to a 

Saprolegniales order, consisting of plant and animal pathogens and saprotroph organisms 

(Diéguez-Uribeondo et al., 2009). Currently Aphanomyces genus includes 19 species (NCBI 

taxonomy browser). Among them four species have commercial importance: A. euteiches 

(Gaulin et al., 2007b; Wu et al., 2018)  and A. cochlioides (Kazunori Taguchi et al., 2009) that 

are plant pathogen on legumes and sugarbeet respectively (Fig. 7); and A. invadans (Iberahim 

et al., 2018)  and A. astaci (Caprioli et al., 2018)  that are animal pathogens of fish and crayfish 

respectively. Such broad host range within a genus makes Aphanomyces an interesting object 

to study the host adaptation within pathogenic oomycetes. Four Aphanomyces species are 

sequenced: A. euteiches, A. astaci, A. invadans, A stellatus, A. cochloides (Gaulin et al. 2018; 

Makkonen, Jussila, and Kokko 2012; Minardi et al. 2018, http://www.polebio.lrsv.ups-

tlse.fr/aphanoDB/). The detailed review of biology, distribution, pathogenicity and measures 

to combat against of four economically important Aphanomyces species is presented in 

Chapter I of this manuscript in a form of a published co-authored review article in the journal 

of Fungal Biology Review (Becking et al., 2021). 

 
 
Figure 7. Cladogram of Aphanomyces species showing the three major lineages based on the 

host category. The phylogeny is based on 5.8S ribosomal RNA gene with a 691 nucleotides 

alignment length. The identifier written between brackets correspond to the NCBI accession 

number Adapted from Becking et al. 2022. 
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1.7.1 Aphanomyces euteiches, the legume pathogen interacting with Medicago truncatula  
 

Aphanomyces euteiches is a causative agent of root rot disease of legumes, firstly 

described by Drechsler in 1925 after observation of pea fields in USA (Gaulin et al., 2008a) . 

A. euteiches is one of the major limitations to pea production worldwide and extensively 

studied in main production areas: North America (Gossen et al., 2016; Wu et al., 2018), France 

(Gaulin et al., 2007b; Quillévéré-Hamard et al., 2018), unfortunately no studies are done in 

other producing countries as Russia and China. The yield loss caused by A. euteiches could be 

as high as 70-80 % if the field is highly infected (Bogdan and Ag, 2019; Pfender and Hagedorn, 

1982). As no chemical treatment or fully resistant cultivars are known so far (Quillévéré-

Hamard et al., 2018), the crop rotation is the major strategy to avoid A. euteiches infestation, 

due to long time oospores conservation and broad legume host range, it’s recommended to have 

legume rotation cycles of 10 years  (Wu et al., 2018). The elucidation of A. euteiches 

pathogenicity mechanism is considered as an important step towards the breeding of resistant 

genotypes of leguminous crops (Desgroux et al., 2016). 

A. euteiches has a wide range of hosts in Fabaceae family such as pea, alfalfa, trifolium, 

lentils, vetch etc. The studies of populations structures of A. euteiches showed the variability 

of pathogenicity and host preference of strains from both USA (Malvick et al., 2009) and french 

fields (Quillévéré-Hamard et al., 2018). Those data provide an idea of adaptation potential of 

the species and could be used as for detection of different isolates in the fields, however, no 

genomics data on different strains are available to understand the mechanisms of adaptation. 

A. euteiches can also infect the model legume Medicago truncatula, which allowed to gain 

molecular mechanisms of infection and resistance sources (Bonhomme and Jacquet, 2020).  

Infection process of legumes including M. truncatula started with the encystment of 

flagellate zoospores in the close vicinity of the roots. After germination and once inside the 

root tissue, A. euteiches forms coenocytic hyphae which develop mainly extracellularly. After 

a few days, haploid antheridia and oogonia are formed in susceptible host. Oogonia are 

terminal, approximately spherical in shape and have a diameter ranging between 25 and 35 μm. 

Antheridia penetrate oogonia with fertilization tubes, which deliver male nuclei to the oogonia, 

resulting in the formation of diploid oospores (Scott, 1961). Tolerant M. truncatula lines 

restricts A. euteiches growth only to root cortex via pericycle cell division, lignin deposition 

and accumulation of phenolic compounds (Djébali et al., 2009). 
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Up to date there is no completely resistant genotype of the host plant were described. 

However, the genome wide association studies in Pea and M. truncatula demonstrated the 

quantitative resistance to A. euteiches. Pea QTL Ae-Ps7.6 explains over 50% of phenotypic 

variations using a collection of reference A. euteiches strains (Hamon et al., 2011, 2013). 

Combination of Ae-Ps7.6 with other QTLs delays symptoms’ onset and slowdown root 

colonisation (Lavaud et al., 2016). The effect and stability of the QTL were validated using the 

large collection of A. euteiches strains from different regions of France (Quillévéré-Hamard et 

al., 2020), therefore the AeD990SW45-8-7 line, which harbours the combination of 4 major 

QTL Ae-Ps1.2, Ae-Ps2.2, Ae-Ps3.1 and Ae-Ps7.6 (Desgroux et al. 2016) might be used as a 

source of resistance in further breeding programs. GWAS studies on 157 lines of M. truncatula 

for resistance to A. euteiches identified two major loci on chromosome 3, both located in 

previously identified 135-kb prAe1 locus (Djébali et al., 2009). The loci code for candidate F-

box protein, and non-functional versions of these genes are related to more resistant genotypes, 

also significant SNPs were identified within an adenylate isopentenyltransferase (IPT) 

involved in cytokinin biosynthesis, and/or a MYB transcription factor regulated by gibberellin 

and abscisic acid (GAMYB) (Bonhomme et al., 2014, 2019).  

Two genotypes Jemalong A17 and F83005.5 (commonly referred as A17 and F83) are 

routinely used as partially resistant and susceptible genotypes against A. euteiches infection. 

As depicted in Figure 8, using in vitro system, at 21 days after the infection A. euteciches 

hyphae reach the central cylinder of the roots in susceptible genotype, while in resistant 

genotype hyphae restricted only to a root cortex tissue. In comparison to susceptible genotype, 

in partially resistant M. truncatula division of pericycle cells is reinforced and phenolic 

antimicrobial compounds are accumulated (Figure 8 b,c). The cell wall of A. euteiches is 

composed in chitooligosaccharides (Badreddine et al., 2008), which allows staining with 

Wheat Germ Agglutinin to visualise hyphae localisation within infected roots. Microscopical 

studies showed that A. euteiches develops as intercellular filamentous microorganism and do 

not develop any haustoria-like structures (Figure 8c). 
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Figure 8. Infection model in the Aphanomyces euteiches/Medicago truncatula pathosystem.  

(A) Macroscopic symptoms of M. truncatula susceptible line F83005.5 and partially resistant 

line A17 infected with A. euteiches spores in in vitro conditions. Pictures were taken at 15 days 

post inoculation (dpi). Adapted from Djébali et al., 2009. (B) Cross-sections of infected roots 

showing full invasion (F83005.5) and partial invasion (A17) by A. euteiches (in green). Plant 

cell walls are coloured in red. A17 plants produced antimicrobial phenolic compounds (in blue) 

in the central cylinder. Pictures were taken at 21 dpi. Adapted from Djébali et al., 2009. (C) 

Scheme of a transversal section of a root infected by A. euteiches (in green). 
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1.7.2. A. euteiches effectors 
 

The first genome annotation of ATTC201684 strain of A.euteiches was published by 

our group in 2018 and was assembled by combining Illumina and 454 reads. Genome size was 

estimated to 57 Mb. The genome contains 19548 gene models with 6% being predicted 

secreted. Secretome encodes over 300 putative secreted carbohydrate-active enzymes (CAZy) 

and carbohydrate-binding modules. They include protein families targeting plant-specific 

polysaccharides (e.g. hemicellulases: GH 10, 11, CE4 families and pectinases: GH 28, PL1, 3, 

4 families), which might be involved in penetration of plant cell wall (Lanver et al., 2014). 

Interestingly, animal pathogen A. astaci lacks those plant-specific families in its secretome 

(Gaulin et al., 2018). In contrast to Peronosporales oomycetes A. euteiches has no RxLR 

effectors, while it encodes a large set of CRN effectors (>160) and Small Secreted Proteins 

(>500). Functional studies on CRN and SSP effector candidate (Fig. 9) identified that 

AeCRN13 effector, is a DNA-binding nuclear-localized effector thanks to a HNH-

endonuclease domain (Ramirez-Garcés et al., 2016) which triggers DNA-damage within roots 

to facilitate infection. One of the A. euteiches SSP (AeSSP1256) was shown during my PhD to 

enhance host susceptibility by hijacking a M. truncataula host DEAD-box RNA helicase that 

participate to ribosome pathway (Camborde et al., 2022; Gaulin et al., 2018). 
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Figure 9. Schematic representation of functional activity of two functionally characterized A. 

euteiches effectors AeCRN13 (Ramirez-Garcés et al., 2016) and AeSSP1256 (Camborde et al., 

2022). Both of the effectors target host nuclei. AeCRN13 is able to interact with host nucleic 

acid and induce plant DNA damage, AeSSP1256 hijacks RNA helicase from binding to plant 

RNA and cause nucleolar stress. Activity of both these effectors lead to the impaired root 

development and are able to enhance susceptibility of the host plant.  
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1.8 Scope of the thesis 
 
The global aim of the PhD thesis, in the frame of the European Project ‘PROTECTA’, was to 

develop original experimental approaches for identification of effector molecules from A. 

euteiches starting from prediction of the effectors using ‘omics’ data to functional 

characterization. 

In this context, the Chapter II of this manuscript is a review article describing biology, 

pathogenicity, economic impact and measures to counteract to Aphanomyces pathogens in agri- 

and aquaculture. The review article was written in collaboration with PhDs from PROTECTA 

project as equal first co-authors and published in Fungal Biology (Becking et al., 2021).  

The presence of a high-quality reference genome is the important prerequisite for the 

development of the omics-based techniques of effectors identification. Thus, I performed 

PacBio-based genome assembly and annotation of a reference strain ATCC201684 A. euteiches 

previously sequenced by 454 and Illumina technology (Gaulin et al., 2018). The genome 

composition, repeat content and satellite DNA were identified in the genome. The analysis of 

gene-coding sequences was focused on the secretome. Then to evaluate whether secreted 

proteins and especially the SSP may participate to A. euteiches legume preference I performed 

a comparative analysis with four strains of A. euteiches with different host preferences, 

sequenced with Illumina technology. I highlighted that secreted proteins with a conserved 

domain form a core secretome of A. euteiches, while Small Secreted Proteins (SSPs) are mainly 

found as singletons and may participate to legume preference. The work was published in 

Journal of Fungi (Chapter III, Kiselev et al., 2022). 

Upon A. euteiches genome annotation, we notice a large set of predicted extracellular proteins 

with expanded proteases. Thus, to confirm the prediction, I developed an assay to identify the 

active proteases implicated in the infection, in an international collaboration with a plant 

chemetics group (Prof. van der Hoorn) from University of Oxford (UK) and a mass spec 

specialist in Germany (Dr. Kaschani). I spent 2 months in the lab in UK in 2021 to set up on 

original system on Pisum sativum, to extract and characterize apoplastic proteases from A 

euteiches present during the interaction using Activity-Based Protein Profiling assay (ABPP). 

This ‘in vivo’ strategy, supports the genomics annotation and lead to the identification of a 

large set of pathogen’s proteases present in the apoplastic fluid of the infected plants. Among 

them a novel class of modular proteases unique within Aphanomyces genus. Transient 

expression in N. benthamiana leaves confirm the apoplastic localisation of those original 
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modular proteases, suggesting a new role for this set of extracellular proteins during A. 

euteiches infection. (Chapter IV, presented as a submitted article where I’m first author). 

In parallel, since numerous effectors are predicted to be intracellular and since our research 

team is focused on studying of nuclear localized effectors, I obtained from the local Research 

Federation (FRAIB, Fédération de Recherche Agrobiosciences, Interactions et Biodiversité) in 

the frame of the Young Scientists (JS, Jeunes Scientifiques) call a financial support to develop 

a system to directly characterize A. euteiches proteins present in the nuclei of M. truncatula 

upon roots infection. We developed a flow cytometry-based approach (FACS) in collaboration 

with Mickael Bourges from I2BC Cytometry platform in Paris and Prof. L. Bonhomme in 

Clermont-Ferrand to identify the A. euteiches proteins translocated into host nuclei during the 

infection. The analysis revealed in total 27 putative effectors, among them two homologous to 

known effectors from fungi and oomycete were identified and three novel SSP unrelated to the 

known AeSSP1256 were identified. Among 10 proteins tested for a subcellular 8 were shown 

to be localized in nuclei and 6 induced cytotoxicity in N. benthamiana leaves. This proof-of-

concept approach showed that the developed technic could be used to identify the proteins 

implicated in the infection. The ready for submission to peer-review journal first-author 

publication is presented in Chapter V. 

Finally, those two novels methods (ABPP, and FACS) developed in the frame of my PhD could 

be transferred to any plant pathogens in order to directly identify secreted proteins that could 

act as microbial pathogenicity factors.  

During my PhD, I also participate to various work of the team related to ‘omics’ approach as 

the annotation of a long-read sequenced genome of the oomycete Pythium oligandrum 

(manuscript in preparation), the analysis of expression data from A17/F83 genotype of 

Medicago infected by A. euteiches to identify key genes that are differentially express in 

susceptible and tolerant line (manuscript in preparation) and identify by mining RNASeq data 

of Medicago truncatula genes those that are misregulated in the presence of the pathogen or 

the AeSSP1256 effector (Camborde and Kiselev et al., New Phytol 2022, Annex of this 

manuscript). 

This PhD manuscript is therefore organised into four chapters, each presented as the published 

or submitted publication in peer-journal, followed by a general discussion 
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2. Chapter II - Pathogenicity of animal and plant parasitic Aphanomyces 
spp and their economic impact on aquaculture and agriculture (Becking 
et al., 2022) 
 

The first chapter of my PhD is dedicated to the review of the recent advances in research 

of Aphanomyces genus. This genus is far less studied compared to the famous pathogens from 

Phytophthora genus or compared to the fungal plant pathogens, such as Magnaporthe, Botrytis, 

Fusarium etc. However, it represents the interesting opportunities for comparative studies of 

the adaptation to the hosts, since within the genus there are pathogens of various plant species, 

vertebrates, insects as well as saprotrophic organisms. In the review we focused on four major 

pathogens from Aphanomyces genus, which are A. euteiches – pathogen of leguminous plants, 

A. cochlioides – pathogen of sugarbeet, A. invadans – pathogen of fish, A. astaci - pathogen of 

crayfish. Therefore, the reviewed species represent the threats of agri- and aquaculture. 

The last review of the biology of A. euteiches was done by our group in 2007, at the 

time no knowledge about the genomics and functions of the effectors were present. Here we 

reviewed the knowledge generated during last 15 years. The major advances were the 

publication of the genome sequence of A. euteiches, A. invadans and A. astaci, the 

identification of their effector repertoire and functional characterization of several effectors. 

The last decades also signified the disease outbreaks caused by Aphanomyces genus in 

the different parts of the world. Outbreaks of A. invadans caused Epizootic ulcerative syndrome 

threaten the Asiatic food production by the multimillion dollars yearly losses, the root rot 

disease caused by A. euteiches was firstly detected in Australia. Therefore, we paid a special 

attention to a reviewing of spatial distribution of the Aphanomyces species over the world, and 

it could be postulated that these pathogens present almost ubiquitously in the production areas 

of their hosts. 

The very little control of the Aphanomyces caused diseases could be achieved using the 

classical measures, such as chemical treatment or vaccination. For agriculture the long crop 

rotation is necessary to prevent the infestation is needed. To control the disease the use of 

resistant genotypes is a promising approach for sustainable food production. We reviewed the 

recent research in the development of the resistant cultivars. 
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1- Introduction 

A BSTRACT 

Parasitic Aphanomyces species are a global threat to agri- and aquaculture, causmg multi­
million USD damage every year. Via the global trade. Aphanomyces has spread across ail 
continents with exception of South America and An tare tic a, and has become a major prob­
lem in pea, s ugar beet, fish and crayfish production. The widespread A. euteiches and A. co­
chlioides induce root rot diseases in legun1jnous species and sugar beet respectively. The 

fish pathogen A. invadans is the causative agent of Epizootie Ulcerative Syndrome in 
various fish species whnst A. astaci infects crayfishes causing crayfish plague. Aphanomyces 
have developed an efficient transmission and infection mechanism which allows a rapid 
colonization and disruption of the host's infec:ted tissues. This review pre-sents an ovetview 
on the current research on Aphanomyces genus. We summarise the latest research e fforts 
on four pathogenic Aplianomyces spedes, shedding light on the biology of these microor­
ganisms, the pathoge1ùcity factors of these parasites. the diseases which they cause, their 
distribution and 6nally the sttategies to control the diseases. 

@ 2021 Published by Elsevier Ltd on behalf of British Mycological Society. 

One of the major threats for both agriculture and aquaculture 
industries are the pathogenic oomycetes, a group known ta be 

respansible for many outbreaks of natural host population 
(van West, 2006). These oomycetes, which belong to the Stra­
menopile Kingdom, are filamentous eukaryotic microorgan­
isms that have spread in bath terrestrial and aquatic 
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ecosystems (lleakes et al., 2012). Morphologically and ecologi­
cally similar to fongus, this phylum was historically consid­
ered as a basal fungal lineage (Levesque, 2011), however 
genetic studies revealed that they are phylogenetically related 
to brown a lgae (Baldauf et a l., 2000; Gleason et al, 2018). The 
most studied and notorious species belong to the genus Phy­
tophthora, such as Phytophthora infestans, responsible for the 
Irish potato famine (Erwin and Ribeiro, 1996; Haas et al., 
2009), Phytophthora palmivora, the causative agent of the cocoa 
black pod (Drcmth et a!., 2013) or Phytophthora sojae which is 
mainly destructive to soybean (Crwin and Ribeiro, 1996; 
Tyler, 2007). Beside this famous oomycete genus, other devas­
tating pathogens have been identified, such as those 
belonging to the genus Aphanomyces. Much less srudied than 
Phytophthora genus (more than 4,900 articles versus less than 
350 articles referenced in Pubmed, consulted in 01-2021) , 
the genus Aphanomyces appears to be an economicaUy major 
threat that can affect both plants and aquatic animais 
(Diéguez-Uribeondo el al., 2009). 

Here we reviewed the recent studies about four Aphanomy­
ces species causing devastating diseases in agri- and aquacul­
ture. We firstly present the biology of these four species and 
their distribution in the world, before depicting pathogenicity 
factors involved in host adaptation. We then discuss the eco­
nomic impact o f Aphanomyces spp. and recent advances in 
management of the diseases. To conclude we propose per­
spectives for further studies of Aphanomyces spp. 

2. Biology of Aphanomyces genus 

Aphanomyces is a monophyletic genus within Saprolegniales 
order, it has unique features in its lifecycle and host range. 
ln this section we review the phylogenetic position of Aphano­
myces genus, describe the different lifestyles and focus on the 
host range of parasitic species. 

T. Becking et al. 

Phylogeny 

Phylogenetic studies placed the Aphanomyces genus in the 
Saprolegnian lineage, an order that includes also numerous 
pathogenic species in both p lants and aquatic animais 
(Dieguez•Uribeondo et al., 2009), such as the fish pathogen 
Saprolegnia, also known as "cotton mould" (Hulvey et al., 
2007). This lineage is in contrast with the Peronosporalean 
lineage, which mainly includes plant pathogenic species and 
diverged from the Saprolegnian lineage in the Early Mesozoic 
era (Riethmuller et al .. 2002; Beakes et al .• 2012; Jiang and 
Tyler, 2012; Matari and Blair, 2014). Phylogenetic analysis 
revealed that the Aphanomyces genus appears to be monophy­
letic (Leclerc et al , 2000; Diéguez-Uribeondo et ni .. 2009) and is 
clustered in three major lineages, com posed by plant patho· 
gens, aquatic animal pathogens, and saprotrophic or opportu · 
nistic parasites, respectively (Diéguez-Uribeondo et o1l., 2009} 
(Hg 1). To date around 4-0 Aphanomyces species are described 
occurring in various ecological niches and ranging from highly 
specialized parasites to saprotrophic species developing on 
plant residues or dead animals (Scott, 1961; Dick. 2001; 

Johnson et al. 2002). 

Aphanomyces host range 

The pathogenic species belonging to the genus Aphanomyces 
are known to infect a wide range of different hosts. Oepending 
o n the species considered, the host spectrum varies from 
plants to vertebrates, and also invertebrates . 

On one hand, many plant taxa are susceptible to infection 
by Aphanomyces species. The plant pathogen Aphanomyces 
euteiches, is specialized on perennial or annual plants of the 
Fabaceae family, including peas (Pisum sativum L.), alfa lfa 
(Medicago saliva L.), common bean (Phaseolus vu lgaris L.), broad 
bean (Vicia faba L.) , red and white clover (Trifolium pr,atense L. 

Aphanomyces astacl (AY310501) 

Aphanomyccs fennlcus (MH269708) 

,------Aphanomyces fr/g/doph/Jus (AY647192) 

} 

Aquatlc ani.mal 
parasttic llneage 

TU 

Aphanomyces plsclclda (AY283640) 

Aphanomyces Jnvadans (00403202) 

,------Aphanomyces eutelches (AY353901) 

,oo 

Aphanomyces cochho/des (AY353911) 

Aphanomyces c/adogamus (AY353918) 

Apharromyces Mllco/m,s !AY310496) 

AphiJ/IOfflycU rtpeta,rs (AY683889) 

Phytophthora lnfestans (MKS07866) 

Phytophthora palm/vora (MH401201) 

} 

Plant paras,uc 
llneage 

} 

Sapro1l'oplllc/ 
opponunlsttc 
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Fig. 1 - Cladogramm of Aphanomyces species showing the three major lineages based on the host category. The phylogeny is 
based on 5.85 ribosomal RNA gene with a 691 nucleotides alignment length. Phylogenetic reconstruction was perfonned with 
PhyML 3.0 (Guindon et al., 2010), un der the GTR + G substitution mode) [assessed with jModelTest 2.1.7, (Darriba et al., 2012)) 
and was tested with the Bootstrap method (1,000 replicates). The identifier written between brackets correspond to the NCBI 
accession number. 
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and T. repens L., respectively) (Gaulin et al., 2007). Another 
oomycete plant parasite, Aphariomyces cochlioides is specialized 
to parasitize roots of sugar beet (Beta vulgaris L.}, spinach (Spi­
nacia oleracea L.), cockscomb (Celosia argentea L.), and other 
various species of Chenopodiaceae and Amaranthaceae 
(Scott, 1961). 

On the other hand, several animal taxa are susceptible to 
infection by Aphanomyces species. Firstly Aphanomyces inva· 
dans, the causative agent of the Epizootie Ulcerative Syndrome 
(EUS), has been reported to interact with more than 160 spe­
cies of fish (Herbert et al, 2019). Il may infect a wide range 
of estuarine and freshwater fish species (Chinabut, 1998; 
Blazer et al., 1999) and is especially virulent to catfish 
(Roberts etal., 1993) and murrels (Chondarand Rao, 1996). Sec­
ondly Aphanomyces astaci the causative agent of the crayfish 
plague, is known to associate with crayfish species from 
Asia, Australia and Europe. A. astaci is an obligate parasite 
specialized on freshwater crayfish (Soderhall and Ceremus, 
1999; Oiéguez-Uribeondo, 2006). This oomycete is known to 
have a North American origjn, and could occasionally also 
be harboured by other decapods such as freshwater crabs or 
shrimps (Putra et al., 2018; Svoboda et al., 2017; Martin­
Torrijos et al., 2021a). Aphanomyces frigidophilus is known ta 
infect the eggs of several salmonid species (Ballesteros et al., 
2006). The impact of these pathogens is major since they 
may cause the devastation ofboth natural and cultured stocks 
of freshwater animais (S6derhall and Cerenius, 1999; Collas 
el al., 2016). Lastly, Aphanomyces sinensis is a pathogen known 
to infect the Japanese turtle Pelodiscus sinensis, causing smaU 
whitish maculae on the carapace (rakurna et al., 2011). These 
four Aphanomyces species are the most notable animal· 
pathogenic members of the genus. Of these, A. invadans and 
A. astaci have by far the greatest economic impact - both of 
which cause significant losses within the global aquaculture 
industry (lberahim et al, 2018; CAB!, 2020a). Hence, the pri­
mary focus in terms of animal-pathogenic Aphanomyces shall 
be upon these two species. 

ln several other species belonging to the Aphanomyces 
genus, some are predominantly saprotrophic (i.e., Aphanomy­
ces Iaevis, Aphanomyces steUatus, Aphanomyces helicoides or 
Aphanomyces repetans), but may tum as opportunistic patho· 
gens with no host specialization (Roya et al., 2004; 
Patwardhan et al., 2005). 

Life cycle 

The typical Life cycle of Aphanomyces spp. includes bath 
asexual and sexual phases for the plant pathogens white sex­
ua l reproduction in animal pathogens is rare or completely ab· 
sent (Diéguez-Uribeondo et al., 2009). 

Sexual reproduction involves specialized reproductive 
structures, oogonia and antheridia, in which meiosis occurs 
and gametes are formed. The oogonium produces one to 
several oospheres, cellular structures containing haploid 
nuclei (Malloch, 2007). Antheridia are structures in which 
male nuclei are formed (Dick, 1969; Malloch, 2007). Aphanomy­
ces species such as A. euteiches and A. cochlioides are homothal -
lie, presenting male and female reproductive structures on the 
same thallus. rertilization begins when antheridia develop a 
fertilization tube which penetrates the oogonium. Male nuclei 
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pass through this tube and enter the oogonium where they 
fuse within the oospheres to produce a diploid (Malloch, 2007). 

In phytopathogenic Aphanomyces spp. fertilization of the 
oogonium results in the formation of oospores, thick-walled 
zygotes, 18-25 µm in size, which function as resting spores 
to survive unfavourable winter conditions (Heffer. 2002; Wu 
et al., 2018). They are produced in plant infected tissue and 
are released in the soi! when the p lant degrades (Helfer, 
2002). Oospores can remain dormant in the soil for years in 
the absence of a host, representing a long-lived source of inoc­
ulum (Papavizas and Ayers, 1974; Gaulin et al., 2007). Under 
warrn and moist soi! conditions oospore germination is stim­
ulated by the host exudates (Dyer and Windels, 2003). Oo­

spores form a gerrn tube which develops vegetative hyphae 
that can directly infect Lhe host (Dyer and Windels, 2003). 

ln the asexual stage of plant pathogen ic spedes, vegetative 
hyphae differentiate tosporangia in which motile uninuclea te 
zoospores are produced. Primary zoospores equipped with an 
anterior "tinsel" flageUum and a posterior "whiplash" flagel­
lum is released in the soil (Walker and van West, 2007). After 
evacuation from the zoosporangjum primary zoospores 
encyst and give rise to secondary zoospores (Papavizas and 
Ayers, 1974; Sivachandra Kumar et al. , 2020). Secondary zoo­
spores which also present an anterior and posterior flagellum 
are motile for a longer period and are determinant for a suc­
cessful infection (Walker and van West, 2007). Zoospores 
swim in water film around soil particles through the root sur­
face where in a few minutes they adhere, encyst developing a 
germ tube, penetrate and colonize the tissue (van West et al., 
2003). The invasion events of A. euteiches in pea roots have 
been described by Papavizas and Ayers (1974). The germ 
tube invades the host tissue in the intercellular spaces within 
2 h . In some cases, it enters the cell wall with the formation of 
an appressorium-like structure. Within a few !hours A. 
euteiches penetrates the host cortical cells and develops hy­
phae that rapidly spread mainly in the interçellular spaçes 
of the root cortex and eventually colonize the en tire root sys­
tem (Wu et al., 2018). Antheridia and oogonia are formed in the 
invaded tissue within few days, likewise in sugar beet once A. 
cochlioides zoospores have encysted on the root su.rface the 
resulting gerrn tubes penetrate the hast directly or via appres· 
soria (Islam et al, 2003) leading to a rapid infection within 
30-40 min after the zoospores adhesion to the root surface 
(Islam, 2010). The presence of A. cochlioides mycelia has been 
observed in the intercellular spaces of the cortex (PapaVJ2as 
and Ayers, 1974). 

In animal pathogenic species zoospores are produced from 
clusters of primary cysts at the hyphal tips. As soon as the pri­
mary spores are ejected, they immediately cluster around the 
sporangial opening and form an achlyoid cluster or "spore 
ball" at the apical tip of the sporangia from where secondary 
flagellated zoospores are released (Vràlstad et al., 201 la). Sec· 
ondary zoospores swim in the water column and adhere on 
the surface of a sui table host Once they have settled, they 
discard flagella and encyst. Cysts subsequently germinate 
and develop a gerrn tube which penetrates :the hast 
(Vralstad et al., 2011b). Hyphae invade deeper tissue or organs 
of a susceptible hast, differentiate to zoosporangia which 
release zoospores prior to or just after the host's death 
(Vralstad et al., 2011b). 



 55 

4 

Encysted zoospores of pathogenic Aphanomyces species 
have also the ability to release a new generation of zoospores 
instead of gerrninating. This event is known as repeated 
zoospore emergence (RZE) (Dieguez-Uribeondo et al., 2009). lt 
has been observed that îf encystment occurs în the absence 
of a favorable host, the crayfish pathogen A. astaci can p roduce 
three consecu tive generations of new zoospores before the 
spore ceases to live (Cerenius and Sëderhiill, 1984). 

Distribution and diversity 

Pathogenic Aphanomyœs species axe widely spread a round the 
hemisphere with cases also reported in South-East Asia, 
Australia and South Africa (Fig. 2). Plant pathogenic Aphano­
myces spp. are detected in the majority of regions where suit­
able crops are cultivated. Occurrence of crayfish pathogen A. 
astaci is mainly found in North America, Europe and Japan 
whereas fish pathogen A. invadans is spread around the world 
except for Europe and South America. 

Aphanomyces euteiches 
Since its first report in peas in Wisconsin by Drechsler in 1925 
Qones and Drcchsler, 1925), A. euteiches has been reported as 
one of the major yield limiting factors in the US (Gossen 
et a l., 2016), Canada (Wu et al., 2018) France (Quillévêrê­
Hamard et al. , 2018) and Sweden (Levenfors e t al., 2003). Cases 
of A. euteiches detection were also reported in Australia (van 
Leur eLal., 2008), China, lndia, terri tory of former USSR, former 
Czechoslovakia, Poland, ltaly, Germany (CABI, 2019) and the 
Netherlands (Oyar2un and van Loon , 1989) (Fig. 2). Unfortu­
nately, no quan titative data on A. euteiches distribution is 

·--• ......,_""1-..d~/4.~' 

a--c ~~(odlllo,1dH 

T. Becking et al. 

known for major producing countries as India, China and 
Russia. 

A. euteiches has a broad hast range within the family Faba­
ceae such as pea, alfalfa, trifolium, lentil, etc. (Gaulin e t al., 
2007; Malvick et a l.. 2009) and cause the greatest economic 
damage Lo pea and lentil crops (Caulin e t al., 2007; Malvick 
et a l , 2009; Ma e t al., 2020). The ability of different A. eute.iches 
pea strains to infect plants was used to identify two patho­
types (1 and Ill). While both pathotypes are present in North 
America, only the pathotype I is reported in France (Wicker 
Cl al., 2001). A recent study a lso indicates that pathotype lis 
prevalent in Canadian prairies (Kumar et al., 2021). A. euteiches 
strains isolated from alfalfa fields are design ated as races: the 
less aggressive race 1 is able to infect susceptible alfa! fa geno­
type Saranac, but not the tolernnt genotype WAPH·l; the more 
aggressive race 2 genotype overcomes resistance of W APH-1 
and is able to infect ba th genotypes (Malvick et al .. 2009; 
Crau et al., 1991; Malvick and Grau, 2001). Studies on A. 

euteiches isolates from US a lfalfa fie lds demonstrate the emer­
gence of new races (~itz and Rouse, 2012) and the prevalence 
o f the aggressive race 2, which represents around 45 % of ail 
strains, wh ite race 1 represents 11 % (Samac et al .. 2017). 

Aphanomyces cochlioides 
lt was 1929 when A. cochlioideswas first identified as the causal 
agent of the black rot d isease in sugar beet in Michigan 
(Dreschler, 1929). Despite the rest:ricted host range, this path­
ogen has a worldwide distribution and its presence has been 
reported especially in major sugar beet producing areas in 
North America such as The River Valley of Mi nnesot:a, North 
Dakota, Nebraska and Wyoming, in Canada, Chile, Europe 

' 

Fig. 2 - Occurrence of A. astaci, A. inuadans A. euteiches and A. cochlioides worldwide. Countries are labelled in colours ac­
cording to Aphanomyces spedes presence. A. astaci 1s actually founded in 24 countries (North America and Europe), and 28 
countries have experienced an outbreak caused by A. inuadans (North America, South Africa, South East of Asla and Oceania), 
21 countries have experienced an outbreak caused by Aeuteiches (North America, South America, Europe, Asia and Oceania) 
and 11 countries have experlenced an outbreak caused by A. ccx:hlioides (North America, Europe and Asia). To summarize, a 
total of 56 countries are known to have experienced an outbreak caused by one of the four species studied in this review. Ail 
these countries are llsted in the supplementary table 1. 
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and Japan (Harveson, 2000; Beale et al., 2002). Although A. 
cochlioides represents a major constraint in sugar beet produc­
tion, little attention has been given to the genotypic variation 
among A. cochlioides strains in comparison to the intensively­
studied A. euteiches. 

Aphanomyces invadans 
A. invadans was first isolatedinJapan (1971), from a freshwater 
fish farm (Egusa and Masuda, 1971). Over the past half­
century, this fish-pathogenic oomycete has spread globally 
and has now been isolated from the continents of Asia , North 
America, Africa and Australia (OIE, 2016; Iberahim etal., 2018). 
Recently, molecular techniques for the identification of A. 
inuadans have been developed and refined (Vandersea et aL, 
2006; Kamilya and Kollanoor, 2020). Therefore, the global dis­
tribution of A. inuadans is closely monitored and currently 
listed in 28 countries. 

A. inuadans is a specialized pathogen of fish exclusively 
(Diéguez-Uribeondo et al., 2009), with over 125 species of fish 
currently known to be susceptible to infection (Kamilya and 
Baruah. 2014), a further 38 additional susceptible ftsh genera 
having been recognized since the authors' previous study 
(Baruah et al., 2012). To date, only one genotype of A. invadans 
has been recorded (OIE, 2016), with ail isolates tested demon­
strating fish pathogenicity - encompassing those from North 
America (Sosa et a l., 2007), Europe (Oidtmann et al, 2008) and 
Asia (Yadav et al., 2014). Severa! Aphanomyces isola tes wereob­
tained from Malaysian fish farms and found to be non­
pathogenic to fish under laboratory conditions, however these 
were not identified to species level (Afzali et al., 2013). This 
species propagates solely via asexual reproduction (Kiryu 
et al .. 2005; Diéguez-Uribeondo et aL , 2009). The Jack of a sex­
ual life stage has given rise to the global spread of A. invadans, 
as a single highly virulent clone, worldwide over the past 50 
years (Lilley et al., 2003; Iberahim et al., 2020). 

Aphanomyces astaci 
A. astaci is originally a specific parasite of crayfish originatîng 
from the North American continent (Martin-Torrijos el al., 
2ô21b). North American crayfish species are known to be 
healthy carriers, for example such as Procambarus clarkii 
(red swamp crayfish), Pacifastacus leniusculus (signal crayfish) 
and Faxonius limosus (spiny-cheek crayfish) (Souty-Grosset 
et al., 2006). For several decades, phylogenetic analyses 
have been performed to better describe and understand the 
relationship between A. astaci and its North American hosts. 
Thus, the Random Amplification of Polymorphie 
DNA-Polymerase Chain Reaction (PCR-RAPD) was the first 
molecular technique which enabled the description of the ge­
netic diversity of A. astaci, and enabled the characterization 
of 5 distinct genetic groups. Croup A was isolated from spec­
imens of the native European crayfish Astacus astacus, and is 
probably related to the first introduction of A. astaci in Europe 
during the 19'" century (Huang et al., 1994). Croup B was iso­
lated from signal crayfish P. !eniusculus Swedish specimens 
(originally from Canada) (Huang et al., 1994), and appears ta 
be responsible for many outbreaks in native European spe­
cies so far (Cerenius et al., 2008). Croup C was also isolated 
from P. leniusculus Swedish specimens (Huang et al .. 1994); 
however, it has never been obsetved again since its detection 
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(Sôderhâll and Cerenius, 1999). Croup D was isolated from 
introduced Spanish specimens of red swamp crayfish P. clar­

kii (Diéguez-Uribeo11do et al., 1995), whereas group E was iso­
lated from the spiny-cheek crayfish F. limosus introduced in 
Czech Republic (Kozubikovà et al., 2011). Over the last ten 
years, the number of genotyping methods to characterize 
A. astaci has been constantly increasing, facilitating the iden­
tification of genotypes involved in outbreaks. In order to eval­
uate the genetic diversity of the pathogen A. astaci, studies 
have focused on the sequencing of chitinase genes 
(Makkonen et al .. 2012a), but also Amplified Fragment Length 
Polymorphism (AFLP) markers (Rezinciuc et al., 2014), and 
recently on Single Nucleotide Polymorphisms (SNP) diversity 
based on mitochondrial DNA (Mlnardi et al., 2019). The ge­
netic markers currently most used to characterize t he path­
ogen strains responsible for outbreaks have focused on 
microsatellite sequencing (Grandjean et al., 2014) and mito­
chondrial haplotypi ng (Makkonen et al., 2018) approaches. 
lt was possible to distinguish 4 mitochondrial hap logroups: 
a (corresponding to the RAPO-group A and C), b (correspond­
ing ta the RAPD -group B), d (corresponding to the RAPD· 
group D) and e (corresponding to the RAPD-group E) 
(Makkonen et al., 2018). These findings were also congruent 
with the genetic diversity observed on microsatellites, since 
the same genetic groups were fou nd between RAPD initial 
markers: SSR-A, SSR-6, SSR-C, SSR-D and SSR-E correspond­
ing to RAPD-groups A, B, C, D and E, respectively (Grandjean 
et al., 2014). Furthermore, these results underline the mito­
chondria.l diversity observed within the different A. a~t<lci 
strains, since 2 different mitochondrial haplotypes were 
described within the RAPO-group D (d1 and d2, Makkonen 
et al., 2018). The author also differentiated the A. astaci 
strains in 2 lineages: lineage 1 which includes a, b and e 
mitochondrial haplotypes (RAPD-groups A, B and E) and Iine­
age 2 corresponding to the dl and d2 mitochondrial haplo­
types (RAPD-group D) (Mnkkonen et n1 .. 2018). Recently, six 
new haplotypes have been characterized in North American 
species belonging ta both hneage t (called usal and usa2) 
and lineage 2 (usa3 to usa6) (Martin-Torrijos et al, 2021b). 
The development of these different markers will increase 
our knowledge of the genetic diversity of A. astaci strains, 
which is still relatively unknown. Thus, microsatellite 
markers have allowed the characterization of a new geno­
type, isolated in North America from the rusty crayfish Faxo­
nius rusticus (Panteleit et al.. 2019). The newly described strain 
presented the same RAPD and mitochondrial haplogroup 
profiles as RAPD-group A. Although add itional combination 
of chitinase-like markers attached this new strain to group 
C. Ali these results illustrate the complementarity of the 
different markers developed, as well as the need ta use a 
combination of these approaches in order to better under­
stand the diversity and the evolutionary history of A. astaci. 

3. Pathogenicity determinants of Aphanomy-
œs spp. 

Pathogenic Aphanomytes spp. are distributed around the world 
and are able to infect various host ranges. ln this section we 
review current knowledge of the factors which make the 
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Aphanomyces genus the global threat for agriculture and 
aquaculture. 

Zoospores as a key pathogenicity factor 

Oomycetes zoospores play a key role in the infection process 
and in the pathogen transmission from host to host (Wallcer 
and van West, 2007). Spore production rate is an important 
trait to determine the aggressiveness and the ability of the 
pathogen to disperse and successfully infect new hosts 
(Del mas et al .. 2014). ln plant pathogenic oomycetes zoospores 
motility is influenced by tactic and electrostatic signais gener­
a ted by root exudates whic:h drive the zoospores throughout a 
suitable infection site (Appiah et al., 2005). Attractan ts of A. 
raphani and A. euteiches 20ospores such as indole-3-aldehyde 
and prunetin have been identiJied in cabbage seedlings and 
pea seedlings respectively (Yokosawa et al, 1986), while a 
potent attractant substance to A. cochlioides zoospores, 
coch!ioph ilin A (5-hydroxy-6,7-methylenedioxyflavone, 1) 
has been isolated from one of its host roots Spinacia oleracea 
(Horio et al, 1992) and it is known to be present also in sugar 
beet roots. This flavonoid is considered a species-specific 
a ttractant compound since it has the capacity to a ttract A. 

cochlioides zoospores but it has no effecton zoospores motility 
of other Aphanomyœs species (Islam and Tahara, 2001). When 
a ttracted by cochliophilin A, Aphanomyces zoospores encyst in 
few minutes and germinate within 30-60 min (Sal;hama 
el al., 2004). Another important step towards a successful 
infection is the differentiation of zoospores from a motile 
form into cyst, the immobile form capable of infecting the 
hast. Severa] studies have provided evidence that changes in 
cations concentra tion such as calcium (Byrt et al., 1982a, 
1982b; Morris et a l., 1995) and potassium (Appiah et al., 2005) 
play an important role in zoospores taxis and encystment of 
plant pathogenic oomyce tes. Chemotaxis has been reported 
a lso on the animal pathogenic A. astaci where chemotactic re­
sponses were observed within few minutes rnainly towards 
parts of the crayfish where the cu ticle is soft such as the tip 
and the junction of the legs (Cerenius and Sôderhall, 1984). 
However, no recent studies have confirmed the role of chemo­
taxis in A. astaci zoospores a ttraction and information about 
zoospores motility in A invadans and other animal pathogenic 
Aphanomyces species remains still unknown. 

Genetie determinants of pathogenicity 

When Aphanomyces starts colonization of the host, it has to 
cope with host im munity a.nd defence reactions. Oomycetes 
widely exploit the repertoire of secreted proteins called effec­
tors to modula te host physiology and immune reactions 
(Bozkurt et al., 2012). Based on subcellular localization within 
the host, effectors are reported as extracellular when they act 
within the apoplast while intracellular effectors are able to 
reach the intracellular space of the host cells (Gaulin et al, 
2008; Schomack et al., 2010). These proteins are generally 
induced during infection and generally harbour a signal pep­
tide to be secreted by the pathogen (Bozkurtet a l., 2012). Avail­
ability of the whole genome sequence of four Aphanomyces 
strains allowed in silico prediction of putative secreted pro­
teins in A. astaci and A. inuadans (strain NJM9701) - animal 
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pathogens; A. euteiches (strain ATCC201684) plant pathogen 
and A. stel!atus (strain CBS 578.67) saprophyte (Gaulin et al., 
2018; lberahim et al., 2018). The genome size of Aphanomyces 
spp. are estimated a t 50- 70 Mb, having 16,000- 25,000 pre­
d icted genes. Secreted proteins correspond respective ly to 10 
% and 6 ¾ of the total proteome of plant and an imal pathogens 
(Caulin et al., 2018). 

Extracellular effectors 
A large majority o f extrace llular effectors concem cell wall 
degrading enzymes for plant pathogens such as A. euteiches. 
Indeed, to get through plant cell wall plant-associated patho­
gens release a set of cell-wall degrading enzymes (CWDE), 
which mostly consist of glycosyl hydrolases families (GH), Cly­
cosyl'fl'ansferases (CT), PolysaccharideLyases (P L) and 
Carbohydrate-Esterase (CE) also regrouped as CAZymes 
(Lombard et a l., 2014). A. euteiches has over 300 secreted 
carbohydrate-active enzymes (CA2y) and carbohydrate­
bi nding modules (Gaulin et al., 2018). They include protein 
families targeting plant-specific polysaccharides (e.g., hemi­
cellulases: CH 10, 11, CE4 families and pectinases: CH 28, 
PLl, 3, 4 families), which might be involved in penetration o f 
plant cell wall (Lanver et al., 2014). ln teres tingly, animal path­
ogen A. astaci lacks those plan t-specific families in its secre ­
tome but harbours enzymes able to interact with chitinous 
exoskeleton of the crayfish (Caulin et al, 2018). lndeed, during 
infection, chitinase may play a major role in the penetration of 
the hyphae through the chitinous wall following spore germi­
nation {Sôderhall et al., 1978). While several species of Aphano­
myœs show chitinase activity in the presence of ch itin, A. 
astnci has been shown to be capable of producing chitinases 
even in the absence of substrate (Andersson and Cerenius, 
2002). However, to date, no strain-specific or genotype­
specific expression has been found in the chitinase activities 
o f A. astaci (Andersson and Cerenius, 2002). Moreover, it has 
been suggested that this expression pattern may be the result 
of an adaptation of the pathogen to a purely parasitic lifestyle 
(Unestam, 1966; Andersson and Cerenius, 2002). Cenomic 
work has identified three major chitinase groups (CHll, CHl2 
and CHI3) existing in the different strains of A. astaci. lDepend­
ing on the s train considered, these genes showed structural 
differences in their coding region, thus highlighting the varia­
tions in the epidemiological properties of the different geno­
types studied (Makkonen et al., 2012a). 

