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Abstract

Oomycetes are eukaryote pathogens able to infect plants and animals. During host interaction,
oomycetes secrete various molecules, named effectors, to counteract plant defence and modulate
plant immunity. Two different classes of cytoplasmic effectors have been described to date, Crinklers
(CRNs) and RxLR proteins. The translocation process allowing the entrance into the host cells is still
unclear, and while extended research gave insight into some molecular targets and role during

infection, most of effectors have not been characterized.

In the root rot pathogen of legumes Aphanomyces euteiches, only the CRNs are present. Based on a
previous study reported by our research group, we published an opinion paper focused on the

emergence of DNA damaging effectors and their role during infection.

Previous experiments indicate that one of these Crinklers, AeCRNS5, harbours a functional translocation
domain and once the protein reaches host nuclei, dramatically disturbs root development. Here we
reveal that AeCRN5 binds to RNA and interferes with biogenesis of various small RNAs, implicated in

defence mechanisms or plant development.

Furthermore, comparative genetic analyses revealed a new class of putative effectors specific to
Aphanomyces euteiches, composed by a large repertoire of small-secreted protein coding genes (SSP),
potentially involved during root infection. Preliminary results on these SSPs point out that AeSSP1256,

which contains a functional nuclear localisation signal, enhances host susceptibility.

Functional characterisation of AeSSP1256 evidenced that this effector binds to RNA, relocalizes a plant

RNA helicase and interferes with its activity, causing stress on plant ribosome biogenesis.

This work highlights that various effectors target nucleic acids and reveals that two effectors from
distinct family are able to interact with plant RNA in order to interfere with RNA related defence

mechanisms and plant development to promote pathogen infection.

Keywords: Oomycetes, nucleus, DNA damage, RNA-binding proteins, CRN, SSP.
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| — CHAPTER I; General Introduction

I-1.1. The Phantom menace

Plants and animals have to face constantly with abiotic stresses, like environmental
modifications due to climate change, including higher temperature, pH variation or long
drought for instance, but also various biotic stresses due to multiple interactions with other
organisms, from bacteria to nematodes, via fungi, oomycetes, viruses or insects. Unlike
animals, who can move to find a better environment, plants are rooted in place and must
adapt very quickly to changes or attacks. One of the major biotic threats are eukaryotic
filamentous microorganisms, represented by oomycetes and fungi, which comprise several of
the most devastating plant and animal pathogens, considered as a major threat for

agriculture, but also for natural terrestrial or oceanic ecosystems (Beakes et al., 2012).

Even if humans and most mammals are remarkably resistant to invasive fungal
diseases, in the same time entire ecosystems are currently devastated by fungal pathogens
(Fisher et al., 2012; Casadevall, 2017). Bats or reptiles are threatened with extinction due to
pathogenic fungi (Fisher et al., 2012; Casadevall, 2017). Another example of feared fungus is
Batrachochytrium dendrobatidis, considered as the major threat for amphibians causing a
catastrophic loss of biodiversity (Fisher et al., 2012; Scheele et al., 2019). Fungal diseases also
impact plant crops, destroying a third of all food crops annually and impacting the most
important crops (rice, wheat, maize, potatoes, and soybean) (Fisher et al., 2012; Almeida et
al., 2019). For instance, the wheat stem rust caused by the fungus P. gramini sf. tritici, which
has being threating wheat cultures since 1998, had disastrous impact in the Middle East and
West Asia, with reduction in yields up to 40% (Pennisi, 2010). Very recently, researchers
warned and reported the re-emergence of this fungus in Western Europe (Saunders et al.,
2019; Bhattacharya, 2017). Another example is the rice blast disease agent Magnaporthe

oryzae, one of the most economically devastating fungus that infect rice as well as other grass



species including wheat. Only on rice, annual yield losses can reach 20% in many production

zones but the entire harvest can be lost when significant outbreak occur (Prabhu et al., 2009).

Oomycetes also comprise devastating pathogens and represent the most problematic
group of disease-causing organisms in both agriculture and aquaculture (Derevnina et al.,
2016b). However, oomycetes stand as notorious plant pathogens with remarkable examples,
like Phytophthora infestans causing late blight triggering the Irish potato famine in 1840 (Haas
et al., 2009). Phytophthora species are responsible of serious diseases affecting crop yields.
The annual economic loss on tomato and potato due to P. infestans was estimated at S 6.7
billion (Haas et al., 2009). On soybean, for North America, the average annual yield loss caused
by P. sojae was estimated at 1.1 million tons, from 2007 to 2014 (Allen et al., 2017). Others
notable species are P. palmivora and P. capsici, causing agents of cocoa black pod causing yield
losses of 20—30% annually (Adeniyi, 2019). On legumes, Aphanomyces euteiches, the causing
agent of root rot, represent one of the major limitations to pea production worldwide (Wu et
al., 2018). All those examples highlight the important impact of plant pathogen oomycetes,
but some species are also responsible for devastating diseases in natural ecosystems or in
aquaculture. For instance, members of the Saprolegnia genus, such as S. parasitica infecting
freshwater fish, are involved in the decline of wild salmon populations around the world
(Phillips et al., 2008; van West, 2006). Another example of killing agent is Aphanomyces astaci,
parasite of fresh-water decapods and causing crayfish plague. Originate from North America,
it is now present in Europe and has been nominated among the “100 of the World’s Worst

Invasive Alien Species” in the Global Invasive Species Database (GISD).

I-1.2. Defence and Resistance against pathogens

Despite the impact of these diseases and the increase of dedicated research, it is still
challenging to control fungal or oomycete attacks. To reach high-quality crops with optimal
yields, modern agriculture had resort to intensive use of fungicides that frequently became
ineffective due to high adaptation frequency, caused by gene mutations, leading to the

emergence of new fungal races (Zhou et al., 2007; Lucas et al., 2015). Same problem occurs



with oomycete diseases control, where complex fungicidal mixtures were used for many
years, often inefficient due to wide range of intrinsic sensitivities (Judelson and Senthil, 2005)
or because resistance evolved against most single-site inhibitors in many oomycete pathogen
species (Gisi and Sierotzki, 2015). Some fungicides are also inefficient because the metabolic
pathways or key molecules they target in fungi are absent in some oomycete species. For
instance, the class of triazole pesticides, representing the largest class of fungicides which
target CYP51 enzymes involved in sterol biosynthesis, should not be used against
Phytophthora or Pythium species since these oomycetes do not possess CYP51 enzymes (Tyler
et al., 2006; Sello et al., 2015) and are sterol auxotrophs (Kazan and Gardiner, 2017), leading
these fungicides to be inefficient against diseases caused by these pathogens (Gaulin et al.,

2010).

Fortunately, chemicals are not the only way to counteract pathogen attacks. Hosts
have evolved innate immunity due to their long coevolution with microorganisms. The first
layer of plant defence is based on the recognition of essential molecules derived from
microorganisms. When the host perceives those molecules that are specific to
microorganisms and indispensable for its life cycle and called pathogen-associated molecular
patterns (PAMPs), it triggers and activates numerous defence responses. The PAMPs-
Triggered Immunity (PTI), comprises a set of responses including callose deposition, oxidative
bursts or activation of defence gene (Jones and Dangl, 2006; Nicaise et al., 2009). One of the
most famous identified PAMPs is the bacterial flg22, a conserved peptide from the protein
flagellin, a major component of the motility organ flagellum, which is recognized by most
plants thanks to an LRR Receptor—like Kinase (Goémez-Godmez and Boller, 2000). Numerous
eukaryotic PAMPs correspond to cell wall components, like Pep-13, a highly conserved amino
acid fragment within the cell wall glycoprotein GP42 from the oomycete Phytophthora sojae
(Brunner et al., 2002), or NPP1, a cell-wall protein identified in several Phytophthora species
as eliciting immune responses in plants (Fellbrich et al., 2002), or CBM1 from the cell wall
protein CBEL from P. parasitica (Gaulin et al., 2006; Larroque et al., 2012). PAMPs are not only
proteins as B-Glucans also represent a common fungal and oomycete PAMPs derived from cell
wall fractions. Most plants recognize chitin, the main component of fungal cell wall, but also

the branched pB-Glucans from oomycete cell wall. As example branched glucan-



chitosaccharides from the oomycete Aphanomyces euteiches induce defence and calcium

signals in Medicago truncatula root cells (Nars et al., 2013).

Faced to PTI, microorganisms evolved and secreted hundreds of pathogenesis-related
molecules, named effectors, to modulate immunity and facilitate host colonization. In turn,
some hosts evolve to detect specifically those molecules, leading to the Effector-Triggered-
Immunity (ETI). Perception is mediated by receptors know as resistance proteins (R) that
directly or indirectly recognize some secreted effectors, then called avirulence proteins (AVR).
This process was previously named gene-for-gene resistance (R/AVR) (Van Der Biezen and
Jones, 1998). This recognition is frequently associated to a hypersensitive response (HR), a
localized host cell death to confine the pathogen at the infection site (Jones and Dangl, 2006).
Then, major R genes have been used by breeding companies to protect crops against fungal
plant diseases (Stuthman et al., 2007). However, the strategy using a single resistance gene
often turns out to be inefficient due to adaptation of pathogen populations, which have a high
evolutionary potential and rapidly evolve by AVR genes mutations to become virulent. For
instance, the fungus Leptosphaeria maculans, the causing agent of the phoma stem canker
disease on oilseed rape (Brassica napus), produce new strains by mutations of genes rendering
the corresponding major host resistance genes ineffective in only three years (Sprague et al.,
2006). Similarly, appearance of new and more virulent pathotypes of the downy mildew
(Plasmopara halstedii) in sunflower leads researchers to identify new R genes in order to
combine them in varieties carrying a wide range of resistance genes (Pecrix et al., 2019, 2018).
Nowadays, major R genes are deployed in cultivars in combination with sustainable disease
management practices like precise chemical treatments in order to prolong the use of those