Whole genome sequencing of A. inuadans (strain N]M9701) 
in 2014 has enabled initial exploration of the effector reper­
toire for this species (Makkonen et al, 2016). Recent .analysis 
of effectors encoded within the genome indicate that A. inua­
dans encodes a sizeable number of effector proteins, bearing 
more sirnilarity to animal-pathogenic as opposed to plant­
pathogenic saprolegniales (lberahim et al,, 2018). Firstly, 
CAZymes are thought to play an important part in A. invadans 
infection - although potentially not having such a pivotai raie 
as during plant-pathogenic Aphanomyces infections. Specif­
ically, key CAZy me gene familles, encoding CEt-and CEl0, 
are induced primarily in p lant-pathogenic oomycetes (de 
Vries and de Vries, 2020). Also of considerable inte:rest are 
those effector classes typically associated with pathogenic 
Aphanomyces species but lacking in A. inuadans. Specifically, 
the A. invadans genome was found to Jack two major 



 58 

Pathogenicity of animal and plant parasitic Aphanomyœs spp. 

extracellular effectors: disintegrins and haemolysin-E 
(iberahim et al., 2018). These peptides are key protease effec­
tors often secreted by animal-pathogenic oomycetes, such 
as Saprolegnia parasitica (Banfield and Kamoun, 2013; 
Rzeszutek, 2019), both known to play a significant role in 
oomycete virulence via mediation of host-cell binding 
(Banfield and Kamoun , 2013). Proteases overall have long 
been recognized as key effectors of pathogenic oomycetes 
(Schomack et al., 2009). Recent analysis of extracellular prote­
ase products from A. invadans has found that, of these, serine 
proteases constitute the vast majority hence likely are of cen­
tral importance to virulence (Majeed et al., 2017). 

Jntrace!lufar effectors 
lntracellular oomycete effectors, meaning molecules that are 
addressed within the cytoplasm of the host cell, were pre­
dicted years aga based on comparative genomks of known 
virulence genes of oomycetes genomes (Tyler, 2002). Two 
main protein familles have been predicted based on the pres­
ence of RxLR or LxLFLAJ< amino acid motif after the predicted 
s ignal peptide in the plant pathogen Phytophthora sp. (Birch 
et al, 2008; Schornack et al .. 2010). Hundreds of genes encod­
ing RxLR and CRN effectors are predicted and characterized in 
Peronosporales oomycetes especially in Phytophthora genus 
(Rehmany et al., 2005; Schomack et al., 2010). 

ln plant pathogenic Aphanomyces no RxLRs were found dur­
ing the genome analysis, but numerous CRNs were identined 
(Gaulin et al., 2018). ln contrast the A. invadans genome was 
found to Jack those two major classes of effectors ~berahim 
et al., 2018), while around 31 CRN-like genes were identined 
in A. astaci (Gaulin et al .. 2018). The first reported putative 
intracellular effector from A. euceiches AeCRN5 was described 
in 2010 (Schornack et a l., 2010) although its function within 
the cell is still unlmown. Another member of CRNs effectors 
in A. euteiches, AeCRN13, was found to target host nuclei and 
possesses DNA damage activity (Ramirez-Carcés et al .. 2016}. 
The triggered DNA damage response induces severe plant ne­
crosis. lnterestingly, the homo log of AeCRN13 from the batra­
cian pathogen Batrachochytrium dendrobatidis also targets host 
nuclei and induces DNA-damage responses (DDR). lt seems 
that nuclear targeting and DNA damage is an important strat­
egy of pathogenesis for Aphanornyces spp. (Camborde et al., 
2019). A third class of oomycete effectors was recently re­
ported in the genus Aphanomyces (Gaulin e t al., 2018). Aphano­
rnyces SSPs for SmalJ Secreted Proteins were named in analogy 
with fungal SSPs (Rep, 2005) and characterized as proteins 
with a signal peptide, <300 amino acids in size and without 
any functional domain predicted. ln A. éuteiches 296 SSPs are 
predicted, and numerous are organized in cluster (Gaulin 
et al., 2018). SSPs have also been detected in A. astaci. Func­
tional studies have shown that SSPs from A. euteiches can 
target plant nuclei and modify activity of plant DEAD-box 
RNA helicase to enhance A. euteiches infection (Cambarde et 
al., 2020). These effectors appear to be a promising area of 
research to improve our understanding of the molecular fac­
tors involved in the virulence of A. euteiches. 

Recently, the intracellular chaperone Lhsl has a lso been 
identified as an important modulator of virulence in A. inua­
dans (lberahim et al.. 2020). This study of RNAi-based Lhsl 
s ilencing demonstrated significantly reduced virule nce in a 
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Galleria melonella infection mode!, likely due to the role of 
Lhsl as an important regulator in oomycete and fungal 
zoospore production (Chenet al., 2019; lberahim et al., 2020). 
Due to limited knowledge of both extracellular and intracel­
lular A. inuadans effectors. further research in this field is war­
ranted. Specific to A. inuadans, a contemporary study 
successfully targeted the serine protease gene of this species 
using single-guide RNAs via the Crispr/Cas9 editing system 
(Majeed et al.. 2018). Zoospores genetically edited in this 
manner did not produce clinical signs of EUS during in vivo 
infection trials of the omamental fish Trichogaster lalius 
(Majeed et al, 2018), suggesting the viability of genome editing 
as a potential technique for combatting epizootic ulcerative 
syndrome speciJically. 

4. Economie impact of Aphanomyces spp. 

Aphanomyœs spp. cause a dramatic economic impact on 
various sectors of agri- and aquaculture businesses. ln gen­
eral, it is very difficult to precisely calcula te the impact caused 
by Aphanornyces spp. as it includes direct yield loss, implemen­
tation of protective measures such as crop rotation in the 
fields and conservation strategies in aquatic environments. 

Damage to agriculture 

Among the most relevant Aphanomyces species in agriculture 
special attention must be given to A. euteiches and A. cochlioides 
being responsible for the root rot disease in two of the most 
economically important crops such as pea and sugar beet, 
respectively. Pea is the second most important food legume 
crop in the world (Ali et al., 1994) and is cultivated primarily 
in Canada. Russia. the United States, France, and Australia 
(rulbek el al., 2016). Sugar beet is a major crop in tempera te re­
gions providing about 20 % of sugar worldwide and it domi­
nates the market in the European Union and the United 
States (Finkenstadt, 2014). Although crop tosses caused by 
these two species can be difncult to estimate, the majority of 
yield Joss in pea and sugar beet can be attributed to root rot 
rather than other diseases (Papavizas and Ayers. 1974). Very 
raw estimation of pea yield Joss due to root rot complex is 
around 10 % (Allmaras et al., 1998), which in the current mar­
ket could cost up to 600 million US dollars (transparency mar­
ket research). The root rot disease complex of legumes is 
usually an association of A. euteiches with fusarium spp., 
Pythium spp. and Rhizoctonia solani. This complex triggers 
damping-off, root rot and reduces root development and ni­
trogen fixation (Gossen et al., 2016). A. euteiches is present in 
over 90 % of fields diagnosed with root rot in Canada (Wu 
et al., 2018). The yield Joss caused by A. euteiches could be as 
high as 70- 80 % in heavily infested fields (Pfender and 
Hagedorn, 1982; Bogdan, 2019). A. cochlioides has a great impact 
on sugar beet production and has a world-wide distribution 
representing a big threat in many areas of the United States, 
Europe and Asia (CAB!, 2020b). About 51 % of 293.000 ha of 
sugar beet field was estimated to be infested with A. cochlioides 
in Minnesota and North Dakota in 1999 (Beale et al. 2002). ln 
USA 42.8 million dollars per year is lost to A. cochlioides with 
current management practices such as application of the 
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fungicide Tacbigaren on seeds, whereas 243.5 million dollar is 
lost when no treatrnent or agronomie practices are used (in­
formation given by the Beet Sugar Development Foundation, 
BSDF, 2020). A. cochlioides is also often part of a root rot com­
plex in associat ion with F'usarium spp and Rhizoctonia solani 
(Harveson and Rush, 2002). 

Damage to aquaculture 

A. inuadans is the causative agent of Epizootie Ulcerative Syn­
drome (EUS) (Huchzermeyer and Van der Waal, 2012), a sea­
sonal oomycete disease affecting both wild and farmed fish 
within fresh and brackish water (OIE, 2016). EUS due to A. inva­
dans is economîcally devastating to aquaculture at a global 
level, wîth lasses from this disease at infected farms 
frequently reaching one hundred percent (lberahim et al, 
2018). While no worldwide data ex:ists from the past three de­
cades , within the Asia- Pacific region alone the most recent 
estimates indicate that EUS caused a Joss of circa USD 110 
million between the late 1980s and early 1990S {l.illey et al., 
1998; Majeed et al .. 2017). 

Since 1990, the global aquaculture industry has expanded 
e normously (FAO, 2020). ln 1990, the globaloutputoftheaqua­
culture sector was circa 14 million tons (FAO, 1991) and bas 
since increased fivefold to 81.8 nùllion tons in 2018 (FAO, 
2020). Furthermore, the region with greatest recent growth 
in aquaculture, warmwater Asia, is a lso the region that is 
most susceptible to A. inuadans (FAO, 2020). Due to both above 
factors, alongside m inimal effective treatment options, 
contemporary global aquaculture lasses to EUS are Jikely 
huge. Nationally, culturing of major carps in lndia (Pradhan 
et al .. 2008; Kamilya and Kollanoor, 2020) and various snake­
heads (Channa sp.) in Thailand (Lilley et al., 2003; Arsbad and 
Arockiarai, 2020) are most adversely impacted by EUS. Non­
Asian countries tend to provide a Jess suitable climate and 
ternperature for A. inuadans, hence outbreaks in aquaculture 
non-Asian countries a re often less costly (Kamilya and 
Kollanoor, 2020). Within North America, A. inuadans is often 
present in freshwater bodies (Saylor et al., 2010). However, 
EUS outbreaks seldom occur and a 2010 m ass mortality in 
Florida of 300 captive snakehead fish (Channa marulius) was 
highly unusual (Saylor et al., 2010). 

The source of introduction of the crayfish plague pa thogen 
A. astaci in Europe during the 19th century was never estab­
lished . This pathogen bas caused devastating damage to 
native European cray6sh populations, mainly conceming the 
species Austropotamobius pallipes (white-dawed crayfish). Aus­
tropotamobius torrentium (stone crayfish), A. astocus (noble 
crayfish) and Pontastacus leptodactylus (narrow-clawed cray­
fish) (Holdich et al., 1995; Westman, 1995; Alderman, 19%; 
Machino and Dieguez-Un"beondo, 1998). Nevertheless, data 
on the real economic impact of this disease are rather un­
known. Historically, native European crayfish have been 
widely used as a food source (especially in poor areas. since 
the catch was not regulated), mainly through the cropping of 
the native species A. astacus and P. leptodactylus (CABI, 
2020a). However, the crayfish p lague has drastically reduced 
the production of n ative species, reducing stocks by up to 90 
% in some countries, mainly in Scandinavia, Germany, Spain 
a nd Turkey (Lodge et at, 2000). For instance, data from the 
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beginning of the 20th century report that noble c raylish A. 
astacus exports from Sweden dropped from 90 tons in 1908 
to only 30 tons in 1910 (Br!nck, 1975). Similarly, in Fini.and, ex­
ports fell from 16 million A. astacus individuals in 1880 to less 
than 2 million in 1910 (Westman. 1991). The economic impact 
of the crayfish plague is best described since its intro duction 
in Turkey in the 1980s, where fished crayfish stocks declined 
from 8,000 tons in 1984 to Jess than S00 tons between 1990 
and 1994 as a result of the disease (Ackefors. 2000). Thus, 
even though no native European species has been extin ­
guished by the disease, the range and local abundance of pop­
ulations has drastically decreased due to A. astaci (CAB!, 
2020a). A. astaci is moreover considered as o ne of the •100 of 
the World's Worst Invasive Alien Species•, according ta the 
Global Invasive Species Database (Lowe et al., 2000). 

Another direct economic impact of A. astaci to consider is 
the cost of n ative c rayfish conservation strategies, which are 
d irectly impacted by the spread of crayfish plague through 
the European continent. Currently, crayfish plague has been 
detected and potentially implicated in outbreaks in at least 
20 countries, spreading over 3,500 km from North (Finland) 
to South (Spain) and over 3,000 km from Eas t (rurkey) to 
West (Spain) (1.Jngureanu e t al., 2020), highlighting its presence 
and impact throughout entire Europe. Furthermore, over the 
past 20 years, the cost of conservation programs has reached 
several million US dollars to the economies of most European 
countries (CAB!, 2020a). However, the b udget allocated to the 
conservation of native European crayfish has never been 
recorded to our knowledge. 

S. Diseases caused by Aphanomyces spp. and 
management strategies 

The next section reported on the diseases due to Aphanomyces 
spp. and strategies to li mit the impact of the m ic roorganism 
on agri and aquaculture. 

Aphanomyces root rot in peas, al/alfas and lentils 

A. euteiches induces root rot of the host plant and dramatically 
decreases the yield or even induces death of plants in the 
fields. Legumes are susceptible to A. euteiches throughout their 
life cycle and the firs t symptoms can be seen 3- 4 days after 
infection (Papavi1.as and Ayers, 1974). The p rimary inoculum 
of A. euteiches in the field is oospores, which keep germination 
ability for ten years (Schren, 1960). Th e most favourable condi­
tions for A. euteiches pea infection appears in wet periods, 
when moisture in soil induces massive production o f swim­
ming zoospores and their spread within the field (Hoch and 
Mitchell, 1973; Gaulin et al., 2007; Wu et al., 2018). At early­
s tages of infection A. euteiches induces softened and water­
soaked zones on roots (Hughes and Grau, 2007). At the later 
stages of infection, roots impair in function and in nodulation 
therefore secondary symptoms appea r such as chlorosis, ne­
crosis and wilting of the foliage (Papavizas and Ayers, 1974; 
Hughes and Grau, 2007) (Fig. 3A). 

No efficient chemical protection against A. eut~iches is 
k nown; in addition it seems that effective fongicide:; against 
individual soilbome pathogens as Aphanomyces spp. are less 
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Fig. 3 - Symptoms of diseases induced by Aphanomyces genus. (A) A euteiches root rot symptoms on dry pea (Pisum satiuum) 
cv. Cameor. At 34 days after inoculation with zoospore suspens:ion at root level, A. euteiches induces browning of roots; 
impaired root growth and induces yellowing ofleaves Left: infected. Right: control, non-infected (pictures, A. Kiselev, LRSV, 
France). (B,C) A cochlioides root rot on sugar beet: dark-brown and scabby lesions on sugar beet roots infected in field and 
longitudinal section of a sugar beet root with water-soaked lesions (pictures prouided by Man'bo Hilleshiig Research AB, 
Sweden). (0, E) White-clawed craylish mass mortality in Lucelle brook (France) (Collas et al., 2016) and A astaci hypha (in 
white) in naive infected craylish (pictures from scanning electron microscope prouided by UMR CNRS 7267 France). 

efficient against soilborne pathogens complexes (You et al., 
2020). Without chemical contrai available, several microor­
ganisms have been tested for biological control of A. euteiches. 
Promis ingeffects have been observed in vitro, but slighteffects 
on root rot emergence are generally observed in field condi­
tions (Wakelin et al, 2012; King and Pa rke, 2013). 'fhereby 
crop management remains the most effective tool to limit te­
gumes root rot. One recommendation to improve manage­
ment of A. euteiches root rot in legumes field is crop rotation 
with different periods to diminish the pathogen level in soils 
overtime. Nevertheless the diversity of alternative hosts in 
combination with the extraordinary longevity of A. euteiches 
oospores in soi) reduces the efficiency of this method 
(Schren. 1960; Moussan et al .. 2009). Another recommenda­
tion is to seed plants into soi! rich in phosphorus, as it delays 
disease deveJopment (B0dker et al, 1998). Finally there are 
ONA tests to check the presence of A. euteiches in suspect soils, 
root tissues or seeds (Gangneux et al., 2014). White improved 
procedures and reproducibility of ONA testing are needed, 
these tools are useful for i mplementing disease management 
practices when the pathogen is presen t. 

For the past two decades, the obtention of resistant pea 
cultivars has been considered as a major objective in France 

to secure the yields (Quillevéré-Hamard et al, 2021). The strat­
egy of the pea breeding program launched in 1995 relies on 
pyramidizing of different genetic loci from partially resistant 
pea lines (Grillon, 1990; Kraft, 1992; Pile l-Nayel et aL, 2017). 
The first Quantitative Trait Loci (QTL) of resista nce were 
described in some pea accessions by Pilet-Noye! et al , in 
2002 and 2005, and the first varieties with partial A. euteiches 
resistance were registered in 2012 (McGee et al .. 2012). 
Genome-wide association mapping using 175 Jines of pea vali· 
dated 52 QTL of small size-intervals associated with resis­
tance to A. euteiches (Dcsgroux et al., 2016). Among them six 
major QTL were verified. These srudies along with the avail­
ability of GenoPea SNP Array (Tayeh et al., 2015) will fac ilitate 
the development ofresistant cultivars. One of the m.ajor QTLs 
in pea is Ae-Ps7.6 which explains over 50 % of phenotypic var­
iations using a collection of reference A. euteiches strains 
(Hamon et al., 2011, 2013). Combination of Ae-Ps7.6 with other 
QTLs delays symptom onset and slows down root colonization 
(Lavaud et al .. 2016). The effect and stability of the QTL were 
validated using the large collection of A. euteiches strains 
from different regions of France (Quillevére-Hamard et al., 
2021), therefore the Ae0990SW45-8-7 line, which harbours 
the combination of 4 major QTL Ae-Psl .2, Ae-Ps2.2, Ae -Ps3.1 
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and Ae-Ps7.6 might be used as a source ofresistance in further 
pea breeding programs (Desgroux et al., 2016). ln atralfa, there 
are at least two signiftcant races (i.e, racet and race2) that are 
detrimental to the crop. Alfalfa resistant cultivars to race 1 
were released in the 1990's (Grau, 1992), but the resistance 
was rapidly overcome by the pathqgen leading to the discov­
ery of the race 2 and the development ofrace2-resistant alfalfa 
cultivars. By now A. euteiches isolates able to knock out racel 
and race2-resistance have been identified in the US (Samac 
et al., 2012; Seitz and Rouse, 2012). The emergence of a puta­
tive new race of the pathogen reveals the difficulties to obtain 
alfalfa cultivars displaying a durable resistance to Aphanomy­
ces root rot. ln lentil, the ftrst QTL mapping and genome­
wide association smdies identify seven QTL clusters and 15 
putative genes within theclusterassocioted with Aphanomyces 
resistance (Ma et al., 2020). This finding, in association with 
image-based phenotyping approaches on roots (Mariougui 
et al., 2019}, will enhanœ the development of lentil cultivars 
with partial resistance to A. euteiches. 

The complete genome sequence of reference pea 'Cameor' 
line became available in 2019 (l<replak et al, 2019) and 
chromosome-level genome of alfalfa in 2020 (Chen et al, 
2020). There are no doubts that these resources will facilitate 
research in resistance mechanisms of these crops and transfer 
of knowledge previously obtained using closely related mode! 
legume Medicago truncatula. As a legume mode! M. truncatula of­
fers various techniques for molecular studies such as high­
quality genome, transient and stable transformation, and fast 
generation cycle (llruijn, 2020). An in vitro system which allows 
to test susceptibility of 157 M. tnmcatula lines against A. 
euteiches and demonstrates natural variation of susceptibility 
was reported (Djébali et al., 2009; Bonhomme et al., 2014). 
From the study one susceptible (F83005.5) and two tolerant 
lines Qemalong A17 and DZA45.15) were selected for molecular 
studies (Badis et al., 2015; for review see Jacquet and 
Bonhomme, 2019) to decipher tolerant mechanisms. One of 
the major features of tolerantJemalong Al 7 line is the develop­
ment of'ringoflignin' which protects central cylinder from in­
vasion of A. euteiches into vascular tissue and therefore ensures 
the maintenance of nutrient and water supply in the plant 
(Djébali et al, 2009). Pathogen attack induces complex remodel· 
ling of the host metabolism such as phenolic compounds. One 
of the most induced genes of the tolerantA17 M. truncatula line 
under A. euteiches infection is isoliquiritigenin 2' ·0 -methyl­
transferase transforming isoliquirtigenin to 2'-0-methylisoli­
quirtigenin. The latter was shown to inhibit A. euteiches 
zoospores germination by 72-86 % (Badis et al, 2015). 
Genome-wide association studies of quantitative resistance to 
A. euteiches identified two major loci on the chromosome 3 of 
M. truncatula (Ojèbali et al., 2009). A candidate gene encoding 
an F-box protein was characterized as a negative regulator of 
resistance to A. euteiches (Bonhomme et al., 2014). ln addition 
signiftcant SNPs were identifted within an adenylate isopente­
nyltransferase (IPT) involved in cytokinin biosynthesis, and/or 
a MYB transcription factor regulated by gibberellin and abscisic 
acid (GAMYB) (Bonhomme et al., 2014;Jacquet and Bonhomme, 
2019). Thus the integration of genomic and genetic technologies 
with adapted breeding designs will accelerate legume improve­
ment needed to counter Aphonomyces root rot. 
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Aphanomyces root rot in sugar beet 

A. cochlioides is the causal agent of the black root rot fo sugar 
beet. The disease can lead to the loss of entire sugar beet fields 
and to a drastic reduction of sugar yield (Papavizas and Ayers, 
1974; Taguchi et al. , 2010). The infection can occur in two sepa· 
rate phases during the sugar beet life cycle: an early, acute 
phase, known as damping-off, on 2· to 5-week-old seedlings 
and a chronic phase, later in the season on matuTe roots 
(Papavizas and Ayers, 1974). The acute phase generally occurs 
in post-emergence and it is favoured by warm soil tempera­
ture (20-30 · C) and moist conditions (Panella and Lewellen, 
2005). tnfected hypocotyls tum into a dark, thin thread 
{Harveson, 2006) and seedlings rnay fall over and die 
(Taguchi et al., 2009). Lf warm and wet conditions persist in 
the soil, the damage can lead to total crop failure 
(Luterbacher el al., 2005) but if the soi! dries and temperature 
decreases, young roots may recover by developing later roots 
and survive (Papavizas and Ayers, 1974). The chronic phase 
occurs on older plants in late June to August (Buchholtz, 
1944). lnfected roots appear soft and water-soaked and are 
characterized by a dark brown disroloration on the affected 
area (Papavizas and Ayers, 1974) (Fig. 38, C). Roots can be 
severely stunted and often show rotted, tasselled root tip 
(Windels, 2000). The infection , when severe, results in the 
death of the plants, however older roots that recover from 
damping-off infection or that are infected in a later stage 
can survive but are characterized by reduced yield and low 
sugar content (Windels, 2000). While the effects of Apnanomy­
ces damping-off can be overcome by the application of fungi­
cides such as hymexazol, no effective strategies have been 
developed for the control of the chronic phase of the black 
rot disease (Taguchi et a l., 2010). CUltivation practices such 
as early planting, enhanced drainage or application of "spent 
lime• (calcium carbonate) in sugar beet field as pH adjustment 
in the soil can help to reduce the effect of Aphanomyces on 
sugar beet yield (Bresnahan et al., 2001; Brantner and 
Chanda, 2016). However, in highJy infested soils these prac­
tices are inadequate for economic yields. Crop rotation is 
also not efficient because of the persistence of the pathogen 
in the soi! (Takenaka and lshikawa, 2013). The development 
of resistant varieties rernains the only valuable solution to 
control the disease but the genetic basis of resistance to A. 
cochlioides is still unclear. Bockstahler et al., (1950) indicated 
that the resistance to Aphanomyces is heritable and domin.ant, 
but important details such as number, map position and prod­
ucts of resistance genes remain unlmown (Taguchi et a l. , 
2009). Taguchi et al., (2010) have identified a single dominant 
gent>, Acrl (A. cochlioides resistance 1) that confers resistance 
to Aphanomyces root rot in both greenhouse conditions and 
in Aphanomyces-in fested field and such gene has been located 
on chromosome Ill in sugar beet genome. Severa! genes and 
major QTLs associated with the resis tance to important sugar 
beet diseases such as Rhizomania and Cercospora leaf spot 
have been mapped on the same chromosome (Barzen el al., 
1997; Schafer-Pregl et al., 1999; Scholten et al., 1999; 
Setiawan et al., 2000; Cidner et al., 2005; Crimmer et al. , 
2007) highlighting the importance of Acrl in sugar beet 
breeding to Aphanomyces-caused disease. 
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Epizootie ulcerative syndrome (EUS) caused by A. invadans 

A. inuadans typically infects the juvenile and young adult 
stages of fishes, with no documented pathogenicity towards 
larvae and fry (OIC, 2016). The severity of EUS infection varies 
considerably depending on culture conditions of affected fish. 
Mortality and morbidity within a typical aquaculture scenario, 
snakehead species (Channa sp.), are both highest (exceeding 50 
%) when water ternperatures remain between 18 and 22 •c for 
an extended time (OŒ, 2016). Therefore, protracted periods of 
low (sub -22 ' C) temperature throughout summer alongside 
heavy rain fall appear to be the major en vironmental factors 
which increase severity of EUS ou tbreaks. 

Characteristic external clinical s igns of EUS are uniform 
across the majority of affected species and in orderof diagnostic 
s ignificance include: dermal ulceration, erratic swimming a nd 
inappetence, with increasing syrnptoms as the d isease pro· 
gresses (Blazer et al., 2002; Saylor et al., 2010). Due to the non­
specific external clinical signs, a molecular approach to diag­
n osis involving PCR-based internai transcribed spacer 
sequencing (Vandersea et al. , 2006; Kamilya and Kollanoor, 
2020) is used to positively identify A. inuadans at fish farm out­
breaks. Nonetheless., the characteristic dermal ulceration 
caused by A. invadans h as been deemed an appropriate pre­
surnptive diagnosis for EUS (Bondad-Reantaso, 1992). Death, 
generally caused by internai mycosis or Joss ofosmotic balance, 
typically occurs within 1-4 days post-infection (Saylor et al., 
2010). Jntemal clinical signs of EUS are similarly uniform across 
infected fish species: mycotic granulomas form as A. invadans 
hyph ae penetrate through dermal tissue and into the target or­
gan of the h ost - skeletal muscle (OIE, 2016). Mycotic granu­
Jomas, the typical internai pathology associated with EUS. 
may also be present throughout other interna! organs. 

EUS is a highly difficult disease to treat within commercial 
aquaculture ; therefore the most common approach currently 
undertaken by farmers is immediate destruction of infected 
stock (Herbert et al. , 2019). No ant10iotic treatments are 
cornmercially available for A. inuadans (lberahim et al., 2018). 
Furthermore, the two ch emotherapeutics with demonstrated 
efficacy against A. invadans, malachite green and formalin, 
are tightly regulated globally and hazardous to human health 
and the environment (Srivastava et al., 2004; lberahim e t al., 
2018). Use of malachite green in aquaculture is currently pro­
hibited worldwide (Zh ou et al., 2019). 

However, recent i.n vitrotestingof a ntifungals againstA. inua­
dans has yielded encouragjngresults. Forrnalin, KMn04and Flu­
conazole show considerable inhibitory action against zoospore 
germination and hyphal growth of A. inuadans at 10 ppm, 
100 ppm and 1 ppm respectively (Pana et al., 2020). The activity 
of KMn04 and Fluconazole against A. invadans had been little­
studied, with these candidates currently showing the greatest 
promise in the search for chemical EUS treatments. 

Regarding immunostimulants, use of pro- and prebiotics 
for disease man agement in aqua culture is an emerging field 
(Verschuere et al., 2000), with strong potential in the sh rimp 
secto r and industry-wide (Lara-Flores, 2011; Kum ar et al, 
2016). RegardingA. inuadans, two recent immunostimulant tri­
als have demons trated efficacy as in-feed treatments for EUS 
(Devi et al., 2019a, 2019b). 

11 

Crayjish plague caused by A. astaci 

When a native European crayfish population is affected by A. 
astaci, one of the first o bservable symptoms is often the pres­
ence of numerous crayfish visible in broad daylight (whereas 
crayfish are most often active at night). lndeed, clinical symp­
toms at the individual level are manifested by beh avioural 
changes (such as changes in feeding beh aviour, in swimming 
m ovement, lethargy), as well as the appearance of visible le­
sions (Fig. 3E) on the cuticle (CAB!, 2020a). However, these le­
s ions are not specific to aphanomycosis a nd may be caused 
by mechanical injury or infection with other fungal or bacte­
rial pathogens (Persson and Si>derhfill, 1983). However, unless 
aquatic environments are particularly monitored, the first 
sign of infectio n a t the population level is the presence of 
m any dead crayfish observed (Fig. 30), with no mortality in 
other aquatic animal species (which could be possibly due to 
pollution effect or to a less specific pathogen) (Alderrnan 
el al., 1987}. CUrrently, the most reliable and commonly used 
diagnostic techniques a re based on PCR tests, either followed 
by a sequencing step (Oidtmann et al., 2006) or direc tly by real 
time PCR approaches from the cuticle of dead individuals 
found in the wild (Vralstad el al., 2009). ln recent years, the 
development of techniques based on environmental ONA 
(eDNA) has been a promising tool for the detection of p lague 
directly in water samples, allowing an early management of 
this pathogen potentially present in aqu atic systems, as well 
as a better understanding of the spread of this disease in the 
na tural environment (Strand et al., 2014; Wittwer et a l., 2018, 
2019). 

These recent detection techniques have made il possible to 
identify several populations of native European crayfish (A. 
astacus, P. leptodactylus and A. torrentium) that are chronically 
infected by the crayfish plague, notably in Finland, Turkey, 
Slovenia or Spain Oussila et al., 2011; Kokko et al .. 2012; 
Kusar et al., 2013; Maguire et al., 2016, Martin-Torrijos et al., 
2017). Wh en it was verified, it turns out that h aplogroups A 
and B were involved in these chronical infection s (Maguire 
et al., 2016}. Th ese observations raised the question of the po· 
tential virulence of the different s trains of A. astaci, but also 
the question of the potential immunological resistance devel­
oped by natural populations of European crayfish. Thus, 
following infections carried out in a controlled environment 
using A. astacus crayfish to estimate mortality rates, it was 
also shown th at RAPD-groups B a nd E were m ore virulent 
than the RAPD-group A (Becking et al., 201S; Mnkkonen el 
al., 2012b) A recent study revealed resistance and susceptibil· 
ity of European craylish to A. astaci could depend on the pop· 
ulation origin Qussila et al., 2020). ln t he case o f resistant 
North American crayfish, they h ave developed imm une de­
fences that prevent a fatal A. astaci infection (Cerenius el al., 
2003). 

6. Conclusion and perspectives 

Aphanomyœs genus comprises a vast number of species 
including both plant and animal pathogenic spec:ies a nd 
saprophytic species (Diéguez-Un'beondo et al., 2009). Due to 
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their remarkable economic impact on agriculture and aqua­
culture systems, their worldwide distribution, species 

belonging to this genus have been receiving growing attention 
from the oomycete research community with a major focus 
on pathogenicity and host resistance mecharusms. 

To secure the production of eco nomically important Apha­
nomyces spp. hosts we suggest seve ral directions for further 
studies; 

• Enhance our understanding of Aphanomyces spp. pathogen­
esis on molecular level and elucidate the role of effectors 
and their interaction with the host d uring infection; 

• Exploit the natural variation of resistance against Aphano­
myces spp. in commercial breeding; 

• For plant pathogenic species, begin studying the role of soi! 
microbiome in s timulation or protection against Aphanomy­
ces-induced diseases. 

• For an imal pathogenic species, combine the analysis of Apha­
nomyces spp. effectors with the immunological response of 
the host to better understand and contre! the spread of th ose 
pathogens in natural environments. 
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3. Chapter III - A Comprehensive Assessment of the Secretome 
Responsible for Host Adaptation of the Legume Root Pathogen 
Aphanomyces euteiches (Kiselev et al., 2022) 
 

The soil borne oomycete pathogen Aphanomyces euteiches cause root rot diseases that 

threaten the production of important legume crops such as pea and alfalfa. Various A. euteiches 

pathotypes show differential quantitative virulence on pea or alfalfa. However, the molecular 

basis of host adaptation is not known. In this study we re-sequenced a pea strain of A. euteiches 

using long reads technology to generate a high-quality genome reference for the Aphanomyces 

genus. To explore whether the secretome may participate to host preference, we performed 

Illumina sequencing of four strains of A. euteiches that display contrasted specificity for pea or 

alfalfa and isolated from different geographical areas. We identified that the core secretome of 

A. euteiches is characterized by a large portfolio of secreted proteases and carbohydrate-active 

enzymes (CAZymes). In contrast, small secreted proteins (SSP) less than 300 amino acid 

residues without functional domain can contribute to legume preference.  
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Abstract: The soil-borne oomycete pa thogen Aphn110111yces cr,leicltes causes devastatfog root rot 
ctiseases in tegumes such as pea ,md alfatfa. The dilleren t pathotypes of A. e11teiches have been shown 

to exhibit differential quantitative virulence, but the molecular basis of host adaptation has not yet 
bœn darified. Herc, we rc-sequenccd a pea field reference stra in of A. e1.1/eicl1es ATCC201684 with 

PacBio long--.-eads and took advan tage of the technology to generate the mitochondrial genome. 
We identified that the secretome of A. e11ll~cl,es is charncterized by a large portfolio of secreted 

proteases and carbohydrate-active enzymes (CAZymes). We perfonned Illumina sequencing of four 
strains of A. e11teic/1es with contrasted spedficity to pea or alfalfa and found in different geographical 

areas. Comparative ana lysis showed that the core secretome is large.ly represented by CAZymes and 
proteases. The specific secretome is mainly composed o f a la rge set of small, st.-cretcd protcins (SSP} 

without any predicted functiona l domain, suggesting that the legume prefer-ence of the pathogei1 is 
probably associated with unknown ftmctions . This s tudy forms the basis for further investigations 

inlo the mechanisms of interaction of A. mleiches with legumes. 

Keywords: oornycete; Ap/1a11omyces; secretome; effector; legu me; adaptation; SSP; pa thogenici ty 

1. _I ntroduction 

The Aphanomyœs genus belongs to the order Saprolegniales, which indudes fila­
mentous e ukaryotic pathogens that are encountered in different terrestrial and aquatic 
ecosystems [1,2]. This genus indudes about 45 species that infect plants, aiùmals (fish, 
crustaceans) and agricultural crops [1~]. Thus, it is of great interest to study Aplianomyces 
to reveal the evolutionary mechanisms that allow hos t adaptation. Aplumomyces eutdches is 
a soil-borne phytopathogenic oomycete with a wide spectmm of leguminous hosts and 
affects legumes such as pea, lentil and alfalfa [1,7,8]. Due toits soil-borne natu.re and the 
production of oospores that s tay viable for up to 10 years in the soil, Jong-term cr-0p rotation 
has so far been the measure used to avoid A. eutei.ches infect ion [ l]. A. euteiches iJ1duces 
root rot, which causes seedlings' dampù1g-off, yield decrease or even the death of the plant. 
This oomycete is highly vimlent, mainly due to the production of a large number of motile 
b iAagellate zoospores, w hich can move in liquid film in the soil and infect a whole field 
iJ1 a short fune, leading to a complete loss of yield [2]. Severa! A eutâches "pathotypes 
and/ or races" have been identified based on their virulence on various legume hosts, such 
as pea or alfalia [9-11]. Legw11e resistance against the pathogen is quai1titatively medlated 
by d iverse quantitative trait loci (QTL) that target d ifferent s tages in the lifecyde o f the 
pathogen (12, 13]. However, the molecular basis for the adap tation of A euteiches to va rious 
hos t legumes remains to be darified. 

Filamentous eu.karyotic plant palhogens such as oomycetes secrete myriad proleins 
ca lled effectors that modulate the host physiology and immune responses and enable 
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parasitic infection (14-17]. Therefore, genomics studies on oomycetes involve exploring 
the organization and constitution of the complete set of secreted proteins defining the 
secretome [18,19]. This identifica tion is facilitated by the fact that in eukaryotes, rnost of 
the secreted protei.ns follow the general secretory pathway, via a smalt N-tem1 inaJ ammo 
acid sequence known as the signal peptide (20]. ln addition, oomycete effectors can be 
predicted due to the presence of a conserved amino acid motif generally in the Nter region. 
This motif has been detected in the RxLR and Crinkler familles, which include hundreds of 
members [21-25). Oomycete-secreted proteins include cataJytic and non--catalytic proteins 
that function in ways that alter the plant cell wall, metabolism, nucleic acid integrity, 
signali.ng cascade, RNA-silencing and iJ1\01w1e responses [15,2Cr34J. Thus, the prediction 
of the secretome opens up a new resea rch area targeted toward understanding how secreted 
proteins function wi thin the host cell to promote disease and thereby help the pathogen to 
adapt to the host. 

Long-read-based sequencing technology routineJy allows to obtain reads over 10 kb in 
length and significantly outperforms the CUumina short-read sequencing, where only reads 
of up to 600 base pairs can be obta.ined (351. Usi.ng this advanced tecluùque, numerous 
resequencing studies on filamentous pathogenic eukaryotes sucll as fungi and oomycetes 
have been undertaken. Long-read sequenci.ng allows to obtain a continuons assembly, 
wlùch can help to resolve localization of repeated regions and to improve gene annotations, 
notably for large familles of genes such as effectors, whicll are often located in repea.t-rich 
regions [36). One example is the resequencing of the oomycete Phytvp/11/zom parasitica that 
helped to identify a new class of repeats correspondu1g to satellite DNA, which could not 
be identified in a short-read-based assembly (37]. Using long-read technology has helped 
to resolve the organization of repeatcd pathogenicity loci in the wheat fungal pathoge.n 
Pyrenvphom tritici (38). Resequencing a genome using long-read technology can alsohelp 
to tmravel the secretome, as demonstrated by U1e identification of a biosynthetic cluster of 
secondary metabolites that take part in the infection process of the funga l phytopathogen 
Colletotrichum higginsianum (39). Further to this, in Puccinia tritici11n, genome resequencing 
allowed the prediction of a variety of new effectors (40]. 

ln ourprevious study, we reported for thefust time the.57 Mb genome assembly of the 
A. euteiches ATCC201684 strain based on a combination of illumina and Rocl1e 454 sequenc­
h1g teclmologies. We estimated genome size of 61 Mb, precücted 19,548 genes and provided 
the first overview of the A. e-uleiches genome (41]. A comparative analysis with Tllumina 
sequenced the crayfish pathogen Aphanomyces 11staci, the saprotroph Aphanomyces stelattus 
and other well-studied oomycete phytopathogens such as Phytophthom was performed. 
The analysis detected a large set o.f Crinklers (CRNs), as well as a new family of secreted 
proteins called SSPs (small secreted proteins) unique to the Apha110111yces genus (41). These 
SSPs are less than 300 residues in length and do not contain any predicted functio11al 
domain . This suggests that Aphanomyces spp. may deveJop its own original mechanism to 
achieve host invasion, one that is different from that of other oomycctes, such as the potato 
late blight oomycete Phytophtlwrn i11festa11s. 

1n this work, we first aimed to produce a Jong-read-based genome assembly of the 
A. euteiches ATCC201684 strah1, generating a high-quality assembly in terms of contiguity 
and completeness. We identified 23,027 genes, of wh.ich 1515 (-6,5%) wereforther predicted 
to encode secreted proteins, and resolved the repeatecl regions. Long-read sequenciJ1g 
allowed us to provide the first-ever rrùtocllondrial ge.nome assembly for this plant pathogen. 
Four additionaJ A. e11teiches sh·ains collected in different geographical areas and speciated 
to different Jegumes were subjected to Olumina sequencing. îhrough comparative anaJysis, 
we identified the core, accessory and specific secretomes of A. euteiches. We found that 
ail the secretomes were closely related with respect to the functional classes of secreted 
proteins, but the 'non-core' secretomes were highly enriclled in SSPs. This finding suggests 
that legume preference is linked to variation in the secretome content that has an unknown 
fu.nction. This work provides a useful resource for further studies on A. euteic/ies-plant 
interactions. Moreover, as the only plant pathogenic Saprolegniales species with a high-
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q uality genome assembly, our work is also importan t to gain an increased understanding 
of oomycetes' pathogenicity. 

2. Materials and Melhods 
2.1. Aphanomyces ssp. Growth and DNA Prepnration 

A. euteiclles ATCC201684, RB84, MFl, NCl and Ael09 strains were grown for four days 
in a liquid YG medium (2.5% yeast extract, 5% glucose) at 23 °C ù1 the dark. Mycelia were 
harvested and DNA extracted from ground mycelia using Macherey-Nagel Nudeobond 
RNA/DNA f(lr the ATCC201684 s train and using our previ(lusly reported prot(lcol for the 
otherstrains [41 ). 

2.2. Cenomes Seq11e11ci11g, Assembly and A1111otatio11 

The preparation of a il the libraries and sequencing was performed a t the GeT-PlaGe 
core facility in Toulouse, France (https: / / get.genotoul .Er/ en/). For ATCC201684, the Hbrary 
pre paration was carried out according to the "Shared Protocol-30 kb Template Preparn­
ti(ln/ BluePippin Size Selection System". A NanoDroplOO spectrophotometer (QIAGEN, 
Frederick, MD, VSA), a Qubit (Life Technologies, Carlsbad, CA, USA) and a Fragment 
analyzer (AATI) were used to ana lyze the purity, integri ty, quality a nd conce11tration of 
DNA. Cenomic DNA was further purified using a BluePippin DNA size select ion system 
(Sage Science, Beverly, MA, USA). Sequencing using PacBio SMRT teclmology to obtai11 
long-reads was perfonned at the GeT-PlaGe core facility using 10 SMRTcells on a PacBio 
RSU lnstnm1en t. The raw seq uenci.ng reads were evaluated for their GC con tent distri­
bution, quaJ ity distributio n, base composition a nd average quality score at each position, 
and stored in NG6 [42]. The reads were de novo assembled using the RS H iera rchical 
Cenome Assembly Process in SMRT ana lysis version 2.3.0 software (Pacifie Biosciences, 
Menlo Park, CA, USA). For the RB84, Ae109, MF] and NCl strains, DNA-seq libra ries were 
prepared using an Illumina TntSeq DNA v.2 Li brary Prep Ki t foUowing the manufacturer' s 
instructions. An Agilent Bioanalyzer was used to assess tl1e quality of the librartes, and the 
libra ries were quanti fied by qPCR using the Kapa Library Quantification Kit. DNA-seq 
experiments were performed on an Illumina HiSeq2000 Sequencer using a paired-end 
read- length of 2 x 100 pb w ith the H iSeq v.3 Reagent Kit at the GeT-PlaGe core facility 
in Toulouse. AJl the reads were quality-checked and stored in NG6 (42). The reads of 
Ael09, RB84, MFl and NCl were assembled using MaSurCa [43) and the assembly metrics 
were calculated using assemblathon_stats.pl script (http:/ /korflab .ucdavis.edu/datasels/ 
A-;semblathon / Assemblalhon2/ Basic_metrics / assemblathon_slats.pl). 

Proteomes were predicted using the Augustus-based Braker 2 pipelin e (44) trained 
with predicted proteins from a previous assembly, and RNASeq reads of zoospores and 
myceHum from A e11teiches [41 ]. Proteomes predictions were bench marked usi.n g BUSCO 
softwa.re with the Stramenopiles reference gene set [45). Repeated sequences were den.ovo 
identified using the RepeatModeller pipeline and the repeatedsequence was tllen masked 
in the genome using RepeatMaske r 4.1.0 (http:/ / www.repeatmasker.org). 