resistance genes (Mitrousia et al., 2018).

In addition, another aspect of genetic resistance is related to a quantitative resistance
with a partial reduction of symptoms and disease severity (Kamoun et al., 1999). This partial
resistance is due to quantitative resistance genes localized in genome area named
Quantitative Trait Loci (QTLs). Even if this resistance is frequently less efficient than gene-for-
gene resistance like R-AVR gene interaction (Hu et al., 2008; Pilet-Nayel et al., 2017), it
appeared to be more durable, with a lower selection pressure for pathogens, which limit

mutations, and resistance acquired by the expression of different QTLs is more difficult to

4



circumvent (Poland et al., 2009). For instance, no resistant pea, lentil cultivars are available
against the oomycete Aphanomyces euteiches that causes the devastating root rot diseases
of legumes. However, genome-wide association studies based on the model legume Medicago
truncatula identified one major and several minors QTLs contributing to the tolerance (Badis
et al., 2015; Bonhomme et al., 2014, 2019). Then some Aphanomyces resistance QTLs were
identified in pea but fine mapping to identify underlying genes is still challenging (Hamon et
al., 2013; Desgroux et al., 2016). In lentil, numerous QTLs were recently detected and some
genes are under validation (Ma et al., 2020; Marzougui et al., 2019). Similarly, the oilseed rape
(Brassica napus), threatened by stem rot caused by the fungus Sclerotinia sclerotiorum,
represents another crop with absence of resistant lines. Currently, breeding for Sclerotinia
resistance in B. napus is only based on germplasms with quantitative resistance genes (Wu et
al., 2013) and the identification of new QTLs is still an active research (Qasim et al., 2020). In
rice, where many R genes were characterized, QTLs were also identified. Then, the resistance
in cultivars to the blast fungus Magnaporthe oryzae is controlled by a combination of both

major genes and QTLs (Kang et al., 2016).

The use of chemicals to threat animal pathogens invasion triggered also the
development of chemical-resistance coupled with negative side-effects on the ecosystem.
Then, alternative strategies have to be developed. In aquatic culture for instance, biological
control strategies are under development to control zoosporic diseases due to chytrid fungus
and oomycetes (Frenken et al., 2019). This include for example a project of immunization
against the oomycete Saprolegnia parasitica using a serine protease, the identification of
stimuli able to increase the production of natural antifungal peptides produced by the skin of
amphibians, or the modification of the pathogen fitness using secondary parasites (Frenken
et al., 2019). While those projects are promising, much work still needs to be done to
implement biological-control applications in aquaculture (Frenken et al., 2019). Biocontrol

strategies are also currently develop to protect plant against pathogens (Kohl et al., 2019).
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Figure 1: Simplified tree of eukaryotes showing the distant relationship between oomycetes
and fungi.
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I-2.1. The false brothers

Oomycetes were originally considered as members of the kingdom of Mycota, in the
Opisthokonta clade, with the same classification level as the ascomycetes and basidiomycetes
within Fungi (Lévesque, 2011). Even if oomycetes and fungi share common characteristics, as
filamentous growth in the form of tip-growing branching hyphae, or similar ecological role and
feeding behaviour (Beakes et al., 2012), oomycetes form a phylogenetic lineage distinct from
fungi, closely related to brown algae and diatoms among Stramenopiles (Straminipila)
(Cavalier-Smith and Chao, 2006). Stramenopiles constitute one of the major eukaryotic clades,
branching with Rhizaria and Alveolata within the ‘supergroup’ SAR (Derelle et al., 2016) (Figure
1). Major differences at morphological and molecular levels are now evidenced, as oomycetes
are diploid organisms while fungi are haploid during the majority of their life cycle,
disseminate mainly asexually with biflagellated zoospores and are mostly auxotrophic for
sterols (with few exception like Aphanomyces euteiches (Gaulin et al., 2010)). Oomycetes
develop mostly non-septate hyphae and unlike true fungi, the main structural polysaccharide
of the oomycete cell wall is cellulose and not chitin (Judelson, 2017), with few exception like
A. euteiches which contains chitin derivate in the cell wall (Badreddine et al., 2008). Then,
molecular analysis based on combined protein data and rDNA sequences, and more recently,
large-scale genome phylogenetic studies confirmed the distant relation of oomycetes from

true fungi (Baldauf et al., 2000; Burki, 2014; Derelle et al., 2016).

I-2.2. Lifestyle: oomycete and fungi in front of the mirror

Although oomycetes and fungi are evolutionarily very distantly related, both taxa
evolved similar lifestyles. The saprophytic species, which represent a large group of fungi but
also numerous oomycetes related to Pythium and some Saprolegnian species (Lamour and
Kamoun, 2009), are able to develop on dead host tissue and perform the initial steps in the
decomposition macromolecules, like cellulose or lignin on plant cells (Berg et al., 2014). On

the other hand, many fungal and oomycete species are obligate biotrophs, meaning that they






are unculturable on artificial media, and grow only on living cells. Those species require
metabolic active tissues to achieve their life cycle and then are highly adapted to their host,
such as downy mildew Plasmopara viticola, which infects grapevine (Vitis vinifera), Albugo
candida, the causing agent of white rust on crucifers (Kamoun et al., 2015) or the pathogenic
fungus Blumeria graminis causing powdery mildew on barley (Thomas et al., 2001) and the
smut fungus Ustilago maydis on corn (Banuett and Herskowitz, 1996). By contrast, many plant
pathogenic oomycetes or fungi, especially species of the genus Phytophthora, or
fungi/Ascomycota like Colletotrichum or Magnaporthe, display an intermediate lifestyle called
hemibiotrophy, starting infections like biotrophs by establishing a transient biotrophic
relationship with the host, then switch to necrotrophic phase later in the disease cycle
(Latijnhouwers et al., 2003; Lamour and Kamoun, 2009; Thines, 2018). Finally, necrotrophic
pathogens kill host tissues to feed during the colonisation like the fungus Botrytis cinerea, the
causal agent of gray mold, an economically devastating disease, which serves as a model
species for plant-necrotroph interactions (Petrasch et al., 2019). Pythium represent the largest
genus of necrotrophic oomycetes, but some aquatic pathogenic oomycetes like Lagenisma
coscinodisci are also efficient necrotrophic organisms, able to kill marine diatoms in few days
by hijacking the host’s alkaloid metabolism (Vallet et al., 2019). However, the classification in
hemibiotrophy or necrotrophy is not always clear, as for the oomycete Aphanomyces

euteiches that causes root rot of legumes (Judelson and Ah-Fong, 2019).

Both oomycetes and fungi share similar traits for host interaction. Dispersal of
oomycetes is mediated by water or wind through asexual sporangia or directly by the release
of asexual motile zoopores from sporangia (Tyler, 2002). Once oomycete zoospores have
reached host surface, they encyst by shedding their flagella and secrete adhesion molecules
(Hardham and Shan, 2009; Carzaniga et al., 2001). Asexual spores of fungi as conidies are
transported by wind and water, before an adhesion step to the host due to the secretion of
adhesion molecules. The germinated cyst produce hyphae able to penetrate inside cell layers,
mainly by using a pathogenic structure called appressorium, then vegetative hyphae grow in
intercellular space and develop haustoria which penetrated inside host cells (Fawke et al.,

2015). Oomycetes and fungi hyphae can also penetrate by natural opening such as stomata
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Figure 2: Phylogeny of the Oomycetes.

(A) Consensus phylogeny of the oomycete class within the greater SAR grouping, including information pertaining
to various taxa. Adapted from (McCarthy and Fitzpatrick, 2017). (B) 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. All nodes have 100% bootstrap support except where
indicated. Species are colored according to their order. Phytophthora clades are indicated as designated by Blair,
Coffey, Park, Geiser, and Kang (2008) and Pythium clades are as designated by de Cock et al. (2015). From
(McGowan and Fitzpatrick, 2020).

(Lucas, 2020). Numerous enzymes to break the host barriers (i.e. cell wall, cutin) are also
produced by oomycetes and fungi during the penetration and colonization steps. However,
some oomycetes do not form haustoria, like Pythium ultimum or neither appressorium, such
as Aphanomyces euteiches (Gaulin et al., 2008). Finally, they complete their life cycle by

producing new asexual spores and/or by making their sexual life cycle/stage.