Sa tellite DNA was predicted using the bioin.fonna tics a lgori thm as d escribed in a 
previous publication [37]. Tandem Repeat Finder [46) was used to find tandemly repeated 
sequences in the genome; the resultù1g seq uences were sorted by size to keep the ones 
with sizes from 100 bp to 500 bp. The monomeric sequences were blasted (47] against the 
genome (-perc_identity 85 -qcov _hsp_perc 90). The monomeric sequences tllat occurred 
less than 100 limes were excluded from the analysis. Blastclust pairwise analysis was used 
to cluster monomeric sequences (identifying at 75%) to form families. Sequences of famil ies 
were loaded into CLC Main Workbench software (Qiagen) to obtain the consensus sequence 
of the family. Sequences were aligned using ClustaJW and the Neighbor-Joining method 
was used to buiJd and visualize the phylogenetic tree in CLC Main Workbench software. 
Ail the data were stored in AphanoDB in August 2021 (hllps:/ / www.polebio.lrsv.ups- tlse. 
fr/aphanoDB/ ) [48). 
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2.3. Mitochondrial Genome Assembly 
A random subsample of 10% of sel f-corrected PacBio reads was used in the perl-based 

softvva re Organelle_f BA (h ttps: / / github.com h ubomba rel y /Organelle _pBA) as described 
in (49) to generate a circular contig. TheAplumomyces astaci mitochondrial genome (NCBT 
RefSeq: NC_032051, (50)} was used as the reference. Gene annotation was done on the 
MITOS webserver in May 2021 (http:/ /mitos.bioinf.uni-leipzig.de) with further manual 
curation. The contig was visualized usiJ1g the OGDRAW webtooJ [51 ]. 

2.4. F1111dionnl Charncteriwtio11 of Genome 
Predicted proteins were assigned to protein families (PFAMs) and GO te rnis using 

lnterProScan [52]. Secreted proteins were identified as reported Ln (53] using SignalP 
v.5 [54]. Proteins predicted with a transmembrane domain using TMHMM 2.0 [55) were 
excluded. 

2.5. Comparative Aualyses 

The whole-genome alignment of the new and existing assemblies was performed 
with the LAST algorithm (http://last.cbrc.jp) and visualized in the D-genies tool (http: 
/ /dgenies.tmtlouse.inra.fr). The protein predictions were compared with OrthoFinder v.2.5 
using the DIAMOND engine for a sequence similarity search (56], and then they were 
visualized as a Venn diagram using the Bioinformatics & Evolutionary Genomics Venn 
diagram custom draw tool (http://bioinformatics.psb.ugcnt.be/ webtools/Venn/ ). Based 
on the OrthoFiJ1der results, the secreted proteins of the five strams were divided into th.ree 
groups: core-from orthogronps containing orthologs of ail five strains; accessory-from 
orthogroups containiJ1g orU1ologs of 2--4 strains; singletons-fi-om orthogroups containing 
proteins without orthologs in other strains. For comparative studies, proteomes of Phytoph­
thom infestans T30-4, Saprolegnia parasitica CBS223-65 and Aphanomyœs invadans NJM9701 
were downloaded from the FungiDB repository [57] and functional characterization of 
proteins was pe1formed using the same procedure as for A. euteiches. 

2.6. Sma/1, Secreted Proteins' (SSPs') Prediction and Class{ficatio11 

To identify the SSPs, we selected secreted proteins of less than 300 amino acids in 
size. Proteins with a predicted functionaJ domain were exduded based on previously 
reported lnterProScan (v.5.48) result:s (52) using the foUowin.g applications: TIGRFAM, 
PANTHER, Pfam, PTRSF, PRTNTS, ProSitePattems, ProSiteProfiles, SMART a11d SUPER­
FAM1LY. To calcula te the amino add enrichment, we determined the distribution of amino 
add frequency in the total proteome and calculated the third quartile of each amino acid 
(e.g., 75% of the totaJ proteome has a lower share of the amino acid). We set a cutoff of 
1.Sx (third quartile) as enrichment. The phylogenetic tree was based on mtùtiple align­
ments of SSPs from ail the an<1lyzed strains using Oustal O.mega on the E'Bl website 
(https:/ /www.ebi.ac.uk/Tools/m~a/clustalo/ ). The tree was imported into iTOL software 
for visualizatk)n (https:/ /itol.embl.de/), 

3. Results 
3.1. Genomic Fentures of the A. e11teiches ATCC201684 Strai11 Defined by PncBio Tec!1110/ogy 

TI1e A. cuteiches ATCC20l.684 strain was originally isolated from infected pea in Den­
mark, and in a previous report, we described how we generated a first genome assembly 
(version 1, Vl) based on short-re<1d sequencing technologies [41]. In this work, we aLmed 
to improve the pathogen reference genome sequence using PacBio long-read technol­
ogy to facilita te comparative ge.nomic studies. Ten SMRT cells on PacBio RSII ge.nerated 
·t,414,231 total reads \o\'Îth a genome coverage of 146X and an average read lengtli of 10.5 Mb. 
This resulted in a 72 Mb genome assembly (Table 1), the size of which was Jarger than the 
Vl assembly of 57 Mb (for an estimated genome size of 61 Mb), obtau1ed by combu1ing 
Wumina and 454 teclu,ologies. The GC content of anxmd 47% was similar to the previous 
assembly. We 'improved the contiguity, as demonstrated by t:he big increase in NSO (N50 of 
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0.275 vs. 1.005 Mb). We generated a similar number of contigs, main ly be.cause we obtained 
additional sequences present in rathcr small contigs (50-100 Mb in average; Figure 1). 
Lndeed, we detected tha t the 49 largest contigs of V2 cover the full size of the V1 assembly, 
as depicted in Figure l b, showi.ng that a long-read assembly aJlows the detection of new 
contigs with pu tative new coding sequences. We identified that the additiona l V2 assembly 
contigs are distinct from the contigs aligned wi th the Vl version, wi th a lower gene content 
per Mb (329 vs. 112) and a higher percentage of repetition (16.8 vs. 64.6). The proteome was 
predicted by incorporating available expression data on A. euteiches previously generated 
by RNASeq technology (41 ,58). We checked th e completeness of tl1e genome assembly 
using a Benchmarking Universal Single-Copy Ortholog (BUSCO) [45] based on 100 highly 
conserved Stramenopile proteins (100 pro teins, odblO dataset} and identified 98% complete 
genes, 2'1/o fragmen ted genes a nd zero missing (Table L). The two fragmen ted genes were 
EF-hand domain and mitochondrial-processing peptidase suburùt beta, both of which 
ha rbor catalytic domains. 

' ' 

:c 
e 
: 
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s 

" " 

(b) 

V2 

VI 

49 contigs 359contigs 

IJV N .. M t!U ftlil ..,., 4.Ulil ~Jlf Mlf IUIII 
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Figure 1. Comparison of version 1 and version 2 of A. euleidies genome assembly (ATCC201684 
strain). A previous study using Tilumina/ 454 technologies a llowed the VI assembly of the A. euteiclles 
genome to be obtained (41]. This study provides the V2 assembly, obtalned using long-read PacBio 
technology. (a) Dot-plot of pairwise whole-genome alignment of Vl and V2 assembLies. Note the 
addilional sequence consisting of smaller contigs in V2 as compared lo lhe Vl assembly. (b) Plot 
describing distribu tion of contigs by lenglh for Vl and V2 assemblies. The 49 largest contigs of V2 
cover the full size of the Vl genome. AdditioMI contigs are present in V2. (c) Venn d iagram of 
pairwise protein comparison of VI and V2 (•;,, idcnt > 75%, coveragc > 75°/4,). Shared part represents 
number of pairwise hits from V2 (upper number) and Vl (lower number). 
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Table 1. Summary of A. euleiches ATCC201684 genome assemblies, annotation statistics and com­

pleteness evaluation. 

Genome Version 

Total contig length (l'vfb) 
GC content(%) 

Protein-coding genes 
Average exons per gene 

Mean gene size (kb) 
NSO (kbp) 
N90 (l<bp) 

Gene density (nb genes/Mb) 
Coverage 

N umber of sca ffolds 
BUSCO complete/ 

fragmented / duplicated 
/ missing 

Version Vl [Ref] 
IUumina/454 

56.9 
47.69 

20,623 
3.7 

1503 
275,164 

69 
343 
146x 
349 

83.1%/3.8% 
(Alveolata·Stramenopiles 

dataset) 

Version V2 (This Study) 
PacBio 

72 
47.27 
23,027 

3.5 
1447 

1,005,788 
39 

320 
148x 
420 

98%/2%/0%/00/4, 
(Stramenopiles dataset) 

A total of 23,027 genes from the A. e11feic/1es V2 (tlùs study) were identified {Table Sla), 
representi:ng a n increase of2404 genes when compared wi th Vl . Comparison of proteomes 
from both assemblies showed that over 20,000 proteins from V2 (88.5%) had p rotein models 
identical (identifying al 2:: 75%) to those in Vl. ln our work, 2647 new protein models 
were predicted and 1756 protein models from Vl were not supported in V2 (Figure le). 
Among the new set of predicted prote ins, only around 25% (i.e ., 647 proteins) harbor a 
predicted PFAM domain mainly related to nucleic acid interactions, such as 'integrase', 
'endonuclease', 'transposase', 'RNAse', 'Helicase' and 'CENPB DNA-binding' (Table Slb). 

Ail the data were s tored in an updated version of the AphanoDB da tabase in August 
2021 (hltps://www.polebio.l rsv.ups-tlse.fr/aphanoDB/) (48). This resource is dedicated to 
"omics" studies on theApluwomyces gcnus and provides tools sud, as a genome browser, 
gene annotati.on facilities and Basic Local Alignment Search Tool (BLAST) to facilitate 
analysis [48]. 

3.2. Repeat Con/eu/ and Satellite DNA Î1l A. e11teiches ATCC201684 

We identified that close to 25% of the whole genome sequence of A. eufeiclzes was 
represented as repea ted sequences (Table Slc). Th is high level of repeti ti.on was not 
detected in our previo us study where we used an rll umina / 454 assembly (-t l ]. As depicted 
in Figure 2, the most abundant repeat types were the UNEs repeats, which accounted 
for 3.7 Mb, and the LTR elements, whlch accounted for 2 Mb. To compare the levels 
of the different repeats in A euteiches with those in other oomycetes, we selected three 
p lant pathogenic oomycete genomes sequenced with long-read techno logy (Plasmopnra 
vitico/11 [58], Bremia. lnctucae [59], Phytophthora sojae [60]) and also included the Phytophtlwrn 
infeslm1s get10rne Séquence [21]. v\fhen compMed with the other oomycetes, tbë proportions 
of the different repeat types differed in A. e11teiches, with it having the smalaest size of 
repeated seq uence and the largest portion of LINEs. Using the roliing-circles mechanism, 
we found that 1.5 Mb of the repeated sequences were predicted to be replicated. Th is has 
not been detected in other oomycetes (Figure 2, Table Sld). 
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Figure 2. Repeals and non-repea ted sequence distribution in plant pathogenic oomyœte genomes 
as compared to A. euteiches. Three plant pathogenic oomyœtes (P/11..<111opar11 viticola, Bremia lacl11cae, 
P/rytopt/rorn sojae) sequenced with long-read tech11ology and the I'. i11J<-sta11s genome were used to 
compare repeats and non-repeated sequences' distribution within the legume pathogen A. euteid1es 
ATCC201684. Families of repeats are indicated with a grey color. Data are available in STlc-d. 

The large proportion of repeated regions in the A. euteiches genome prompted us to 
look for putative tandemly repeated sequences varying in size, copy number and sequence 
conservation, which could corrc.,spond to putative satellite DNA. The la tter was recently 
reported following genome resequencing by long-read technology of the oomycete Pltytoph­
tlwra parnsitica [37). Based on the report by Panabières e t al. [37], we searched for tandemly 
repea ted sequences with monomer sizes ranging From 100 to 500 bp. The monomeric 
sequences were used to perform BlastN searches against ù1e A. euteiches genome to identify 
the number o f occurrences in the genome; the ones with more than 100 occurrences were 
kept for further ana.lysis. We used blastdust paiiwise comparison to group th e tandem 
repeats into dusters based on sequence similarity. Our analysis revealed 41 familles (AeSat) 
of tandem repeats matching satellite DNA criteria (Table Sle). As previously described for 
Phytoplrthora, the GC content might vary signifk.antly between satellite DNA fa mjJjes, from 
39% to 63% for the A. euteiches genome. The number of copies varied from 106 to more than 
3000 for the four most-represented AeSat (i.e., AeSatl- AeSat4). ln these regions, no coding 
sequences were identified, but for ten AeSat, we identi.fied sirnilarities with known transpos­
able elements (TE), such as DNA/Harbinger, DNA/Helitron, NonLTR/Tad1, LTR/Gypsy 
and Lntegra tedVims/DNAV (Table Sle). Sequence homologs of the two abundant familles 
PpSatl and PpSat2 from P. parasitica [37] were identified in A. mteiches. To unravel the 
nilationship among satellite DNA farnilies, a phylogenetic tree was constrncted including 
PpSatl and PpSat2 from P. para~-itica [37] (Figure 3). The topology of the tree suggests 
diversification in AeSat families, with high copy number (i.e ., > 1000) families clus tered into 
a central location group. 
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Figure 3. Phylogenetic tree of satellite DNA families from A. euteiches. Phylogenetic tree of the 
41 satellite DNA famîlies from A.1.mteiches, includ ing the DNA sa tellite from P. parasitica • (PpSatl and 

PpSat2 [37]). HC = high m,mber of copies of DNA satellite families (>1000 copies in the genome). 

3.3. Mitochondrial Genome of A. e11teiches ATCC201684 

From the obtained long-read sequences, we assembled the mitochondrial genome 
(mtDNA) of the A. euteiches ATCC201684 strain. As depicted in Figure 4, thecircular genome 
is 47 kb in size and is predicted to encode 40 protein-coding genes, 4 ribosomaJ RNA genes 
and 35 tRNA genes (Table Slf). The genes are encoded by both strands. As previously 
reported for mitogenomes of oomycetes [61 ), a bias in A/T usage is observed for the GC 
content around 22%. Using the avaüable mitochondrial genome information (Table 51g), 
we compared the mitogenome content of A. euteiches with those of two other Saprolegniales 
(Aphanomyces astaci and Saproleg11ia ferax) and one Peronosporale (Phytophthora infestans). 
The mitogenome s.ize of A. euteiches is similar to that of the other Saprolegniales and 
larger than that of Pemnosporale (e.g., 39.8 kb for P infesfans vs. 46.9 kb), as previously 
reported (50,62). The gene content of mtDNA from A. e11teiches is similar to those in other 
Saprolegn.iales and Peronosporales. A duplication of ribosomal RNA is observed in the 
Saprolegniales when compared with P. i11festa1is (4 vs. 2). A sec Y gene that encodes for the 
central subLU1it of the secretory channel SecYEG, which enables the secretion of proteins 
across a membrane in their unfolded version, is present in the mitogenome of A. euteiches 
as it is ù1 the other oomycetes. 
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Respiratory chain: (n: 19) 
Complex 1 : nadl. nad2, nad3. nad 4. nadS, nad 6. nad7. nad9. 2"nadl L nad4L 
Complex l!l: cob 
Complex IV: cox1. cox2. cox3 
Complex V:, atpl, atp6. atpS,atp9 

Ribosomal RNAs (n=4) :2'rRNAs. 2"rRNAI 
Ribosomal protei.ots (n: 16): rsp2, rps3, rp~ rps7. rps12. rps8. rpslO. rpsl4. rpsl3. rpsl9, rpll6, rpl2, rpl5, rp16, rpsl L rpl 14 
TransferRNAs (tl"35): tm>UGA, tml-UAA, tml ·UAG. tmL·UAG, tmM-CAU, tmG--GCC, tmG--GCC, tmY-GUA,. tmN­
GUU, tmG-UCC, trnE·UUC, trnD-GUC, tmO-GUC, tmD-GUC, trnR-UCU I trnR·UGU, tmS-GCU, tmM-cAU, tmM-CAU, 
tmP·UGG, tmP·UGG, tmW-CCA, tmH-GUG. trnH-GUG. tmV·UAC. tml-GAU, tml-GAU. tmQ-UUG. trnQ·UUG, tmR· 
GCG, tmR-GCG, tmF-GAA. trnA·UGC, tmK-UUU, tmM-cAU I tnù-CAU, tmC-GCA 
Other (unidentified open readiog-frames) (n"'4): 2"yntl98, ymf99. ymfl 01 
Import protein (n:l): secY 

Figure 4. Circufar map of the mitochondrial genome of A. euteichcs. Protein coding genes, tRNA and 
rRNA are shown on the outer colored ring. Genes encoded on both strancls are listed below. The 
inner ring shows the CC density. 

3.4. F1111ctio11a/ An11ofatio11 of A. e11teic/1rs ATCC201684 Ge11ome 

The whole predicted proteome of A. e11teidres was searched for the presence of PFAM 
demains. In total, 12,978 predi.cted proteins (56%) were found to haibor a PFAM domain 
(Table Sla). The most frequen t were proteins containing Ankyrin and WD40 repeats, protein 
kinase domains and ABC-transporters, as shown in Figure 5. The genome of A. 1111/eiches 
is a lso characterized by a large set of proteu,s containing demains related to nudeic acids 
such as the FYVE zinc finger, endonuclease and reverse transcriptase. We then searched 
the whole-proteome for putative secreted proteins, to predict the A. euteiches secretome. We 
identified 2106 proteins with a signal peptide (-9% tota l proteome) using SignalP VS [54j. 
Among these, 1515 do not have a predicted transmembrane domain (6.5% of the proteome) 
and 591 contain at least one transmembrane region (Tiv!; 2.5 % of the proteome). We 
annotated the CRN effectors as reported by [21 ] using the hrnm-profile of the conserved N­
ter demain constructed on CRN genes from the Vl assembly of the A. e11teiches genome [41 ]. 
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We p redicted 234 CRN eJfectors, w ith Jess than 4% harboring a predictcd signal peptide 
{i.e., 8 CRNs; Table Slh). ln accordance with the Vl genome assembly and transcriptomk 
analyses, we did net detect a.ny RxLR coding genes in A. euteiches. Among the secreted 
p roteins without a predkted functional domai.n, we identified 568 smaU secreted proteins 
(SSP) with s izes o f Jess than 300 amino acid residues and without any functiona l domains, 
as detE.>cted by an InterProScan search. This expands the original SSP repertoire detected 
in the V1 vers ion of the genome. To confirm the putative role of SSPs as effectors, we 
performed an analysis using EffectorP v2. Around 80% of the SPPs (453 proteins) were 
predicted as effectors, among which 78% (351 proteins) were pred icted as cytopfasmic 
effectors, 19% (88 proteins) as apoplastic effectors and 3% (15 p rotei.ns) as apoplastic or 
cytoplasmic effectors (Table SJ i). 

Ani l nu rcpcats ( PF 12796 J 418 

Protein kinasedomain (PF()(l<J6'1) 3& 1 

Reverse cranscnpt.'lS<: (PJ,'00078) 303 
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i\l:lC trJ11spo11er ( l'rOOC1(JS 1 217 

Intcgra;e corc domaiu (PFfl0665) 202 

Pmtein tyrosine kinase (PF077 I~) 167 

DUI:: ,upern1mil~ en<lonuclease (PF03 184) 158 

WD domrun. G-b-:ta rap,:ai (PF00400) 156 

Reverse tmnscriptnse (PF077?.7) 148 
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Number of protcins. contaming the domam 

Figure 5. Representation of the most abundant PFAM predicted demain in the pro teome of A. 
eu/eiches. Whenconsidering the number of proteins containing the most-present PFA M domains in 
tota l proteome, of the 23,027 tntal predicted proteins, around 56% harbor a PFAM domain. 

3.5. Secretome Feat11rcs of A. e11teiches ATCC201684 $train 
To gain an overview of the A. ,wteid1es secretome's composition and compa.re it 

with that of the other oomycetes, we identified and mnotated the secretomes of two 
Saprolegniales, namely, the fish pathogens Aphanomyces i11md1ms and Saprolegnin parnsitica, 
and the distant Peronosporale plant pathogen Phytophthora infesta11s (Table S2a-c), We 
searched for ù1e most rep resented PFAM-containing proteins and d ivi.ded them into five 
classes(> 15 proteins per class, Table 52d). The carbohydrate-active enzymes (CAZymes) 
class included secreted proteins that play a role in polysaccharides' degradation in the 
host as well as in remodeling the oomycete cell wall. The protease and inhibitors dass 
included secreted proteolytic prote ins that take part in the alteration of the host immune 
system and in protecting aga inst host lytic enzymes. The adhesion class comprised secreted 
proteins w ith adhesive capacity to different subs trates such as cellu lose and chïtin and/or 
catalytic activity. The toxicity/elicito rs dass corresponded to secreted proteins tha t are 
known to trigger a host response or to be toxic to the host cells (i.e., elicitins, NLPs). The 
class labeled 'others' included a.Il other secreted proteins known to play a role in host 
interaction (i.e ., calci.neurin -like p hosphoesterase, tyrosinase). CRN and SSP fan1ilies were 
not includ ed in the ana lysis d ue to the absence o f PFAM domains in a large majority of 
these proteins. Figure 6 presents the PFAM-conta ining proteins in the whole-proteome 
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in each dass with resp"-'Ct to the number tha t is expected to be secreted (Table 52k). We 
observe that a common trait of the oomycetes' secretome is the ' proteases and inhibitors' 
class, which presents the most-enriched terms in Saprolegniales and Peronosporales with 
respect to the totaJ protei11 content, but this is not the case for A. euteiches. The 'adJ1esion' 
class is a common trait among the four oomycete species, with an enrichment of PA.i'\J­
Apple-containing proteins within this category such as the CBEL cell wall glycoprotein of 
Phytophthora sp., which contributes to plant adl1esion and the cell wall architecture (63). 
Overall, we notice that the phylogenetically distant P. ùifestm1s prese:nts a distinctly different 
secretome profile compared to Saprolegniales species, characterized by the enrichment of 
toxic/ elicitors proteins and protease-inhibiting Kazal domains. The Saprolegniales species, 
despite their different host preferences (plants vs. fish), show common features in their 
secretome profile such as enrichment in both adhesion domains and in several proteolytic 
domains. A e11teiches and S. parasitic11 secretomes seem more diverse in terms of their 
PFAM domains related to the different classes, as compared to A. invadnns, and present 
an increase in proteolytic enzymes included in the 'protease and inh ibitor ' class. The 
A. euteiches secretome is also highly enriched in carbohydrate-binding proteins, especially 
with respect to proteins containing cellulose-binding domains (CBMl); this high number is 
a distinguishi.ng fea ture that stands out whencompared to the other species. Fù,ally, the 
secretomes of plant pathogens share the CAZyrnes class as a w1ique and cornmon feature. 
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Figure 6. Comparison o f A. e11teic/1es secretome content with th.r<è'e olher oomycetes. PFAM domains 

were searched in secreted protei ns of two piani pathogens P/Jytoplilhom i11feslans (Peronosporale) and 

Aplumomyces c11teiches (Saprolegniale) and two fîijh pathogens Saprolcguia pflrasitica and Aphanomyces 
i11vndm1s (Saprolegniale). five classes of PFAM-containing proteins were identified. A PFAM domain 

presenl in more !han 15 secreted proteins per class is rep resented as a colored circle and its name 
indica ted above U,e circle . Arrow illdicates overlayillg cirdes. Al! selecled PPAM do mains were 
significantly enriched (Fisher's exact test, p<0,05) with an enrichment coefficient (pred.icted secreted 
t>S. expected secreted ) o,,er five for each class. 

3.6. l//1md1111 Sequencing of Fo11r Stmins of A. eufeiches wifh Differmti11/ Legumes Preference 

To decipher the putative va riability ù1 legume pathogenicity genes within the A. eute­
iches lineage, w e perfom1ed whole-genome sequencing of four strains of A. e11teiches using 
illumina technology. We selected strains with va.ried geographical origins and distinct 
host-spectra within legtunes (Table 2). The RB84 strain, as the reference ATCC201684 
strain, was isolated in Europe from pea fields and belongs to pathotype l according to 
pathogenicity tests perfom1ed with varions genotypes of pea [64,65). Both strains have a 
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broad spectmm of hosts within the legumes but have a prefercnce for p ea [66]. The Ae109 
strain, which was originally isolated from a pea field in the US and was subsequently 
shown to also be virulent in alfalfa, belongs to pathotype m. The MF1 and NCl strai.ns 
isolated in Wisconsin and North Caroli.na (US) vary in aggression and belong, respectively, 
to Race 1 and Race 2 of A. euteiches (52]. Race 1 is relatively widespread throughout the 
alfaUa-p roducing region in the US (Wisconsin and Minnesota) and Race 2 appeared in the 
1990s after aJfa lfa failed to resist Race 1. Race 2 is considered to be more virulent than Race 
1 and its prevaJence is reported in US al falfa fields and represents around 45% o f all s trains, 
with Race 'I representing 11% (67,68]. All the strains have been used i11 the implementation 
of GWAS on p ea, or on the legwne model Medicago tn111cat11/a, to d 1aracterize the genomic 
loci. controll lng resistance to A. e11teiclws [13,69,70). 

Table 2. Origin and host spectrum of 1\. euteicltes strains. 

A. e11teiches lsolated 
Origin 

Host-Spectrum within 
References 

Strain from Legwnes • 

ATCC201684 Pea Denmark Broad: pea, alfalfa [41 ,711 

RBS4 Pea France 
Broad: pea, alfalfa, bean, 

[66] 
lentil, vetch 

Ae109 Pea USA Narrow: pea, alfalfa (9,70,72] 
MFl Alfalfa USA NatTow: allalfa but not pea (67,731 
NCl Alfalfa USA Na 1Tow: alfa lfa but not pea [Hl,73] 

~ Ali the strains can internet with the model legwne M. tru11cnlttl11. 

We obtained four draft assemblies of 52- 59 Mbp in size and with NSO values of 11 
to 29 kbp (Table 3). The genomes had a GC content of about 47%, s imila r to the reference 
ATC201684 s train. Al though the hjgher number o f contigs in the NCl stra in suggests a 
slightly more fragmented assembly when compared to the three other strains, the Level 
of genome comple teness obtained using BUSCO a11aJysis is similar for ail the s trains. We 
annotated around 22,000 protein-codi.ng genes/straln except for the NCl strai.n, which had 
19,911. The propor tion of secreted proteins is simila r to that in the ATCC201684 reference 
strain and varies from 5.9% to 6.3% o f the total proteome s ize (Table S3a- f). 

Table 3. Assembly statistics of four nea r-complete A. euteiches genome sequences. 

Des cri pli on NCl MFl RB84 109 

Assernbly size (Mb) 52.04 59.75 59.39 58.41 
N50(bp) 11.661 24.$52 29.237 21.846 

Scaffold counl 15.477 7.808 7.095 6.495 
GC content (%) 47.73 47,46 47.45 47.43 

Prolein-codjng gene count 19.911 22.012 21.892 21.546 
Number of secreted 

l .190 (5.9%) 1.344 (6.1%) 1.324 (6%) 1.369 (6.3%) 
proteins (%) 

BUSCO score for 
Stramenopiles (%) 

100/0/0/0 98/2/0/0 97/0/0/3 100/0/0/0 (complete/ dupl icated / 
fragmented/missing) 

Next, we examined the phylogenetic relationship between the strains. We performed 
an OrthoFinder searc:h to identify orthogroups (OG) of the prote ins, to construc t a Sp ecies 
Tree from a il Genes (STAG) (74]. To identify the positions of newly sequenced s tralns 
within the oomycetes, we used the sequences of the two Sap rolegi1iales fish pathogens 
(Aplu1110111yces invadans a nd Saprolegnia parasilica) and also induded the Peronospo rale plant 
pathogen Phytophthora infestans (Figure 7). The five strains of A. euteicltes were grouped and 
formed a clade together with A. i11mdans within the Saprolegniales. Within the A. e11teic/1es 
lineage, two subgroups were d etected: one corresp onding to European strains isolated 
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from pea fields (ATCC201684 and RB84) and the other including strains isolated in the 
US (MFl, NCl and Ae109), with the position of the NCl strain being distinct within the 
subgroup. 

1 

1 

P. lnfestans T30-4 
S . parasitica CBS223.65 

~------A. invadans 

A. eute,ches ATCC201684 Pea/Pathotype !/Europe 

:~: :~!:~~~=: ~~~4- ___ _____ ;;~;:;:::::;~~Europe __ _ : 

1 
LA. euteiches MF1 _________ AJfolfa/Rocel/US _______ ; 

A. euleiches 109 Pea/Pathorype Ill/US 

Figure 7. Phylogenetic relationship between the six sequenœd A. euteidies strains. The maximum 
likelihood tree was built us ing Species Tree from Ali Genes (STAG) method from Orth0Fi11der. 
A. e11teicltes, S. parasitica and P. i11fi•stans were used as ou tg roups of different dei,,'Tees of xelati veness. 
MCl and NCl were identified as r~ce l and race 2 (hatched square) based on their virulence on 
the Saranac and WAPH-1 alfalfa genotypes, while the ATCC201684, RB84 and Ae109 strains (grey 
square) were included in the 'pathotype' based on their aggressiveness against a pea collection. The 
geographical o rigins of the strains are indicated . 

3.7. Comparative Analysis of F1111ctional Domains i11 Secrelomes of A. euteiches Strains 

To check if the variation in the secretome content could be correla ted fro the host 
legwne preference, we searched for sbared and accessory secreted proteins in the five 
strains. To this end, the five secretomes were combined (totaJing 6742 secreted proteins) 
and clustered using OrthoFinder. Proteins from the secretome were assigned to 1597 
OrthoGroups (OC; Figure Sa, Table 53g). We defined a 'core' set of 659 OGs, w here each 
0G had sequences from ail the five secretomes analyzed, tota ling 3970 secreted proteins. 
The accessory secretome was defined as OGs, which had proteins from two to four strains 
and comprised 604 OGs that encoded 2394 secreted proteins. A set of 378 secreted proteins 
in the form of 'singletons' clustered into 334 OGs with sequences from a single strain. 
A round 58% of the accessory secretome was shared by the four s tra ins and Jess than 15% 
was specific to one strain (Figm e 8b). A doser view of the OC distribution (Figure Sc) 
identified around 100 sbared accessory OGs for the US strains (MFl / NCl/ Ae109) and 94 
for the European strains (ATCC201684/ RB84). At the host level, 13 OGs were shared by 
the ' pea' strains (Ae109/ ATCC201684/RB84) white 23 were shared by the 'alfalfa' s trains 
(MFl, NCI) (Table S3h). 

We then searched for the main functions that were present in the core and the accessory 
S<.'Cretomes of A. cuteiches by grouping the secreted proteins, based on their predicted PFAM 
domains, into classes as described above, except for the 'toxic/eLicitor' class that we split 
into 'toxic' and 'cysteine-ricl1' classes for better visua Lization (Figure 9, Table S3i). CRNs 
and SSPs were not co11sidered in this analysis either due to the absence of a predicted signal 
peptide or a PFAM domai:n. Arow1d one-third of the secreted proteins of the core secretome 
(1186 of 3970) were predicted to be enzymes with activ ity against peptides (proteases) or 
cell-waH components (CAZymes). 
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Figure 8. Comparative analysis of secretome of five A. euteiches strains with d ifferent host prefer­
enœ and geographical origins. (a) Pipelille used for comparative analysis of A. euteiches strains. 
(b) Distribution of sequenœs by A. eute.iclies strain (color-coded} fou.nd in accessory and s ingleton 
orthogroups. Number of orthogroups (OCs) is indicated. (c) Venn diagram depicting number of OCs 
per A. euteic/1es strain. 

ln Figt.ue 9, whe.re the munber of secreted proteîns containing PFAM domains in 
the core (Jeft column) and accessory secretomes (right columns) is shown, pro teases can 
be seen to be largely distributed in the core secretome. The princ:ipal members of the 
core secretome are found to be families of metalloproteases M12A (astacin), M13 and 
MS (leishmmanolysin), the serine proteases 510 (carboxypeptidase), 58/553 (subtilisin) 
and 528 and the trypsin families. Cysteine protease families have a lower representa­
ti.on exœpt for the Cl A fmnily (papain-type}, while the C69 and CJ9 families are ab~ent 
from the core secretome. We noticed the presence of Kazal serine protease inhibitors, 
which are known to be involved in the pathogenicity of Phytophthora infestans (75]. Cell 
wall-degrading enzymes, illustrated by CAZymes, constitute another major trait of the 
core secretome of A. euteiches. The most represen tative CAZymes familles a.re present, 
including enzymes implicated in plant cell-wall degradation, sucJ, as polygalacturonases 
(family GH28) and cellulases (famîly GHS, GH6 and GH7), except for GH11 (xylanase), 
CH20 (hexosaminidase), CH63 (cx-glucosidase) and PLl (pedin Iyase). We confirmed the 
presence of GH62 (oc-1-arabi.nofuranosidase), not reported in other oomyœtes except in 
S. parasitica [41,76]. ln addition to the large proportion of 'ricin' and ' necrosis-inducing' 
demains that are known to trigger cell necrosis [77- 79], the core secret(lme contains adhe-
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sive and cysteinc-rich proteins involved in oomycetes' pathogenicity, such as e licitin and 
CBMl [30,80,81), or sterol binding CAP proteins that have recently been reported to be 
v irulence factors in a nimal and plant pathogenic fungi [82] . 
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figure 9. Dis tribution of secreted p roteins containing a Pf'AM domain in the core and accessory 

secretomc o f A. e11leiches. The fi rsl 'co re' colum n represents the nwn ber of secreted p rotein.s containing 

PFAM domains found in core orthogroups; the other coltunns represent the numbers o f accessory 
and singleton orthogroups. The size of the drcle corresponds to the loglO + 1 numbet of secreted 
proteins with a PFAM domain. 
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ln the 'non-core' secretome, the large majority of the secreted proteins displayed a 
predicted function that was already detected in the 'core' secretome. This is illustrated 
with S8/S53 proteases, GH62 or Pl...3 for CAZytnes and PAN/ Apple or CBMl for adhesion 
(Figure 9), depicting the variation in the structural organizati.on of lhe secreted proteins. 
We see tha t the five strains display species-spedfic proteins in the 'accessory' secretomes, 
as exemplified by the CAZymes GHll and GH20. However, the NC1 strain contains no 
specific GH 46 (chitosanases) or Kazal-protease inhibitor and the MF1 strain is devoid of 
specific CAP secreted proteins. The difference between the European (ATCC201684/RB84) 
and the US (MFl/NCl/ Ae109) 'accessory' secretome is the presence of specific C69 pepti­
dases (present in European strains and absent in US ones) and GH6 and GH17 (cellulase) 
secreted proteins (absent in Eluopean sb·ains and present in US ones). 

3.8. Sma/1 Secreted Proteins (SSPs) with U11/mow11 Frmction as Leg11me Adaptation Proteins 

Tn the core genome, around 60% of the secreted proteins match a PFAM domai11, 
while the accessory and singleton secretomes are characterized by a large representation of 
secreted proteins wi thout any hrnctional annotation (Figure lO, Table S3a-d). 
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Among these, SSPs are Jess present in the 'core' secretome (44% for SSP vs. 58% for the 
total secretome) and are widely distributed in the 'accessory' and 'singleton' secretomes of 
the five strains. The higher occurrence of SSPs in 'accessory' and 'single ton' secretomes of 
A. euteiches as compared to the core proteome indkates that these secreted proteins could 
participate in deciding legum e preference. The task was then to identify classes within 
SSPs to find the correspond ing structural regularities. The SSPs were first examined for 
the presence of conserved motifs or domaÎ11s, as previously reported for RxLR and CRN 
effectors of oomycetes (21,24). No conserved pattem was defined but we observed amino 
acid-enriched protei.n sequences in the SSPs. We consider as 'enriched' an amino acid with 
a 1.5-fold higher frequency than the tlùrd quartile value in the whole proteome of the straÎ11. 
When p lotting the ami no acid enrichment on a phylogene tic tree of A. euteiches SPPs from 
the five s trains, we see that clustered SPPs correspond to C-rich, Tcrich and D-rich secreted 
protems and account for 40-50 % of the total SSP set (Figure lla). 
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Figure ll. Consensus tree and class dish·ibution of small, secreted proteins (SSP) wiU1irn five s trains 

of A . f!ltleiclies. (a) UPGMA consensus tree of 2010 SSPs from five strains of A. euteiches (RB84, 

Ae109, MFl, NC1, ATCC201684) based on whole protein arrtino acid sequence a lignment using 
0 ,1sta!Omega (in.ner cirde). Outside drdes represent amine acid enrichment wilh one amino acid 

per circle (color = enriched, b lank = non-enriched val11e). Colored ranges represent SSP classes 

with similar am.ino acid enrichment patterns. Green = G-rich, orange = O-rich, purple = T-rich, 
pi.nk = MDR-rich. (b) Distribution of SSP classes (G-rich, D-rich, T-rich, MDR-rid1, non-enriched) 
between core, accessory and singleton secretomes (in percent) of A. e11teiches. 

Oddly, the long-read sequenced pea s train ATCC201684 is characterized by a la rge set 
of MDR-rich SPPs, not represen ted in the other Ulwnma-sequenced s tra ins. These specific 
SSPs are tandemly repeated in the genome of the ATCC s train, while only one copy is 
detected in the lllwnina sequenced strain, exœpt for NCl, thus probably explairring the few 
seguences detected in the other A euteiclres species. While the distribution of SPPs within 
the five strai.ns is a lmost similar, without consideri.ng the atypica I MDR-rich dass, the core 
secretome of A. euteidtes contains T- and D-rich SSPs in conb:ast to the ' non-core' secretome 
characterized by C-rich SSPs (Figure llb). This partictùar distribution of enriched-SSP 
suggests that they probably participa te tluough an unkno·w11 functi.on in the adaptation of 
A. euteiclzes to its environment. 
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4. Discussion 

The mechanisms of paU1ogen adaptation to quantitative resistance Ln plants are largely 
unknown. ln this paper, taking advantage of the availability of severaJ A. e11teiches strains 
adapted to pea or alfa lfa, we investigated genetic variations that could be correlated with 
host preference, using a comparative genomics approach. 

To obtain a high-quality 71 Mb genome assembly, we first re-sequenced, using PacBio, 
the ATCC201684 A. euteiclzes strau1 that we previously sequenced with a combination 
of lllumjna and 454 technologies (41 ]. Tn th is work, we improved the assembly and 
identified a la(ge number of repetitive sequences as well as the presei1ce of sa tellite DNA, as 
previously reported for the Phytoplitliora pnrasitica genome when re-sequenœd by the long­
read approach (37]. In addition, we assembled the first mitochondrial genome (mtDNA) 
for a Saprolegniales plant pathogen. The mitochondrial eu.karyotic genome performs key 
functions in cells, such as the synthesis of nucleotides, and aJso con tains the madùnery for 
oxidative phosphorylation and eledron transport, which are required for the production of 
energy [61). The cfrcuJar nùtocl,ondrial genome of A. euteiches is 47 kb u, size. Tlùs size is 
similar to the genome size reported for other Saprolegniales such as Aphanomyces astaci and 
Aphanomyces invndans (49 kb) (501 and is rufferent from those of Peronosporales ,(38 kb [831) 
and Pythiales (55 kb (84]). This work reveals U1at the mitochondrial gene contents of 
plant and animal pathogeruc Saproleg.niales are very similar. ln add ition, the availability 
for the fi rs t time of the A euteiches mtDNA offers us the possibil ity of developing new 
markers (83] and enables the detection of the pathogen with greater sensitivity 1851 for root 
rot diagnostics. 

A total of 23,027 protein-coding genes were identified in the V2 assembly of the A eu­
teiches genome, which is a significantly lùgher number thari in Vl. Among the newly 
predicted proteins present Îll the V2 assembJy, 44% do not possess a putative functionaJ 
PFAM domain, while the rest harbor PFAMs related to nudeic acid n1odification (i.e., inte­
grase, endonuclease, transposase, e tc.). Overall, the proteome exhibits numerous ankyrin 
repeats and WD-40 repeats. The an.kyrin repeat is one of the most frequently observed 
amino acid motifs in protein databases, probably because this protein-proteu1 :interaction 
motif is involved in a diverse set of celJuJar functions [86]. Similarly, in eukaryotes, WD-
40 repeat proteins generally media te supramolecttlar interactions and participate in the 
assembly of complexes involved in different cellular processes (87). These features may 
explam the large representation of ankyrin and WD40 repeats in the A. l!llfeiches proteome. 
The expansion of the kinome (a set of proteu1 kinases) observed Îl1 the A. t.'11/eiclws genome 
has already been detected in the fish oomycete pathogen Saprolegnia parasiticn, where U1ese 
proteins are presumed to act as cell surface receptors (88). The genome of A. euteiches 
encodes over 200 ABC transporters, a large p roportion of which are cornmonly present il, 
oomycetes [89). Unlike fungi, oomycetes, in general, including A. euteiches, do not possess 
a set of detoxifying enzymes; notably, they are misSÎl,g P450 enzymes. Therefore, the ABC 
transporters might counteract antimicrobial compotmds, sud1 as flavonoids (90). The large 
repertoire of ABC transporters can also improve resistance to synthetic chemicals (e.g., 
fungicides), wlüch complicates the application of chernicals to protect crops (91 ] . 

The secretorne of plant-associated eukaryotic filamentous organisms sud, as fungi 
and oomycetes corresponds to secreted proteins that alter the envi.ronment to acquire 
nutrients or modify the h ost to facili tate mvasion (effectors). Here, we predicted 1515 
proteins, wlùch corresponds to 6.5% of the A . e11teiches ATCC201684 whole proteome. 
While we detected a Iarger set of Crin.kJers and SSPs in V2, we ascertained U,e absence 
of putative RxLR, which is predominant effectors in Peronosporales [92). By looking for 
the major secretome components iJ1 A. e11teic/1es and three other oomycetes, we confirmed 
the previous observation that the A. e11teiches secretome is distinct from U,at of U,e animal 
pathogenic Aphanomyces (41) in harboring a large set of enzymes implicated in plant cell­
waU deconstruction. The A. euteic/res secretome is highly distÎllCt from the one predicted in 
the plant pa.thogen P. infestmrs, which p referentially contains necrosis-inducing molecules 
(i.e., elicitin, NPP) and protease inhibitors (i.e., Kazal). Ta ken together, the PacBio long-read 
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assembly of the ATCC20l684 strain thus provides a high-quality reJerence genome for the 
Aplranornyces genus. 

A. e11teicltes was ù1itialJy considered as a pafüogen of pea (61, but now we know that 
it can infect alfalfa, clover, dry beans and lentils, though not Jupine or soybean (6,13]. To 
probe the molecular basis underlying the legume preference of A. euttid1es, we compared 
the draft genomes of four strains of the pathogen (RB84, Ae109, MPl , NCl) from different 
geographical areas (Europe, US} wifü different pathogenicity traits on pea and alfaJfa. Our 
phylogenetic analysis revealed that the strains Mfl and NCl are closely related and are 
slightly distant from Ae109. The US strains are d istant from the European strains (RB84, 
ATCC201684), suggesting an early divergence. The content of A. euteiches secretomes 
appears to be largely shared among ail strains, with few gains/tosses of secreted proteins. 
The ' core' secretome shares a number of properties, sud , as a large set of enzy,na tic 
proteins targeting carbohydrates and proteins. This set includes CAZymes, which are 
involved in u,e breakdown or binding of plant cell-wall carbohydrates sud, as cellulases 
and œllulose-bmding proteins except for GH20 (hexosaminidase), GH63 (e<-glucosidase) 
and PL1 (pectin lyase). We previously reported the eruid1ment or carbohydrate-bindfog and 
glycosyl hydrolases (CH) in the ATCC201684 strain [41,93), and the current work highlights 
the fact that the GH of CAZymes is a major trait of the A. euteic/1es 'core' secretome. 
This is in agreement with other studies that have identified a large repertoire of GH in 
oomycetes, with Phytophtlwra species tending to have the highest nw11ber as compared to 
other oomycete taxa [60,94-%]. Oomycetes produœ CAZymes as a part of their arsenal 
for the supply of nutrition and to invade thefr preferential hosts. The CH reper:toire may 
be linked to the oomycete lifesty le (19], with obligate biotrophic species having a reduced 
number and d iversity of these proteiJ1S (97]. 

Another trait of the 'core' A. euteiches secretome is the presence of secreted cysteine 
and serine proteases except for C69 peptidases. The production of secreted proteases as a 
component of virulence in oomycetes that infect animais has received greater attention than 
plan t paU,ogens. Secretecl proteases have been proposed to be involved in U,e digestion of 
the host barrier, sud, as the crayfish cuticle in the case of Aplrnnomyces ast11ci [98], or the 
human epidemiis in the case of Pythium i11sidi.osum [99). However, it is assumed that 
proteolysis of plant substrates is a strategy employed by plant pathogens during the 
infection process [100,101 ], meanü,g most of the proteases predicted in Pfzytophtlwm sµ. 
contribute to pathogen virulence [702,103]. A previous study reported elevated pathogen­
derived protease activity in pea tissues infected by A. euteiches (MN174 strain), whereas 
this activity was not required for saprophytic growth (104 ). Thus, we propose that the core 
proteases of A. euteiches may act as potêntial pathogenicity factors. 