I-2.3. Oomycete phylogeny, still a growing tree

Oomycete phylogeny is still subject to revision due to new genome availability. To
date, 65 oomycete species have publicly available genome sequences deposited in databases
(McGowan and Fitzpatrick, 2020) and although many species are yet unsampled, the current
consensus phylogeny of the oomycetes split them into a basal order and four major “crown”
orders: the Peronosporales, Pythiales, Albuginales, and Saprolegniales (Beakes et al., 2014;
McCarthy and Fitzpatrick, 2017; McGowan and Fitzpatrick, 2020) (Figure 2a). The basal order
of oomycetes includes exclusively marine organisms which are predominantly parasites of
seaweeds, nematodes or arthropods (Beakes et al., 2012). The Saprolegniales order is the
most basal of the four major crown orders and includes saprophytes and animal parasites,
such as the fish pathogen Saprolegnia (Hulvey et al., 2007), and also the plant and animal
pathogenic Aphanomyces genus (Gaulin et al., 2007) (Figure 2a and b). The Peronosporales
order includes the largest group of terrestrial organisms and represent the best studied order,
comprising the well-known oomycete Phytophthora genus. It is also composed by the
phytopathogenic Phytopythium genus as well as downy mildew such as Hyaloperonospora,
Plasmopara or Sclerospora genera (Fletcher et al., 2019; McCarthy and Fitzpatrick, 2017;

McGowan and Fitzpatrick, 2020) (Figure 2a and b). The Pythiales order contains animal and






plant pathogens, but also comprises some species able to parasitize fungi and other
oomycetes, such as Pythium oligandrum. These mycoparasites are used as new types of
biocontrol agents (Benhamou et al., 2012; Faure et al., 2020). The last member of the four
crowns are the Albuginales, which include the plant pathogenic Albugo genus (Figure 2a and
b) which causes “white blister rust” on many valuable crop species. Additionally, few species
are members of the Lagenidiales genus, a complex taxon still unclearly defines (Spies et al.,
2016). The phylogeny of the 65 available sequenced oomycete species exposed in the recent

paper of Mc Gowan and Fitzpatrick is presented in Figure 2b.

I-2.4. Oomycetes, origin(s) and evolution

The history and the evolution of oomycetes are still an ongoing research, partially
under debate and regularly update due to the increasing number of available genomes. To
date, the consensus hypothesis is that Stramenopiles originate from the enslavement of algal
ancestors by a biflagellate photosynthetic organism. Then oomycetes evolved by multiple
losses of plastids and genes for phototropism (Cavalier-Smith and Chao, 2006), even if some
lineages like some Phytophthora species still conserve photosynthesis-related genes (Tyler et
al., 2006).

Molecular clock studies, based on complete genome analyses, estimated the origin of
oomycetes around the mid-Palaeozoic Era, up to 430 million years ago (Matari and Blair,
2014). This is supported by the discovery of preserved oomycete structures in the fossil
records from the Carboniferous period (approximately 360 to 300 million years ago during the
late Paleozoic Era) (Krings et al., 2011). In addition, fossils from the same period evidenced
the parasitic lifestyle of oomycetes towards plants (Strullu-Derrien et al., 2011). By the way,
parasitism is widespread in oomycetes lineage, reflecting the radical reconfiguration of
lifestyle and trophic mechanism from the oomycetes ancestor, changing from carbon fixation
by photosynthesis and/or digests microbes inside the cell, to a cellular form that processes

complex substrates in the extracellular environment for transportation into the cell
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(Savory et al., 2015; Beakes et al., 2012). It is thought that horizontal gene transfer (HGT),
especially from bacteria and fungi, supported this evolution for pathogenicity and virulence
genes (Jiang and Tyler, 2012; Savory et al., 2015; McCarthy and Fitzpatrick, 2016) (Figure 3).
Notably, HGT had a major impact upon the evolution of the secretomes of oomycetes, which
represent all the molecules released out of the cell into the external environment such as

hydrolytic enzymes, toxins and effectors (Jiang and Tyler, 2012; Savory et al., 2015).

This diversity of lifestyle, coupled with the wide host range and various environment
displayed by oomycetes and fungi raised questions about genetic and molecular mechanisms
involved in their evolution and rapid adaptation to their hosts and environmental changes
(Raffaele and Kamoun, 2012; Judelson, 2012). One answer is that for both oomycetes and
fungi, success of infection mainly relies on large repertoires of secreted proteins defining the
secretome. The secretome represents all the molecules secreted by the microbe to adapt to
new environmental resources or changes in his close environment (McCotter et al., 2016). The
estimated size of fungi / oomycete secretome range from 4—15% of the total gene number
(Girard et al., 2013; Pellegrin et al., 2015), with a highly variable composition closely related
to the niche the microbes reside in (Soanes et al., 2008). This comprises a wide range of
proteases, lipases, enzymes and small-secreted proteins (SSPs) to achieve functions such as
nutrient acquisition, detoxification or cell wall manufacture (Feldman et al., 2020; Pellegrin et
al., 2015). Among secreted proteins, some affect host physiology to neutralize plant defences
and promote microorganism colonisation, the so-called effectors. Effectors include mainly
proteins, secondary metabolites but also nucleic acids (e.g. small RNAs) (Wang et al., 2019).
Therefore, secreted effectors evolved quickly, have different function, localization and may

affect various host processes to enhance infection.
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(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 (Sanchez-Vallet et al., 2018).



I-3.1. Effector genes evolution

Effectors show rapid evolution within a given genome as a result of co-evolution with
their hosts and are often associated with transfers to unrelated host (Dong et al., 2015;
Raffaele et al., 2010). For instance, protease inhibitors produced by two sisters Phytophthora
species evolved to target plant proteases of their respective unrelated hosts, linking effector
specialization and host diversification (Dong et al., 2014). This close link between effectors
and host adaptation was also revealed by comparative fungal genomic studies showing
evidences of rapid evolution of effectors in related pathogens with different host ranges
(Meerupati et al., 2013; Condon et al., 2013; O’Connell et al., 2012; Richards et al., 2019).
Evasion of host recognition and effector functional optimization is achieved by sequence
modification, gene deletion, modulation of effector genes expression and the gain of new

effectors by horizontal gene transfer (Figure 4a) (Lo Presti et al., 2015b).

Some HGT have been evidenced, like for the transfer of ToxA between three unrelated
wheat pathogens, leading to isolates that are more virulent (Friesen et al., 2006). Another
example was reported in the cotton fungal pathogen Verticillium dahlia where lineage-specific
region that might have originated from Fusarium oxysporum increased virulence on cotton
but not on other hosts (Chen et al., 2018). Even if the main mechanisms leading to HGT are
poorly understood, it seems that necrotrophic pathogens are far more susceptible to the
acquisition of effector genes, particularly with host-specific toxin coding genes (Sdnchez-Vallet
et al., 2018). In oomycetes, gene acquisition by HGT was also evidenced for a cutinase gene
from bacteria to Phytophthora species (Belbahri et al., 2008), and more extensively reported
between fungi and oomycetes, at least in Peronosporales (Richards et al., 2011). In addition,
changes in secretome of Saprolegniales oomycetes due to HGT from bacterial and fungal

donor lineages were evidenced (Misner et al., 2014).

In addition to HGT, other genetic events occurred to evolve effector genes. For
instance, gene duplications combined with mutations were shown to generate new effector

genes in the smut fungus Ustilago maydis (Dutheil et al., 2016) (Figure 4a).

Transposable elements (TEs) were evidenced to play a major role in gene duplication
and are significantly associated in the formation of virulence gene clusters through non-

homologous recombination (Dutheil et al., 2016). The last generation of sequencing strategies

11



greatly increased the quality of genome assemblies and gave new insight into effector
evolution and genome organization. Firstly, it revealed that TEs content was often
underestimated. For example, the last version of Colletotrichum higginsianum genome
contains 7% TEs whereas it was estimated to only 1.2% in the first assembly (Dallery et al.,
2017). Then, it is now clear that many effector genes are not randomly distributed across the
genomes and are associated with TEs and repetitive sequences in specific genome
compartments. These results have led to the “two-speed genome” model in which some
pathogen genomes have a bipartite architecture with essential genes in the core genome,
protected from deleterious mutations, and the accessory genome where effector genes take
place in a rapid evolutionary compartments (Raffaele and Kamoun, 2012; Croll and McDonald,

2012).

Rapid host adaptation can lead to effector recognition that triggers host defence.
Hence, adaptive pressure on effector gene sequence can force mutations in order to modify,
modulate or delete a given effector to escape host recognition. 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
(Figure 4b). 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).

In addition to TEs activity, two types of mutations are known to modulate effector
genes evolution (Figure 4b) (reviewed in (Sdnchez-Vallet et al.,, 2018)). The first type of
mutation consists in substitutions, insertions or deletions that change the protein properties
of a given effector. The second type of mutation concerns neutral mutations with weak but
cumulative effects. Fixation of beneficial mutations leads to optimization of the effector
function and can infer the past selective history at the effector locus (Sdnchez-Vallet et al.,

2018).