The 'non-core' secretome of A. euteiches displays secreted proteins with functional ac­
tivities reported in the 'core' secretome, depicting variation Ln the protein architecture rather 
than in its activity. Nevertheless, t:he two categories or CAZymes GHl1(xylanases) a.nd 
GH20 (hexosaminidases) are distinct charncteristics of the 'non-core' secretome of A. eute­
iches. Xylanases are involved in the degradation of plant hemicelluJose, and GHJ 1 has been 
reported to participa te in increasing the virulence of certain phytopathogenic fungi such as 
Botrytis cinerea or M. oryzae [105,106]. Jn terestingly, the soil-bome hmgus Verticillium dal,/iac 
secretes a GH11(Vd424Y}, essential for virulence, that targets the plant nucleus rnther ù1an 
U,e cell wall, suggesting an unknown fonction for fungal GHJ 1 du ring host in fection [107). 
GHlls are not hmctionally charncterized in oomycetes, but their presence in the 'non-core' 
secretome of A. e11teicl1es in combination with GH62 (oc-1-arabmofuranosidases) from the 
core secretome, probably provides improved access to the xylan backbone of plant hemi­
celluJose, as reported for fungi [108). GH20s, which degrade chitooligosaccharides (COS) 
into GkNAc monomers [1091, have been suggested as putative virulence factors shared by 
animal pathogenic oomycetes (Saprolegniales proteomes) but absent in phytopathogenic 
oomycetes (110]. The presence of chitooligosaccl,arides (COS) in the cell wall of A. eute­
iches (11 l, 112] in contrast to other phytopathogenic oomycetes (Peronosporales), suggests 
the structural or protective role of GH20 for phytopathogenic Aphanomyces species. 
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Only minor content variations due to the presence/absence of secreted proteins allow 
us to distinguish the A. euteic/ies strains based on their geographical or igin or legume 
preference. The US strains are characterized by the presence of speci.fic celluJases (GH6, 
GHl7), while the European strains harbor C69 peptidases. The presence of a specific set 
of secreted proteins cou Id be related to the soil composi tion of the fields, with d ifferent 
his tories of legurnes in the US and Eu rope. The possibility of deciding the host preference 
based on compounds released by legumes roots has been suggested for closely related 
legume root-infecting Phytotihthora species [113]. ln addition, the use of partialay resistant 
aUalfa cultivars in the US could also con tribu te to the diversity of A. euteiches as it could 
allow the selection of better-adapted strains such as NCl. 

finally, the 'non-core' secretome shows a ttigher abundance of small secreted proteins 
(SSP) with unknown functions as compared to the 'core' secretome. lt is suspected that 
SSPs may play arole in the host adaptation of fungi bu t this aspect remains tmclear [114]. 
However, their importance in the successful interaction with the host has been reported 
for va r ious funga l symbionts and pathogens [114-117). The presence of large variations 
in the gene number of SSPs within phytopathogenic ftmgi suggested that the molecular 
function of SSPs cou Id be linked to the d ifferent infection stra tegies developed by such 
mio·oorganisms [114]. In Leptosphaerin mawln11s, the expression of SSPs is regulated during 
p lant infection a nd is also i1l fluenced by phys ical parameters such as the presence of 
an tibiotics from prokaryotes in the rhizosphere [117). îlùs suggests that ftmgal SSPs, iJ1 
addit ion to their role in plant in teraction, may pMticipate in ecological niche colonizatfon 
by shaping plant-associated microbial interactions [118]. In a previous article, we repor ted 
the p resence of SSPs in oomycetes [41]; here, we propose tha t SSPs may participate in 
d etennining the h.ost preference. The classification of SSPs from A. euteiches iJ,to three 
groups based on their amino acid composition may help to uruavel their lmknown function. 
This is exemplified with AeSSP1256, a 'core SPP' from the G-rich class, wlùch llijacks a 
Medicago lrw1cat11la RNA-helicase from its nucleic ta rget and promotes A. eufeiclres roots' 
infection [119). 

In conclusion, this study provides a high-q uali ty genome reference for A. euteiclres 
at the nuclear and mitochondrial levels. Our comparative secreto me analysis of A. e11te­
icltes species with different legume preferences mainly identified secreted proteins shared 
between species. The microbial molecula r determinants of legumes' preferences remain 
elusive, although this work shed s light on the presence of a certain degree o f specifici ty at 
the level of SSPs' repe rtoire. 
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4. Chapter IV - Modular Extracellular Proteases Secreted by the Root 
Pathogen Aphanomyces euteiches 
 

During the comparative genome analysis presented in chapter II, we notified that in the 

genome of A. euteiches there is a large repertoire of predicted secreted proteases. Previous 

studies highlighted the importance of plant apoplastic proteases in the immune responses and 

defence. However, very few studies focused on apoplastic proteases secreted by the pathogen. 

Here genome mining demonstrated that high proportion of the secreted proteases are tandemly 

repeated in the genome of A. euteiches. This supports the hypothesis of their involvement in 

the pathogenicity as previously the tandem repetition was shown for many effector proteins in 

oomycetes. Expression analysis of the A. euteiches genes showed the upregulation of trypsin, 

papain-like and zinc carboxypeptidases during the infection of model plant M. truncatula.  

To validate the presence of A. euteiches secreted proteases in the apoplasm of infected 

roots we established a novel assay for identification of the active proteases. Activity Based 

Protein Profiling (ABPP) coupled with protein mass spectrometry. As Serine and Cysteine 

proteases were the most abundant in A. euteiches genome, for ABPP pull down experiments 

we have selected probes against serine and cysteine hydrolases. For the assay a natural host of 

A. euteiches ATCC201684 Pisum sativum was chosen.  

The proteomics analysis revealed a dataset of 32 serine and cysteine proteases being 

active in infected pea roots. This set of proteases around 30% of proteases detected expressed 

in the RNASeq experiment. Among the identified proteins we found novel types of modular 

secreted proteases, which are composed of the proteolytic domain (PLCP or Subtillisin) and a 

‘binding’ domain with affinity to either lipids (CAP, ML domains) or to carbohydrates (CBM1 

domain). Whereas PLCP-ML proteins have homologs within all the Stramenopiles lineage, the 

other modular proteases were identified as unique to Aphanomyces genus.  

The chapter is presented as a manuscript ready to be submitted to a Frontiers in Plant 

Science journal special research topic dedicated to root diseases of legume crops 

https://www.frontiersin.org/research-topics/35207/legume-root-diseases. 
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Abstract 

To successfully colonize the host, phytopathogens develop a large repertoire of 

components to combat host plant defense mechanisms and to be able to survive in adverse 

environmental conditions. Microbial proteases are predicted to be crucial components of these 

systems. In the present work we aimed to identify active secreted proteases from the oomycete 

Aphanomyces euteiches, causing root rot diseases on legumes. Genome mining and expression 

analysis highlighted the overrepresentation of microbial tandemly repeated proteases, which 

are upregulated during the host infection. Activity Based Protein Profiling (ABPP) on 

apoplastic fluids from pea roots infected by the pathogen, allows the mass spectrometry 

identification of 32 active extracellular microbial proteases. This dataset represents around 

30% of the total serine and cysteine proteases genes expressed by A. euteiches during legume 

infection. In addition, ABPP points out 6 original modular secreted proteases form of a 

proteolytic domain (papain-like cysteine proteases PLCP or serine protease) associated to a 

non-catalytic domain that display ‘binding’ properties either for lipids (CAP, ML domains) or 

carbohydrates (CBM1 domain). Transient expression in Nicotiana leaves of selected modular 

extracellular proteases from A. euteiches, positively promote oomycete infection. This study is 

the first in vivo characterization of oomycete proteases present during host plant infection. It 

reveals original modular extracellular eukaryotic proteases as potential pathogenicity factors 

in Aphanomyces genus.  
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1. Introduction 
Root rot diseases remain a major global threat to the productivity of agricultural crops. 

The term ‘root rot’ has been widely used to describe a group of diseases characterized by 

softening and necrosis of the roots, producing a broad spectrum of lesions with various color 

and size (Sharma et al., 2022). The widely spread Oomycetes and Fungi are the most prevalent 

soil-borne root rot pathogens (Gaulin et al., 2007; Dean et al., 2012). Aphanomyces root rot 

(ARR) disease is one of the major limitation factors in North American (Papavizas and Ayers, 

1974; Wu et al., 2018) and European pea (Quillévéré-Hamard et al., 2018) cultivation areas, 

with some recent of disease in Australian faba bean cultures (Watson et al., 2013). Infected 

plants have brown water-soaked roots, which are impaired in the development, while the 

disease can cause from 26 to 86% of the yield loss in the infected field depending on cultivar 

(Conner et al., 2013). Resistance to ARR is known to be mediated by more than one gene and 

designed as quantitative resistance, providing only a partial resistance of pea against the 

invader (Quillévéré-Hamard et al., 2020). To limit outbreaks, cultural practices as crop 

rotations, due to the capacity of A. euteiches as numerous others root rot pathogen to survive 

on plant debris or form resting structures in the soil (Moussart et al., 2009), are recommended. 

While ARR can be caused by a single pathogen, there is evidence that different combinations 

of A. euteiches with others filamentous pathogens as Fusarium sp (fungi), Rhizoctonia solani 

(Fungi), Pythium spp (oomycete) or Phytophthora spp. (oomycete) may interact and infect the 

plant conjointly forming the pea root rot complex (PRRC) (Baćanović-Šišić et al., 2018; 

Chatterton et al., 2019)  
Before entering the root cells, plant pathogens including A. euteiches may pass the 

apoplasm. Due to its extracellular nature, apoplasm is involved in the perception and 

transduction of environmental signals (for review see Farvardin et al., 2020). On plant microbe 

detection, plant cell wall is modified and the fluidic apoplasm become a harsh environment 

equipped by means of antimicrobial compounds and various type of enzymes to restrict 

pathogen infection (Jashni et al., 2015; Dora et al., 2022). Basically, to survive in plant 

apoplasm, phytopathogens depends on their ability to harvest nutriments, to hide from the host 

surveillance system and to attenuate host defense responses. Therefore, those pathogens 

produce (CWDE) and evolved molecular mechanisms to permit hiding, inhibition of defense-

induced components, and detoxification/degradation of hosts components (Rocafort et al., 

2020). Within the two-last category, secreted proteases are present in the extracellular space of 

infected plant tissues and originated from both the host and the pathogen (Jashni et al., 2015; 

Paulus et al., 2020). 
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Plant-secreted proteases are suspected to play major role during oomycete infection and 

numerous are highly upregulated during host colonization as exemplified with the aspartic 

protease StAsp from potato (Guevara et al., 2005) or the P69B serine protease from tomato 

(Tian et al., 2004). The P69B subtilase also catalytically activates the extracellular immune 

protease RcR3 in tomato against late blight disease (Phytophthora infestans) (Paulus et al., 

2020), as others subtilases from different plant family. Silencing in Nicotiana benthamiana 

leaves of an extracellular C14 protease induced by P. infestans, enhances susceptibility against 

the pathogen (Kaschani et al., 2010). Thus, plant proteolytic activity may provide a robust 

apoplastic immunity, however, the defense function of most plant apoplastic proteases remain 

largely elusive.  

Recent evidences showed that proteases from oomycetes might also play a role during 

plant invasion. Expression profile of in-silico identified metalloprotease from P. infestans 

pinpointed a dozen of enzymes that potentially affect virulence of the pathogen (Schoina et al., 

2021). Knockout-mutants of two secreted cysteine proteases from P. parasitica (PpCys44, 45) 

present a reduced virulence during N. benthamiana infection, while overexpression of both 

proteases in the plant apoplasm triggers cell death (Zhang et al., 2020). In addition, a general 

counter-defense strategy used by invading oomycetes relies on the inhibition of host proteases. 

In Phytophthora, a large group of ‘extracellular cystatin-like protease’ (EPIC) are known to 

target RcR3 from tomato to inhibit its activity in apoplasm (Kaschani et al., 2010). Kazal serine 

protease inhibitors from Phytophthora also act as inhibitor of plant proteases as exemplified 

with EP1 and EPI10 that target tomato P69B subtilase (Tian et al., 2004, 2005). Genome 

mining of the fish pathogen S. parasitica linked the abundance of secreted proteases with an 

adaptation to animal hosts (Jiang et al., 2013). Gene editing of an extracellular serine subtilisine 

protease from A. invadans drastically reduced fish ulcerative symptoms (Majeed et al., 2018) 

and extracellular proteases from S. parasitica and A. invadans secreted in culture medium have 

been reported as active against fish immune IgM antigen, suggesting their contribution as 

virulence factors (Jiang et al., 2013; Majeed et al., 2017). In phytopathogenic Phytophthora 

species a critical role in pathogenicity for the serine, cysteine and metalloproteases is also 

predicted (Zhang et al., 2020; Schoina et al., 2021). Interestingly, the genome of A. euteiches, 

in addition to numerous CWDE, is characterized by a large representation of putative 

extracellular proteases as in the crayfish pathogen Aphanomyces astaci (Gaulin et al., 2018; 

Becking et al., 2021; Kiselev et al., 2022), suggesting a key role for infection.  

To characterize oomycete enzymes contributing to virulence, Meijer et al., (2014) 

performed a proteome profiling of the secretome from P. infestans grown on plant-based media 
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and identified one aspartic protease, four cysteine proteases and two metalloproteases (Meijer 

et al., 2014). Similar studies of other Phytophthora species do not allow the identification of 

any proteases in the secretome (Severino et al., 2014; McGowan et al., 2020). This apparently 

contradicting results suggest that untargeted in vitro methods are may be not well adapted for 

protease identification. Activity-based protein profiling (ABPP) is a technique that uses highly 

selective active-site targeted chemical probes to label and characterize in vivo, active proteins 

including proteases (van der Hoorn et al., 2004; Kaschani et al., 2009). According to MEROPS 

database (Rawlings et al., 2018) proteases are classified according to their catalytic site and 

distributed into six major classes: cysteine proteases (C), serine proteases (S), aspartic 

proteases (A), metalloproteases (M), threonine peptidases (T), asparagine peptide lyases (N), 

mixed catalytic types (P) and unassigned families. For ABPP approach a set of various probes 

was developed to target different families of proteases including Papain-like cysteine proteases 

(PLCP), Serine hydrolases, proteasomes, matrix metalloproteases (van der Hoorn and Kaiser, 

2012). In this context a proteolytic-based immune cascade involved in recognition of Avr2 of 

fungal pathogen Cladosporium fulvum (Paulus et al., 2020), or the role of secreted inhibitors 

from oomycete P. infestans (Kaschani et al., 2010) were characterized. This system was also 

successfully used to assign the functions of many plant secreted proteases (van der Hoorn, 

2011).  

Here we assessed whether the large repertoire of predicted A. euteiches proteases may 

play a role during host infection using an ABPP approach on infected-pea roots. We firstly 

precise the repertoire and genome organization of A. euteiches secreted proteases and evaluated 

their expression upon host infection. We set up an ABPP method on pea roots colonized by A. 

euteiches, to identify apoplastic active microbial proteases by LC-MS. We identified 32 

microbial proteases; among them 7 papain-like cysteine proteases show original architecture 

due to the presence of ‘a binding domain’ in addition to the catalytic region. This work showed 

ABPP as an efficient in vivo tool to quickly support genomics prediction of microbial 

pathogenicity factors. It allows the identification of original oomycete modular cysteine 1A 

proteases, that A. euteiches secrete in the apoplastic host space to initiate disease process.  
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Results 
 
A. euteiches encodes numerous secreted proteases, tandemly duplicated in the genome 

We previously reported upon the genome annotation of the pea strain ATCC201684 

from Aphanomyces euteiches, the large representation of secreted proteases as compared to the 

phytopathogen oomycete Phytophthora infestans (Gaulin et al., 2018; Kiselev et al., 2022). 

Accordingly, the AphanoDB (https://www.polebio.lrsv.ups-tlse.fr/aphanoDB/), a database 

dedicated to the genus Aphanomyces, contains 518 proteins with a PFAM-based GO Peptidase 

activity (GO:0008233), with trypsin S1 as the largest family (74 genes) in A. euteiches. Among 

all the proteases, 151 proteins contain a predicted signal peptide (+SP) and no transmembrane 

domain (-TM) (ST1). Secreted proteases account for 28,5% of total set of proteases from A. 

euteiches indicating significant enrichment in the secretome (Fischer exact’s test p < 0,05). As 

illustrated in Figure 1A, more than 80% of secreted proteases correspond to five families based 

on PFAM domains: serine proteases from S1, S8/S53, S28 (trypsin, subtilase and 

carboxypeptidase), papain-like cysteine proteases C1A (PLCPs) and metalloproteases M14. In 

all these five families the number of secreted proteases is greater than non-secreted, along with 

two families of metalloproteases M8 and M12A, consisting of 5 secreted and 1 non-secreted 

proteins each. The A. euteiches secretome has scarcely any carboxypeptidase (S10) X-Pro 

dipeptidyl-peptidase (S15), cysteine peptidases (C69 and C13) and aspartyl proteases (A1) and 

no M3 peptidases (ST2). Thus, the secretory repertoire of proteases in A. euteiches spans 

thirteen families among 281 described in MEROPS. 
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Figure 1. Mining of protease sequences from A. euteiches genome A). Repartition of 

proteolytic enzymes between secreted and non-secreted proteins in A. euteiches ATCC201684 

genome. Proteolytic domains determined by InterProScan software against Pfam database. 

Secreted proteins (light-grey) correspond to proteins with a predicted signal peptide and 

without a predicted transmembrane domain. Data extraceted from AphanoDB (Madoui et al., 

2007; Gaulin et al., 2018) database. B). Distribution of secreted proteolytic enzymes in 

multigene families and tandem repeats. Multigene families determined using Markov Cluster 

Algorithm (MCL) with a blast e-value < 1e-30, MCL inflation rate 1.5. Proteins considered in 

Tandem Repeats (TR), when having adjacent copy (blast e-value <1e-80, coverage > 80%) C). 

A 97 kb genome region (between Ae201684P_13017 and Ae201684P_13042 genes) in 2,7 Mb 

contig of A. euteiches enriched in tandemly repeated secreted subtilases (multigene family 3). 

The cluster contains 25 genes, and red arrows indicate 12 secreted subtilases, while blue arrows 

correspond to various type of non-secreted proteins. See ST4 for the detailed description of 

proteins present in the cluster.  
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Since tandem duplication of genes is a driving force for the expansion of oomycete 

sequences related to pathogenicity (McGowan et al., 2019), we looked for genomic 

organisation of secreted proteases within A. euteiches genome. Markov cluster algorithm 

(MCL) grouped 138 secreted proteases (92%) from the genome sequence of A. euteiches into 

10 multigene families (blast e-value < 1e-30, MCL inflation rate of 1,5), with size ranging from 

2 members to 37 per family (average of 14) (Figure 1B). S1 trypsin proteases were grouped 

into two different subfamilies of 7 and 37 members, as well as subtilases formed two multigene 

families of 24 and 2 members while the other types of secreted proteases formed only a single 

multigene family per type. Only twelve secreted proteases do not present any paralog and 

considered as singletons (ST3). Tandemly repeated secreted proteases within each family we 

searched by looking for those having an adjacent copy (blast e-value <1e-80, coverage > 80%). 

For eight of ten families we found that a large proportion (over 28%) of the genes were 

tandemly replicated, while two small multigene families containing metallopeptidases M13 

and Subtilases and pro-kumanolisin prodomain did not contain any tandem duplications. 

Tandem duplication rate of secreted proteases is between 33-60% in A. euteiches, while an 

average rate of 4-14% for whole genome in oomycetes is reported (McGowan et al., 2019).  

The identification of multigene families with a high proportion of tandemly repeated 

genes prompted us to localize the family members in the genome of A. euteiches. We observed 

that for each multigene family there is a genome region consisting mainly of the family 

members. For the illustration we selected a 97 kb region in the contig 762, which encodes for 

25 genes, among them 13 are secreted subtilases from the same multigene family (Figure 1C). 

Other genes from the cluster represent CYP450, endonuclease, Na/H exchanger, phosphatase, 

several Small Secreted Proteins (SSP) and proteins with unknown function (ST4). This 

genomic organisation of subtilases within A. euteiches was not detected in others oomycetes 

genomes using FungiDB or OGOB synteny searches (Basenko et al., 2018; McGowan et al., 

2019), despite the presence of orthologous genes both in Saprolegniales and Peronosporales 

orders. The absence of the similar gene clusters in the animal pathogenic species from 

Aphanomyces genus support the hypothesis that duplications of secreted proteases happened 

during adaptation to the host plant. Altogether these data suggest that within A. euteiches, 

secreted proteases are pathogenicity factors that evolved through tandem duplication events 

which may offers the flexibility for a broad range pathogen as A. euteiches. 
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A. euteiches secreted proteases are induced during the infection 

To identify whereas there is a transcriptional regulation of secreted proteases during 

infection of the host plant, we mined our previous dual RNAseq experiment consisting of three 

time points of infection (1, 3, 9 days post infection) of a susceptible Medicago truncatula 

F83005.5 line (Gaulin et al., 2018). 118 secreted proteases were expressed during among them 

79 were differentially expressed (DE, adjusted p-value <0,05) in comparison to a mycelium 

grown on the synthetic media (Figure 2, ST5). The trypsin S1 and zinc carboxypeptidase M14 

genes are highly express from 1 to 9 dpi post infection, as most of the papain C1A and 

carboxypeptidase M13 genes. Within the subtilases S8/S53 families, around 50% (17 genes) 

are differentially upregulated upon time, while five were downregulated. The proteases that are 

organized in tandemly repeated clusters (9 genes) do not present the same expression pattern, 

suggesting functional diversification of duplicated gene. The transcriptomics evidence of 

massively upregulated secreted proteases during infection of M. truncataula roots supports the 

role of these genes as pathogenicity factors of A. euteiches. In addition, various expression 

patterns observed within similar proteins of the same multigene family suggested an 

independent transcriptional regulation and function of tandemly repeated secreted proteases. 
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Figure 2. Aphanomyces euteiches differentially expressed genes coding for secreted 

proteases during Medicago truncatula infection. Three first columns of the heatmap 

represents log2(Fold Change) value of the significantly differentially expressed genes (DEG, 

p-value <0.05) during the time course of infection of M. truncatula roots (1, 3, 9 days pot 

infection) as compared to the free-living mycelium. The fourth column represents the 

identification of secreted proteases in activity-based proteome profiling proteomics (ABPP) 

experiment using probes against active serine and cysteine hydrolases (where ‘+’ signifies that 

the protein was detected in proteomics experiment, blank cell signifies the protein was not 

detected in the proteomics experiment, ‘n/a’ signifies, that in proteomics experiment the probe 

used in the assay is not active against that catalytic core). Letter indexes next to a gene name 

represent the presence of an atypical binding domain within the secreted proteases: a) PAN 

domain (PF14295) b) ML domain (PF02221) c) Fungal cellulose binding domain (PF00734) 

d) cysteine rich secretory protein (PF00188). Braces on the right side of the gene name indicates 

adjacent tandemly repeated genes. 
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A. euteiches triggers root rot symptoms on pea in a semi-sterile infection system  

To evaluate the contribution of secreted proteases during legume infection, we 

hypothesized the presence of A. euteiches extracellular proteases within the apoplasm of 

infected roots. We established a semi-sterile pathosystem using Pisum sativum to collect 

sufficient volume of apoplastic fluid (AF), after roots infection by A. euteiches. The growing 

system based on pots filled with zeolite as solid substrate and Fåhraeus media (Fåhraeus, 1957) 

as a nutritive solution is illustrated in Figure 3A. Root rot symptoms (root browning) were 

observed within 15 days after infection of the pea Precovil line by zoospores (Figure 3B, C). 

No death of emerged plantlets was recorded during the experiment. Cross sections of infected 

primary roots at 15 dpi in combination with specific staining of the pathogen using wheat-germ 

agglutin showed the intensive colonization of root tissues by the pathogen (Figure 3D). In 

addition, accumulation of phenolic compounds (visualized as blue fluorescence) within the root 

cortex induced by the presence of A. euteiches was recorded. This observation is reminiscent 

to the one detected upon infection of a tolerant line of the model legume Medicago truncatula 

(i.e. Jemalong A17) by the same strain of A. euteiches (Djébali et al., 2009). In M. trunctaula 

in addition, to the restriction of the pathogen into the root cortex, an additional layer of 

pericycle cells is detected at 15 dpi. Within P. sativum, at 15 dpi A. euteiches is also restricted 

to the root cortex and induced reinforcement of the pericycle cells (Figure 3D), suggesting a 

tolerant interaction with the Précovil line.   
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Figure 3. Interaction between A. euteiches and pea cv. Précovil. A). Photographs of culture 

pots filled with zeolite substrate and pea grown for 15 days (18h/6h day/night, 210C) Roots of 

infected and mock treated pea (B, C respectively) at 15 dpi with 105 zoospores. The black 

arrow points to root rot symptoms observed in infected roots. D). Cross sections of primary 

roots from infected (left) and mock treated (right) plants. The cross sections were stained with 

Wheat Germ Agglutinin-Alex Fluor 555 conjugate to stain A. euteiches hyphae (in green, lower 

arrow), and UV fluorescence of phenolic compounds (in blue) and pericycle cells 

reinforcement (upper arrow) in the infected root.  
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 A. euteiches secretes active serine hydrolase and cysteine proteases into plant apoplasm 

during pea infection 

 

To identify secreted proteases from A. euteiches present during P. sativum infection we 

used an Activity-Based Protein Purification (ABPP) assay and tandem mass spectrometry as 

outlined in Figure 4. Apoplastic fluid (AF) was isolated from infected and non-infected roots 

using vacuum infiltration with water followed by low-speed centrifugation. Two ml of the 

isolated AF was incubated with a cocktail of FP (labelling Serine proteases) and DCG-04 

(labelling Cysteine proteases) probes fused to biotin tag. The similar volume was incubated 

without probes to further identify natively biotinylated proteins (NPC, No-Probe-Control). The 

FP-Biotin and DCG-04-Biotin probes are commercially available ABPP probes with a high 

affinity to the target proteins representing over 80% of the total arsenal of A. euteiches secreted 

proteases. Labelled and NPC samples were pulled down on streptavidin beads, digested with 

Trypsin and subjected for mass spectrometry protein identification. 
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Figure 4. Schematic representation of the Activity-Based Protein Purification (ABPP) 

assay. Roots of P. sativum were inoculated with a zoospore suspension of A. euteiches. 

Apoplastic fluids (AF) were collected 15 days post infection (dpi) and labelled with a cocktail 

of FP-Biotin (serine proteases) and DCG04-Biotin (cysteine proteases) probes for a pull-down 

assay. Control samples (mock) correspond to non-inoculated roots. Apoplastic active serine 

and cysteine proteases were identified by LC-MS/MS analysis after pull down on streptavidin 

beads. 
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Protein identification by mass-spectrometry analysis was performed with MaxQuant 

software using the latest genome assembly of A. euteiches (Kiselev et al., 2022) and P. sativum 

(Kreplak et al., 2019). Protein identification revealed a total of 3 641 proteins groups (PG) 

(Figure 5A). PGs can represent several similar proteins, which are not distinguishable by 

detected peptides, and tandemly repeated A. euteiches proteins were often detected within one 

PG. The PGs containing P. sativum proteins were filtered out (525 PG), and 20 A. euteiches 

PGs identified in mock-treated samples were removed. For further analysis 274 PGs were kept, 

detected in at least three out of four replicates of the infected samples. From the resulted list 

59 PGs were carrying the Serine or Cysteine hydrolase domain (ST6), while 52 of them were 

enriched in the ‘probe’ samples vs No-Probe-Control (p-value <0.05). Among the 52 PGs 26 

were predicted as secreted and 3 proteins have no transcript within the RNAseq data, leading 

to a final set of 32 proteins. In addition, most of the corresponding genes are differentially 

expressed (28) at least at one time point during the infection of M. truncatula. (Figure 2). From 

the 115 annotated Cys and Ser hydrolases that could be labelled with the selected probes, 99 

(~85%) have a transcript in at least one of the infection time point. Therefore, the ABPP-MS 

approach allows identification of 30% of the expressed sequence.  

The set of the MS-identified secreted proteins consists of 4 PGs of subtilases that 

include 7 proteins, 4 PG of trypsines (6 proteins), 1 PG of Serine carboxypeptidase S10 (1 

protein), 4 PG of Serine carboxypeptidase S28 (4 proteins), 5 PG of Papain-like cysteine 

proteases (PLCP) (5 proteins). Eight PG include 8 secreted modular proteins, in which an 

additional PFAM domain is associated to the proteolytic domain. Their correspond to: 1 PG of 

Subtilase + PAN domain (PF14295, 2 proteins), 2 PG of PLCP + Cysteine-rich secretory 

protein-CAP (PF00188, 2 proteins), 2 PG of PLCP + ML domain (PF02221) + Cathepsin 

(PF08246, 2 proteins) and 1 PG with PLCP + fungal cellulose binding domain (PF00734, 2 

proteins). 

All the MS-identified subtilases are present in the same gene cluster located in contig 

762 presented in Figure 1C. For the trypsines, 7 out of 8 proteins are also originated from the 

same gene cluster in contig 60. A third cluster from contig 595 correspond to the PLCPs with 

or without additional PFAM domain. In addition to clustered proteases, two couples of 

tandemly repeated proteins were identified: carboxypeptidases (Ae201684P_17000 and 

_17001) and PLCPs-CAP proteins (Ae201684P_8414 and _8415). Both proteins of each 

repeats are identified as a separate PG indicating their presence in the sample. Altogether, this 

data supports the prediction of proteases gene clusters in A. euteiches genome and revealed the 

presence of active secreted proteases from the pathogen in the apoplasm during host infection.  
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Figure 5. Data analysis workflow of secreted proteases from A. euteiches A). Downstream 

analysis of the MaxQuant assigned Protein Groups (PG). The number of PGs on each step is 

indicated in bold. B). List of the mass spectrometry identified extracellular serine and cysteine 

proteases from A. euteiches present in apoplastic fluid of pea, 15 days post infection. Gene IDs 

refer to AphanoDB nomenclature. Note that sequence present in one line of the table belong to 

the same PG. 
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A. euteiches produces modular extracellular serine and cysteine proteases during legume 

infection 

 

Most families of fungal/oomycetes serine or cysteine proteases families correspond to 

single-domain protein (Muszewska et al., 2017). The identification by MS of modular 

extracellular proteases may suggest a specific function of these enzymes for A. euteiches 

invasion. Identified modular proteases harbour an additional binding domain consisting of a 

PAN Apple domain (PF14295) for subtilases and a ML lipid binding domain (PF02221), a 

CAP domain (PF00188) or a CBM1 cellulose binding domain (PF00734) for papain-like 

cysteine proteases (PCLP). PAN Apple and CBM1 has been suggested to mediate 

protein/carbohydrate or protein/protein interactions (Tordai et al., 1999), while CAP and ML 

domain are related to sterol and lipid binding capacities respectively (Inohara and Nuñez, 2002; 

Schneiter and Di Pietro, 2013). InterProScan domain architecture search revealed the large 

distribution within eukaryotes of modular PAN-trypsin proteases with an emphasis in animals, 

but the combination of PAN-domain with a subtilase (serine) domain is unique to Aphanomyces 

genus. While the extracellular modular cysteine protease C1A domain associated with a lipid-

binding ML domain are present in several Stramenopila including oomycetes, yellow-green 

(Xanthophyceae, Tribonema minus) and brown algae (Phaeophyceae, Ectocarpus siliculosus), 

the other combinations are restricted to Aphanomyces genus for C1A:CBM1, and C1A:CAP, 

while secreted proteins with domains in reverse order, e.g CAP:C1A using IntrPro domain 

search were also detected in heterotrophic Amoebozoan slime moulds (Planoprotselium 

fungivorum, Dictyostelium purpureum, Polysphondylium pallidum). Subtilase:PAN/Apple 

domain architecture is abundant within Aphanomyces genus with variations from 1 to 4 

PAN/Apple domains at C-term, also detected one example of the architecture in 

phytopathogenic oomycete Pythium ultimum and unicellular marine algae Virtella 

brassicaformis.  

The gene cluster of PLCPs (contig 595) identified by MS displays the unique structure 

of modular cysteine proteases. Within a range of 50 kb it encodes 12 PLCPs genes, which have 

a conserved C1A (PLCP) domain at the Nterminal region associated with a variable Cterminal 

region consisting either CBM1, CAP or no domains (Figure 6A). The structural modelling and 

InterProScan analysis showed that the additional binding module is connected to the protease 

domain through a disordered linker, often represented as a PT-repeat. Multiple alignment of 

C1A domains (Figure 6B) of those proteins showed a very high similarity (~85%), suggesting 

a first duplication of the domain (gene) followed by the acquisition of the additional module 
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for modifying the initial function of the C1A domain. To predict whether the additional domain 

within modular PLCP may modulate the activity of the corresponding enzyme, we predict with 

AlphaFold-2 the structure of the catalytic and binding domains of each protease. The predicted 

3D modelling was aligned with a reference structure of each domain. As depicted in Figure 

6C-E, all the modular proteins keep a structural homology (RMSDE score <= 1) with the 

reference structure. Despite a slightly higher RMSDE score of ~4, the structural alignment of 

ML-domain revealed also a structural topology to the immunoglobulin (PDB 1AHM). 

According to the modelling results, the additional ‘binding’ domain detected in the 

extracellular PCLP of A. euteiches may serve for adhesion of a protease to a specific substrate 

to enhance its activity during infection.  
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Figure 6. Domain architecture and 3D prediction of modular papain-like cysteine 

proteases (PLCP) from A. euteiches identified in pea apoplastic fluids A). Protein domain 
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architecture of the clustered PCLPs from A. euteiches on contig 595. C1A = cysteine protease 

domain type C1A (PF00112); CBM1 = carbohydrate-binding module (PF00734), CAP = 

Cysteine-rich secretory protein (PF00188), PT = PT-repeat (PF04886). Dashed-grey filled 

boxes – disorder prediction performed by InterProScan. B). Multiple alignment of 12 proteins 

from clustered cysteine proteases encoded on contig 595 , performed with ClustalO algorithm 

and visualized with Jalview C-E PyMol generated representation of selected A. euteiches 

modular protein and a reference structure of a domain. Structures superposition ‘align’ Domain 

architecture of proteins from the cluster. C). Ae201684P_4615 (grey), Cysteine protease PDB 

1BP4 (yellow), ML-domain PDB 1AHM (cyan). RMSD scores: C1A domains 0.674, ML-

domains = 4.475. D). Ae201684P_8415 (grey), Cysteine protease PDB 1BP4 (yellow), CAP 

domain PDB 1SMB (red). RMSD scores: C1A domains 0.877, ML-domains = 1.077. E 

Ae201684P_8407 (grey), Cysteine protease PDB 1BP4 (yellow), CBM1 domain PDB 5X34 

(magenta). RMSD scores: C1A domains 0.787, CBM1-domains = 0.937. Structural predictions 

were performed using AlphaFold2. 
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Discussion 

The genome of A. euteiches is enriched in extracellular proteolytic enzymes consisting 

to trypsin (serine protease, S1 class) and papain proteases (cysteine protease, C1 class) (Kiselev 

et al., 2022). In this study, we precise the genomic organisation of these proteases sequences 

and characterize whether they are present and active during legume infection using an ABPP-

MS approach. We have identified original modular PCLP and subtilisin extracellular proteases 

into the apoplasm of infected roots that may contribute to A. euteiches pathogenicity. 

The curated annotation of the predicted proteases from the reference ATCC201684 long-

read sequenced strain of A. euteiches ATCC201684 showed that up to 60% of secreted protease 

genes were found tandemly repeated and frequently organized in large clusters enriched in 

proteases (e.g. over 50% of genes within a cluster encode proteases). Of 20 oomycete species 

analysed, McGowan et al. identified that 40% of them display GO terms enrichment in terms 

linked to pathogenicity as ‘catalytic activity, acting on protein’ (GO:140096) and ‘peptidase 

activity’ (GO:0008233) (McGowan et al., 2019) in tandem duplicate genes. Tandem gene 

duplication in combination with homologous recombination are postulated to accelerate 

pathogenicity factors evolution within oomycete genomes (Haas et al., 2009; Fitzpatrick et al., 

2010; Liang et al., 2020). In A. euteiches, we suspected neo-functionalization after tandemly 

duplication of the secreted cysteine protease family, due to the presence at the C-terminal part 

of the enzymes of various additional domain associated either to carbohydrate-binding capacity 

(CBM1, PAN-Apple) or sterol/lipid affinity (ML, CAP).  

Whole expression analysis on M. truncatula roots infected by the pathogen, identified 

induction of Serine (trypsin, subtilisin), Papain-like Cysteine proteases (PLCP) and Zinc 

carboxypeptidases (M14) during the infection. Most of the secreted cysteine and serine 

proteases showed induced expression from the first day of infection, with increase in number 

of induced genes in 3 and 9 days after infection, suggesting a key role for plant invasion. The 

developed ABPP-MS assay on apoplastic fluid from pea roots infected by A. euteiches using 

probes that target serine (FP) and cysteine (DCG04) proteases, allows the identification of 32 

A. euteiches extracellular active proteases. This set of active enzyme covers ~30% of total 

number of expressed genes during M. truncatula infection, showing the efficiency of ABBP 

assay to identify putative pathogenicity factors.  

Several studies regarding plant-microbe interactions (van der Hoorn et al., 2004; Meijer 

et al., 2014) have reported the presence of plant proteases within infected tissues, and only few 

microbial proteases have been functionally characterized. Here we focused on a detection of 
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active serine and cysteine proteases, as the most abundant in A. euteiches genome, using well-

characterized commercially available ABPP probes (FP for serine and DCG-04 for cysteine 

proteases). Thus, if oomycete identified cysteine/serine proteases take part to A. euteiches 

pathogenicity we can hypothesise their contribution in the degradation of host components like 

structural proteins from the plant cell wall. As example, the secreted SNP1 trypsin from 

Parastagonospora (Stagnosphora) nodorum is directly involved in the release of 

hydroxyproline from wheat cell wall (Carlile et al., 2000) probably from pathogenesis induced 

Hydrolyprolin-rich Glycoporteins (HRGPs) (Mazau and Esquerré-Tugayé, 1986). 

Alternatively, secreted cysteine/serine proteases from A. euteiches may counteract plant-

defense proteins, be toxic for the root tissues or have a nutritional role for the pathogen. 

Although example is missing, the production of proteases and inhibitor of proteases by 

numerous plants during infection suggest that there is a need from the plant to limit such 

microbial activities. Accordingly, plant subtilase P69B cleaves cysteine-rich secreted protein 

PC2 from P. infestans to create immune peptides, while P. infestans secretes a Kazal-like 

inhibitor to prevent PC2 cleavage (Wang et al., 2021). Plant papain like cysteine proteases are 

also known to play an important role in the plant defence, and being targeted by proteins from 

pathogens (Paulus et al., 2020) as the tomato C14 PLCP is inhibited by cystatin-like EpiC1 and 

EpiC2B and Avrblb2 from P. infestans (Misas‐Villamil et al., 2016).  

The remarkable signature of the identified proteases in the apoplastic fluid of infected-

pea roots, correspond to multidomain proteases with an additional ‘binding domain’ having 

affinity for carbohydrates or lipids/sterols. Eukaryotic proteases are rarely associated with a 

non-catalytic domain, but A. euteiches secreted several different combinations of modular 

proteases: cysteine proteases with CBM1, ML, CAP domains, serine proteases with 

PAN/Apple domain. All those proteases are expressed by the pathogen during roots infection 

of the model plant M. truncatula (Gaulin et al., 2018). While the extracellular modular cysteine 

protease C1A domain associated with a lipid-binding ML domain are present in several 

Stramenopila including oomycetes, yellow-green algae (Xanthophyceae, Tribonema minus) 

and brown algae (Phaeophyceae, Ectocarpus siliculosus), the other domain combinations (i,e 

C1A:CBM1 and C1A:CAP) are restricted to Aphanomyces genus.  

Structural prediction of the modular C1A proteases of A. euteiches indicates that the 

additional domain does not form a lid structure or occluding loop that can cover the active site, 

suggesting the evolution of specialised functions for these cysteine proteases. Inappropriate 

activity of proteases can be deleterious to the cell or the organism that produce them, thus 

proteases activity is regulated to allow proteolysis event only in an adapted environment or 
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cellular compartment (For review see Kopitar-Jerala, 2012). Here we can suggest that the non-

catalytic protease-associated domain found in A. euteiches correspond to regions responsible 

for regulation or targeting of the enzymes.  

To conclude the ABPP approach allows the first characterization of microbial eukaryotic 

apoplastic proteases acting as pathogenicity factors during plant-pathogen interactions. This 

system can be easily translated into any other pathosystems and will facilitate the global 

challenge for the selection of microbial candidate genes for functional analysis. It highlighted 

the existence of original modular extracellular cysteine proteases produce by a root rot 

pathogen to enhance host infection.  
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Materials and methods 

A. euteiches genome mining 

Genome assembly (SRA accession SPR355760), predicted proteome sequence, 

expression data (RNASeq) of A. euteiches ATCC201684 were accessed through AphanoDB 

database (https://www.polebio.lrsv.ups-tlse.fr/aphanoDB/). The peptidases of A. euteiches 

were extracted as proteins harboring GO:0008233 and its child terms. To classify the genes 

into multigene families the Markov Clustering Algorithm was applied (inflation rate 1,5) to 

cluster pairwise blast results (e-value < 1 1e-30). Tandemly repeated genes were identified as 

adjacent genes (blast e-value <1e-80, coverage > 80%). Microsynteny search was performed 

using OGOB browser (McGowan et al., 2019) and FungiDB (Basenko et al., 2018) resource 

using the best blast hit of the corresponding organism. Secreted proteases were identified as 

ones with a predicted signal peptide using SignalP v.5 (Almagro Armenteros et al., 2019) and 

without transmembrane helixes predicted using TMHMM v.2.0 (Krogh et al., 2001). 

 

Whole expression analysis (RNASeq)  

RNASeq reads of M. truncatula A17-Jemalong infected with A. euteiches ATCC201684 

at 1, 3, 9 days post infection and A. euteiches mycelium were previously generated (Gaulin et 

al., 2018) and are accessible at NCBI SRA under reference SPR355760. The raw data were 

trimmed with TrimGalore (v.0.6.5) (https://github.com/FelixKrueger/TrimGalore) with 

cutadapt and FastQC options, and mapped to M. truncatula cv Jemalong A17 reference genome 

v.5.0 using Hisat2 (v.2.1.0) (Kim et al., 2019). Samtools (v.1.9) algorithms ‘fixmate’ and 

‘markdup’ (Li et al., 2009) were used to clean alignments from duplicated sequences. Reads 

were counted with HTseq (v.0.9.1) (Anders et al., 2015) using the reference GFF file (Kiselev 

et al., 2022). The count files were normalized and differentially expressed genes (DEGs) were 

identified using the DESeq2 algorithm (Love et al., 2014). 

 

Plant material, microbial strains and growth conditions 

All experiments were carried out using Précovil variety of Pisum sativum produced by 

Vilmorin company (St Quentin Fallavier, France). For germination, seeds were sterilized 30 

seconds in 96% EtOH, and 5 mins in 5% bleach solution. After germination seed were planted 

in 300ml sterile pots filled with zeolite (1-5 mm fraction) and Fahraeus media (Fåhraeus, 1957), 

supplemented with 5 mM NH4NO3 as a nitrogen supplement. Zoospores of A. euteiches 



 123 

ATCC201684 were prepared as described elsewhere (Ramirez‐Garcés et al., 2016). The 

plantelets were infected with 105 zoospores per plant 1 day after transfer to zeolite pots. Roots 

were harvested at 15 days after infection. Pea apoplastic fluid was extracted using a 3-times 

vacuum infiltration with ice-cold water (3 times * 10 mins, 2 Bar pressure). Infiltrated roots 

were dried by rolling into a paper towel, placed into 20 ml syringe and then into a 50 ml falcon 

tube, before centrifugation (4°C, 2000 rpm, slow acceleration/deceleration). 

 

Microscopy 

Primary and upper secondary roots of 15 dpi pea were collected for microscopic analysis. 

The primary root was placed directly on a holder and the secondary roots were embedded into 

2,5% agarose and were sliced using a vibrating-blade microtome (Leica VT1000 S) to a 

thickness of 100 μm. To specifically stain A. euteiches hyphae, wheat germ agglutinin coupled 

to Alexa Fluor 488 conjugate (WGA-488, Invitrogen) was used. Briefly, specimens were 

stained in a 10 μg/ml staining solution for 5 minutes at room temperature and directly placed 

in a water drop on a microscope slide and directly observed at the confocal microscope. 

Imaging was performed by using a confocal laser scanning microscope (Leica TCS SP8) and 

the settings were operated in the LAS X software. Specimens were observed using a 10X dry 

objective (HC PL FLUOTAR 10x/0.30). A 405 nm diode laser was used to detect emitted auto-

fluorescence from the sugar beet tissue collected in a wavelength range of 415-465 nm. An 

OPSL 488nm laser was used to detect the fluorophore Alexa Fluor 488 in a wavelength range 

of 500-565 nm. All images were processed in ImageJ version 1.53. 

 

Labelling of active apoplastic hydrolases and affinity purification 

Three ml of pea apoplastic fluid (AF) per treatment were labelled with 4 µM of FP-biotin 

(Sigma) and 4 µM DCG04 (MedKoo Biosciences) during 4 hours at room temperature and 

with a slow rotation (10 rpm). Reaction was buffered using 50 mM NaAc pH 5 and 5mM of 

dithiothreitol (DTT). No-probe control (NCP) samples were identical to labelled samples but 

instead of probes, an equal volume of DMSO was added to the 3 ml of AF. Labelling reactions 

were stopped by chloroform/methanol precipitation. 1:3:4 volumes of cold 

chloroform:water:methanol were added to the samples and mixed thoroughly. Precipitating 

samples were kept in the freezer at -20°C until next steps of the protocol were performed. 

Subsequently, samples were centrifugated at 3000xg for 30 minutes (4°C). The aqueous top 
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phase was removed without disturbing the interphase in which the proteins were present. Then 

4 volumes of cold methanol were added, and samples were centrifuged again for 45 minutes at 

3000xg (4°C). The supernatant was removed without disturbing the pellet and the precipitated 

proteins were left drying at room temperature. Precipitated proteins were resuspended with 2 

ml of 1.2% sodium dodecyl sulphate (SDS) phosphate saline buffer (PBS) (Life Technologies, 

18912-014) for at least 40 minutes. Then, samples were sonicated in a sonicating bath 

(ASK_REF) at maximum power for 10 minutes. A further 5 ml of PBS were added to the 

samples and proteins were denatured in a water bath at 90°C for five minutes. A further 3 ml 

of PBS were added to the samples to lower the SDS concentration below 0.2%. To enrich 

labelled proteins, 130 µl of PBS washed avidin beads (Sigma, A9207) were added to each 

sample, including the NPC. Beads were incubated with resuspended proteins for 1 hour at room 

temperature while rotating. Beads were then centrifugated for 1 minute at 400xg and 

supernatant was discarded. Avidin beads were then washed 5 times with 10 ml of 1% SDS PBS 

buffer to remove unspecific protein-beads interactions, and 3 times with 10 ml of ultra-pure 

HPLC-MS grade water. Avidin beads were transferred into 2 ml LoBind protein tubes 

(Eppendorf, Z666505-100EA).  

 

On-bead digestion and peptide purification  

250 µl of 8M Urea in 50 mM TrisHCl pH8 were added to the beads. Proteins reduced by 

adding 500mM of TCEP and incubating samples at 56°C for 30 minutes while shaking. 

Samples were then cooled down to room temperature before the alkylation step. 30 µl of 

500mM chloroacetamide was added and alkylation was performed at 36°C for 30 minutes in 

dark. Samples were centrifuged at 2000 rpm for three minutes and the supernatant was 

removed. A vial of 20 µg of LysC endopeptidase enzyme (Wako, 125-02543) was resuspended 

into 1220 µl 1M urea in 50mM Tris-HCl pH. 80 µl of this resuspended LysC were added to 

each sample. Tubes were sealed with parafilm and LysC digestion was performed over night 

at 37°C while shaking. Next day, trypsin endopeptidase (Trypsin gold MS grade Promega 

V5280) was reconstituted following manufacturer’s instructions in 50mM NaAc pH 5. 20 µg 

of reconstituted trypsin was added to 1200 µl 50 mM Tris-HCl pH8. 80 µl of the diluted trypsin 

was added to each sample (2 µg per sample) and incubated for at least 8 hours at 36°C.  

After trypsin digestion, tryptic peptides present in the supernatant were recovered into a 

new Lobind protein tube. Prior to mass spectrometry analysis of the peptidic composition, 
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tryptic peptides were purified using 100 µl Agilent Bond Elut OMIX Pipette tips for micro 

extractions (Agilent, A57003100) using a 1 ml syringe coupled with a 1000 µl cut filter tip to 

push buffers and samples through the C18 column. Manufacturer’s instructions were followed 

in this step.  

 

LC-MS/MS 

Experiments were performed on an Orbitrap Fusion Lumos instrument (Thermo) that 

was coupled to an EASY-nLC 1200 liquid chromatography (LC) system (Thermo). The LC 

was operated in the one-column mode. The analytical column was a fused silica capillary (75 

µm × 46 cm) with an integrated PicoFrit emitter (New Objective) packed in-house with 

Reprosil-Pur 120 C18-AQ 1.9 µm resin (Dr. Maisch). The analytical column was encased by 

a column oven (Sonation) and attached to a nanospray flex ion source (Thermo). The column 

oven temperature was adjusted to 50 °C during data acquisition. The LC was equipped with 

two mobile phases: solvent A (0.1% formic acid, FA, in water) and solvent B (0.1% FA, 20% 

water and 80% acetonitrile, ACN). All solvents were of UPLC grade (Honeywell). Peptides 

were directly loaded onto the analytical column with a maximum flow rate that would not 

exceed the set pressure limit of 980 bar (usually around 0.6 – 0.8 µL/min). Peptides were 

subsequently separated on the analytical column by running a 140 min gradient of solvent A 

and solvent B (start with 8% B; gradient 8% to 35% B for 95 min; gradient 35% to 44% B for 

20 min; gradient 44% to 100% B for 10 min and 100% B for 15 min) at a flow rate of 250 

nl/min. The mass spectrometer was operated using Orbitrap Fusion Lumos Tune Application 

(version v3.3.2782.28) and Xcalibur (v4.3.73.11). The mass spectrometer was set in the 

positive ion mode. Precursor ion scanning was performed in the Orbitrap analyzer (FTMS; 

Fourier Transform Mass Spectrometry) in the scan range of m/z 375-1750 and at a resolution 

of 120000 with the internal lock mass option turned on (lock mass was 445.120025 m/z, 

polysiloxane) (Olsen et al., 2005). Product ion spectra were recorded in a data dependent 

fashion in the ion trap (ITMS) in a variable scan range and at a rapid scan rate. The ionization 

potential (spray voltage) was set to 2.3 kV and the ion transfer tube temperature to 275°C. 

Peptides were analyzed using a repeating cycle (cycle time = 3s) consisting of a full precursor 

ion scan (4.0 × 105 ions or 50 ms) and a variable number of product ion scans (1.0 × 104 ions, 

injection time set to “auto”) where peptides are isolated based on their intensity in the full 

survey scan (threshold of 5000 counts) for tandem mass spectrum (MS2) generation that 

permits peptide sequencing and identification. Stepped Higher-energy collisional dissociation 
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(HCD) energy was set to 20, 35, 40% for the generation of MS2 spectra. During MS2 data 

acquisition dynamic ion exclusion was set to 25 seconds (mass tolerance ±10 ppm) and a repeat 

count of one. Ion injection time prediction, preview mode for the FTMS, monoisotopic 

precursor selection and charge state screening (charge states: 2 -6) were enabled.  

 

Peptide and Protein Identification using MaxQuant 

RAW spectra were submitted to an Andromeda (Cox et al., 2011) search in MaxQuant 

(2.0.2.0) using the default settings (Cox and Mann, 2008). Label-free quantification and match-

between-runs was activated (Cox et al., 2014). The MS/MS spectra data were searched against 

the Aphanomyces euteiches database (Kiselev et al., 2022) and the P. sativum database 

(Kreplak et al., 2019). All searches included a contaminants database search (as implemented 

in MaxQuant, 245 entries). The contaminants database contains known MS contaminants and 

was included to estimate the level of contamination. Andromeda searches allowed oxidation of 

methionine residues (16 Da) and acetylation of the protein N-terminus (42 Da) as dynamic 

modifications and the static modification of cysteine (57 Da, alkylation with iodoacetamide). 

Enzyme specificity was set to “Trypsin/P” with two missed cleavages allowed. The instrument 

type in Andromeda searches was set to Orbitrap and the precursor mass tolerance was set to 

±20 ppm (first search) and ±4.5 ppm (main search). The MS/MS match tolerance was set to 

±0.5 Da. The peptide spectrum match FDR and the protein FDR were set to 0.01 (based on 

target-decoy approach). Minimum peptide length was 7 amino acids. For protein quantification 

unique and razor peptides were allowed. Modified peptides were allowed for quantification. 

The minimum score for modified peptides was 40. Label-free protein quantification was 

switched on, and unique and razor peptides were considered for quantification with a minimum 

ratio count of 2. Retention times were recalibrated based on the built-in nonlinear time-

rescaling algorithm. Within parameter groups MS/MS identifications were transferred between 

LC-MS/MS runs with the “match between runs” (MBR) option in which the maximal match 

time window was set to 0.7 min and the alignment time window set to 20 min. The 

quantification is based on the “value at maximum” of the extracted ion current. At least two 

quantitation events were required for a quantifiable protein. Further analysis and filtering of 

the results was done in Perseus v1.6.10.0. (Tyanova et al., 2016). For quantification we 

combined related biological replicates to categorical groups and investigated only those 

proteins that were found in at least one categorical group in a minimum of 3 out of 4 biological 

replicates. Comparison of protein group quantities (relative quantification) between different 



 127 

MS runs is based solely on the LFQ’s as calculated by MaxQuant, MaxLFQ algorithm (Cox et 

al., 2014)  

 

Supplementary Material 

Supplementary tables and high-resolution figures are available on (published on a 

restricted access before the publication submission) https://doi.org/10.5281/zenodo.7134684 

 

Data availability 

The mass spectrometry proteomics data for the on-bead digestions have been deposited 

to the ProteomeXchange Consortium via the PRIDE (Vizcaíno et al., 2016) partner repository 

(https://www.ebi.ac.uk/pride/archive/) with the dataset identifier PXD035920.  

During the review process the data can be accessed via a reviewer account (Username: 

reviewer_pxd035920@ebi.ac.uk; Password: EnN74xbG) 
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5. Chapter V - FACS-based Screen for Identification of Nuclear Effectors 
from Phytopathogenic Filamentous Oomycetes Aphanomyces 
euteiches 
 

Secreted proteins are among the main pathogenicity factors of filamentous pathogens 

such as oomycetes and fungi. They are targeting various components of host cells from cell 

wall degradation to transcription mechanism perturbation. Oomycetes are described as 

evolving two major groups of cytoplasmic the effectors: Crinklers (CRNs) (Schornack et al., 

2010) and RxLRs (Morgan and Kamoun, 2007). Moreover, in-planta screenings of effector 

candidates demonstrated that over 50% of CRNs and RxLRs are localised in nuclei (Caillaud 

et al., 2012; Stam et al., 2013; Liu et al., 2018).  Accordingly, we previously show that the N-

terminal part of AeCRN5 from A. euteiches, allows the transfer of Phytophthora effector within 

the host cytoplasm (PNAS, Schornack 2010). In addition, we observed that the DNA-binding 

AeCRN13 effectors acts within the host nuclei to cause DNA-damage and facilitate oomycete 

infection (Ramirez-Garcés et al., 2016). 

 Recently our research group highlighted a third group of putative intracellular effectors 

called Small Secreted Proteins (SSP) in A. euteiches, characterized by the size of <300 amino 

acids, absence of detectable functional domain (Gaulin et al., 2018) and often, high enrichment 

in one or several amino acids (Chapter III, Kiselev et al 2022). Functional studies 

demonstrated that some of those SSPs are also localized within the nucleus and/or nucleolus 

when transiently express in presence or absence of their own signal peptide in planta (i;e N 

benthamiana leaves, M. truncatula roots). As evidence for AeSSP1256, the effector hijacks a 

DEAD-box RNA helicase from binding to RNA and cause mild growth delay of the roots and 

enhance plant susceptibility by perturbing ribosome-associated pathway (Gaulin et al., 2018; 

Camborde et al., 2022, Annex I). 

All these findings mounted the interest in studying nuclear effectors which seems to be 

able to target either protein or nucleic acid from the host to perturb plant physiology To go 

further in the description of those original molecular mechanisms, and since we can 

hypothesize that the effectors may act synergic in combination with others effectors as reported 

for CRN63 and CRN115, which interaction needed to supress the host defence (Liu et al., 2011) 

or with hosts components, a robust experimental system to identify such microbial actors is 

required. 

 Indeed, the selection of effectors candidate for functional studies is currently supported 

by in silico prediction using  bioinformatic software such as SignalP for signal peptide 
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detection (Almagro Armenteros et al., 2019), TMHMM for transmembrane domain detection 

(Krogh et al., 2001), effectorP (Sperschneider and Dodds, 2021) fo and several tools for 

prediction of nuclear localisation signal such as NLStradamus (Nguyen Ba et al., 2009) or 

cNLS-Mapper (Kosugi et al., 2009). Another layer of the identification of effector candidate 

exploits available genomics and transcriptomics resources (Gao et al., 2021). On the other site 

the information about the transcription profile of the effector gives a hint whereas a protein is 

expressed or induced during the infection process and at which stage (Chen et al., 2014; Gaulin 

et al., 2018). Finally, very few studies aimed in the direct detection of oomycete effector 

proteins through proteomics techniques. Existing studies indicates the presence of effectors of 

several classes within a plant-based media, where Phytophthora was grown (Meijer et al., 

2014). 

To fulfil this experimental gap, we developed a cell-sorting (FACS)-proteomics 

approach on infected-M. truncatula roots for proof of-concept of characterization of oomycete 

nuclear effector. Evolutionary large distance and availability of high-quality genomes of 

Aphanomyces and Medicago species allowed the accurate detection of proteins in the two-

species proteomics. In the results part of the manuscript, we present the details of the technique 

and the list of the identified effector candidates. Among the proteins detected in proteomics 

analysis we firstly discovered A. euteiches RxLR-like protein, conserved aspartic-rich small 

secreted protein and present several effector candidates with a predicted enzymatic Pfam 

domain, including a very similar homolog of Verticillium dahliae Vd424Y nuclear effector, 

which carries glycoside hydrolase domain. Ten sequences have been further validated for their 

nuclear localization upon transient expression in N. benthamiana leaves, and six induced a cell 

death. In the discussion of the manuscript the way to improve the selectivity of the FACS to 

identify effector candidates as well as host-interacting proteins is presented. 

Overall, the aim of this current study was to propose a flow cytometry coupled with 

proteomics approach to directly detect microbial effectors targeting host nuclei during the 

infection process. The chapter is presented as a future submitted manuscript.  
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Abstract 

 
Filamentous eukaryotic pathogens produce a myriad of effector to threat the plant. 

Whole-genome sequences predict large repertoire of oomycete host-cell entering effectors but 

few of them are functionally proven. Here we describe an in vivo method to screen plant 

nuclear-localized proteins from the root rot pathogen of legume Aphanomyces euteiches. The 

method combines a cytometry enrichment of plant nuclei from infected Medicago truncatula 

roots with an LC/MS-MS identification of oomycete proteins. Twenty-five A. euteiches 

nuclear-targeting proteins have been identified. From ten A. euteiches-identified proteins, eight 

are nuclear localized upon transient expression in Nicotiana benthamiana leaves. This simple 

and efficient FACS-based method to identify oomycete nuclear effectors, will help unravel 

how root rot disease of legume is determined.  
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Introduction 
 

Fungal and oomycetes plant pathogens are economically important due to the threat 

they pose to the production and yield of agricultural crops. It has been estimated that global 

agricultural production suffers an average annual loss of 15% due to plant diseases (Oerke, 

2006; Lo Presti et al., 2015; Schwessinger et al., 2015). Effective control against microbial 

diseases depend on a better understanding of how the pathogens proliferate within the host 

plant and cause infection.   

Filamentous plant pathogens secrete a panoply of proteins referred as ‘effectors’ to 

successfully facilitate infection. Apoplastic effectors are secreted outside the plant cell wall 

while intracellular proteinaceous effector exerts their function into the cytosol of the host plant 

or travel to others compartment as the nucleus (Wilson and McDowell, 2022). Within 

oomycetes, two major groups of intracellular effectors harbouring hundreds of members have 

been in silico predicted (Birch et al., 2008; Schornack et al., 2010; Fabro, 2022). The RxLR 

family firstly reported in Phytophthora species as the potato blight agent Phytophthora 

infestans, contains numerous members that target the nucleus, the cytosol or the endosplasmic 

reticulum. But to date only a dozen of P. infestans RxLR have been functionally characterized 

for their virulence activity (Petre et al., 2021; Zhou et al., 2022). Similarly, the CRN family 

predicted in plant and animal pathogenic oomycetes, in chytrid pathogenic fungi (Joneson et 

al., 2011; Ramirez-Garcés et al., 2016) and symbiotic fungi (Voß et al., 2018), present hundreds 

of members (Caillaud et al., 2012; Liu et al., 2018; Stam et al., 2013) which target intracellular 

space of the host cell including the nucleus and nucleoli. Another class of intracellular effector 

corresponding to hundreds small secreted proteins (SSP) less than 300 residues in size devoid 

of any predicted domain have been recently reported in Aphanomyces spp. including plant and 

crayfish pathogens (Gaulin et al., 2018), whilst SSPs were well described in true fungi (Kim et 

al., 2016). Within the legume pathogen A. euteiches, SPPs are classified in families based on 

the amino composition and are expected to contribute for legume preference of the pathogen 

(Kiselev et al., 2022). Only the nucleolar AeSSP1256 effector which hijacks a host DEAD-box 

RNA helicase from its RNA to enhance pathogen infection have been characterized (Camborde 

et al., 2022). To date, only a few pathogenic fungal/oomycete effectors have been 

experimentally studied, and their functions have been understood. Despite recent advances in 

the identification of the role played by individual effectors during host invasion, there are still 

many that require robust functional characterisation. 
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Pathogen effectors generally associate with host components as protein, or nucleic acid 

to function (Bozkurt et al., 2012; Camborde et al., 2019; Zhou et al., 2022). The availability of 

whole-genome sequences allows the prediction of large set of secreted proteins thanks to the 

detection of a N-terminal signal peptide (Sonah et al., 2016), even though numerous effectors 

are devoid of any conserved sequences (Giraldo et al., 2013; Yan et al., 2022). Current effector 

prediction pipelines provide thousand proteins per genome as putative candidate, which have 

to be reduced to a small set for functional validation. Further filtering or ranking in combination 

with expression analysis, GWAS approaches or comparative genomics are used for the 

prioritisation of effector (Hartmann et al., 2017), but can still provide hundreds of candidates 

and exclude by errors interesting candidates. Thus, we reasoned that the in vivo identification 

of microbial proteins within the plant cells during pathogen invasion would provide a powerful 

way for the prioritisation of intracellular effectors.  

Here, as a proof of concept, we focus on the identification of nuclear-targeting proteins 

from the oomycete Aphanomyces euteiches present during colonization of Medicago 

truncatula legume roots. Genomes sequence of both partners allow proteins identification by 

mass spectrometry analysis (Hartmann et al., 2017) and nuclear effectors are already 

functionally characterized (i.e. SSP, CRN) (Ramirez-Garcés et al., 2016; Camborde et al., 

2022). To limit the use of tagged-effectors and mimics natural host infection, we screened for 

all A. euteiches proteins present in the plant nuclei. Thus, a combination of fluorescence cell 

sorting technology (FACS) on M. truncatula roots infected by the parasite to collect plant 

nuclei followed by LC/MS-MS identification of nuclear proteins was set up. This unique 

method led to the identification of 25 microbial nuclear proteins, from which only 1.5% were 

predicted as effectors. Using live cell imaging we confirmed the nuclear localization of eight 

MS-identified proteins out of ten, following their transient expression in N. benthamiana 

leaves. This FACS-based screen method is an efficient way to quickly identify nuclear 

candidate effectors. It provides new insight into the complexity of molecular components 

deployed by oomycetes for host invasion and will help unravel how root rot disease of legume 

is determined.  
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Results 

 

A nuclear-enrichment based protocol using cell-sorting (FACS) to collect M. 

truncatula nuclei from roots infected by the pathogen A. euteiches  

 

To identify nuclear effectors from A. euteiches, we aimed to collect M. truncatula host 

nuclei from infected tissues Thus, we investigate whether the razor chopping method 

established to release nuclei in to suspension from plant tissues with sufficient yield for 

molecular studies (Galbraith et al., 1983), could provide a convenient approach for isolation of 

nuclei from root tissues. After zoospore inoculation of the pathogen, roots of the F83005.5 

susceptible M. truncatula line were collected at 4, 7, 10 days and nuclear fraction were 

extracted by chopping roots in Gif Nuclear Buffer (GNB), before staining with propidium 

iodide as depicted in Figure 1. Mock samples correspond to roots treated with water and grown 

in the same conditions (in vitro, 4, 7, 10 days) before ‘pooling’ the samples. To enrich the 

infected sample in the nuclei from M. truncatula, cell sorting with a gain on PI intensity and 

side scattering channels to allows detection of different morphotypes of nuclei based on DNA 

quantity (PI intensity) and shape (Side Scattering) was performed. A clear separation of five 

nuclear types, corresponding to five datapoints clouds on the readout of infected samples. The 

identification of nuclei from a species was performed by a single species run, the PI intensity 

and Side scattering were conserved between single- and multispecies runs (Figure S1). Two 

peaks of nuclei of the pathogen and three peaks of the host plant M. truncatula nuclei 

representing different ploidy were identified as shown elsewhere (Bourge et al., 2018). We 

noticed that the amount of A. euteiches nuclei was several-fold higher, than the ones from M. 

truncatula during infection (Table 1).  
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Figure 1. Experimental design combining purification of M. truncatula nuclei from roots 

infected by A. euteiches and mass spectrometry identification of nuclear proteins.   

M. truncatula F830005 line was grown on M medium at 22o/18oC, 16h/8h day-night period for 

3 days before inoculation with A. euteiches zoospores at a concentration of 104 zoospore / ml 

or with water (mock). Roots harbouring Aphanomyces root rot symptoms (i.e browning, 

yellowing) were harvested separately at 4, 7, 10 (dpi). The non-infected roots were pooled at 

4, 7 and 10 days. Nuclear extraction was performed by chopping of the tissue and filtration 

through 50 µm filter (Bourge et al., 2018). M. truncatula and A. euteiches nuclei were separated 

by FACS after labelling with propidium iodide and collected by species separately. Collected 

nuclei were sedimented by centrifugation and digested with trypsin (one replicate / time point). 
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Samples were subjected to liquid chromatography tandem mass spectrometry (LC-MS/MS) 

analysis and peptide identification was performed using to identify putative nuclear proteins 

from A. euteiches and M. truncatula.  

  
Table 1. Number of collected nuclei per sample 

Sample Day Mt nuclei 
(thousands) 

Ae nuclei 
(thousands) 

M. truncatula mock  4, 7, 10 dpi (pool) 2090 - 
M. truncatula 
infected with A. 
euteiches  

4 dpi 864 2940 

M. truncatula 
infected with A. 
euteiches 

7 dpi 1570 4010 

M. truncatula 
infected with A. 
euteiches 

10 dpi 1760 3390 

 

  

 
LC MS/MS analysis identifies A. euteiches proteins within nuclei of infected-M. truncatula 

roots 

 To detect the presence of A. euteiches proteins within the nuclei of M. truncatula during 

infection, all the samples were subjected to LC MS/MS qualitative analysis. In total, nine 

samples were subjected to proteomics analysis: 1 mock pool sample, 3 samples of M. 

truncatula nuclei from infected tissue (one per each dpi), 3 samples of A. euteiches nuclei from 

infected tissue (one per each dpi), 2 pooled samples from infected tissue (1 for M. truncatula 

and 1 for A. euteiches nuclei). For peptide identification the reference proteome M. truncatula 

A17 v5.1 (Pecrix et al., 2018) and A. euteiches ATCC201684 database (Kiselev et al, 2022, 

AphanoDB) were used. To detect misidentified proteins we removed all the A. euteiches 

assigned proteins within the list of all identified proteins in mock treated M. truncatula nuclei, 

where no A. euteiches proteins could be identified (Table S1). After that the analysis revealed 

in total 2305 putative nuclear proteins. The sample with the least number of the proteins was 

mock treatment 735 proteins, while the largest set was identified in 7 dpi sample of A. euteiches 

nuclei with 1600 proteins (raw data and analysis script are represented in Supplementary File 

1 (‘compar spectra’ output corresponding to all spectra assigned to a given protein), 2 and 3, 

the correct list of identified proteins could be found in Table S1). 
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To assess whether the nuclear-enrichment based protocol using cell-sorting (FACS), 

allows the identification of predicted nuclear-targeting proteins we combined the use of four 

softwares for nuclear (PSORTII, NLStradamus, Predict NLS) or nucleolar localization (NoD) 

(Figure 2A). In total, around 50% of the detected proteins predicted to have Nuclear or 

Nucleolar localization signal. As depicted on Fig 2B, the largest proportion of the detected 

proteins in all samples is assigned to M. truncatula proteins, while the proportion of the nuclear 

M. truncatula proteins is diminished in A. euteiches nuclei samples (and vice-versa the A. 

euteiches proteins in M. truncatula nuclei samples, Table S2). These results signify the 

enrichment of nuclei of desired species in the respective samples, but not a clear separation of 

the nuclei from two species. This observation may also suggest that the host plant may transfer 

proteins within the pathogen, as recently illustrated for miRNA for plant pathogenic fungi 

(Kwon et al., 2021). In the control sample predicted nuclear proteins account for around 70% 

of total sequence (Figure 2B), the value is comparable with other studies (Howden et al., 2017; 

Goto et al., 2019) of plant nuclear proteomes, which signifies the correct extraction of the 

nuclear fraction. However, in infected samples we identified a two-fold increase of non-nuclear 

proteins from 215 proteins in control to 400-600 proteins in infected samples, while the number 

of nuclear proteins increased only for 17-21% from 522 proteins in control sample to 586-617 

protein in infected samples (Figure 2B), which could be associated to the damage of the cells 

or to pathogen-induced protein translocation. 
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Figure 2. Identified nuclear proteins unequally distributed among the samples and signify 

a succsesful enrichment. 

A. Venn diagramm of the Nuclear Localization Signal (NLS) predicted by four different 

algorithms: NLStradamus, PredictNLS, PSortII and NoD using all the proteins identified by 

LC MS/MS analysis B. Bar plot demonstrating the proportion of the proteins from each species 

in the samples and repartition by the presence of NLS detected by either software.  
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Putative effectors identification 

To focus on the putative effectors within the list of identified proteins from A. euteiches 

we searched for the presence of a signal peptide (+SP) and the absence of a predicted 

transmembrane domain (-TM) in line with the initial hypothesis that secreted proteins from the 

pathogen are translocated into nuclei of the host. We identified 25 proteins as illustrated in 

Table 2, but we could not identify any A. euteiches proteins exclusively present in M. 

truncatula nuclei, all of the secreted proteins were identified in both host and pathogen’s nuclei. 

We examined predicted function of this set of protein using PFAM and evaluated the size of 

the proteins, to identify plant process that may be affected by A. euteiches during roots 

colonization.  

Around 50% of the identified proteins display a hydrolytic function against protein (i.e 

trypsin, subtilase, carboxypeptidase) or carbohydrate (i.e glycosyl-hydolase GH11, GH18, 

GH3 / pectate lyase). Ribosomal-related proteins are also present, as proteins with PFAM 

domain detected in known oomycetes effector or toxin (i.e Cellulose Binding Domain (CBD), 

PT repeat, Ricin, Lectin). 

 

Table 2. List of A. euteiches proteins with a predicted Signal Peptide (+SP) and Nuclear 

Localization Signal (+NLS) and without Transmembrane Domain (-TM) present in 

nuclei of M. truncatula roots during infection. The last column of the table indicates in which 

sample the protein is detected (Mt – stands for M. truncatula nuclei samples, Ae – for A. 

euteiches, pool – for pooled samples of 4, 7, 10 dpi). 
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Gene name (AphanoDB 
nomnclature) 

Protein length  
(aa) Pfam domain or SSP Gene Ontology Sample, in which 

protein found 

Ae201684P_312 627 PF04886 PT repeat RxLR-like - all 

Ae201684P_455 233 PF00457 Glycosyl hydrolases family 11 GO:0004553 hydrolase activity, hydrolyzing O-glycosyl 
compounds / GO:0005975 carbohydrate metabolic process 

Mt 7 dpi, Ae 4, 10 
dpi 

Ae201684P_1070 769 

PF14310 Fibronectin type III-like domain / 
PF01915 Glycosyl hydrolase family 3 C-

terminal domain / PF00933 Glycosyl 
hydrolase family 3 N terminal domain 

GO:0004553 hydrolase activity, hydrolyzing O-glycosyl 
compounds / GO:0005975 carbohydrate metabolic process all 

Ae201684P_4392 194 -        SSP -        - Mt 7 dpi, Ae 4, 7, 
10 dpi + pool 

Ae201684P_5356 113 PF00428 60s Acidic ribosomal protein - all 

Ae201684P_11034 272 -        SSP -        - Mt 7dpi + pool, Ae 
10 dpi 

Ae201684P_11036 304 -        SSP -        - 
Mt 4, 7, 10 dpi + 

pool. Ae 4, 10 dpi + 
pool 

Ae201684P_11039 257 -        SSP -        - 
Mt 4, 7, 10 dpi + 

pool. Ae 4, 10 dpi + 
pool 
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Ae201684P_11833 115 PF00428 60s Acidic ribosomal protein - all 

Ae201684P_11865 228 -        SSP -        - Mt 7, 10 dpi, Ae 7 
dpi 

Ae201684P_13031 489 PF00082 Subtilase family GO:0004252 serine-type endopeptidase activity / 
GO:0006508 proteolysis 

Mt 4, 7, 10 dpi + 
pool. Ae 4, 7 dpi + 

pool 

Ae201684P_13261 498 PF13848 Thioredoxin-like domain / 
PF00085 Thioredoxin 

GO:0005783 endoplasmic reticulum / GO:0016853 
isomerase activity / GO:0045454 cell redox homeostasis 

Mt 7 dpi, Ae 4, 7, 
10 dpi + pool 

Ae201684P_13653 534 PF00704 Glycosyl hydrolases family 18 GO:0008061 chitin binding / GO:0005975 carbohydrate 
metabolic process 

Mt 4, 7, 10 dpi + 
pool. Ae 4, 7 dpi + 

pool 

Ae201684P_13656 541 PF00704 Glycosyl hydrolases family 18 GO:0008061 chitin binding / GO:0005975 carbohydrate 
metabolic process 

Mt 7 dpi + pool, Ae 
4, 7 dpi + pool 

Ae201684P_15812 595 PF00652 Ricin-type beta-trefoil lectin 
domain - Mt 7 dpi + pool, Ae 

7 dpi + pool 

Ae201684P_17584 781 PF00734 Fungal cellulose binding domain 
GO:0030248 cellulose binding / GO:0005975 
carbohydrate metabolic process / GO:0005576 

extracellular region 
Mt 7 dpi, Ae 7 dpi 

Ae201684P_17878 259 PF03211 Pectate lyase GO:0005576 extracellular region / GO:0030570 pectate 
lyase activity 

Mt 4,7 dpi + pool, 
Ae 7 dpi + pool 
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Ae201684P_17885 259 PF03211 Pectate lyase GO:0005576 extracellular region / GO:0030570 pectate 
lyase activity all 

Ae201684P_18103 432 PF13365 Trypsin-like peptidase domain - Mt 4, 7 dpi + pool, 
Ae 4, 7 dpi + pool 

Ae201684P_18134 273 PF00089 Trypsin GO:0004252 serine-type endopeptidase activity / 
GO:0006508 proteolysis 

Mt 4, 7 + pool, Ae 
4, 7, 10 + pool 

Ae201684P_18136 273 PF00089 Trypsin GO:0004252 serine-type endopeptidase activity / 
GO:0006508 proteolysis all 

Ae201684P_18138 273 PF00089 Trypsin GO:0004252 serine-type endopeptidase activity / 
GO:0006508 proteolysis all 

Ae201684P_18184 268 PF00089 Trypsin GO:0004252 serine-type endopeptidase activity / 
GO:0006508 proteolysis Mt 7 dpi, Ae 7 dpi 

Ae201684P_18290 381 PF00246 Zinc carboxypeptidase GO:0006508 proteolysis / GO:0008270 zinc ion binding / 
GO:0004181 metallocarboxypeptidase activity all 

Ae201684P_19782 769 

PF14310 Fibronectin type III-like domain / 
PF01915 Glycosyl hydrolase family 3 C-

terminal domain / PF00933 Glycosyl 
hydrolase family 3 N terminal domain 

GO:0004553 hydrolase activity, hydrolyzing O-glycosyl 
compounds / GO:0005975 carbohydrate metabolic process all 

 



 
A closer examination of the identified proteins highlighted Ae201684P_312 which 

shares a high similarity with RxLR effector from Phytophthora spp. Avr1b-1 (Shan et al., 

2004). Sequence comparison of the two proteins revealed over 70% similarity of the C-term 

sequence, while N-ter where RxLR motif is located in Avr1b-1 protein is not conserved 

(Figure 3A, C). Blast search against A. euteiches proteome also identified Ae201684P_330 

gene as another homolog of the RXLR Avr1b_1 protein. Another putative nuclear effector 

correspond to Ae201684P_455 protein, which is a homolog of a fungal effector from 

Verticillium dahliae Vd424 (Liu et al., 2021) that display a predicted GH11 endo-beta-xylanase 

domain (Figure 3B, D). To verify the similarity of the homologous on the structure levels, we 

predicted the 3D structure of A. euteiches putative effectors and their homologs using 

AlphaFold2 
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Figure 3. Two of identified putative effectors are homologous to previously characterized. 

A. Structural alignment of A. euteiches protein Ae201684P_312 (green) and P. nicotiana 

Avr1b-1 protein (blue) (only the structured part of the proteins is shown, disordered zones are 

not shown). B. Structural alignment of A. euteiches protein Ae201684P_455 (green) and V. 

dahliae Vd424 protein (blue). C. Sequence alignment of A. euteiches protein Ae201684P_312, 

Ae201684P_330 and P. nicotiana Avr1b-1 protein D. Sequence alignment of A. euteiches 

protein Ae201684P_455 and V. dahliae Vd424 protein.  
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To assess the significance of the experimental method for the identification of plant 

nuclear-targeting proteins from A. euteiches, we investigated their subcellular localization in 

Nicotiana benthamiana leaves. To select the candidates we used a previous expression analysis 

made by dual RNASeq on A. euteiches/M. truncatula (Gaulin et al., 2018) and the proteomics 

data. All of the selected secreted effectors are induced during the early stage of infection (1 

dpi), while the expression at later stages differ between the proteins. In addition to 

Ae201684_312 which is an ortholog of Phytophthora spp. Avr1b RxLR-effector, we selected 

its homolog in A. euteiches genome Ae201684_330, which was not found in the proteomics 

assay, but which expression was induced during the early infection. Two last proteins and 

Ae201684P_13653 were the only, which were predicted to target nuclei. Four selected proteins 

harbour PFAM domains atypical for a nuclear-localization (i.e Ae201684P_13653 GH18, 

Ae201684P_455 GH11, Ae201684P_13031 Subtilase, Ae201684P_18136 Trypsin). Finally, 

we included for functional analysis three A. euteiches sequences, which were the only ones 

detected in the host nuclei and not detected in pathogen’s, they encode no predicted signal 

peptide and are not differentially express during infection. 

 

Table 3. PFAM domain, Expression profile, Signal Peptide, Transmembrane, nuclear 

localization prediction of the proteins selected for functional analysis. aTranscriptomics 

study published in Gaulin et al., 2018 bProtein not found in proteomics assay. Homologous to 
Ae201684P_312 
 

 

Gene name 

 

Functional domain 

PFAM 

Expression 

profilea 

Signal peptide 

(SP)  / 

Transmembrane 

domain ( TM ) / 

NLS prediction 

Localisation 

prediction 

software 

Ae201684P_312b 

PF04886 PT repeat 

Homologous to 

PnAvr1-b1 

day 1 – UP, 

day3 – DOWN, 

day9 – UP 

+SP-TM +NLS 
NLStradamus, 

NoD, PSortII 

Ae201684P_330 

No domain. 

Homologous to 

PnAvr1-b1 

day 1 – UP, 

day3 – DOWN, 

day9 – UP 

+SP-TM +NLS 
NLStradamus, 

NoD, PSortII 

Ae201684P_455 
PF00457 Glycosyl 

hydrolases family 11 

day 1 – UP, 

day3 – UP, 

day9 – DOWN 

+SP-TM - NLS  



 151 

Ae201684P_4392 SSP 

day 1 – UP, 

day3 – DOWN, 

day9 – DOWN 

+SP-TM - NLS - 

Ae201684P_13031 
PF00082 Subtilase 

family 

day 1 – UP, 

day3 – DOWN, 

day9 – DOWN 

+SP-TM -NLS - 

Ae201684P_13653 
PF00704 Glycosyl 

hydrolases family 18 

day 1 – UP, 

day3 – DOWN, 

day9 – UP 

+SP-TM -NLS NoD 

Ae201684P_18136 PF00089 Trypsin 

day 1 – UP, 

day3 – UP, 

day9 – DOWN 

+SP-TM - NLS - 

Ae201684P_17714 No domain 
Expression in 

mycelia 
- SP - TM -NLS - 

Ae201684P_19945 No domain 
Expression in 

mycelia 
- SP  - TM -NLS - 

Ae201684P_7331 No domain 
Expression in 

mycelia 
- SP  - TM -NLS - 

 

 

 

To elucidate the localization of ten candidates within the plant cell, mCherry fusion 

constructs were obtained and transiently expressed using Agrobacterium tumefaciens in leaves 

of N. benthaminana. Western-blot analyses one day after treatment revealed that all mCherry-

fusion proteins were present (Supplemental Figure S2) despite some proteolytic cleavage of 

the tag. Seven candidates, including two without a predicted signal peptide (Ae201684P_19945 

and Ae201684P_7331) demonstrated nucleo-cytoplasmic accumulation as evidence by 

mCherry fluorescence pattern. The remaining three candidates are either excluded from the 

nucleus (Ae201684P_18136 Tryspin) or present primarily in plastids and nucleoplasm 

(Ae201684P_ 17714 (unknown function). Interestingly, two similar proteins Ae201684P_330 

and Ae201684P_312 showed contrary localization in nucleus and in cytoplasm respectively 

(Figure 4). This confocal analysis shows that eight of ten microbial candidates detected by 

proteomics approach from cell-sorting separated nuclei localize to the plant nucleus even in the 

absence of a predicted NLS or signal peptide within the amino acid sequence. These results 

support the experimental approach to identify putative oomycete effector targeting host 

nucleus.  
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A
ll N

. bentham
iana leaves overexpressing the different m

C
herry-fusion candidates displayed 

a necrotic area w
ithin 10 days after treatm

ent, w
ith the exception of A

e201684P_18136, 

A
e201684P_13653 and A

e201684P_312 excluded from
 the nuclei (Figure 5). Therefore, m

ost 

of the plant nuclear-localized proteins from
 A. euteiches are able to trigger cytotoxic effect 

w
hen overexpressed in N

. bentham
ianna leaves, suggesting that they m

ay act as effectors 

during M
. truncatula infection. B

y com
parison of tw

o hom
ologous proteins A

e201684P_330 

and A
e201684P_312 it’s thought that a nuclear localisation is indispensable for a cytotoxic 

action of the proteins. 
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Figure 5. Phenotype induced by overexpression of ten candidate effectors 

N. benthamiana leaves overexpressing the A. euteiches candidates (left) or not-treated (right) 

were analysed by image scanning using ChemiDoc (Bio-Rad) imaging system seven days after 

treatment by A. tumefaciens to visualise necrotic area (dark area) using 555 nm light source 

and by reading the chloroplast autofluorescence at far-red (600-720 nm) spectrum. 
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Discussion  
 

In the present work we attempted to address one of the major questions in the field of 

molecular plant-pathogen interaction: which of myriads predicted effectors are present as 

proteins during the infection? Therefore this work will contribute to the 8th of top-10 questions 

in plant-microbe interactions (Harris et al., 2020). The available genomes of plant pathogens 

provide the important resource for comparative genomics and evolutionary studies contributing 

greatly to understanding of the pathogenesis, however such studies generate hundreds of 

putative effectors, which are difficult to select for further functional studies. Application of 

transcriptomics assays greatly helps to reduce a number of the effectors to study; however, the 

presence of the transcript doesn’t necessarily guarantee the presence of the protein, especially 

secreted, in the pathosystem. Here we employed fluorescence-assisted nuclei sorting from 

infected roots to separate host (M. truncatula) and pathogen’s (A. euteiches) nuclei from the 

infected roots, combine with a LC MS/MS approach to identify oomycete plant nuclear-

targeting proteins.  

 To provide a quick experimental system with a restricted number of steps for nuclei 

isolation we tested the chopping method on M. truncatula roots infected by the pathogen, 

initially developed on non-infected leaves samples (Bourge et al., 2018). For proteomics 

analysis, samples corresponding to small part of in vitro roots harbouring browning symptoms 

were collected for cell sorting. Although this method does not allow a complete separation of 

nuclei from both partners, the chopping approach of in vitro tissues is a fast and easy 

experimental method to collect enough nuclei for LC MS/MS detection of nuclear proteins. 

For future studies we could recommend to apply more strict gating parameters during the 

sorting process. The recent development of single cell proteomics (Specht et al., 2021) should 

also bring the developed assay to the next level of purity of the samples since the number of 

sorted nuclei could be greatly reduced or even visual selection of nuclei could be performed 

during the sample preparation before proteomics analysis.  

Within the analysis more than 2 300 putative nuclear proteins were characterized using 

the proteome sequence of M. truncatula or A. euteiches. In the mock water-treated samples 

around 70% of the identified proteins were predicted as nuclear, which is a comparable value 

with other plant nuclear proteome studies (Howden et al., 2017; Goto et al., 2019). The highest 

number of proteins was observed in nuclei from roots tissues in contact during 7 days with the 

pathogen. Overall, we observed during the analysis, a higher number of non-nuclear proteins 

in infected samples. Indeed, an increase of around 20% of the number of nuclear proteins, while 
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non-nuclear proteins increased by 60%, was recorded upon comparison of mock and infected-

tissues. This might represent the dynamic response of nuclear proteome against stress in M. 

truncatula (Narula et al., 2013), which can include the mechanisms of protein relocation from 

mitochondria or plastids to nuclei (Krupinska et al., 2020) or as a sign of unfolded protein 

response, as a conservative pathway of plant defence reaction (Wahyu Indra Duwi Fanata et 

al., 2013).  

To identify the putative plant nuclear-targeting proteins from A. euteiches, the analysis 

was restricted to secreted proteins with a predicted signal peptide and without any predicted 

transmembrane domain (+SP -TM) This filtering method allows the characterization of 23 

protein groups representing 17 secreted proteins with either catalytic activity against protein/ 

carbohydrate or binding capacity. While nuclear proteases as well as Glycosyl-Hydrolase are 

not described up reported to now with the exception of the Verticillium dahliae effector (Liu 

et al., 2021), the identification of this set of proteins suggest a unique role during infection. In 

addition, we detected a RxLR-like protein, similar the virulence Avr1b-1 protein from 

Phytophthora spp (Shan et al., 2004). But devoid of the conserved N-ter part. Finally, five 

small secreted proteins (SSP) with unknown predicted PFAM domains were recovered. 

To confirm the subcellular localization of the identified proteins, candidates were 

selected based on their expression profile during M. truncatula infection (i.e early, late) and 

the presence of predicted motif that could allow an extracellular localisation and three 

candidates without any predicted signal have been added. Transient expression in Nicotiana 

benthamiana leaves, revealed the cytotoxic activity for most of them with the exception of 

Ae201684P_18136 (trypsin), Ae201684P_13653 (GH18). The proteins, which are the 

homologs of the known effectors as Ae201684P_455 (homolog of nuclear localized Vd424 

(GH11) induced very intense cell death symptoms. Intriguingly Ae201684P_330 (Avr1b-1-

like) also induce necrotic effect in contrast to its paralog Ae201684P_312 (Avr1b-1-like). In 

addition, we identified necrotic activity for the tested SSP while up to now these effectors were 

not reported as necrotic-inducing protein when transiently express in planta (Gaulin et al., 

2018; Camborde et al., 2022). Fluorescence pattern indicates the presence of most of the 

candidates within the nuclei of N. benthamiana leaves, with the exception of 

Ae201684P_17714 (-SP -TM), Ae201684P_18136 (trypsin) and Ae201684P_312 (Avr1b-1-

like). Although, we cannot exclude putative contaminations from cytosolic material, a 

combination of cell sorting and LC MS/MS analysis is a fast and efficient method to recover 
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oomycete plant nuclear-targeting proteins. Future studies will aim to evaluate the effector 

capacity of this set of candidates.  

This work provides an original and efficient tool to quickly screen for putative nuclear-

targeting proteins from filamentous plant pathogen that may act as effector during interaction. 

It also reveals the complexity of the deployed nuclear proteins repertoire of phytopathogenic 

oomycete and give new insights of pathogenesis mechanisms at the root level.  
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Materials and Methods 

 

Biological Material 

 

All experiments were carried out using of Medicago truncatula F83005.5 genotype and 

Aphanomyces euteiches ATCC201684 strain. 