Transcriptional silencing of an effector gene is another mechanism involved to escape
host recognition, which preserve the effector sequence (Gijzen et al., 2014; Whisson et al.,
2012). This was observed for the Phytophthora sojae effector gene Avr3a that is recognized in

soybean plants carrying the resistance gene Rps3a. Silenced Avr3a alleles were transmitted
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and persisted over multiple generations suggesting that transgenerational gene silencing at

this locus mediated the gain of virulence phenotype (Qutob et al., 2013).

I-3.2. Apoplastic and intracellular effectors

During eukaryotic filamentous pathogens-plant interactions, two types of effectors can
be distinguished depending on their localization. Apoplastic effectors proteins (AEPs) stay in
the plant extracellular space (i.e. apoplast) while intracellular effectors proteins traffic into

the host cell in various compartments.

I1-3.2 a. Apoplastic effectors: in front of the Wall

The apoplast is a hostile environment notably due to secreted basal defence
compounds like proteases, secondary metabolites or hydrolytic enzymes like chitinases
(Doehlemann and Hemetsberger, 2013; Jashni et al., 2015). The release of PAMPs in the
apoplast due to activity of plant chitinases or B-glucanases that disrupt microbial cell wall
integrity leads to their perception through cell surface-localized immune receptors, such as
Lysin motif (LysM)-containing proteins, which activates plant immune system (Cook et al.,
2015; Liu et al., 2012). Thus, to counteract this first recognition process, numerous fungal and
some oomycete AEPs have been characterized to evade glycan-triggered immunity or to
protect cell wall microorganism from degradation (reviewed in (Rocafort et al.,, 2020)).
Phytophthora spp. for instance secrete glucanase inhibitor proteins (GIPs) to inhibit the
degradation of pathogen pB-1,3/1,6-glucans and the release of defence-eliciting
oligosaccharides by host endoglucanases (Rose, 2002; Damasceno et al., 2008). The tomato
fungal pathogen Cladosporium fulvum secretes two characterized AEPs, the chitin-binding
effector protein Avr4, which protects fungal hyphae against hydrolysis by plant chitinases (van
den Burg et al., 2006), and Ecp6, an effector which uses LysM domains that competitively
sequesters chitin oligomers from host immune receptors leading to the perturbation of chitin-
triggered host immunity (Sanchez-Vallet et al., 2013). Other LysM effectors have been shown
to contribute to virulence through chitin binding in other plant pathogenic fungi like
Magnaporthe oryzae, Colletotrichum higginsianum and Verticillium dahlia (Kombrink et al.,
2017; Mentlak et al., 2012; Takahara et al., 2016). Interestingly, AEPs with similar roles to both

Avrd and Ecp6 have been described in the fungal wheat pathogen Zymoseptoria tritici
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(Marshall et al.,, 2011; Sanchez-Vallet et al., 2020) but also in the mutualistic fungus
Trichoderma atroviride and in the arbuscular mycorrhizal fungus Rhizophagus irregularis
(Zeng et al., 2020; Romero-Contreras et al., 2019). This indicates that both pathogenic and

mutualistic microbes use AEPs to evade glycan-triggered immunity.

Thus, many characterized AEPs act to supress this glycan-triggered immunity (Rocafort
et al., 2020) but other families of AEPs have been described. One large group of apoplastic
effectors commonly found in fungi and oomycetes are cell wall degrading enzymes (CWDEs),
which play a major role in pathogenicity, contributing to plant cell wall degradation. Thus, this
family includes hundreds genes coding for enzymes such as cellulases, hemicellulases,
pectinases, B-1,3-glucanases, glyceraldehyde hydrolases, carbohydrate binding molecules and
other proteases able to degrade glycoproteins. The aim is to reduce the complexity of the cell
wall structure to facilitate entry and colonization of the host. In animal pathogen interaction,
those enzymes are absent and replaced by other specific enzymes. For instance, the plant
pathogen oomycete A. euteiches possesses a large repertoire of CWDEs coding genes that
target plant cell wall polysaccharides, absent in Aphanomyces astaci, the causing agent of
crayfish plague. In turn, A. astaci shows an expansion of protease genes predicted to target
chitin, the main component of the crayfish shell ((Gaulin et al., 2018) and see CHAPTER IV).
Recently, it has been shown that a CWDE effector was protected by another AEP, acting as a
decoy. Indeed, Phytophthora sojae displays an apoplastic effector, called PsXLP1, able to
promote infection by protecting PsXEG1, another effector with xyloglucanase activity
essential for full virulence but targeted for inhibition by GmGIP1, a soybean protein. Then,
PsXLP1 binds to GmGIP1 and functions as a decoy to protect PsXEG1 from the inhibitory action
of GmGIP1 (Ma et al., 2017).