A. euteiches was grown on Corn Meal Agar medium (CMA) at 22°C. For zoospore 

preparation the agar disks were transferred into Peptone glucose liquid medium and were 

grown at 220C for four days. On the fifth day the culture was washed 5-7 times with sterile 

commercially available mineral water Volvic and incubated in water overnight. The next day 

zoospore concentration was measured using hemocytometer slides as previously described 

(Camborde et al., 2021). Seeds of M. truncatula were incubated 1 min in concentrated H2SO4, 

then washed in sterile water, disinfected in 2.5% bleach solution and incubated on 1% Agar 

plate at 10°C in the dark. The germinated seeds were inoculated after two days with a zoospore 

solution of A. euteiches 3-μl drops of a 105 cell·ml−1 zoospore as described in (Badreddine et 

al., 2008). 

 

Flow Cytometry 

M. truncatula and A. euteiches nuclei were collected from infected-roots as described 

by (Bourge et al., 2018). Briefly, 4, 7 and 10 days after infection, around 5 g of infected roots 

with a blackish-brown appearance were chopped with a razor blade in a Petri dish with a Gif 

Nuclear Buffer (GNB : 45 mM MgCl2, 30 mM Sodium-Citrate, 60 mM MOPS pH 7.0, 1%, 

PVP 10.000, 0.1% Triton X-100, 10 mM sodium metabisulfite S2O5Na2). The nuclear 

suspension was filtered through 50-µm filter to remove plants and oomycete debris, before 

adding propidium iodide (50µg/ml; Sigma-Aldrich ref 81845) to stain nucleic acid.  

After 5-min incubation at room temperature, fluorescence intensity of propidium iodide 

was collected using a MoFlo Astrios_EQ© cytometer (Beckman Coulter, Roissy, France) 

equipped with a 561-nm solid state laser for excitation and 614/20-nm filter for emission. To 

specifically identified M. truncatula nuclei within the heterogeneous non-purified suspension, 

gating was first performed on SSC-Height vs PI-Area dot plot to allow detection of different 

morphotypes of nuclei (A. euteiches vs M. truncatula), then doublets were discarded from a PI-

Area vs PI-Height dot plot. Finally, DNA content of nuclei were gated on PI-area histograms.  
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1.5 x 106 isolated nuclei were sorted in PuraFlow sheath fluid (Beckman Coulter) at 25 

psi (pounds per square inch), with a 100-micron nozzle. We performed sorting with ~43 kHz 

drop drive frequency, plates voltage of 4000-4500 V and an amplitude of 30-50 V. Sorting was 

performed in purity mode. After sorting, nuclei samples were centrifuged at 2500 rpm for 20 

min at 4°C, the supernatant was discarded and the pelleted nuclei were denaturated by addition 

of 4X Laemmlli solution. 

Mass Spectrometry Identification 

Denaturated proteins were digested using trypsin and tryptic peptides were analyzed by 

tandem mass spectrometry. Proteins were identified with X!TandemPipeline (Langella et al., 

2017), at least two peptides mapped onto the protein sequence with the maximum protein e-

value of 10-4. As a reference proteome published M. truncatula A17 v5.1 genome (Pecrix et 

al., 2018) and synthetic A. euteiches database was used composed of published proteome 

(Kiselev et al, 2022) combined with all possible Open Reading Frames (getorf) and Stringtie-

assembled transcripts of transcriptomics assays (Gaulin et al., 2018). For final protein 

identification only sequences of the published proteome, as usage of ORFs and transcripts 

didn’t add new outputs.  

Detection of nuclear and nucleolar localisation signals was performed as previously 

described in Howden et al., 2017 the scripts from the publication deposited in 

https://github.com/remco-stam/howden-et-al were uploaded to a local Galaxy server. 

 

Molecular cloning and Agrobacterium-mediated transformation 

The 10 selected genes Ae201684_13653, Ae201684_13031, Ae201684_18136, 

Ae201684_4392, Ae201684_455, Ae201684_330, Ae201684_312, Ae201684_17714, 

Ae201684_19945 and Ae201684_7331 (sequence available at AphanoDB 

http://www.polebio.lrsv.ups-tlse.fr/aphanoDB/) were synthetized by GeneCust to be cloned in 

Golden Gate (GG) assembly. When necessary, sequences were domesticated from GG 

restriction enzyme sites and designed as « B3-B4 » GG nomenclature, without signal peptide 

and stop codon to allow C-terminal tag fusion, using Golden Braid 4.0 

(https://gbcloning.upv.es/gbclasses/). All sequences were flanked with BsmBI sites, 

GCGCCGTCTCGCTCGA upstream of ATG codon and GGTTCGTGAGCGAGACGGCGC 

instead of the stop codon, and subcloned by BsmBI-V2 (NEB #R0739S) digestion in pUPD2 

vector (Addgene #68161). Then each new vector was included in a GG assembly (Engler et 

al., 2014) containing the backbone plasmid pICH47742 (Addgene #48001), pICH51288 for 
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2x35s Cauliflower Mosaic Virus (CaMV) promoter + 5’UTR (Tobacco Mosaic Virus) 

(Addgene #50269), pICSL50004 for mCherry C-term fusion (Addgene #50316), and 

pICH41414 for 3’UTR and terminator sequence 35s from CaMV.  Around 100ng of each 

plasmid were mixed with 20U of BsaI-HF®v2 (NEB #R3733S), 400U of T4 DNA ligase (NEB 

#M0202S) in T4 ligase buffer, and placed in thermocycler for 25 cycles of 5 min 37°C/16°C 

alternance, then 5 min at 80°C. 10 µl of 10-beta Competent E. coli (NEB #C3019H) were 

transformed with 4 µl of GG assembly reaction according to the manufacturer's 

recommendations. After plating on selective LB, transformants were confirmed by PCR, 

cultured on liquide LB with appropriate antibiotics and sequenced for validation. Plasmids 

were transformed into Agrobacterium tumefaciens (GV3101::pMP90) by electroporation and 

Agrobacterium tumefaciens-transformed strains were syringe-infiltrated into N. benthamiana 

as described by Gaulin et al. (2002). To verify the expression of a target proteins the total 

protein extract of the transfected leaves was used for a standard Western Blot procedure using 

anti-mCherry antibody (Sigma, H3663). 

Confocal Fluorescence Microscopy 

Leaf disks (diameter 10 mm) of the transfected area were collected 24h after 

agroinfiltration and were used immediately for confocal microscopy to detect subcellular 

localization of the tested proteins. Imaging was performed by using a confocal laser scanning 

microscope (Leica TCS SP8) and the settings were operated in the LAS X software. Specimens 

were observed using a 10X dry objective (HC PL FLUOTAR 10x/0.30). An OPSL 552 nm 

laser was used to detect the fluorescence of mCherry tag in a wavelength range of 680-720 nm. 

All images were processed in ImageJ version 1.53. 

Cell death image acquisition 

Whole leaves of N. benthamiana expressing candidate effectors 5 days after 

agroinfiltration were used for detection of effector-induced cell death as described in (Xi et al., 

2021). Briefly, images of the transfected leaves were acquired using ChemiDoc MP Bio-Rad 

equipped with fluorescence reader, chlorophyll fluorescence was excited at 550 nm and read 

at 600-720 nm nm, dark areas with low chlorophyll emission designates necrotic areas. All 

images were processed in ImageJ version 1.53. 

Supplementary materials 

Supplementary materials are available for download here (published under restricted 

access upon the submission to a journal) https://doi.org/10.5281/zenodo.7134705 
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5.1 Additional results to the chapter V 
 

Flow cytometry also allows to estimate the modification of plant cell cycle by 

measuring a C-value – the number of genome copies in the nucleus, where 2C value 

corresponds to a diploid cell. As could be seen from additional figure 1, when nuclei of healthy 

plants are analysed 3 major peaks could be identified, which represent different C-value of the 

cells. In healthy roots the major peak (60-70%) corresponds to 4C cells with two surrounding 

smaller peaks (10-20% each). 2C cells represent the cells in mitotic cycle, while 4C and 8C are 

differentiating cells with higher metabolic activity and often higher cell size, responsible for 

growth of the organ in size (Kondorosi et al., 2000).  

The presence of A. euteiches reduces the share of 4C cells (from 70% to 50%) starting 

from seventh day of infection in our assay, and increases the number of 2C cells from 17% to 

40% and 30% at 10dpi and 7dpi respectively). Later in infection A. euteiches also reduces the 

number of 8C cells at 10dpi.  

 

Additional figure 1. A. euteiches infection affects the host cell ploidy ratio in time-dependent 

manner 

 

The sorting plots based on light scattering (nuclei shape) and fluorescence intensity 

(amount of DNA) allowed to identify clusters corresponding to host and pathogen nuclei. This 

information, in addition, allowed us to identify a shift of C-value in host tissue. It seems that 

infection by A. euteiches affects cell proliferation and division in the infected tissue, which is 

indicated as left-shift of a C-values, a measure of cell ploidy: increase of 2C cells and decrease 
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of 4C cells – the most metabolically active cells. This action of a pathogen is completely 

controversial to the action of symbiotic organisms, who induce a right-shift of the C-value in 

plant cells. During nodulation (Maunoury et al., 2010) or establishment of arbuscular 

mycorrhiza symbiosis (Carotenuto et al., 2019) the microorganisms induce the ccs52-

dependent endoreplication, which leads to increase of cell size and metabolic activity of the 

cells, to serve the needs of hosting the symbiont intracellularly. Future analysis will aim to 

clarify these preliminary results. 
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6. General discussion 
 

The global aim of my PhD thesis, was to develop original experimental approaches for 

identification of effector molecules from A. euteiches starting from prediction of the effectors 

using ‘omics’ data to functional characterization. This work was performed and coordinated 

according to a European project ‘PROTECTA’ funded through Marie Curie Fellowship aims 

to develop new and innovative ways to control oomycete diseases across the agriculture, 

environment, forestry and aquaculture sectors.  

Plant and animal pathogens from Aphanomyces genus significantly affect the 

cultivation of its host and cause significant production losses, while the only limited disease 

control solutions are available against the pathogens. In Chapter II in collaboration with PhD 

students participating in the EU project I performed a review, which overlooks the different 

aspects of Aphanomyces biology with a focus on applied aspects of agri- and aquaculture. 

According to the goal of a ‘PROTECTA’ project we further performed multiomics analysis of 

A. euteiches – host interaction to perform high-throughput effector detection. In the study we 

combined genome analysis of A. euteiches with transcriptomics (Chapter III) and proteomics 

(Chapter IV, V) approach to detect effector repertoire implied in the infection process. Firstly, 

we obtained a high-quality genome assembly of a pea strain from A. euteiches (ATCC201684) 

and obtained Illumina assemblies from various strains that show different legume preference. 

A comparative genomics approach A. euteiches strains revealed the enrichment of several types 

of secreted proteins (e.g. proteases) in comparison to other oomycete pathogens. I performed a 

classification of the small secreted proteins (SSPs) and based on the distribution of various 

classes of SSPs between A. euteiches strains suggested that SSPs could play a key role for a 

host preference for various strains of the species. SSPs were previously identified as 

pathogenicity factors in fungi (Kim et al., 2016), while they also abundant in endophytic fungi 

and mycorrhiza (Daguerre et al., 2020). Within oomycetes several studies focused on Small 

Cysteine-rich Protein (SCP), which also contribute to the pathogenicity of P. capsici (Zhang et 

al., 2021). However, most of the A. euteiches SSPs are genus or species specific proteins 

(Gaulin et al., 2018) and have no homology with fungal SSPs or oomycete SCSPs. The 

catalogue of A. euteiches SSPs obtained in this study may help to unravel their unknown 

function. This is exemplified with AeSSP1256, a ‘core SPP’ from the G-rich class, which 

hijacks Medicago truncatula RNA-helicase from its nucleic target and promotes A. euteiches 

roots’ infection (Camborde et al., 2022, Annex I) 
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The genome annotation of A. euteiches predicted 1515 secreted proteins, among them 

numerous as effectors during plant infection. Based on previous effector screening experiments 

the feasible amount of candidate genes reaches several dozens of genes (Robin et al., 2018). 

Thus, to restrict the set of effector candidates for functional studies we set up experimental 

system to reveal A. euteiches extracellular protein present during the infection process by 

proteomics. In addition, since A. euteiches is a species in which the genome modification / 

editing was not established, despite the report of successful CRISPR-Cas9 (Majeed et al., 2018) 

and RNAi silencing (Iberahim et al., 2020) of another species of the genus A. invadans, when 

required the corresponding effector was transiently expressed in M. truncatuka roots to 

evaluate its effect (Camborde et al., 2022, Annex I). 

Two novel assays enabling proteomics detection of the effectors in-vivo were developed 

and validated during this PhD research. Both developed assays could be transferred into 

different plant – pathogen systems with minor modification, which makes those development 

useful for a whole research community working on plant-pathogen interaction. In Chapter IV, 

as a collaborative work, we focused on the identification of pathogen’s secreted proteases 

present in the apoplasm of the infected plant. The study confirmed a genomics observation of 

a large secreted proteolytic repertoire of A. euteiches and led to identification of novel types of 

secreted modular proteases of A. euteiches which harbour an additional binding domain to the 

catalytic site. The Chapter V describes the work aiming at the identification of A. euteiches 

proteins able to target M. truncatula nucleus during the interaction, in order to identify for 

functional studies putative nuclear-targeting effector. Indeed numerous oomycete effectors 

have been reported to act within this compartment as previously exemplified in our research 

group with AeSS1256 (Camborde et al., 2022, Annex I) and AeCRN13 (Ramirez-Garcés et 

al., 2016, p.). As a collaborative work, we developed a FACS coupled with proteomics assay 

to detect in-vivo plant nuclear targeting proteins from A. euteiches. As a proof of concept, we 

identified two homologs of known nuclear effectors from other species as well as three SSP. 

Overall, my PhD work gives new insights, presented here below, into oomycete genome 

organization and content and the effector repertoire deploys by these pathogens to facilitate 

infection. This work is also a continuation of a genomics study of Aphanomyces spp. performed 

in our research group (Gaulin et al., 2018; Gaulin et al., 2008b), altogether these studies 

broaden the understanding of plant-oomycete interaction mechanism as Aphanomyces genus is 

phylogenetically distant from other well-studied plant pathogenic oomycetes such as 

Phytophthora spp., Peronospora spp, Pythium spp. 
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6.1 Genomics studies in oomycetes 
 

Genome analysis in oomycete began in 2009 from the publication of the Phytophthora 

infestans genome by Haas et al. Later it appeared that the 229 kb genome of P. infestans is a 

kind of a unique situation, while the most of the now sequenced genomes of oomycetes fit into 

a frame of 40-80 kb (McGowan and Fitzpatrick, 2020). The whole-genome studies allowed the 

understanding of the genome organisation of oomycetes. For many oomycetes Peronosporales 

and Pythiales orders the compartmentalization of the genome into gene-rich and gene-poor 

regions was demonstrated, suggesting that fast-evolving pathogenicity related genes are 

encoded in gene-poor region with larger proportion of repeats (Dong et al., 2015; Faure et al., 

2020), which might play a role in effector evolution (Fouché et al., 2018). In contrast, genome 

of Saprolegniales oomycetes, such as Saprolegnia parasitica (Jiang et al., 2013b) and A. 

euteiches (Kiselev et al., 2022, Chapter III) didn’t demonstrate as high compartimentalisation 

as other oomycetes. Interestingly, the long-read assembly of A. euteiches genome allowed 

sequencing of repeated regions in comparison to a previous genome version (E Gaulin et al., 

2018), however, they were poorly assembled into long contigs and formed numerous short 

gene-poor contigs (Chapter III, Fig. 1).  

Among the drivers for a rapid pathogen’s evolution there are transposable elements 

(TE) and satellite DNA (satDNA). TE are able to translocate or replicate large genomic regions 

and facilitate the effector’s set regulation as well as effectors transcription regulation (Wicker 

et al., 2007). SatDNA is usually represented by 100-500 bp tandemly repeated often found at 

centromeric, pericentromeric, and telomeric regions monomers, which are repeated in the 

genome hundreds or thousands of times (Garrido-Ramos, 2017). Knowing of the landscape of 

the repetitive sequences in the genome is crucial for a better understanding of their role in the 

pathogenicity evolution of oomycetes, many of which are able rapidly evolve into new races 

and overcome the resistant host genotypes (Hannat et al., 2021). In P. parasitica two families 

of satDNA were characterized upon the long-read genome assembly. PpSat1 family is highly 

conserved among oomycetes and was found in A. stellatus, the potential role of PpSat1 family 

could assigned to a centromeric satDNA, while the role of PpSat2 is not known (Panabières et 

al., 2020). Our study demonstrated that both of the P. parasitica satDNA families are present 

in A. euteiches genome along with another 39 satDNA families. Three clusters of A. euteiches 

satDNA were represented as high-copy repeats with over 1000 occurrence in the genome. 

Therefore A. euteiches genome possesses the satDNA families previously identified in P. 
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parasitica together with unique families, while some of them appeared to highly copied in the 

genome. 

Comparative genomics studies of oomycetes demonstrated that tandem gene 

duplication is one of the main drivers for effector set expansion in oomycetes (McGowan et 

al., 2019). In the evolution history of oomycetes the expansion of a kinome (set of kinases) 

happened upon the divergence of Saprolegniales order as well as the expansion of RxLR 

effectors happened upon the divergence of Phytophthora genus (Jiang et al., 2013b). Often 

effectors are physically present in the genome clusters, for example RxLR effectors in 

Phytophthora or Peronospora (Fletcher et al., 2022; Haas et al., 2009), in A. euteiches genome 

the clusters of small secreted proteins (SSP) were also identified (Gaulin et al., 2018). 

Interestingly, the localization in the same cluster doesn’t mean the identical expression pattern 

of the effectors from the cluster. Studying the secretome of A. euteiches we observed the 

expansion of the secreted proteolytic enzymes (Chapter III, Fig. 6), which were previously 

thought to be an adaptation to an animal host in Saprolegniales order as much lower number 

of proteases are present in other phytopathogenic organisms. Closer look on the secreted 

proteases in A. euteiches genome (Chapter IV, Fig. 1) demonstrated that over 80% of the 

proteases are located are organized in cluster and are tandemly repeated within a cluster. 

In the comparative genomics of A. euteiches strains we reported five categories of 

secreted proteins with a predictable PFAM domain to represent the core secretome of A. 

euteiches, those are adhesion, cysteine-rich, toxic, proteolytic and carbohydrate active (CAZy) 

proteins. Previously it was reported that the differences in CAZymes between Aphanomyces 

species is one of the key adaptation to plant or animal host (Gaulin et al., 2018). Variations in 

CAZyme repertoire within whole oomycete lineage is shown to be correlated with an oomycete 

lifestyle with a numerous gene losses in obligate biotrophs such as Bremia lactucae (McGowan 

and Fitzpatrick, 2020). The analysis of gene presence-absence in different strains of A. 

euteiches demonstrated that proteins with a predictable PFAM domain predominantly belong 

to core and accessory secretome, while the short proteins without a predictable domain are 

mainly present as singletons. This distribution suggests that small extracellular proteins might 

contribute to a local environment adaptation. Genome-wide association studies of fungal wheat 

pathogen Zymoseptoria tritici identified small cysteine-rich protein AvrStb6 as a rapidly 

evolving protein contributing to virulence or avirulence of the strain (Zhong et al., 2017).  
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6.2 Apoplastic effectors in vivo identification 
 

In the genomics analysis of A. euteiches we have demonstrated the enrichment in 

secreted proteolytic enzymes. Secreted proteases are known to play a role in plant-pathogen 

interaction from both sides. P69B apoplastic cysteine protease from tomato is a key component 

of an apoplastic immune cascade (Paulus et al., 2020). On the pathogen’s side the global 

proteomics analysis of plant-pathogen interaction revealed the presence of secreted proteases 

in the samples (Meijer et al., 2014; van der Hoorn et al., 2004). The global survey of P. infestans 

metalloproteases demonstrated their diversity in a genome and also showed that some of them 

could enhance or diminish the pathogenicity of P. infestans (Schoina et al., 2021).  

To characterize A. euteiches secreted proteases were applied Activity Based Protein 

Profiling (ABPP) to identify secreted proteases in the apoplasm of infected tissue. This 

approach is widely used to monitor plant enzymatic activity in the apoplasm in different 

conditions (Kaschani et al., 2009; van der Hoorn, 2011; van der Hoorn et al., 2004). We 

exploited the similar approach to focus on survey of pathogen’s proteases in the apoplasm of a 

natural host A. euteiches – Pisum sativum. Using two commercially available probes: FP and 

DCG-04 we targeted Serine and Cysteine proteases – two the most abundant classes of 

proteases in A. euteiches. Transcriptomics analysis revealed that 99 out of 115 Ser/Cys 

proteases have a transcript in any of the infection stages, while the ABPP proteomics analysis 

at 15 days post infection identified around 30% of the Ser/Cys proteases as proteins in the 

apoplasm. Among the identified proteins there were classical Serine proteases represented by 

trypsins, subtilisns and carboxypeptidases S10 and S28 and Papain-like cysteine proteases. In 

addition to classical protease we identified modular proteases, which consist of a proteolytic 

N-terminal domain and additional ‘binding’ domain attached through a linker, which predicted 

to be disordered (Chapter IV, Fig. 6). N-terminal part represented by domains with affinity to 

carbohydrates or lipids: CBD, PAN, CAP, ML. Papain-like + ML-domain proteases are present 

in several species of Stramenopiles lineages, while other combinations are specific to A. 

euteiches. The presence of a binding domain can direct the activity of the secreted proteases 

against specific targets. Further functional studies required to understand the targets of the 

identified modular proteases. 

Secreted proteases can be active in remodeling of a host cell wall, as it was 

demonstrated for a Trypsin SNP1 trypsin from Parastagonospora (Stagnosphora) nodorum. 

(Carlile et al., 2000). It also cannot be excluded that extracellular proteases are aimed on a 

pathogen’s cell wall remodeling or interaction with a host defense proteins or immune 
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proteolytic cascades, however, examples of these roles of extracellular proteases are missing. 

Taking in account the growing interest in studying proteolytic enzymes, we can expect further 

understanding of extracellular protease role in plant-oomycete interactions. 

 

6.3 Nuclear effectors in vivo identification 
 

Numerous fungal and oomycetes effectors are suspected to target host nuclei to modify 

its physiology. As example a high-throughput studies of RxLR and CRN effectors from 

oomycetes (Liu et al., 2018, Caillaud et al., 2012, Stam et al., 2013, Chen et al., 2020).  showed 

that over 60% of the tested proteins were localized in nuclei. However, the studies were 

performed on overexpressed proteins tagged with a fluorescent tag. Similarly in our research 

group by using tagged-proteins we characterized the activity of AeCRN13 and AeSSP1256 

within the plant nucleus (Camborde et al., 2022; Ramirez-Garcés et al., 2016). Up to now no 

in vivo proteomics studies were performed to demonstrate the presence of microbial eukaryotic 

proteins within the host nuclei during the infection and support genome prediction. Thus, to 

perform a global survey of the nuclear-targeting proteins from A. euteiches we developed a 

Fluorescence-assisted cell sorting (FACS) coupled with mass spec proteomics assay. 

A quick and easy method for isolation of plant nuclei from non-infected leaves material 

was recently reported (Bourge et al., 2018), therefore we decided to test whether this method 

could be suitable for distinguishing of nuclei of two organisms in an infected root tissues. The 

distribution of the light intensity and light scattering from both species allowed to distinguish 

signals from different species and apply gating for collection of the nuclei from M. truncatula 

and A. euteiches into different wells. Whereas FACS output demonstrated clear peak separation 

of the species, the followed proteomics analysis showed that a large amount of proteins from 

host and pathogen were present in separately collected samples. Even if we cannot exclude 

transfer of proteins between the two types of nuclei or putative contaminations from cytosol, 

we can suggest to improve the separation to stricter gating, and to use smaller number of sorted 

nuclei for the proteomics analysis. This will decrease the concentration of proteins from 

‘contaminating’ nuclei to an undetectable level. In addition, the use of microfluidic technology 

for isolation of nuclei could be used to perform a proteomics on a single cell level (Specht et 

al., 2021). In comparison to previous untargeted proteomics studies (Fabre et al., 2019) this 

method allows to target the particular cellular compartment and enrich the sample to increase 

the probability of effector detection.  
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Despite the lack of separation in the proteomics results we could quickly identify 25 

potential effectors: among them Avr1b-like protein, nuclear localized GH11, GH18 and several 

SSPs. The Avr1b-like protein from A. euteiches has a very high similarity with the 

corresponding RxLR from P. parasitica at C-terminus of the protein while the N-terminus is 

highly distinct. The ortholog of the effector Vd424 from V. dahliae with a GH11 domain is 

unique to A. euteiches since no similar sequence have been detected in others oomycetes. SSPs 

identified in this work are also specific to A. euteiches and distinct from the previously 

characterized AeSSP1256. Using the developed assay, we identified the RxLR-like effector, 

which harbours the C-term domain of the Avr1b effector but lacks the RxLR motif itself and 

also identified atypical GH11 and GH18 putative nuclear effectors, which together with the 

previous evidence of Vd424 GH11 effector might postulate that glycoside hydrolases have the 

role within plant host nuclei during the infection process. 

 

Perspectives of the PhD work 

The assembly of a reference genome gives opportunities to study the effector repertoire 

of the species and performs comparative analysis with other species. In our work we assembled 

the high-quality genome of A. euteiches ATCC201684, however some parts of the genome 

remained unresolved and represented as short contigs (10-100 kb). Unfortunately, in our work 

we failed to produce genome optical mapping to compose a chromosome-level genome 

assembly. To further complete A. euteiches genome assembly, chromatin conformation capture 

sequencing could be used for production of telomere-to-telomere sequence, as was performed 

for arbuscular mycorrhizal fungus Rhizophagus irregularis (Yildirir et al., 2022). Whole 

chromosome genome assembly allows to trace the genomics rearrangement happened in 

species evolution (Fletcher et al., 2022), which is extremely interesting in case of Aphanomyces 

genus which demonstrates high diversity in hosts preferences (plants, animals) among the 

species.  

Comparative analysis of five strains of A. euteiches with different host preferences 

highlighted the core and accessory secretome of the species, which can contribute to the host 

adaptation. The next level of understanding of a species evolution could be obtained through 

Genome Wide Associations study (GWAS) of pathogenicity and host preferences of various 

natural genotypes. Different research groups around the world have their collections of field-

isolated A. euteiches genotypes tested for their pathogenicity against host (see the recent studies 

Quillévéré-Hamard et al., 2020; Sivachandra Kumar et al., 2021), therefore GWAS studies on 

these collections will shed a light on genomic regions responsible for determination of races 
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and pathotypes. To obtain enough genomics data for GWAS analysis the high-quality genome 

assembly of several distant strains must be obtained including one assembled in the present 

work, while for the most of the strains low-coverage sequences will be sufficient to map the 

polymorphisms (Chat et al., 2022). This work might have a distinct interest from both academic 

and industrial community since no molecular genomics studies were performed to unravel A. 

euteiches ability to overcome the resistance in cultivated crop genotypes. The emergence of 

new races causing a problem for agricultural sector, while the understanding of molecular bases 

of an adaptation and continuous surveillance of the genotypes in the soil could help in plant 

breeding and the risk assessments (Dussault‐Benoit et al., 2020). 

In this work, we aimed to develop two proteomics-based approaches for effector 

detection. In-silico prediction of the pathogenicity factors in the genome usually outputs several 

hundreds of potential effectors, therefore the robust method for detection of the effectors which 

are present as proteins during the infection is necessary for further shortlisting the candidates 

for functional studies, especially in the species without an established techniques of genome 

manipulation as A. euteiches. Finally, both approaches revealed few dozens of proteins, which 

is a reasonable quantity to process with functional characterization. Since unexpected 

extracellular proteins have been identified, I believe that the results present in the thesis will 

contribute to further identification of original molecular mechanism developed by A. euteiches 

to invade legume. For example, the identification of an additional ‘binding’ domain in A. 

euteiches modular extracellular proteases can help the identification of the target of the 

proteases.  

The two developed assays with minor modifications could be applied to many 

filamentous pathogen – host pathosystems, since they do not include any species-specific steps 

neither in apoplastic fluid extraction nor the nuclei purification. To ensure the capturing of 

more complete snapshot of the secreted proteins various infection datapoints could be analysed 

(i.e early, later infection stages). In addition, both approaches allow the characterization of the 

plant proteins repertoire, the data could be analysed in comparison with experiments performed 

in A. thaliana and N. benthamiana, especially for extracellular proteolytic enzymes and 

protease-based immune cascade were numerous studies used these plants (Kaschani et al., 

2009; Paulus et al., 2020). Despite we have identified interesting candidates, functional studies 

are required to unravel the complexity of the interaction with M. truncatula. 
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6.4 General Conclusion 
 

This PhD work provided the novel long-read based assembly of a reference strain of A. 

euteiches ATCC201684 as well as Illumina-based assemblies of four other strains with various 

host preferences. The comparative analysis provided the insights into a core and specific 

secretome of A. euteiches, suggesting that a large set of Small Secreted Proteins could be a 

source for a host adaptation within a species. This research work set up two new proteomics 

technics to support effector repertoire prediction and to prioritize effector candidates for 

functional studies. With minors’ modifications, the developed experimental systems could be 

applied to various plant-microbe pathosystems. Finally, the two proteomics approaches based 

either on apoplastic proteases or nuclear proteins characterization, revealed unexpected and 

original extracellular proteins form A. euteiches that probably have a key role for plant 

infection.  

Both of the developed proteomics assays produced the dataset of the putative effectors, 

which included the typical effectors, e.g. Trypsins or Subtilisins of the apoplastic space and 

SSPs or RxLR-like proteins as nuclear proteins, which confirms the functionality of the assays 

and conformity with our previous knowledge on effectors spatial classification. In addition, the 

assays nominated atypical effector candidate such as ‘modular’ proteases active in the 

apoplasm and glycoside hydrolases as nuclear effectors. Therefore, it highlights the usefulness 

of direct proteomics-based approaches that they allow to select the effectors with limited or no 

use of the previous knowledge of which proteins are expected in the given compartment which 

allows the identification of atypical proteins which might contribute to plant-pathogen 

molecular cross-talk. Further functional assays are needed for the confirmation of the activity 

of atypical effectors. 

Overall, this PhD work produced new knowledge on A. euteiches genome organisation 

and host adaptation. Together with the effectors candidates identified using multi-omics 

approaches this work will contribute to the functional characterization of new effector types of 

A. euteiches and will lead to the further understanding of oomycete pathogenicity. 
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Annex I - An oomycete effector targets a plant RNA helicase involved 
in root development and defence (Camborde et al., 2022) 
 

The work of functional characterization of the effectors is one of the major scientific 

activities of our research group. After the description of a unique set of Small Secreted Proteins 

(SSPs) in A. euteiches and identification of a AeSSP1256 gene, which promotes oomycete 

infection, the functional analysis led by Laurent Camborde began. In this annex chapter we 

present the study of mode of action of A. euteiches effector AeSSP1256, which is able to trigger 

nucleolar stress, when expressed in the host plant and hijacks host DEAD-box RNA Helicase 

MtRH10 from its binding to RNA. My role in this project consisted of material preparation and 

data analysis of RNASeq experiments and identification of the genes differentially regulated 

upon the expression of AeSSP1256 in the host roots. 
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An oomycete effector targets a plant RNA helicase involved in 
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• Oomycete plant pathogens secrete effector proteins ta promote disea.se . The damaging 
soilborne legume pathogen Aphanomyces euteid1es harbors a specific re perto ire of Small 
Secreted Protein effectors (AeSSPs), but their biological functions remain unknown. He re we 
cha racterize AeSSP1256. 
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• The function of AeSSP1256 is investigated by physiological and molecular characterization 
o f M edicago truncatula roots expressing the effector. A potential protein target o f 
AeSSP1256 is identified by yeast-two hybrid, co-immunoprecipitation, and fluorescent reso­
na nce energy transfer- fluorescence lifetime imaging microscopy (FRET- FLIM) assays, as well 
as promoter studies and mutant characterization. 

Key words: Aphanomyces, effectors. 
Medicago. MtRH1 O. nudeolar stress, 
oomycete, plant development, RNA-helicase. 

• AeSSP1256 impairs M. truncatula root development and promotes pathogen infection. The 
effector is localized to the nudeoli rim, triggers nudeoli enlargement and downregulates 
expression of M . trunQ!fu/a ribosome-related genes. AeSSP1256 interacts with a functional 
nucleocytoplasmic plant RNA helicase {MtRH10). AeSSP1256 relocates MtRH10 to the perin­
ucleolar space and hinders its binding ta plant RNA. MtRH 10 is associated witih ribosome­
related genes, root developme nt and defe nse. 
• This work reveals that an oomycete effector targets a plant RNA helicase, possibly to trigger 
nucleolar stress and thereby promote pathogen infection. 

Introduction 

Plane parhogens airer hosr cellular physiology ro p ro more rhe.ir 
own proliferarion by prod uciog dîeccor proreins rhar ioreracr 
wich p lant rnolecular rargers. Previous srudies have indi caced large 
variations in rhe effecror repen o ire of pl:mr pachogens, suggesdng 
char a large numbcr of rnok-cular mcchanisms are rargered by 
thesc effectors (He et dl, 2020). 

Oomycetes constitute a large pb)'lum :md indude imponant 
filamentous eukaryoric pathogens, many of which cause dise.1se 
in plants or animal~ (van Wesr & Beakes, 2014; Kamoun et dl, 
201 5). The presence o f conserved motifs in some oom)'cere 

sequences has allowed rhe compurational predicrion of many can­
did are effectors in rhe oomycete genome {Haas t l n.L , 2009; 
McGowan & Firzparrick. 2017; Tabima & G rüowa.ld, 2019). 
There is increa..sing evidcnce rhat the p l:lllt nucleus is an impor­
tant companmenr for effoctor funcrio n, mainly beca.use of the 
large pon folio o f putative nucleus-rargering effecrors pred.icml in 
oomycere genomes (Scho rnack et al. 20 10: Sram et al, 2013; 
Song et al, 2015: Z hang et al, 2015; Wa ng et al, 20 l9). 
Accordingly, d ifferent mechan isrns of action at the nudear leve.l 

have been reporred, includi11g alrerarion of gene transcription 
(Song et al., 2015; Win hmueller et aL, 2018; He el al., 2019). 

mis-localizatio n of transcription fuctors (Mcldlan et dl., 2013), 
suppre.ssion of RNA silencing by inhibition of siRNA accwnula­
cio n (Xiong et al., 2014; Q iao e1 al, 2015), and plaor DNA 
damage (Ramirez-Garcés et al, 2016 : Cambord e et al,, 2019). 
Howevec, only a small nu mber of O0lll)'Cere effeccors have been 
assigned a speci fic fonctio n. 

Aphanomyus eutûches, the causal agent of pea rooc rot discase, 
is a major pathogen chat :tffecr.ç crop and forage legumes and nat­
urally infects the mode) legume Medicdgo tmncaruln (Gauli n 

et al., 2007). The severiry of symproms observed upon exposu re 
o f na.rural M. tnmcawla lines ro the parhogen showed a conrinu­
ous gradient, iJ1dicatiJ1g char the i ,uernccion is quanti ta cive, rang­
ing from a relarive resisrance phenocype ro a high suscepribiliry 
phenorype {D jébali er di., 2009; Jacquer & Bonhomme, 2020). 
Among M. tnmcotttla, the susceptible F83005.5 li ne developed 
sympcoms wichi n a few days and commonl)' died wi rh in 3 wk, 
whereas the A 17-Jemalo ng pa.r1ially resistant line displaycd 
retarded growth and a delay in the appearance of sympco ms 
(Djébali et al, 2009; Jacquet & Bonhomme, 2020) . Partial resis­
tance to A. euteicbes in M truncatula and in pea h,1s been shown 
ro be conrrolled b)' n umerous quantitative rrait loci (Qfl.s) 
whose effeccs on d1e disea.~e range from minor co major (Hamon 
et al., 2013; Bon.homme n al, 2014 . 2019; Desgroux el al., 
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20 18). No fully resistam lines have been reporred, and the 
observecl partial rcsistanœ is commonly li nked ro the devdop­
mcnt of a large number o f roors and latcrnl n;,ots (Bonhomme 
et al., 20 14, 2019; Badiset al., 20 15; Desgroux tt aL, 2018). 

ln our recenr work, we bave combined transcripromics and 
genomics analyses ro idenrify A. emeichet parhogenic decenui­
na,us. We ideocified a new class of effecrors of > 290 Small 
Secmed Proteins (AeSS Ps) specifically found in ,t etlteù:lm 
(Gaulin et al, 2018). These AeSSPs cont:ùn a p rcdicted N­
tcrminus s ignal pcpride, arc < 300 rcsidues in lcngrh , and arc 
dcvoid of any functional annotations. Many AcSSPs conrain a 

predicred nuclear localizarion signal (N LS), suggesri ng that these 
arc probably active wirhin die hosc nucleus. Screcning to idcntify 
plant oudear-localizecl A. tttJeiches effectors tbat can promoce 
Phyroplnhora capsici infeccion lecl ro the identification of 
AeSSP1256. This effector. which is upregulaced during early col­
onizacion of M. tr1mca1ulà roocs, presenced a predicred s ignal 
pepcide followed by a bipartite nudear local izarion signal (NLS). 
The idea chat AeSSPl 256 rn rgers the planr nucleus has been con­
firmed by its transicnt expression witb or without its signal pep­
tide, both in Nicotùt1u1 benthamùtn11 !caves and Al7 
M. 1runc111ul.i roots (Gauli n et al, 2018). 

ln chis study, co gain furcher ins.ighc imo the role of 

AeSSPl256, we have investigaced its accivicy in M. 1r1mcat1d11. We 
fouud chat AeSSP1256 promotes pathogeu infection of the Al 7 
panially resisrant lfoe and restriccs root development. Om micro­
scopie sn1dies and whole- transcriprome approaches in A 17 M. 
mmcarula roors cxprcssing the cffccror showcd thar AcSSP 1256 
triggcrs nucleola.r stress and downregulates hoSt ribosome-related 
genes. Using yea.st-cwo hybrid (Y2H), co-immu noprecipi cation 
and FRET-FLIM assays, we identified char AeSSPl256 binds a 
nudeocytoplasntic DExD-box RNA-Helicase (RH) in M. trun­
catnla (MtRHIO). This interaction lead., co th<: re-localizarion of 
MtRH 10 co the perinucleolar space, ru1d it is thus diverred <1way 

from ics RNA carget. Imaging srudies using promorer:GUS and 
MtRHlO:GFP construccs reveal che exacc expression ,md localiza­
tion of McRHlO in the meristematic cell s of che Al7 rooc apex. 
S ilencing of rhc conesponding gene delays root growrh and 
affects expression of ribosome-relaced genes, whde it.s overexpres­
sion counterac~ chis phenorype. ln conrrast ro ics overexpression, 
silencing of McRH 10 modüies the o utcome of the inféction, 
making the toleranr Al7 roots susceptible co A. er,1àcht1 infec­

cion. This srudy demot1Sm1tes tbar soil-boroe oomycece effecrors 
possibly rrigger nucleolar stress co promote infeccion by cargecing 
host RHs, wh icb concribuce co roor developmeoc and defense 
rhrough che ribosome biogenesis pachway. 

Materials and Methods 

Plant material, microbial strains. and growth conditions 

Ali experimencs were carried our using d1e partially resisranc line 
M mmcatu/11 Jemalong-Al 7. Seeds were c,Jrured in vitro and 
cransformed as described by Boisson-Dernier et 11L (2001); Djébali 
et al (2009). Aphanomyces euteicher (ATCC 201684) zoospore 
inoculum was prcpared as described by Badreddine et al (2008). 
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Root infection was performed using 103 zoospores as <lescribed by 
Ramirez..Garcés et al (2016). Nicotùmn bmth11mia11a planes werc 
grown under a 16 h : 8 h, 24°C : 20°C, lighc : dark photoperiod 
ar 70% humidicy. &cherichùt coli (DH5cx, 0B3.1), A. tumejitâem 
(GV3101::pMP90) and A. rhizogene.s (ARQUA-l) suai1is were 
grown on LB medium using the appropriace antibiocics .. 

Construction of plasmid vectors and Agrobacterium­
mediated transformation 

T he gr~n Auorescenc protein (GFP) concro l plasmid 
(pK7WGF2), and the 35S:AeSSPl256·YFP, 355:AeSSf'/256: 
GFP, 35S:SP-A,SSP/256:GFP (AeSSP1256 scquence with its 
owt1 sigt1al peptide) and minus or plus signal peptide 35S: 
AeSSP1256:GFP:KDEL conscrucrs are described in Gaulin et al 
(20 18). The primers used in chis study are lisred in Supporting 
Informacioo T able S 1. Medict1go mmcatu"1 candidates sorted by 
Y2H assay (Table $2) were aruplified using Ph< Accu.prime poly­
merJse (12344024; Thermo Fisher, Waltham, MA, USA) and 
introduced inro the pENTR/D-TOPO vector by TOPO clon ing 
(1(240020; Thermo Fisher) and then transforrcd into the 
pK7WGF2, pK7FWG2 (hrrp:/lg-Jceway.psb.ugenc.b e/), pAM­
PAT-35S::GTW:CFP and pAM-PAT-35S::CFP:GT\XI binary 

veccors. The cloning of che MtRH 10 gene (Legoo: 
Mmu1Al7 _Chr5g0429221) imo pK7WGF2 produced rhe. GFP: 
MtRHJ O conscn,cc. 

Usi ng pENTR/D-TOPO:AeSSP1 256, as described previously 
(Gaulin er al . 2018), AcSSP l256 was transfcrrcd by LR rccom­
bination into pAM-PAT-3SS::GTW:3HA co create an 
AeSSP/256:HA consrrucr for co-i mmunopre<:ipiracion and 
Western blot experimcntS, and into pUBC-RFP-DES"'f (G refen 
et al., 2010) ro obcain the AeSSP/256:RFPconsm,cr for confucal 
analyses. For RNAi of MtRH 10 , a 328 nucleocide sequence in 
che 3'UTR was ampli fied by po lymerase chain reaccion (PC R; 
Table Sl), incroduced inco che pENTR/D-TOPO veccor and LR 
cloned into the pK7GWiWG2(Il)-RedRooc binary vecror ro 
obrain the RNAi MrRH 10 consrrucr. This veccor allows hairpin 
RNA expression a nd contains the red Auorcsccnc marker OsRED 
undcr the constitutive Arabùlopsis Ubiquitin 10 promocer. For 
Mt RH 10 promorer expression an alyses, a 144 l nucleocide region 
downstream of the Start codon of d1e MtRH I O genc:: was ampli­
lied by PCR (Table Si), fusecl co the P-g/11,:,iro11id,me gene (using 
tbe plCH7511 I vector (Engler et Ill , 20 14)) and inserred imo 
the pC.1mbia2200:DsRED derivacive plasmid (Flicgonan n et al., 
2013) by Golden Gate cloni11g co geneme che Pro· 
mocerMtRH l O:GUS ve<:tor. 

Medicago mmca111/a composite p lant hairy roors were gener­
ated as described dsewhere (Boisson-Dernier et al, 2001} using 
rhe ARQUA- 1 Agrobactrrium rhizogenes strain. Agrob1tct.erimn 
w11,efaciens-transfarmed strains were syringe-in6ltràted into N. 
bmthamia1111 as described by Gaulin et al (2002). 

RNA-Seq experiments 

For 355:GFP and 355:SP-AeSSP/256:GFP RNA-Scq analysis, 
the tocal RNA of four biological teplicares of transformed roots 
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were exrracred. Before harvest, roots were checke<l for GFP­
Auorcscencc by live macrn-imagi ng (Axiozoom; Zeiss) and the 
GFP-posirive mots wcrc excised from the plan ts. Four replicarcs 
were prepa red for e.1ch condition, with one replicare corr~pond­
ing to the pool of rransformed roots excised fro m 20-40 rrans­
genic plams. To tal RNA was exrracred using the E.Z.N.A.® rotai 
RNA kir (O mega Bio-tek, Norcross, GA, USA) and purilied 
using the Monarch® RNA Cleanup Kit (NEB, Ipswich, MA, 
USA). cONA lib raries were produced using the MulriScribeTM 
Rt'Vcrsc Transcriptase kir using a mix of ra ndom and poly-T 
primers undcr scandard conditions for real-time polymerasc chain 
reacrio n (RT- PCR). Library prepararion was performed using the 
GcT-PlaGc gcnom ic plarform (hrrps://get.gcnotoul.fr/cn/) and 
sequenced using a H.iSeq3000 sequeucer (Illumina, San Diego, 
CA, USA) . The raw data were trimmed with TR1MG1\LORE 
(v.0 .6.5) (bnps:1/girh uh.com/FelixKruegerrTrimGalore) wich CU-

1"ADAP'r and FAsTQC options, aJld mapped ro M. mmcaw/a cv 

Jemalong A17 reference genome v.5.0 (Pecrix et a/., 2018) using 
f-llSA°r2 (v.2. 1.0) (Kirn e1 nl, 2019). SAMTOOl,5 (v. 1.9) a.lgorithms 
' fixmatc' and 'markdup' (Li et ttl, 2009) were used to dcan align­
menL~ from du plicared scquences. Rcads were cou nrcd with 
HTSHQ (v.0.9.l) (Anders et al, 2015) using the rcfercnce GFF 
file. TI1e count /iles were norrnalized and differencially expressed 

geaes (DEGs) were idencified using the DESEQ2 algorichm (Love 
et al., 2014); false-positive hits were filtered using a higb­
rhroughpur sequencing (HTS) filcer (Rau et al, 2013). T be chresh­
old of che adjusted P-values was ser to 1 X 10-5 (P.dJ < 1 x 1 o-5). 

Gene omology (GO) enrichmcnc of DEGs was pcrformcd using 
1'0PG0 (Alexa & Ral111enfuh rer, 2020) sofrwarc. RN A-Seq 
experi ments on susceptible F83005.5 (F83) plants infecred by A. 
euteiches are described in Gaulin et nl (2018). 

RNA extraction and quantitative qRT-PCR 

Total RNA was emacted using d1e E.Z.N.A.® Plam RNA kit 
(Omega Bio-tek) . For reverse crarucripcion, l µg of rotai RNA 
was used, and reacrions were performed wich the High-Capacity 
cONA Reverse T ranscription K.i c (Applied Biosysrcms. Fosccr 
Ciry, CA, USA). Quaocirarive reverse transcription polymerase 
d,ain re-Jction wa1 performed using SYBRG rcen (Appl ied Biosys­
tcms) on a Q l!ANTSTUDIO 6 (Applicd Biosystcms) device. T he 
prùners used are listed in Table Sl. 

To estimate the exrem of infection by A. euteiches, d1e expres­
sion of che u -mbulin codi ng gene (Ae_22Al7226 (Gaulin e1 nL, 
2008)) was analyzed. The Histone 3-like and EF!a genes of M. 
truncntula (Rey et al, 2013) were used co norma liie A. l!tlltiches 
RNA abUJldance during infection. For Apha11omyces q uanti6ca­
rion wirbin AeSSP l 256-ex:prcssing roots, fü,e technical replicaces 
and chrec biological replicaces were performed for each rime 
poi nt. A ced,nical replicate is a pool of th rce to live roo, systems 

from d isti ncr composite planes' hairy roocs from o ne M. 1mncat­
,,1a transformation. Biological replicares correspond ro infection 
assays performed on independenc M. mmcarula transformation 
assays. Th us, for each cime point and conmuct, 45- 75 crans­
formcd roor systems wc rc analyzed. For McRH 10 gene quanrifi­
catioo, four rechnical replicares and rwo biological replicaces were 
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perforrned for each cime point (3o-40 rooc systems analyzed per 
cime point). For mi.~ensc MtRH /Oexperimenr.,, c.DNA from live 
samplcs was used, given thac a sample was a pool of liive p lants (11 
= 25 plants for each consrruct}. For A. euttiches quan tification in 
infecred roors transformed by GFP:MtRH JO, RNAi McRHIO 
construccs or in GFP contcol roocs, three cechnical re plicates and 
two biologicaJ replicares were petformed each tùue (c. 50 root 

sysrerns for GFP:MtRHlO or RNAi MtRI-110. and 91 for GFP 
concro l plants). T he relative expression o f Ae cx.-cubulin and 
MtRH 10 hd iaisc genes was calcularcd <L<ing the 2- A.AC, method 

(Livak & Schmingen, 2001). For reverse transcri prio n poly­
merase chain reacrion (qRT -PCR) validation of RNA-Seq experi­
menr., cDNA were derived from fivc tcch nical rcplicate.<, and 
two biologic;tl replicates. The relative expression levels of 17 
ribosome-related genes (Table S3) were calcufared using the 
2-<1AC, mechod. 

Yeast two-hybrid assays 

An ULTlmatc Y2ttn' assay was carried out by Hybrigcnics Ser­
vices (hrrps://www.hybrigenic<-services.com) usi 11g che mature 
form of AeSSPL256 (20-208 aa) as bait against a libr.uy prepared 
from M. tnmcawla roots infected by A. eu1eiche.s. TI\e library was 
p repared by Hybrigenics Services usiog a mixrure of RNA isolated 
from uninfected M. trtmcah,la F83005.5 (±12%), M. tnmcat11/n 
infecred wich A. eweiches ATCC20!684 harvesced l d post­
infecrion (± 46%), and M. mmcamla infected wirh /1. mteidm 
harvesrcd 6 d post-infccàoo (± 42%). This library is now availablc 
ro other customers at Hybrigenics Services. For each in teraction 
identified during the screen performed by H ybrigenics (65 million 
interactions tested), a 'Predicted Biologic-.d Score (PB$)' was given, 
which ind icare.< the reliabiliry of the idenrified interaction. The 
PBSs range from 'A' (very high confidence of interaction) to 'F' 
(experimenrally proven cechnical a rtifucts). ln rJ1is study, we kepc 
camlidares wirh PBS values from 'A' ro 'C' for validation. 

Analysis of the amino acid sequence of MtRH10 

MtRH/0 (MtmnAl7_C/,r5g0429221) putative nudear lo<-aliza­
tio n signal (NLS) morifi. were predicted by c.NLS MAPPER with a 
eut-off score of 4 .0 (Kosugi et al., 2009). The p utative nudèar 
export sigJlal (NES) ,nocifs were predicred using NES F1NDER 
v.0.2 (hrrp://research.nki. nl/fomerodlab/NES-Finder.hnn) and 
cbe NecNES 1. 1 Server (la Cour et al., 2004). Conserved motifs 
and domai11S of DExD-box R were found using the SCANPRosrn; 
rool on the ExPASy website (hn:p.<://prosite.expasy.org/scanp rosice/) . 

For the phylogcnetic tree, 29 Se<juences wcre selecced based on 
BulSrP results (cur off e<-value < 10-30

) using MtRHI0 on the 
Medic11go tmncatula genome portal (MtS.0 version, htcps:/J 
medicago.roulouse.inr-..fr/). T hree seque.nce,; with an align­

ment length < 30% (Mtru nA l7_ChrlgOl5569 I; MtrunA l 7_ 
Chr8g034995I; Mcrwv\17_Chrlg0 l 552l 1) were removed from 
d1e dataset. The phyloge1\eÙc cree was conscructed and visualized 
using the CLC Workbench (Qiageu), wicb CLUSTJ\L W alig11ment 
and the ncighbor-joioing (NJ) mcchod with defuulc pa ramems 
and a bootsrrap value of 1000. 
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lmmunoblot analysis 

For N. bmthamùma protein anal)'SCS, at Jeasc thrce independcnt 
agroin ~ltration assays were performed for ~ch construct. Each 
assa)' represenrs cbe infiltration of three plants o n two distinct 
leaves per plant. A cechuicù replicace is a pool of d1e rwo leaves 
fro m the same plant (three technical replicates per assay). Each 
bloc was performed wich technical replicates from one assay, and 
blots were repeated usi ng the replicates from the independenc 
as.says. For lvf. truncatttla protein analyse.s, cach bloc was rcpcarcd 
using proteins extratted from the different bio logical replicates. 
lm munoblocs were performctl as describe<l iJ1 Rami rez-Garcés 
el al. (2016) using 30 µg o f total prote.in separated on 10% 
Scain-Free SOS-PAGE gels ( 1610173; Bio-Rad). For GFP detec­
rion, an ami-GFP from mouse IgGlK (clones 7.1 and 13.I; 
11814460 001 , Roche) was used. A monoclonal anci­
hemagglutiniu (HA) antibody produœd in mouse (H 9658, 
Sigma-Aldrich) was used for .HA decection. An anti•mouse sec­
o ndary anribody coupled to horserad ish peroxidase (BioRad; 
170 -6516) was used with an ECL Clarity Kit (BioRad; 170· 
5060) for visualiz.1tion. 

Co-immunoprecipitation assay 

Co-i,nmuuoprecipitatiou was performed using N. bmthamiana 
iofilcrated leaves. Biological and cech nical replica,es were 
harvesced 24 h after creatment, and total proteins (50 µg) were 
incubatcd for 3 h ac 4°C with 30 µ I of GFP-Trap Agarosc beads 
(gca,20; C hromotek, Planegg, Germany). Alter rhe wa$hing 
sœps, the GFP-beads were boiled in SOS loadi ng buffer (Mercie; 
S3401) and immunoblotting was performed. 

Confocal microscopy 

Scanning was perfonned on a TCS SP8 confoctl microscope 
(Leica, M icros)·srems, UK). For GFP and GFP variaor recombi­
nant proteins, the excication wavelengch was 488 11111, wich emis· 
sion absorbance betwecn 500 nm and 550 nm, whereas an 
excication wavelength of 543 nm was used for RFP variant pro­
teins, with emission absorbance berween 560 nm and 600 nm. 
Images were acqui red with a X40 or X20 water immersion Jens 
and cot'respond to Z projections of the scanned tissues (c. 5 pm 
depth). AU con.focal images were analyzed and processed using 
rhe IMAGè) software package (hrrp://rsb. info.nih.gov/ij/). 

Cytological observations of transformed roots 

Rool1i of com posite plants were prepared as described previously 
(Ra mircz-Garcés et ni., 2016). f'or each consrruct, a cotai of nine 
root.s from tbree independent transformation experiments were 
used. NDPvn,w2 software W:lS used co observe longitudinal roor 
sections ofCFP or missense MtRHl0 planrs and t0 me-asure the 
roor apical merisrem (RAM) was used for ,ùl other measure­
ruems. Average RAM cell sizes were esrimared by measuriug ail 
rhe cells from the sa me layer from the quiescem ccnœr 10 the 
RAM boundary. Mean values were rhen calculared from 
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> 200 cells. ln the elongation ,,me (EDZ) of GFP, AeSSP l 256: 
GFP or missensc MtRHJO root.s, cd( arca and cd l pecimcter wcre 
mcasurcd in a rectangul:u measuring c. 300 X 600 µm (two 
selections per root). To obrain a no rmaliud cèl l perimeter, e1ch 
cell peri merer was proporcionally reca(culated for a 500 µm 2 area 
standard cell. To escimare cell shape differences, considering rhat 
cortical celts in cbe EDZ of GFP comrol roors are 01oscly recran· 
gLuar. we measured the perimeter bounding rectangle (PBR), 
which represents the smallest rectang,le endosing the cell. We 
then calculatcd the pcrimc,er : PBR rario. Rcccangular cdls have 
a peri mcte r : PBR ratio dose to 1. 

Measurement of nucleolar surface 

Ten roots from two independem M. mmcatu/,r transformalions 
were fixed for 2 h unde1· vacuum in fixation bulfel' 4% 
paraformaldehyde (15710; Ele.ccron Microscopy Sciences), 50 
mM sod ium cacodylace (12300; Elecrron Microscory Sciences), 
0.1% Triton X- 100 (T8787; Merck) diluced in TBS l x (ET220; 
Euromedcx, Souffelweyersheim, Ftance) and incubaced overnight 
at 4°C. Aftcr washi ng in TBS l x , roots were scained with 4',6-
d iamidino-2-phenyli ndole (DAPI; 084 17; Merck) for 30 min 
under vacuum before confocal imaging usi ng the GFP cbannel 
(excicacio,1 488 nm; emission 500- 550 nm), DAPI channel (ex­
citation 405 nm; emission 4 15-450 nm) or brighr field (BF). 
The nudeolar surface was esti m ated using IMAGE] software by 
combin ing measuremenrs b:ised on the threc channels (GFP, 
DAPI, BF). 

Fluorescent resonance energy transfer (FRET)/fluorescence 
lifetime imaging microscopy (FLIM) measurements 

For protein- protcin interacrions, N. bmtha111ia,1n agroinliltrated 
leaves were analyzed as described previously (Tasset et t1l., 2010). 
For prorein- nucleic acid inœraccions, samples were prepared as 
described in (Camborde et al .. 2017; Escouboué el. al., 2019). 
Nucleic acid sraining was performed by vacuu m infil, racing a 
5 µM Syrox Orange (S 11368; Thermo Fisher) solution. Sam pics 
wcre observed on an inverred microscope (Ecljpse TE2000E; 
Nikon , Tokyo. Japan). For RNase tr~cmenc, foliar dises were 
incubated for 15 min at room tcmpernture with 0.5 mg ml-1 

RNase A (R65 l 3; Merck) before nudeic acid sroi.ning. Fluo­
rescence lifecin1e measuremems were performed in cbe cime 
domain using a streak camera as described by Cambarde et 
ni. (2017). T he fluorescence lifecime of rhe donor (GFP) was 
experimentally measured in rhe presence and absence of rhe 
accepror (Sytox Orange). FRET dEciencies (E} were calcu­
lated by comparing the Jifetime of the clonor in rhe presence 
o f rhe accepcor (1:0 ,0 co rhar in the absence of rhe acceptor 
(-ro) : E = l - (-roA)/ho). Statistical cornparisons between 
concrol (donor) and assay (donor + accepcor) lifetime values 
were made using Srudenr's Hesc. For each experimenc, nine 
leaf dises collecred from du-ee agroiofiltrared leaves were used, 
and at leasr rwo indepeodent infiltration assays were per­
formed. A min imum of 30 nudei wcrc scanncd ro ensure the 
statiscica( significance of the data. 
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Results 

AeSSP1256 impairs Medicago truncatula root development 
a nd promotes pathogen infection 

To investigate the funcrion of AeSSP t256 in the hosc plane, we 
expressed che AeSSP/256 gene in M 1nmcat11/a Al7-Jemalong 
roots (35S:SP-AeSSPI256:GFI'). ln chese 'composite' plams gen­
erated usiog Agrobacterium rhiZ1Jgme,, only the roor sysrem is 
mmsformcd (Boisson-Dernier et al., 200 1). The prcscncc of 
AeSSP1256 in che plane strongly affoccs root devdopmcnr, as 

shown in the phorographs in Fig. l (a). The cotai number of roocs 
a,1d primary rooc lcngtl, per plant arc signilicandy lowcr in 
AeSS Pl256-cxprcssing roocs chan in GFP comrol roocs (Fig. lb). 
The prescnce of the GFP-cagged AeSSPl 256 protein (expected 
size 46.5 kDa) was confirmed by Western-bloc analysis using 
anti-GFP antibodies on total proceins extracred from the crans­
formed Medicago truncatula roocs (Fig. l c) . A slighc cleavage of 
the AeSSP l.256-fusion protein was observed d,anks to the pres­
ence of a GFP-band ar c. 26 kDa. To check if the observed aber­
ran t root devdopmcnr is due to the GFP-cag. wc confirmcd the 
phenocype on A 1 7 roors expre.~si ng a HA-tagged version of 
AeSSP 1256 (Fig. lc,d). 

To evaluace whecher AeSSP L256 modifies che ourcome of rhe 
infection, AeSSPJ256:GFP-expressing roots were inoculated 
wich A. e1miches wospores. \VIe obsecved browni ng of rhe roots, 
indicaring root rot S)'mproms due to A. tuteiche,, from 7 to 21 d 
aftcr inoculation of the pathogen in both the comrol GFP-roocs 
and in AeSSP 1256-expressing roots, but with greatcr severicy in 
roots expre.ssing the effecmr (Fig. le) . We ca rried out RT-qPCR 
analyses at 7-, 14- and 21 d pose-inoculation to monitor 
pathogen development and compared them with infected GFP­
conrrol r<>ocs. Our resulcs showed chat the presence of the effoc,or 
rendered the partiaUy resistanc A 17 Medù:llgo roors more suscep­
tible co the pad1ogeo (J.5- 5 rimes higher accwnulation of the 
pathogen wich ùme) (Fig. J I). Thus, expression of AeSSPJ25G 
alters rooc development and enhances host rooc infection. 

AeSSP1256 localizes to the nucleolus rim and trigger.; 
nucleoli enlargement in M. truncatula root cells 

The Medù:ago composite plant h,ùry roots were used to confüm 
rhe subcellular localization of the effeccor io che host. As depicced 
in Fig. 2(a), confocal analyses showed a fluorescent circle around 
rhe nudeolus for AcSSPl256 G FP-fusion procein in Medicago 
hairy roocs cells. Tbe nucleolus rim is no, observed in GFP­
transformed bairy coocs (355:GFP). We nexc found evidence chat 
supports the subcellular local iiation of AeSSP1256 through con­
focal imaging of N. betzthamiatlll leaves agroinfikrarcd with 35S: 
SP-AeSSP/256:RF/' in combinacion wich 35S:GFP:H2B (His­
tone 2B). An RFP-Auorescence parrern ar the nucleolus rim 
which surrounds the nucleolar GFP fluorescence panern of GFP: 
H2B pro ceins was derecced (Fig. S 1), thus demonscracing che 
presence of AeSSP1256 ac cbe nucleolus rim i11 planta. 

We noticed chac che peri-nucleolus locali1.acion of AeSSP 1256 
in Medicago roocs seems to be correlaced with enlarged nudeoli, 
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as revealed in DAPl-smined samples (Fig. 2b). Measuremencs of 
nucleoli size from im~c: analysis confi rmcd a variation from 
4.5 µm2 (± 1.9) for concrol mors to 6.6 µm 2 (±3) for 
AeSSP 1256:GFP-expressi ,1g roots (Fig. 2c) . Changes in mor­
phology and nucleolus size are linked to nucleolar activicy 
(Ohbayasbi & Sugiyama, 2018). Pemirbacioo of cbe nucleolar 
scruccure ulcirnacely impai rs ribosome biogenesis ,tndi criggers so­
called nudeolac/ribosomal stress (Obbayasbi & Sugiyama. 2018). 
Thus, the enlargemenc of Medicago nudeoli in the presence of 
AcSSP 1256 suggcsts rhar rhc: cffcctor inducc:s nudc<>lar stress by 
interfering wich the ribosome biogc:nesis pathway. 

To fi nd out whetl1er rhe effect of AeSSPI256 on Medicago 
roots is linked co the: pc:ri-nudcolar localizacion of the effector, a 
KDEL-endopla.~mic xericulwn (ER) retemion signal was added 
co che 355:SP-AeSSP/256:GFP couscrucc (Fig. S2a). TI1e 
observed GFP fluorescence pattern in chese cransgenic roots is 
similar ro d1ac dececced in rooŒ cransformed wich the mCherry­
ER m,uker (ER-rb-CDJ-960 <.-oostruct) (Fig. S2a,b). A. 
cxpecred, th is points to che retention of che effector in the endo­
plasm ic reciculum. By contrasc, a nuclear Ruorescence pattern is 
detccted whcn M~dicago roots arc rransformed wirh a 35S: 
AeSSP/256:GFP:KDEL construct (Fig. S2.1,b). ln each of these 
siruacions, che fluorescen ce pattern is discincdy differenr from 
tbar dececred in GFP concrol races. The presence of d1e differenr 
versions of the effector in mu1sgeJ1ic roocs was iovestigated using 
Wesrern-blot analysis (Fig. S2c). A. illumaced in Fig. S2(d) and 
9uantilied in Fig. S2(e), abnormal roor developmenr was 
observai only when the AcSSPl256 cffcccor accumulaced in the 
nuclei of Medicago. Taken rogerher, our resulrs dcmonscratc rhat 
rhe locali1.ation of the e/Teccor to the nudeolus ri m is important 
for its biological accivity. 

AeSSP1256 affects the expression of genes related to 
ribosome biogenesis 

We performed comp,1mtive v.>bole-genome rransctipcomic analy­
sis using paired-end sequencing of four biological repl icates of 
355:GFP and 35S:SP-AeSSPI256:GFP transformcd roots. ln ail, 
we idencified 439 1 DEGs, 2129 of which werc upregulated 
and 2262 of which were downregulared (adjusced />-value 
< l X 10-5; Table S3a). To identify the function of tl,e DEGs, 
we performed gene sec e,uichment analysis using the ToPGO 
sofcware package for che chree main GO cacegories (Fig. 3a; 
Table S3b): biological proces.ç, cellu lar componenc, and molecu­
lar function. Tbe upregtdaced D.EGs corresponded mainly t0 

rhe 'phorosyntnesis' GO cerm. ln the down regulaced DEGs, we 

identified 'ribosome biogenesis', 'organonicrogen compound 
biosynthesis' and 'cell ular amide metabolic processes' GO ternis 
ro be among the most represenced, all of whicb were scrikingly 
downregulated. We next sde.,-red 17 M. truncatula genes for 
9RT-PCR analysis ro confirm the effecc of AeSSP 1256 on the 
ribosome biogenesis pathway of d1e host. Fim, we chose te.11 
Arabidopsis genes char concrol plam development (j.e. muranrs 
with shorter root pbenocypes) (Table S3c) by BLAST searcbes (> 
80% idcncicy) in che Al? linc r5.0 genome portal (Pccrix tt al, 
2018). We also selected St'VCn genes coding for ri bosomal 
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Fig. 1 AeSSP1256 perturbs Medicago truncatula root development and increases its susceptibility to Aphanomyces euteiches. Plants of the tolerant M . 
truncatula A17 line were transformed using Agrobaderium rhi.ogenes with 35S:GFP or 35S:SP·AeSSP1256:GFP constructs to generate composite plants 
in which only the root system was transformed. (a) Representative 35S:GFP and 35S:SP-AeSSP1256:GFP M. truncatula plants grown over 21 d. Note the 
reduced growth of the roots ex pressing AeSSP1256:GFP compared those expressing free green fluorescent prote ln (GFP). Bar. 1 cm. (b) Quantification of 
root number (upper panel) and primary root length (in cm; bottom panel) of transformed roots of control and 35S:SP·AeSSP1256:GFP plants at 21 d after 
transformation (DA T). Results were obtained from flve independent experiments for a total of 126 GFP-transformed plants and 79 AeSSP1256:GFP­
transformed plants. The boxes indicate the interquartile range (25'h to the 75th percentile). The central line within the boxes represents the mean value. 
The whiskers indicate the minimum and maximum values. The jittered data points were superimposed onto the box plot to show the underlying 
distribution of the data. The asterisks indicate significant differences (Student's /-test; • •. P < 0.001 ). (c) Representative M . trunutula roots transformed 
with the 355:GFP or 35S:SP-AeSSP1256:HA constructs at 21 DA T. Note the reduction in the development of the root system. Bar. 1 cm. (d) Westem-blot 
analysis uslng total proteins extracted from transformed M trunaill,Ja roots at 21 DAT and anti -GFP or antl-HA antîbodies. Proteln loadlng was verifted by 
stain-free imaging of polyacrylamide gel. The representative blot (from three independent analyses) shows a band at c. 28 kDa for the free GFP expressed 
from a pK7WGF2 vector in contrai roots. The GFP·w.gged effector expressed from the pK7FWG2 vector is probably cleaved, with an expecte<t band at 
c. 46.5 kOa and an additional band for the free GFP. (el Representative root rot disease symptoms observed in 35S:GFP and 35S:SP-AeSSPl 256:GFP M . 
trunaitula plants at 14 d post-inoculation with A. euteiches. Transformed-roots (21 DAT) were inoculated with 10 µI of A. euteicheszoospores 
(105 spores ml· '). Bar, 1 cm. (f) Relative quantification of the A. euteiches tubulin gene in transformed roots treated by the pathogen. as anaJyzed by 
quantitative polymerase chain reactîon (qPCR). 35S:GFP- and 35S:SP-AeSSP1256:GFP-transformed roots were inoculated with 10 pl of A. euteiches 
zoospores (1 o• spores ml-'). Data were collected from three to Rve ditferent pools of roots for a total of 45 to 75 plants per time point at 7, 14 and 21 d 
post-infection. Bars represent the mean values (±SE). Asterisks lndicate significant differences (Student's 1-test: •. P < 0.05). 
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Fig. 2 AeSSP1256 locallzes to the nudeolus nm and triggers nucleoli size enlargement in Medicago truncalula roots. Hai,y root transformation of M. 
trunc.rtula A17 line. using Agrobacterivm rhizogenes to generate composite plants where only the root system was transformed. (a) Representative 
con focal analysis images of M . trvncatula roots 21 d after Agrobacterium transformation (DA n with 355:CFP or 35S:SP·AeSSP1256:CFP constructs. Note 
that the free green fluorescent protein (GFP) shows a nucleocytoplasmic localisation, while AeSSP1256:GFP is locallzed as a ring around the nudeolus. 
Dashed lines indicate the nucleus. Sar, 5 µm. (b) Roots were füced and nuclei were stalned wlth 4',6-diamidino-2-phenylindole (DAPI), Note the 
enlargement in the nucleoli surface where AeSSP1256:GFP proteins are present, as compared to cells expressing free GFP. 8F, bright field. Sar, 5 µm. 
(c) Nucleoli surface measurements (in µm2) for root cells expressing 35S:CFP or 35S:SP·AeSSP1256:CFP at 21 DAT. The boxes indicate interquartile range 
(25t h to the 75th percentile). The central hne within the boxes represenls the mean value. The whiskers indicate the minimum and maximum values. The 
jittered data points were superimposed onto the box plot to show the unde~ying distribution of the data n = 108 nuclei forGFP, and 124 nuclei for 
AeSSP1256:GFP, using a total of 10 different roots for each construct lndependent experiments were conducted for a total of 126 GFP-transformed plants 
and 79 AeSSPl 256:GFP-transformed plants. Asterisks indicate sîgnificant differences (Student's Mest • • •, P = 1.51 x 1 o·•). 

proteins and related to ' ribosome biogenesis' in M mnwmtla 
for expression analysis based 01\ die KEGG parhway 
map (hrtps://www.genome.jp/kegg-bin/show_pachway?ko03008) 
(Table S3c). As shown in Fig, 3(b) , ail of che sevenceen selected 
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genes from M 1nm,·,t1:ula are downregulated in the presence of 
AeSSP l 256. At dlis poim, our resulcs pointed ro a perturbation 
of the ribosome biogenesis pathway of th~ host plant by che 
AeSSP1256 effecro r. 
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Fig. 3 Transcriptom,c analyses reveal downregulation of genes related to ribosome biogenesis in both AeSSP1256-expressing roots and Aphanomyces 
euteiches-infected roots. (a) Top five enriched gene ontology (GO)-tern,s of downregulated and upregulated genes, obtained using classical gene set 
enrichment analysls (GSEA) with Fischer's exact test. Expected. enrichment thresho!d; Signi ficant. number of differentially expressed genes (DEGs); Total. 
number of genes of the category in the genome. (b) Comparison of RNA·Scq (n = 4) and quantrtative reverse t ranscription polymerase chain reactlon 
(qRT-PCR) (n = 5, different samples of the RNA-Seq) analysis of selected ribosome biogenesis-related genes in AeSSP1256-expressing roots. Bars represent 
the rnean values (±SE). (c) Upper panel: Venn diagram of DEGs for Iwo RNA-Seq experirnents (number of genes) in susceptible Medicago truncatula 
F83005.5 roots infected with A euteiches at 9 dpi (data from Gaulln et al., 2018) and the tolerant M . trvnca/JJ/a A 17 line expres5ing the AeSSP1256:GFP 
effector (this study). Bottom panel: DEGs that are spedic or common to the F83·infected line and the AeSSP1256-expressing roots (downregulated (blue) 
and upregulated (red)). Lower panel: Pie charts depicting the number of common DEGs associated with a GO tenn. Only GO terms associated with > 10 
genes are represented. GO terms related to ·translation and ribosome-biogenesls' are the most represented in the downregulated category. 
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Fig. 4 AeSSP1256 associates with and relocalizes a nucleocytoplasmic host RNA helicase (MtRH10) to the nucleolus rim in Nicotiana benthamiana cells. 
Four-week-old N. benthamiana leaves were inoculated or co-inoculated with Agrobaderium tumefaciens harbouring the 35S:AeSSP1256:YFPor 35S:CFP: 
MIRH10 constructs. For each construct, three independent replicates were performed: per repefrtion, two leaves from two distinct leaf stages and three 
independent plants were agroinftltrated. (a) Representatlve fluorescence images obtained using confocal laser scanning microscopy 1 d alter transient 
expression in leaves. Sam pies were randomly selected for fluorescence detection. MtRH10 shows a nucleocytoplasmic localization (left panel). while the 
presence of AeSSP1256 re-localizes MtRH10 to the peri-nucleolar space around the nucleolus (right panel) where the effector is localized. BF, bright field. 
The white dashed linas indicate the nuclear membrane. Bar, 10 µm. (b) Representative immunoprecipitation (1 P) of protein extracts from agro infiltrated 
leaves using GFP-Trap beads, confirming that AeSSP1256 associa tes with MtRH10. E,pression of constructs ln the leaves is lndicated by 'plus' symbols ( +). 
Protein sîze markers are indicated in kDa and protein loading is verified by stain-free imaging of polyacrylamide gel. Protein fusion bands are indicated by 
arrows. Upper panel: anti-GFP and anti -HA blots to confirm the presence of fusion protelns in the input fractions. Lower panel: anti-GFP and anti·HA blots 
on output I ractions to reveal the presence of the corresponding protein. (c) Cyan fluorescent protein (CFP) lifetime distribution of the 35S:CFP:MtRH10 
construct when expressed alone or in combînation with the 35S:Ae55P1256:YFP construct in transiently transformed N. benthamiana leaves. Histograms 
show the distribution of nuclei (%) according to classes of CFP:MtRH10 lifetime in the absence (blue bars) or presence (green bars) of AeSSPt256:YFP. 
The arrows represent the CFP lifetime distribution range. Statistical analyses are prov,ded in Table 2. The significant decrease in fluorescence lifetime 
indicates a close association between AeSSP1256 and MtRH10. 

We nelCr investigatcd if rhe effecror by i1self mimics responses 
observed during pa1hogen infection of M. tnmcatula. This was 
done by mini ng the RNA-Seq experiment rha1 we previously 
developed on rhe susceprible F83005.5 (F83) M. mmcatt,111 Hne 
(Gaulin et al, 2018). As shown in the Venn diagram depicring 
both specific and common upregulaced and downregulared genes 
in Ac$$Pt256:GFP-exprcssing roots and in susccpriblc F83-
infecce<l roocs 9 d afcer inlèction, 735 are commoo DEGs (Fig. 
3c; Table 53d). A number of rhe common upregulared DEGs are 
associared with 'oxido-reduction and photosynthesis' GO terms, 
while the dowuregula1ed DEGs are associated wich 'ribosome 
biogenesîs' and 'cranslarion' GO terms. Wirh regard coche mral 
DEG analysis, rhese cwo cacegorîes rnosdy consis1 of 
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downregulared genes, which occupy, respeccively, 92% and 84% 
of che common DEGs (Fig. 3c; Table S3d,e). These resulrs show 
chat expression of AeSSP 1256 wirh in the hosr roor œlls mim ics 
sorne of the effecrs induced by the pathogcn when ir infecced rhe 
susceptible Medimgo line. 

AeSSP1256 associates with a nucleocytoplasmic hast RNA 
helicase (MtRH10) and relocalizes it to the nucleolus rim 

A yeast two hybrid (Y2H) libmry composed of c:DNA &om 
M. trrmcatula roocs infec1ed wich A. emeiches was screened with 
the effecror co identify AeSSPl 256 prorein rargers. Through 
screening, we idenrified eight M truncatula coding genes, seven 
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Table 1 Fluorescent resonance energy transfer-ffuorescence lifetime 
imaging microscopy (FRET-FLIM) measurements of a Medicago 
lruncatula cyan fluorescent protein (CFP)-tagged RNA helicase (MtRH10) 
in the presence or absence of the AeSSP1256:YFP effector. to detect 
protein-protein interactions. 

Oonor Acceptor P-value• 

CFP:MtRH10 - 2.86 0 .023 50 -
CFP:MtRH10 AeSSP1256: 2.53 0.031 31 11.1 2.56 x 10 12 

YFP 

' Mean lifetime in nanoseconds (ns). 
bStandard error of the mean. 
'Total numberof measured nuclei. 
6FRET efficlency ,n %: E = 1 - (tOAhO). where.OA is the hfetime of the 
donor in the presence of the acceptor. and ,o is the lifetime of the donor 
in the absence of the acceptor. 
•P-value (Student's t-test) for the difference between the donor lifetimes 
in the presence or absence of the acceptor. 

Table 2 Fluorescent resonance energy transfer- ffuorescence lifetime 
,maging microscopy (FRET-FLIM) measurements for GFP:MtRH10 with or 
without Sytox Orange. to detect protein-nucleic acid interactions. 

Oonor Acceptor t" 

GFP:H28 2.45 
Sytox 1.89 

GFP:H2 8 ( +RNase) - 2.36 
Sytox 1.92 

GFP 2.29 
Sytox 2.30 

GFP:MtRH10 2.32 
Sytox 2.08 

GFP:MIRH10 1.94 
(+RNaSe) Sytox 1.95 

"Mean lifetime in nanoseconds (ns). 
"standard error of the mean. 
'Total numberof measured nuclei. 

SEM" n' E" P-value• 

0.025 30 -
0.072 30 23 2.88 X 10·9 

0.032 32 -
0.056 31 19 1.12 X 10 9 

D.034 35 -
0.037 36 0 0.94 
0.020 60 -
0.027 60 10.3 1.30 X 10 ,o 
0.028 46 -
0.035 39 0 0.83 

"FRET efficiern:y in%: E = 1 - (tDNtD), where tDA is the lifetime of the 
donor in the presence of the acceptor, and ,D is the lifetime of the donor 
in the absence of the acceptor. 
' P-value (Student's t-tes1) for the diHerence between the donor hfetlmes 
in the presence or absence of the acceptor. 

of wh ich corresponded ro putative nudear proreins (Table S2). 
Afrer te.seing six candidare.s for co-localizarion by rransienr expres­
sion in N. benthamitma (Fig. S3) we focused on a DExD-box 
ATP-dependem RH encode<:! by the Mrr1m1117_Chr5g042922/ 
geae (M60 version). Indeed, co-expression in Nicoriana leaves 
of the nud eocytoplasmic GFP-RH wich a CFP-tagged 
Ac$$P1256 triggered a redistribution of the RH ro the perinudc­
olar spacc (Fig. 4a). The redistribution of the RH m rhc nudco­
lus rirn in N benthamiana cclls was also confirmed using a HA­
rngged version of ù1e effo:ror and Western-bloc analysis 
(Fig. S4a,b). 

81.ASr a,1al ysis revealed char the closesr plant orcbologs of rhe 
RH are AtRHlO in Arabidopsis thaliana (UniProd<b: Q8GY84) 
and OsRHlO in Oryz.a sariva (UniProrKb: A2XKG2) (% 
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Table 3 Fluorescent resonance energy transfer-fluorescence lifetime 
imaging microscopy (FRET- FLIM) measurements for GFP:MtRH10 with or 
without Sytox Orange, in the presence of AeSSP1256:HA. to detect 
protein-nucleic acid interactions. 

Oonor + AeSSP1256:HA Acceptor T.a SEM• n' E" P-value• 

GFP:MtRH10 (Relocalized) -
GFP:MtRH10 (Relocalized) Sytox 

•Mean llfetime in nanoseconds (ns). 
"standard error of the mean. 
"Total number of measured nuclei. 

2.30 0.023 60 -
2.30 0.020 60 0 o. 789 

"FRET efficiency în %: E = 1 - (~DA/tO). where tDA is the lifetime of the 
donor in the presence of the acceptor. and tD is the lifetime of the donor 
in the absence of the acceptor. 
0 P-value (Student's t-test) for the difference between the donorlifetimes 
in the presence or absence of accepter. 

similaricy 51.2% and 49.2% ac che amioo acid level) . wbile cliere 
is no dose onho.log in N. benthamia,111. The.se rwo nudeolar RHs 
are iovolved in ribosome biogcncsis (Marsumura et ni., 2016: Liu 
& !mai. 2018) and rRNA homeostasis, respeccively (Wang ,1 ni., 
2016). Accord.ingly, the targct Medicago protein of AeSSPl 256 
wa.~ named MtRH I O. MtRH l O is related to che human nudeolar 
RH DDX47 (UniProd<b: Q9HOS4) (Sekigucbi et al, 2006) and 
the yeast nuclear RH RRP3 (UniProrKb: P387l2) (O 'Day, 
1996). MrRHlO harbors predicred purative NESs (positions 7-
37; 87-103; 261-271), an NLS (position 384--416) and 
conscrvcd functional domains, as infcrrcd from ics scqucncc 
alignment with DDX47, RRP3, AcRH 10 and OsRHl 10 proteins 
(Fig. S5a). 

BvsrP analysis of the M. tru1mtt11la protcome (hnps:// 
medicago.roulouse.inra.fr/) revealed chat MtRH.10 has the highesr 
idencicy ar the amino ocid level with MtrurtAl7_Chr6g0483491 
and MrrunA l 7 _Chr7g023684 I (> 62%) and,·. 53% ami no acid 
idenricy with McrunA17 _Chrlg015520l. The phylogeneric tree 
usiag fuU amino acid sequences from M trt1mw11,la (cm off 
e-value < 10-3°) sbowed chat the four sequences are classified 
wirhin the same group, subdivided inro rwo distinct classes and 
rdatcd m the RH 10 fumily from diffcrcm spccics (Fig. S56). 
The othcr M truncdtuÛt sequences are Jess similar and are relared 
tO od1er known DExD-hox protcins such as AtRl--136 from 
Arabidopsis. 

lnreracrion berween AeSSP 1256 and MrRH 10 was assessed 
using co-immunoprecipiracion and FRET-FLIM experimenrs. 
Following immunoprecipiwrion wich GFP bead~ ac 24 dpi, we 
searche<:I for the presence of the corresponding proreins by 
Western-bloning. The AeSSPI 256:HA proreins were detected in 
the GFP:MtRHIO immunoprecipitated fraction bur not wirh 
frcc GFll (Fig. 4b). We performcd a f:RET-HJM analysis on 
N . henthamim111 lcavcs t0 dccccr prorcin-prorcin inrcracrions. Ar 

24 hpi, we found that the Auorcscence lifetime of Cf P-MtRH 10 
wa.ç shifted co lower values in the presenœ of the dfeccor (Fig. 
4c). As listed in Table 1, the change in the mean C FP Llfetime 
wirhin rhe CFP:MrRHlO-expressiug nuclei from 2.86 11s (in the 
absence of the dfeccor) co 2.53 ns (in che presence of the Yfp. 
ragged effeccor) reveals association in planta. These data indicace 
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char rhe effecior. imeracts with MtRH 10 in vivo a.nd causes itS 
red istribution to the nucleol i rim. 

MtRH10 binding to RNA is disrupted by AeSSP1256 

To test whed1er M rRH 10 is functionally active for RNA binding, 
we examined irs ioreraccion wirh nucleic acids by FRET-FLIM 
(Forster, 1918; Camborde et nL. 2017). The donors were GFP: 
lvlrRHlO, GPP:H2B or GFP transienrly expressed in N. bm­
thandana lcavt.<. Agroin lilrrarcd samplcs wcrc collecrcd l d afrtt 

trearmenr and labdled with Syrox Orange ro converr nucleic 
acids 10 FRET accepiors. ln the absence of Sycox Orange the 
me:m Llfuctimc of GFP:H28 was 2.45 ns, and it dccrca.std ro 1.89 ns 
in the preseoce of die dye, indicaring the associaciou of GFP: 
H2B with nudeic acids (Table 2). On the other hand, no signiJi­
cam difference ÎJJ GFP lifeti me was observed for free GFP sam­
ples (2.29 ns to 2.30 ns), in the absence or presence of Syrox 
Orange. Values for concrol samples are i.o accordance wicb ottr 
previous reports (Ramire,;-Ga rcés et al, 2016; Camborde etal., 
2017). \Y/e monirorcd the association of GFP:MtRHlO with 
nucleic acids by following the decrea.çe in GFP li fotime in the 
presence of Sytox Orange. A significant decrease from 2.32 ns co 
2.08 ns was observed, as uoced in Table 2. Samples were forther 
treaced wich RNase co check che specificicy of the association of 
MrRHlO witb oudeic acids. The resulcs given in Table 2 show 
d,a, RNase rreacrnem of che GFP:H2B agroin61rrated samples 
does not modify che signilicanr dccrease in GFP Iifecime in the 
prcscoœ of Sytox O r.rngc dyc, indicating rhac GFP:H28 comrol 
proreins werc associared with DNA. By concrast, therc is no sig­
nificanc differençe in GFP lifecime in the absence (1.94 ns :1: 
0.028) or presence of Sytox Orange ( l .95 us ± 0.035) in 
RNase-treaced GFP:MrRH 10 samples (Table 2) . These results 
inclica,e chat McRH 10 binds plant nuclear RNA. 

To decermine whecher MtRH 10 relocafüacion by 
AeSSP 1256 co d1e nucleoli rim affects its bindiog capacicy, 
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we performed FRET- FUM assays ro evaluate oucleic acid 
interacrions. A 35S:GFP:MtRHJO construct and a 35S: 
AeSSP1256:HA construct wcre co-~xpccssed in N. benrhami­
ana leaves, and the recovery of GFP Auorescence li fecime was 
monitored 1 d afcer crearmenc. Mea.<memenrs made in nuclei 
where boch cagged-proceins were decected indicued that rhe 
GFP liferime of GFP:McRHl0 rem,tined unch,tnged, wich or 
wirhouc the Sytox Orange accepcor (2.30 ns under both con­
ditions) (Table 3). T his assay shows the inabil iiy of MtRH 10 
ro hind nudcic acids in rhe pr<-scncc of the cffcctor in 
pla11ta. 

M tRH1 ois expressed in root meristematic t issue and is 
involved in the development of M. truncatula roo ts 

To decipher rhe function of McRHl0, we firsc considered irs 
expression by mining public uanscriptomic dacabases P, IYTOZOME 

(https://phywzome.jgi.doe.gov/pvporcal.hcml), MT ÊXl'RESSVI 
(h ttps:/ /lipm-b rowsers. cou louse.in ra. fr/ pub/expressionA clas/ app/) 
aod M.El)ICAGOEFP UROWSER (http://bar.ucoron to.ca/cfpmedicago/ 
cgi-bin/efp\Y/eb.cgi}. No significant v:uiario11s w~re derecred 
among che condi tions tesced in the darabases, and no transcrip­
rioual changes were dececced in our RNA-Seq data generaced 
from M. tr1mcamla roocs infecced by che pad1ogen, or in qRT­
PCR using AeSSPI256-expressing roots (Fig. S6). 

By using a McRH 10 promocer-driven GUS (~-ghm,ronidase) 
chimeric consrruct, wc derecred GUS activicy mainly in meris• 
ccmacic œ lls ac the rooc tip or in larèral cmcrging roots (Fig. 5a). 
We rhcn ovcrexpre.sscd a GFP-tagged version of MtRH 10 in M. 
tnmcatula roocs. Confocal imaging confirmed the nucleocyco­
plasmic loc-.ilizacion of MtRH IO wben compared wirb GFP­
concrol rnocs. We observed the accumul:irion of MrRH 10 as 
brighrcr doL< in the nudeolus of M truncatula ceHs (Fig. 56), 
probably corresponding co rhe fibrillar ceocers of nucleoli con­
tainiog rDNA No developmencal defecrs were dececced in roocs 

Fig. 5 MtRH10 is expressed in meristematic ce lis of Medicago trunœ.tula, and its deregulation impacts root system architecture (RAS). (a) A 1 .44 kb region 
of the MtRH10 promoter fused to a GUS-encoding gene was transformed intoM truncatula roots using Agrobacterium rhizogenes. Transformed roots 
(21 d old) were stained with X-Glue for 2 h, afterwhich blue colouring, corresponding to MtRH10 promoter expression. was observed. Photographs were 
taken of the root tip (top panel) and emerglng lateral root (bottom panel). Arrows indicate the blue cells. Bar. 100 µm. (b) Representative fluo,escence 
Images taken using confocal laser scannîng microscopy, of M. trunœ.tvla roots with a 35S:GFP (top panel) or 355:GFP:MtRH10 construct (bottom panel) 
21 d after A. rhizogenes-mediated root transformation. Note the nucleocytoplasmic localization of GFP:MtRH10, with some brighter dots in the nudeolus 
(arrows). Lower panels represent the corresponding nucleus enlargements. n, nucleus. Bar, 10 µm. Left panel: 488 nm excitation wavelength; right panel: 
overlay (488 nm + bright field). (cl Representative photographie images of M . truncatula plants transformed at the root level with a 355:CFP. 35S:GFP: 
MtRH10 or 35S:RNAi MtRH10 construct at 21 d after transformation. No particular phenotype distinguished the control GFP roots from those that 
overexpress MtRH10. Developmental delaywas observed in roots compromised for MtRH10 expression (missense MtRH10). Bar, 1 cm. (d) Quantification 
of root number (top panel) and primary root length (cm; bottom panel) of transformed control roots, 35S:MtRH10 and 35S:RNAi MtRH10 roots at 21 d 
after transformation. The boxes indicate the interquartile range (25th to the 75th percentile). The central line within the boxes represents the mean value. 
The whîskers îndicate the minimum and maximum values. The jittered data points were supenmposed onto the box plot to show the underlying 
distribution of the da1<1. Results were obtained from three independent expenments for a total of 80 GFP-transformed plants, 55 MtRH10-tra nsformed 
plants and 45 RNAi:MtRH10-transformed plants. The lowercase Ietters ('a' and 'b') ,ndicate signiflcant dlfferences according to Student·s !-test (where 
data belong to different classes if P < 0.01 ), (el Representatlve longitudinal section of M. truncatula root tips transformed with a 35.5:GFP (left) or 35S: 
RN Ai MtRH10 (nght) construct. Root apical meristem (RAM) size is determined from the quîescent center (dot lîneJ up to the elongabon/different,ation 
zone (EDZJ, defined by the first elongated cortex cell of the second cortical layer (arrowhead). Note the reduced RAM size and the modified shape of EDZ 
cells in roots in which MtRH10 expression lscompromised. Bar. 100 µm. (f) Histogramsof total RAM size and mean RAM corticalcell sizeof the 
corresponding transformed roots. Note that the RAM of roots in which MtRH10 expression is compromised are smaller than those of GFP control roots. 
but the average cell size of cortical ce lis in the RAM ls not sîgnificantly different. Bars represent mean values and the error bars represent SD. Asterisks 
indicate a significant difference according to Student's /.test(·••, P < 0.0001; ns, not significant). 
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overexpressing MtRH IO (Fig. 5c,d). By conmm, in silenced 
MrRHIO roocs, obc:ained wich a speci6c 3' UTR region of rhe 
McRl-110 sequence {Fig. S7a), we dececred a smaller number of 
roors and a reduced primary rooc lengch (Fig. 5c,d). Using 
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qRT-PCR primers that amplified transcripcs of MtrunAl 7 
ChrlgOI5520I and MmUlAl7_C hr6g0483491 in combination 
with MrrunA 17_Chr7g023684 1, we confirmed cbe reduced 
e~'Pression of McRHIO (by a fact0r of 3-5) in chese cransgenic 
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rootS at 2 l d post transformatio n (Fig. S7b), white the expression 
oFMrRH 10-rdared gene,; was mai ntained (Fig. $7c). 

T he reduced exp ression of MtRH 10 ttiggers nuclooli enlarge· 
ment in M. trur1c11tula root cells, as depicted in Fig. S8(a) and 
quamified in Fig. S8(b). Longitudinal seccions revealed a red uœd 
RAM size in McRH l0 silenced cells, due co a decre.-.se in cortical 
ceU number racher chan a smaller cell si.ze (Fig. Se,/). The cells in 
rhe EDZ of chese transge,ùc roocs lost their reccangular shape, 
a nd rheir siies were decreased by a facto r o F cwo compared to 
conrro l roor.s (Fig. S9). T he sarnc dcvdop mcnral dcfcccs wcrc 
dececced in roocs cxp ressing the AcSSP 1256 dfecror (Fig. S9). 
The data show char in cell division w nes, MrRH I 0 is associaced 
with M. trrmc11tukr root devdopment, a nd AcSSP 1256 may affect 
its activicy. 

MtRH1 Ois associated with the ribosome biogenesis 
pathway and promotes M. truncatula tolerance to 
pathogen infection 

To assess wbetber an impaired MtRHl 0 ini tiam nucleolar stress, 
as suggested by rhc prescncc of cnbrgcd nuclcoli in silenœd 
MtRH LO roots, we performed qRT-PCR using the ,-:ime set of 
primers ro confirm this effecr in AeSSP 1256-expre.ssing roots. As 
shown in Fig. 6(a), in silenced MtRH lO roocs, ail 17 ribosome­

related geoes were doworegulated, uidicaüng chat MtRH 10 is 
associared wirb che ribosome biogenesis pathway. Hence. we 
investigated wherher McRH LO concribuces to M. trtmCtltuln root 
rcsisrancc to the soil-borne patbogcn A. eureiches. MtRHl0 ovcr· 
expressing and MtRH 10-silenced roots were inoculaced with 
zoospores of A. mteiches. \X/esrern-bloc analysis confirmed the 
presence of Mt RH 10 at ail times of pathogen inFection in 
MrRHI0-overexpressi ng roots (Fig. S10). A reduced amount of 
mycel ium was seen after 7, 14 and 21 d of infection in roors 
overexpressing MrRH 10, com pared co GFP-conrrol roors, as 

shown by qPCR (Fig. 6b). By conrrasc, aansgenic roocs in which 
McRHl 0 expression was compromised conrained c. 5-10 cimes 
larger quancities of the pathogen at 7, 14 and 21 d poSt-infection 
(Fig. 6c). These assays show rhar McRH l 0 is implicaccd in basal 
re.c.ist'l.nce ro A. euteù-hes infë:ction jn M. truncatuia. 

Discussion 

To modulate hosr cell processes and facilit;ire infèction, füamen­

cous plan t pathogens secrece an a rray of effecror proreins which 
rarget various plant compooems. Here we report thac che smalt 
prorein AeSSP l 256 secreted by A. eureiches can potendally 
induce nucleol.u stress co promote infection by targeting a hast 
nucleocytoplasmic DExD-box. RH (MtRMl0) associated with 
ribosome biogene,;is and root developmenr.. 

O ur experimears revealed cha r transie.nt expression of 
AeSS Pl256 in M. tnmcamla hairy roors triggers developmerltal 
defects and faciliraces pathogen irtfeccion of die partially resistanr 
Al 7-Jemalong line. This modification co rhe oucpur of infection 
is highly relevant, since tbe quamirative resistance of M. rru11cat­
ula co /L eureiches is co rrelaccd witb root developmcnr, and chis 
indicator is mongly correlated wich other infeetio n markers such 
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as the deadi of rhe plant o r the necrosis of cotyledons Oacq uer & 
Bonhomme, 2020) . We have also demonscrated chat the detti• 
mental efFect of the dîector nccc$sitated a localiza tion to the 
nudeoli ri m, showing chat the plant nucleolus plays a key role in 
parhogen resisrance. 

Tite nucleolus is ;1 membrane-free subnuclear oornparm1enc 
chac is essential fo r che highly colllplex process of ribosome bio• 

genesis. The sizes and morph ologies of nudeoli are linked to 

nucleola r activiry (Shaw & Brown, 2012). We observed chat 
AeSSP 1256 p ro motes nudcola r expansion of M. truncat,da roo t 
cells. Sirnilar enla.rgemenc of the nudeolus, ,ogecher with exces­
sive accum ulation of pre-rRNA processing incermediate has been 
reporte<! in several Arabidopsis r ibosomc-rdared mutants 
(Obbayashi & Sugiyama, 2018) . Moreover, defects in root devd ­

opmenr and rerarded growch are rypical characteristics of Ara­
b idopsis ribosomal protein m ucams (Wieckowski & Sd1iefelbein, 
2012; Ohbayashi el aL, 2017) . ln anirnals, perturbation of any of 
tbe sceps oF ribosome biogenesis in the nucleolus can -cause nud e· 
o lar scress chat is associated wi,h mod ific:uion of the sir.e and 
shape of the nudcolus. This in turn stimula tes specific signalj ng 
parhways, lcading, for cxam pie, ta arrcstcd cdl growth (Pfistcr, 
2019). 

Considering the localization of AeSSP I 256 co the n ucleoli rim 

in combinacion wich nucleoli hypenrophy, we hyporhesize chat 
AeSSP 1256 most likdy causes n ucleo lar stress by ÎJ1terfering with 
che hast r ibosome biogenesis pathway. RNA-Seq experi rnencs 
showed thac within A1 7-roocs, AeSSPl256 downregulaced 
numerous ribosomc-relatcd gcncs. T his cffecr was a lso dctccccd 
in suscepcible F83005.5 M. truna1tu"1 lines ënfocced by 
A. roteiches. 

AeSSPl 256 mgets a nudeocytoplasmic DExD/H box RH in 

M . mmC/ttu/a (Mt RH 10). Tile DExD/H box prorein fa mil y 
indudcs the larges, family of RHs (Fuller-Pace, 2006). Tliese 

proreins panicipaœ in ail RNA processes, including RNA export 
and rranslation, and splicing. Howeve.r, tbe most common func· 
tian of these proreins is in ribosome biogenesis, includin g the 
assembly process 0arruoskaice & Russell, 20 11). MtRHI0 is 
rda tcd co rhc rice nucleolar RH OsRHI0 (TOGR I), which is 
involvcd in rRNA homeosiasis (Wa ng et al, 20 l 6), and the Ara­
bidopsis nucleolar RH Ar RH 10, which is involved in riboso me 
biogen<'SÎS (Matsumura el 111., 2016; Liu & !mai, 2018). T he 
hu.man nudeolar RH DDX47 (Sekiguchi et 11/., 2006) and yeasc 

n udear RH RRP3 (O'Day, 1996) ortho logs are parcs of a large 
ribonudeoprocein complex (SSU) chat mediates 185 rRNA bio­
genesis in eukaryoces (Manin et al, 2013; Vincent et al., 2018). 
Like D DX47, MrRHl0 posse.sses a biporri te rnrd~r cransport 
domain that can fonction as an NLS, and two NESs. MtRHl0 
probably sbunles between the cytoplasm and the nucleus/nud eo­
lus, as has been reponed for many orher RHs thar are involved in 
rRNA biogenesis and splicing (Sekiguchi et al , 2006; \Xlang 
et al., 2009). 

Plant geno mes e ncode a large variery of DExD/H RH fami lies, 
and several are associared wirh plant d evelopmeru, hormone sig­
naling or resporues to abiotic stresses (Liu & !.mai, 2018). We 
show chat M tRH 10 expression is resrricred ro che root apical 
meristematic zone where cells <livide. Mt RH 10 regulaces p rimary 
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Fig. 6 MtRH10 is a DExD-box RNA helicase that is associated with the ribosome biogenesis pathway and is required for Media,go truncatula resi,iance to 
soil-borne pathogens. (a) Quantitative reverse transcription polymerase chain reaction (qRT-PCR) analyses for selected ribosome biogenesis-r-elated genes 
in compromised MtRH1 O (RNAI MtRH10) expressing roots compared to green fluorescent protein (GFP) control roots. Note that ail these genes were also 
downregulated in AeSSP1256:GFP ex pressing rools as reported in Fig. 3(b). Bars and error bars represent, respectively, mean and SE values for two 
independent experiments. ln total, n = 30 for GFP roots, and n = 30 for RNAi MtRH10 roots. Significant differences were observed for ail genes (Student's 
1-test; P < 0.05). (b, c) Twenty-one days afterroot transformation by Agrobacterium rhizogenes with 35S:GFP, 35S:GFP:MtRH10 or35S:RNAi:MtRH10 
constructs, infection assays were periormed uslng 1000 zoospores of Aphanomyces euteiches per plant. Expression analyses were conducted at 7, 14 and 
21 d post•inoculat ion. Expression values (log, fold change) were estimated for A. euteiches tt1bulin or MtRH 10 genes in M . trw1catula infected plants at 7. 
14 and 21 d post-inoculation in plants overexpressing GFP:MtRH10 Cb). and in MtRH10-comprornised (RNAi MtRH10) (c) plants, cornpared ito GFP 
contrai roots. Note the enhanced susceptibility to A. euteiçhes infection in roots in which MtRH 10 expression is compromised. as well as the reduced 
incidence of the pathogen in roots in which MtRH10 is overexpressed. Asterisks indicate significant differenœs according to Student's t-test c•, P < 0.05; 
••, P < 0.01 ). Bars and error bars represent. respectively, mean and SE values for three inde pendent experiments. ln total, n = 91 for GFP roots. n = 50 
for GFP:MtRH10 roots and n ~ 50for RNAi MtRH10 roots. 

20! J rllC' .\utl11H<, 

,Vru, P/~1·1,1/,,g,,1 ,e .2021 Xe;\', Ph~t,1logiçt FounJ.11it111 
,V,.,,. I '/!'' ,t.,g, t12-')22l 2.:B: !lJ.' 22·11' 

www newphytolog,st corn 



 212 

and lacerai roor development, similar ro irs orthologs AtRH 10 
a,1d OsRl-1 10 (Marsu mura etaL, 2016; \Xlang etal, 20 16). ln 
view of rhe reduced expression o f ribosome-rda~d gcnes in 
silenced McRH 10 roots, a nd enlarged nucleoli, we propose thac 
MrRH 10 may be part of the nucleolar stress response in M trun­
cattda. 

T here bave been few repom oo how DExD/H RHs are 

involved in plant responses co pachogens. One example is chat of 
OsBI Rl-11. which enhances disease resisr:ance against Alürflltria 
bro.SJidcoln and l'seudomonas syringa, by acrivari ng defens<­
relatcd gcnes (Li et aL, 2008). Anorher reparc concerns the PSRI 
dfecror of l'hysophthora sojae, which cargers a pu r:ative plane 
nuclear DExD/H RH and promotcs pachogen infection by sup­
pressing small RNA biogenesis of the plant (Qiao et al., 2015). 
Here we have shown the i1wolvemem ofMtRH!0 in M. mmcat­
uki resisr:a nce co A. e111eiches. 

T his work has revealed chat microbial effectots possibly pro­
moce infection by uiggering plane nucleolar stress, but the precise 
med1anisms lin k:ing rhe MtRHI0-mediared signaling pathway 
and M. /Ttmcatula susccpcibilicy require furrher clatification. 
How planr cells ~ nse perrurbatio n.s of the ribosome biogencsis 
parhway and nucleolar problems afao remains unclear (Sâez­
Vâsquez & Delseny, 2019). However, ic seems chat AeSSP 1256 

may actas a stimulus of nudeolar disorder. le is worth beari ng in 
mind that MtRH lO rnay bave functions other chan die mod ula­
rion of nudeobr stress, as exemplified by ics orcholog T OGRI in 
rice (OsRH 1 0), wh ich mediares adaptation of the primary 
mctabolism rcq uircd for p lant growth at b igh ccmpcracurcs by 
acting as an RNA chaperone (Wang et ni., 2016). ln addition, 
rhe p henotypcs of McRHI0-silenced mutanr planrs and 
Ae$$P1256-expressing planrs are very similar t0 chose o f auxin­
related mutants (Ohbayashi et nL, 2017), suggesting thar 
MrRH 10 could be directly li nked to auxin-regulated morpho­
genesis in M. truncatuln roocs. Furcher clarification of which 
ribosome-relatecl genes, hormones and metabolices cause aberrant 

roor phenocypes would improve 0W' w1derscandi11g of how 
de.feccs in the MrRHI0-mediared signali,1g pacbway promoce 
A. euteiches in fecrion. 

la co nclusion, wc founcl chat soi f-borne oomycetes promore 
disease via small secreced cffeaors which inhibic p lant nudear 
DExD/H Rl-ls associated with chc ribosome biogenesis pathway 
and resisrance co patl1ogens. Tbis work provides new insighrs inco 
planc- roor oomycece imeraccions aud also highlighcs che need for 
rhe fine-cun,ng of plane ribosome biogenesis pachways co success­
Fully combat pad,ogen infection . 

Acknowledgements 

The a urhors would like co thank rhe GeT-PlaGe genomic 
plarforrn (hrrps://gec.genoroul.fr/en/; Toulouse, France) for 
RNA-Seq scudies, H. San-Clemente and M. Aguibr for help with 
scaciscical analysis (LRSV, France), and S. CoW'bier and A. 
Camon for tl1eir assistance in doniJ1g sceps. Editorial assistance 
from R. Bacsa is acknowledged. The authors would like ro thauk 
rhe rcviewcrs for thcir insighrful suggestio ns which helped to 

impcove che manuscript. This work was supporced by the French 

,Vrrt• /'l~rt,1!tJg1.11 (l012.I .?33; .?2:ll- 21-iH 
www newphytologist com 

New 
Phywlogist 

Laborarory of Excel.lence project 'TULIP' (ANR- 10- LABX-41; 
ANR-11-IDEX-0002-02) and by the H2020 Europcan Union's 
Horizon Rcsearch and lnno\•atio n program u11der g rant agree­
ment no. 766048 (MSCA-ITN-201 7 PROTECTA). 'T11e 
authors dedare rhar chey have no conAiccs of i nreresr. 

Author contributions 

LC designed and performed tl1e molecular experimems on 
AeSSP1256 and contribuced to che writing of tl1e manuscripc; 
AK prepared and analyzed the RNA-Seq experi me nts and con­

uibuced co cbe writing of the manuscripc; AJ and LC performed 
che FRET/FLIM analyses; CP ai1d LC carried out the confocal 
scudies; t\LR pcrformed the cross-scctional and longitudi nal 
scud ies a nd analyied rhe coot architecture of the samples; MJCP 
prepared and analyzed the yeasc cwo-hybrid assay and performed 
candidate clo11ing; BD analyzed the dar-.l and contributed co tl,e 

wciùng of the manuscripc; EG conceived, designed, and analyzed 
the experimenrs, managed che collaborative work, and con­
rribllted co d1e wriüng of the manuscripc. AIJ auchors read and 
approved che final draft of che manuscripr. 

ORCID 

Laurent CambordeCI hnps:/ /orcid.org/0000-0003-3044-7500 
Berna rd. DumasG hctps://orcid .org/0000-0002-4 138-3533 
Elodie Gauli n 8 hrrps://orcid.org/0000-0003-0572-8749 
Andrei Kisdcvf, https://orcicl.org/0000-0003-0737-492 l 
Aurélie ù: Ru 8 htrps://orcid.org/0000-0002-0236-79 I X 
M ichielJ. C. Pd 8 hrtps://orcid.org/0000-0003- 16 15-50 18 
Cécile Poum8 htrps://orcid.org/0000·0002-2464-1940 

Data availabillty 

Daca rhac supporc the findings of chis srudy are openly available 
in the Gene Expression Omnibus (GEO) (ceforen ce numbcr 
GEO:GSE109500) a nd che Seque,nce Read Arch ive ($RA) ( refer­
ence aumber PRJNA63 1662), and chese and ail oth er data are 
available from the corresportCling author (gaulin@lrsv.upSetlse.fr) 

upon reasonable request. 

References 
Alexa A, Rahnenfuhrer J, 2020. TOl'GO: enrithmtllf a,u1&'1i1 /Or gtt,u o,,10Wg,, 

R package v,2.10.0 [WWW document] URL hrcps:1/b;ocondu« or.org 
Anders S, Pyl PT, Hubt:r W. 20 1.). HTScQ-a PmtoN framework m work wirh 

hish.ihroushput st'((Ut:ltelng data. BioinfamutJia 3 1: 166-169. 
Ba.dis- Y, .Bon.hoJnme M, La6tt<.' C, Huguet S, Balzcrgm.· S, Dumas B.Jac:-quct C. 

201 S. Traoscriptomc .analysis highJighcs prcformcd defeJlw aod'.sign.alJ.ing 
path\\-ay.s com:rollcd hy rhé prAâ qu:mtitativc- rr:tir locus (QTL), confc.'rring 
partial resistam.:é fO Aphanon')"'t'! n11eiehn in Mrdimgu m111camln.. Mol«ular 
t'ln111 t'-,holor:, l 6: 973-986. 

Badrcddinc I) Lafitte C, Hc.ux L, Skand,dis N, Spanou Z, Marûncz Y, Esqucrré­
Tngl\yé MT, BuJonc V, Dum"' B, Bo<ti.n A. 2008. Cdl wall cbi rosaccharidcs 
are ctsentÏ:11 cornponentS :md exposcd p:mems ()f ll1e phy1opathog~oic 
oomyœie Aphanoll1)'l',s ,u~id,,, EukllT)'IJIÎt' CR/17: 1980- 1993. 

Boisso.n-Oemic.r A, Ch:i.baud M, Cucia F, Béc;ird C, Rosenberg C, &rker OC. 
2001. Agrobacu,·i1ms rhizngene:;-1.ransjfJrmedroQt.s of Mttlù:ngo tm,u•ntulafu.r the 

• 2(P 1 llu: A.uthnn. 
t'lm, pj~.,,~,l11glu ,Q ]fJ}I K1."'- Ph~ 1,,l~tghl F,,un,t,rn,11 



 213 

New 
l'h ymlogi~t 

st1.1dy of nin ogen-fixing :md c:nclo111yo,rrhi1..iJ symbiotic :iMQCi:ttions. Mol~c,,lar 
Pbt,11~Mitf'(lbt l nur1uti11ns 14: 695-700. 

Bonhomme M, André 0, Badis Y, Ronfon J, Burgarella C. Chanrm N, 
ProspcriJ-M, llriskine 1\, MudgeJ, Debéllé F tl ,il 2014. High--dcn,i,y 
genome-widc ass()CÎation mnpping. implicues an F-bo.x encoding gcnc in 
1\Jrdùwgo mmcatuln rcsistauœ to Aphanomyus t'utrid,e,. Nnu Phyrologi-1120 1: 
1328-1 342. 

Bonhomme M, Faricllo Ml, N:avicr H, H:.1jri A. Badis Y, Mitcul li, Sn.mac DA_, 
D umas B, Baranger A. Jacquet C et ni. 2019. A local score approach improvcs 
G\X1AS rrsoJmion and de(«(:{ m inor Q'T1..: application to Mrdicagn tnmc11tuk1 
qu.1ndt.1.ciw: dist.ast· resist~1« ro multipli;- Apha11tmtyçt1 rtllfit'hrs isol.ires. 
Hmdiry l23:4. 

Cam borde 4 J a1tncau A, Brière C , Ocsl:mdcs L, Dumas B, Gaulin E. 20 17. 
Oetection of nuddc aeid- prorci.u inœrat'tious ln plant le-a,·ts usi.11g Ruorcscenœ 
lifeùme imaging micmSOOJ-'}'· Nlftuf'f' Prorf)ço/s 12: 1933- 1950. 

Camborde l, Raynaud C, Oum:lS B, Gaulin E. 2019. DNA-,fam,1gingdfectors: 
ncw pktyc:rs in the <...ffcaor arcn:a. 1Tmds in Pla11r Srimce 24: 1094-1101 , 

la Cour T. Kicmcr L, Mulgaard A, Gupta R, Skr-iver K, Bruna.le S. 2004. 
Anal)'SÎS and prc-diaion ofkucinc-rich nudcar expon {iignals. Pror<in 
E,igi11rrri11g. Deiig11 a11d S<fmùm 17: 527- 536. 

Oc:$grc:,ux A., U:mda.i.s VN, Aubert V, Le l{oy G, de Lanunbcrguc 1-1, Mitcul li. 
Aubcn G, Boutel G, Duc G, Baraoger A tt ltl. 2018, Comparative genomc--­
widc-assodacion mapping identi6es common loci comrolling rooc sysccm 
archirccmre and resistancc ro AplJa1W111Jl,"(f çuteiches in Pea. Frqmû.11 in Plant 
Scimcr S:2 195. 

Djébali N, Jauncao A, Carine AT, Chardon F, Jaulneau V, M•thé C, Bottin A. 
Ca,au,r M, Pilet-Nayel ML, llaranger A et"'· 2009. Panial resisra.nce of 
Me,l,rngo 1r,mt·11rul,1 w Aphmu,myr.ts Nllt'ic/Jçs i:; as.50Ci.tt«I wich prc.Hcctfon of 
the rom scde and Î!I concrolled by :.1 m.1jor QTL rich in pTQte:uome-rdm __ ,d 

gents, Moleruh1r Pk,,,,,,..Afin·obe lu1<mrci0t1J 22: 1 O-i3-J055, 
Engfo-r C. Youle$ M, Gmectner R . .Ehnen Tt\lf, \Verner S, JoneîJOC. Parron 

NJ, M:uil.lonnet S. 2014. A Co1dcn Gate modul.u clc:ming roolbc>x for pl.mes. 
ACS Syntl1<ûc Biolog:,3: 839-843. 

Esoouboué M, Carnbo,del, Jauneau A, Gaulin E, !À'Ola,,des L. 2019. 
Prepararion of pJanr maccrial for :inalysL~ of proccin-n.ucleic acid imcr3ccions 
by FRET.fLIM. ln: C:1SSmnnn W. cd. Plr,111 imrnu i.mm,miJJ. Me1hods in 
mokcular bio/09, vol. 1991. New Y<>rk, NY. USA: Humana, 69-n. 

FliegmaunJ. C.uu.w.a S, La.dlàud C. Uhlenbroich S, GascioUi Y, Pichettaux C, 
RO$$Îgnol M, Ro.scnberg C, Cumencr M, Pilottc O ,, ni. 2013. Lip~ 
chicooligosacdlaridic symbioüc.: signais :trc rc.-çog:nizcd by Ly&1\.l recepwr-likç­
kina.'ic: LYR.1 Îtl tl1e legume M~dicago tnm<aJu/a. ACS' Chrmical Biology8: 
1900-1906. 

Fors 1er T. 1948. lmc:rinokcuhr cne:rgy migr.nion and ftuoracc-ncc. Am,ah of 
J>li1•sio 437: ;5-75_ 

Fuller-Pau FV. 2006. DExD/H box RNA hdicaseb: mulcifune1ion .. 1.I J)!'Oteins 
with imporunr roles in cranscriptional regulaâon. Nwlek Arids Restt11'<h 34: 
4206-4215. 

G-aulin E~Jacquét C, Bouin A, Dumas B. 2007. R.c.l-01 rôr di~aseùf legumes 
causcd by Apha11om;w, n11eidm. Mofm,far J>fa111 P.thology 8: S39-5-48. 

hluJi11 E, Jauneau A, ViJJa lh.t F. Rickauer M. Esquerré-T ugayé M· T 1 Boujn ~ 
2002. T'he CBEL gl)•coprorein, of PhJ·tQphthrJra p11rasiliM ~r,.,,ico1in,,11e LS 
invol,·ed in cdl \ltall deposirion and adhaion to c:dluJosic rubstratcs. Jaumal of 
C,U Sâeute 115, 156,-,1575. 

Gaulin E, Mado,ù M·A, Bottin A, Jacquet C. Mathé C, Coulou.r.J\, Winc:ker P, 
Dumas 6. 2008. Tr.tnscriprome of Aphanomycts f'taf'ù:hr~ ncw oomyccte 
putative pathogeniciry fac,ors and nlt'.t:lbolic p:uhways. PLoS ONE'3: e 1723. 

W ulin E. Pd MJC, Camborde L. San.C lemente H , Courbicr S, Dupouy M-A, 
Lengdlé J, Veyssie.re M, Le Ru A, Grandjean f et al 2018, Ger\Ol'l\ÎCSaJ)aJysîs 
of' Aplumo111J't'! .1ipp. ide:nri6C$ a new cl:iss or oomyccte cffccror :l$SOCÎ2tcd with 
hosr ad,prarion. BMC Biofogy 16: 43. 

Greftu C, DonaJd N, Hashi.moto K., Kud)aj, Schumac.her K. Blatt MR. 20 10. 

A uMquiùn· IO promou:r~bas«t ''l"Cl.orse( for euortKt:lH prolein cagging 
facilitaces cempor.11 sr.tbifüy ,rnd n,atiYc protcin disrribuàon in transicnr and 
smhlc:Qpre.,;.sion $rm1i~ . 'l"/,ç f'lamjoum11.l64: J;)-365. 

Haas BJ. Ka,noun S, Zody MC, Jiang RHY, Handsaker RE, Cano L\1, 
Gfllhherr M, Kodira CD, Raffaek S, Tono-Alalibo Tu aL 2009. Genomc 

20! 1 rl,e .\utl11H.., 
,Vru, P/~1·1,1/,,g,,1 ,e .2021 -:\°c;\', Ph~t,1logiçt FounJ.11it111 

scqocncc: :ind :in:tlrsi$ of the lri.sh pom(o fumine 1,:1rhogen l'h)·tophthvra 
ù,fmn»L N,,11,r,46 1: 393- 398. 

Hamon C, Coyne CJ , McGee RJ, Lcsné A, E.snault R, Mangin P, Hervé M, 
Le Golî 1, l)cnjot G, Rous-D"Jwqu< M <t al 2013. QrL mcr,-analysis 
provides a comprchcnsiv~ ,,icw of loci controllin.g parti;:iJ rcsismncc ro 

Aphauom;n1 ruu:idm in fuur sou.ra'.."$ of rcSÎstanœ in pca. BMC Plam 
Bhfugy 13, 45. 

He Q, MclcUnn H, JslughC$ RK, Bocvink PC, Armstrong M, Lu Y, 8;1.n6cld 
MJ, Tian Z, Birch PRJ. 2019. Phy1ophtlft>T11 illfmmucff<.-ctor SFJ3 r-..1.rge-a: 
potato lfBK tosupprct,;c.uly immune r.nmscrip tional res-pooso. Nt'UJ 

f>ltJIOf,p,r 222: 43$-454. 
lie Q, Md.dbn li, Bocvink PC, Birc.h PRJ. 2020. Ali roads lcad t<> 

susccptibili1y: the' many modts of action of fungaJ and oomyccn· i.ntr.1cdlular 
<..ff«:tors. Plam Comm,mi<ntùms 1: 1. 

J.tcque1 C. O.,nhor.nmc. M. 2020. Dec.iphcring resjs.t.incc mcx::h,·mirnu ro the root 
rot d i.~c:;.1:5e orlc-gumcs causo:l by Apl,m,omyar eu,eidm wi1h Medi'cngtt 
m1n<mulagcnetic and gcnomic rC$0urcd. ln: de Bruijin F, <:d. l'hr modrl 
l,gu.m, Medicngo lnmcan,la. Hob<,ken, NJ, USA: John Wiley & Stms. 307-
316. 

Jarmoskaitc l, RusscU R. 2011, DEA.D-box prorcios a.s RNA hclicam and 
drnpc:roncs. Wtky fotndisciplinary f?r.,,.icwç: RNA 2: 135- 152. 

Kamoun S, Funer O, Jones JDG,Judelson HS, Ali GS, OaUo RJD , RoySG, 
Scheua L. ZambounisA, Panabière, P ri al 2015. The top IO oomyccrc 
p:nhogcns in ruolccular plant padwlogy. 1\lol«ul.nr Plant PaJ/J()/()gy t6: 413-­
,i:j,1_ 

Kim D, Paggi JM, Park C, Bennett C, Saltberg SL 2019. Graph-bascd gcnomc 
alignment a,id geno,yping with HlSJ\T2 and HISAT-genotype. Nat11r, 
Bw1trlmofogy37, 907-91 S. 

Komgi S, Hasc:l>c M, Tomit-a M. Yan-agawa H. 2009. Sys,em:uic fdcmilication 
of cell cycfe.dependent yot3$l nucleocytoplasinjc shutt.lin.g pro1ei1t.S by 
preciiction of composite motifs. Pr«tcdù1gs of 1hr Nfflùmr,I Acarle,ny efScienM'i. 
USA 106, 10171-10176. 

Li D, Liu H, Zhang H, WangX, Song P. 2008. Os81RHI, a DEAD-box RNA 
helicase with f'uncùoos û:i. modulating defunce re.spooses ;igafo.st palhogeo 
infècdon .1nd oxidath-e $1JC$S. jour114/ Qf E."ptri.m1.111al &um~r 59: 2133-2 116. 

Li H, J-1:mdsakcr 8, Wysokcr A, Fcnndl T . Ru::in J, Homer N, Manh C, 
Ab«.asis G, Durbin R. 2009. The K-quc:nce alignmem/map format and 
SAMtools. llû,infarmnti1.125; 207!1-2079. 

Liu Y, lm:ii R. 2018. Funcrion ofpl:rnt OExD/H·Box RNA hd icues:1.ssocfa1cd 
wirh ribosomal RNA biogencsis. FTfJmietî in Plam Scimrr9: 12S.. 

Livaie KJ, Schmiugcn TD. 2001. Analr-,is nf rc:latin: gent cxprt::.'\..'iÎOn data u.Sir'lg 
re,J-cime quamirarive PCR and the 2 . .. c ,· me1hod. M,ihods 25, 102-408. 

l.ovt Ml, H11bcr W, Anders S. 2014. Modcnccd m imation of fold change and 
dis-persion fur RNA-S«.J dm wi,h DllSF<ll. G,11omr 1/iofw 15, 550. 

Martin R, Str:u,bAU, Doebdc C, llohusack MT. 2013. DE,D/H-box RNA 
helicam in ribosome biogcnesis. RNA Biofogy 10: 4-18. 

Matsnm ur:, Y, Ohbayashi 1, Tak.ihashi M. Kojim.1 S, lshib:a.shi N, Ket:i S, 
Nakagawa A, H:tyashi R, Sacl.-Vllt1u~.tJ, EéhL'Verria M LI al 2016. A genetic 
link betwecn cpige-s1etic rcprC$.SOr AS l-AS2 and a pu1ative snull subunit 
processn,ne i11 leaf polariry establishment of Ara6idop,i1. Bio/Q~I' Open S; 912-
9S.f. 

McGowan J. Fitzpatrick DA .. 20 17. Gc-nomic. nt't\VOrk, and phy1ogcncric 
an-al y.sis of cht oomycete effecoor arsc11al. mSpbtrr 2: 6. 

Mc.Lellan H, Boc:,,i.nk PC, A.r:mstrong MR. Pritchard L. Go.1ntt. S,. Mon.les J. 
Whi,son SC, llcynon JL llirch PRJ. 2013. An Rxl.R cflècror from 
Phytof'/,t/;oni inftstampr~cnu rc-localisarion of cwo planr NAC rr-.-m.scripcion 
f:mors from the endo.pl.asmic m iculum u) the nudrus. PL(JS Parh11gms9: 
el003670. 

O'Day C. 1996. 1 SS rRNA proccssing requirC5 rhe RNA hdiC:1se·I ikc- prc,ncin 
Rrp3. Nudeic Acul, 1/m-arch 24: 3201-3207. 

Ohbay.1shi 1, Lin CY, Shiuohara N., M,usumura Y1 Mad1ida Y, Horiguchi G, 
Tsuka)>a H, Sugiyama M. 20 17. Evidence for arole of ANJ\C082 as a 
ribosomaJ stres.s rcsponsc mcdfacor lc.iding to growt.h dcfctcs and 
dC\·dopmcn1-;1I alter.nions in Amhithpsis. Pkmt Cell 29: 2644-2660. 

Obbayashi 1, Sugiy.1.ma M. 2018. Plane ouclcolar .Urffl rl'Sfk)OSC> a new fa.et: in 
the NAC-dcpc:ndcoc cd luJar scrcss rcsponscs. Promitrt in Plam Srit,1rt 8: 2247. 

,V,.,,. I '/!'' ,t.,g, t12-')22l 2.:B: !lJ.' 22·11' 
www newphytolog,st con, 



 214 

  

P«rix Y, St:aton SE .• S:aUct E, Ld:mdais-6rière C, More:1u S.1 C.rrèrc S. Blcin T, 
Jardinaud M-F, L11ras:se D, Llüiue M cl 11L 201 8. \Vhûle+geooroe b11dscape 
of Medit-ag() 1r1111.t1m1"1symbfotic genes. Nature Plamt4: 101 7-1025. 

Pfister AS. 2019. E.mcrging rolc of ,be. nudool:lr stress rcsp,onsc ill aumphagy. 
Fromùn in Crllular Nrumscima l3: 156. 

Qiao V, Sh.ij, Zhai Y, Hou Y, Ma \Y/. 2015, Pll)'lopJ1tlxmicActmr ta.rgets a novd 
oomponent of small RNA p::uhway in plan1s ,o promore infoctfon. Pr()c«JùtgJ 
0/1/,,. Natio11nl Arndm,y o/Srimctt, USA l 12, 585~5855. 

Ramircz-Garcé& D, Cam borde L, Pd MJC, Jauncau A, Mani nez Y, Néant 1, 

Lcdcn:.C, Mon:au M, Dumas B., Gau.lin E.. 2016. C RN13 candida1ed-T«-1ors 
from ph.nt ~Jld .tnfol.il cukuyodc pathogcns :m: DNA-binding protcins whkh 
rriggcr hc;,n DNA dam;.1gc rcsponsc. Nrw Phytologist 21 0: 602-61 7. 

Rau A, Ga.Jlopin M , C:dcu.xC,Jaffrhic F. 2013. D.ua-ba.,;ed 6hering fur 

replicated high-tbroughput tr.1.n.scripto11\é sequenciug ex.perllnents. 
Bi•i11forot111ic, 29, 2146-2152. 

ReyT , Nar, A, Bonhomme M, ])ou-in A• Hugucr S, B-ah:crguc S1 JaNfüuud M­
F, Bono J-J, CuUimore J , Dunn$ 6 et al 20 13. NFP,'3, L)'iM protc:-in 
cornrnUing Nod factt'>r perc:cption. a.ho jnten•e11cs in Mcdù:agu cru11ca1u/J1 

rcsiscanœ 10 patbogens. New Phywlqgi,1 198: 875-886. 
Sacz.Vasquci J, Dclscny M . 2019. Ribosome biogcncsis in planu: from 

fi.m,cioo..1.I 4.SS ribo.wmal DNA orgru1ii.uion ro ribo.somc: u..,;cmbly fuao~. 
PbmtC<il3 1: 19/45--1% 7. 

Scbornack S, van Damme M, Boikun TO, Cano LM, Smoker M, Thines M. 
G:tulin E, K;amoun S, J-luitcma E. 20 LO. Ancienc dass oftranslocatcd 
O-Om)'létè effectOrî 1:1.rgers the h0$1. nudc:us. Pttltttdings oftht Natùmal Academ, 
efScimm, USA 107: 17421- 17426. 

Sekiguchi T, Hayano T, Yana&ida M, Takaha.shi N, Nisl,imoto T . 2006. 
NOP 132 i!i rcquircd for propcr nudc.-ohl.S loc;:3.li·1.a1ion of O1:.AD-box R.NA 
hdica,., DOX47. N11clri, Aâd,llr,rarrh34, 4593-4608. 

Shaw P, B.rownj. 201 2, Nudeoli: oompo~ition, firnetion, and dynamia. Pl,1111 
Ph)'siology 158, 44-51. 

Song T. Ma Z , Shen D, Li Q, Li W, Su L, Ye T . Zlung M, Wang Y, Dou O. 
2015. An OOtn)'Cetc:-CRN effector rt'progrom.sc.xprC$SÎOll of pl:tnt HSPgcm:s 
by targeting thdr ptom.orets. PlbS Pmhogens l l ; L-30. 

Smm R,Jupc J, l lowdcn AJM, Mor, ;, JA, Bocvink PC, Hc<llcy PE, Hu.itcma E. 
ZO 13. ldenrificnion and ch,u'l.lcreri$.1rÎon C RN cifc:aoll, in PhpopJHhorn c11psiâ 
shows modularit;,' and fonccional diversity. PloS ONE8: t:5?517. 

Tabi.maJF, Grü.nwaJd NJ. 2019. EJ'l-'tc7'R·, an ex:pand~ble R pa<"Lge ro p1'tdkt 
C1ndiJt1\C RxJ...R. .1nd CRN t.ffoçlors: in oom)'CC:tl.':$ us-ing moc:if se.irchcs. 
,Wolrmlar rl,m1--J\1imb~ lmrracrioni 32-: l 067-1076. 

Tassct C, Bemoux M.Ja.uuc-au A, Pouzet C, Briérc C, Kicffer-Ja.cquinod S, 
Rivas S. Ma.n:o Y, Desland<--s- L 201 O. Autoaœtylarioo of the RJ,lst,mia 
sol,11111r-e,1r11m cffocror PopP2 targcts a lysine rai duc- C'SS('nriaJ for RRS1-1l~ 
medi;11t'tJ immunicy in Ambi.t/qpsis. I'IA'i PaJ.!wgms6: cl 001202. 

Vincent NG, M;chacl a ,:u-etteJ. Basergo SJ. 2018. TiieSSU 1>rocessome 
imeractome in Sarel,aromyrts tertvisiat reveals navel prorcin subcom.plexes. 
\Vilq /111mlisâpli11a'J R,v;ew,: RIVA 24: 77--fJ9. 

W•ng D, Qin 8, Li X, Tang 0 , Zhang Y, Cheng Z, Xue Y. 2016. Nucl<nlar 
DEAD-Box RNA Helic-ase TOGRI regulates thermorolm.nr growth.., a pre­
rRNA ch,p,rone in ricc. PloS Cmrtia 12: cl00S84~. 

Wang H, G•o X. Hu•og Y, YaugJ, Li.u ZR. 2009. P68 RNA bd;wc is a 
nudcocytopl.umic shuuling protcin. Cel/ Rnear,h 19: 1388-1400. 

WangS, Mcl.dla,1 H, Bukharov.t T, HeQ, Murphy F, St,iJ, Sun S, Va., 
\Veyiners P. Re,, Y, Thilli(."1.G "' nl 2019. Phy1oph11Mrn infmantRXLR 
cffC(;'{ors a.cr in oonœn at di\'crsesobcclluJar loC.lrions to cnh.mcc h0$r 
colC1nÎ7.:UÎon. Jmmu1l of Exprrimrnt11J .&tany70: 34~356. 

van West 1\ Bc-.a.kes GW. 2014. Animal paù1ogeni-c ()(nnycetell. Fungnl Biololf)' 
118, 525-526. 

Wicckowski Y. Schiefdbcin J. 2012. Nudc:tr ribowme biogencsis mcdi-:mxl by 
rhc DIM IA rRNA dimcthrla~ is rcquired fororg-:anizc:d root growrh ~md 
q,iJt".rmaJ palterulng in A.rttbùlopsh. P/11.,11 Cel/ 24: 2839-2856. 

Wirthmucllcr l, Asa.i S, IWlapalH G, Sklenar J, Fabro G, Kim DS. 
Limcm,ann R, Jasper, P, Wm.czck M, Kangasjar>i J " al 2018. 
A.r,1/;idop#1 <1-owny mildcw dfccror HaRxL106 !iUppressc:s piani immuniry by 
bindir,g to RAD!CAJ.,.JNDUCED CEU. DE.nH 1. Neiu Phywlngm 220, 
232- 248. 

,Vrrt• /'l~rt,1!tJg1.11 (l012.I .?33; 22 ll , .!-1H 
www newphytologist com 

New 
Phywlogist 

Xiong Q, Ye W, Cho; f), WongJ, Qi;ao Y, Tao K, Wang Y, Ma W. 2014. 
Pll)·Wp/Jlhort, $:uppressor of RNA .sileodng 2 is à conse!\•etl Rx.LR dfttto1· char 
promo,es: infecàon in .soybean and Arabi.dbpsù 1halùma. Mo/1r,,l,1,- P/11111-
Mim,b, lmermti<m, 27, 1379-1389. 

Zhang M, Li Q, Uu T, Liu L, Shen O. Zlm Y, Liu I', Zhou J-M, Oou O. 2015. 
Two Lytopla.smic d:'fccton: of Phpophthoro soj.rt<rt:guJatc plant œ ] <léath via 
imcr-.icrioiu with 1>lam cat1lases. Plam PhJSi()V'Jg:, 167: 164-175. 

Supporting Information 

Addirional Supporting Information may be found on line in che 
Supporting Information section at the end o f the article. 

Fig. St Ac,$$PJ 256 preferen ria lly accumulates :u the nudeolus 
rim in Nicotùma bmthamiar11u.:dls. 

Fig, S2 Nuclear localization of AeSSP1256 is required for ics bio­
logical acrivicy in Medicago truncatula roots. 

Fig. S3 Subcellular loca lization of AeSSP l 256 and ics putative 
h0$t rargers in N bemlmmùmn )caves. 

Fig. S4 AcSSP1256 drives the rdocal ization of a nucleocytoplas­
mic host RNA helicase (MrRH l O) around the 1rncleolus in N. 
bemhamùwa cells. 

Fig. S5 Sequence analyses of rhe McRH 10 DExD-bo:x RNA heli­
case. 

Fig. S6 AeSSPI 256 proreins ,lo nor airer MrRH 10 expression 
levels in M. tmncatulA roors. 

Fig. S7 Expression of MtRH 10 is reduced in M. rruru:a111uz­
süenced roocs. 

Fig. S8 McRH 10-silenced roocs d isplayed enlarged nud eoli. 

Fig. S9 Medicago truncanda root cell morphology is affeaed in 
roots in which MtRHI0 expression is compromised or in which 
the AeSSP 1256 effecror is expmsed. 

Fig. S10 Western bloc for McRHI0-overexpression roors 
infecred by Apha11om;~·e, mreiclm. 

Table Sl List of primers used in this study. 

Table S2 Lisr of putative AcSSPI 256 inr<:ractors afrer ycast cwo­
hybrid screening of M. mmcnt11/a roocs infected by rh.e pathogen. 

Table S3 RNA-Seq dam for M. mmca111laroots (Al7) expressing 
eicher the GFP construct o r dle AeSSP1256:GFP co,utruct. 

Please note: Wiley Black:well are not responsible for the concent 
o r funccional icy of :my Supporring Information supplied by che 
authors. Any queries {orher chan missi ng marerial) should be 
directcd tCJ rhe New PhytologùtCencral Office. 

• 2(P 1 llu: A.uthn n. 

t'lm, Ph)'lal11glu ,Q ]fJ}I K1.-""- Ph~ 1,,l~tghl F,,un,l.,rn,11 