Some AEPs are considered as toxins, called necrosis-inducing proteins (NLPs), able to
cause cell death. NLPs were first identified from culture filtrate of Fusarium oxysporum but
have been isolated in oomycetes, fungi and bacteria, and have the ability to induce cell death
and ethylene accumulation in plants (Gijzen and Niirnberger, 2006; Cobos et al., 2019). The
structure of NLPs is remarkably conserved among long phylogenetic distance, from bacteria
to oomycetes (Feng et al.,, 2014; Ottmann et al., 2009). However, the role of NLPs during
infection is unclear. When studies reported evidences that NLPs function as virulence factors

that increase pathogen growth in host plants or extend the host range (Veit et al., 2001;
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Mattinen et al., 2004; Pemberton et al., 2005), others revealed that mutations in some NLP
genes from various fungi like Fusarium oxysporum or Botrytis cinerea do not reduce their
virulence (Cuesta Arenas et al., 2010; Bailey et al., 2002). In addition, most identified NLPs are
perceived by the host as PAMPs leading to the stimulation of PTI, such as NLPs from
Phytophthora species in Arabidopsis (Qutob et al., 2006, 2002), or from Pythium in various
dicotyledonous plants (Veit et al., 2001).

In oomycetes, particularly in Phytophthora and Pythium species, elicitins represent
another family of small AEPs and display similar characteristics with NLPs. Elicitins are
structurally conserved and induce a sustained oxidative burst that leads to hypersensitive
response (HR) cell death in most case (Derevnina et al., 2016). Plants from different botanical
families perceived elicitins as MAMPs, which induce activation of defence through MAMP-
triggered immunity (MTI) (Derevnina et al., 2016). Then, like NLPs, the role of elicitins is still
unclear. Since elicitins bind sterol and other lipids (Osman et al., 2001) and given the fact that
most oomycetes including Phytophthora are sterol auxotrophs, elicitins are proposed to act
as sterol-carrier proteins (Mikes et al.,, 1998). As sterols and fatty acids stimulate sexual
reproduction and oospore production in Phytophthora, elicitins could contribute to the

appearance of more virulent strains (Chepsergon et al., 2020).

Finally it is anticipated that some apoplastic effectors, especially cyclic peptides, could
play a role in self-defence against competitor antimicrobial compounds, or in manipulating
the apoplastic microbiome to promote host colonization (Snelders et al., 2018; Rocafort et al.,

2020).

I1-3.2 b. Intracellular effectors: Destroy from within

The second class of effectors are secreted proteins translocated to the host cytoplasm
or intracellular compartments. In oomycetes, the first (and the largest) family of cytoplasmic
effectors, named RxLR effectors, were identified by comparative sequence analysis of
predicted secreted avirulence proteins from several oomycete species, leading to the
identification of a conserved amino acid motif, namely the RXxLR-EER motif (Rehmany et al.,

2005). Thus more than 350 RxLRs effectors characterized by their R (arginine) — X (any amino
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acid) — L (Lysine) — R (arginine) motif after signal peptide sequence, were predicted in
Phytophthora species (Tyler et al., 2006). Then presence of RXxLR genes was evidenced in
numerous Phytophthora species, where several hundred putative RxLRs were predicted (Haas
et al., 2009; Jiang and Tyler, 2012), but only one in Saprolegniales species (Trusch et al., 2018).
Finally, RXLR and RxLR-like effectors may also be present in fungi (Kale and Tyler, 2011) as in
the endophytic fungus Piriformospora indica (named later Serendipita indica) in which 5
proteins with a degenerated RxLR motif were predicted to be secreted but none of them were

found to be up-regulated during colonization of barley roots (Zuccaro et al., 2011).

RXLR proteins contain a conserved N-terminal motif in addition to a predicted signal
peptide and a highly variable C-terminal part that allows biological function (Birch et al., 2006).
It was proposed that the RxLR motif acts as a signal for host delivery (Whisson et al., 2007;
Dou et al., 2008). In addition, RxLR effectors have been reported to translocate into host cells
in the absence of the pathogen, after binding of the RxLR motif to lipids via phospholipid-
mediated endocytosis (Kale and Tyler, 2011; Kale et al., 2010). However, studies made on
other RxLR effectors could not observed this entry mechanism and finally exclude the
phospholipid binding as a general host entry mechanism (Gan et al., 2010; Yaeno and Shirasu,
2013; Wawra et al., 2012). Then, pathogen-independent translocation of effectors into plant
cells is controversially discussed and the entry mechanism of effectors is still unclear (Wawra
et al., 2013). A recent study demonstrated that the RxLR motif of the Phytophthora infestans
effector AVR3a was cleaved before secretion (Wawra et al., 2017). Even more recently, in the
oomycete Saprolegnia parasitica, it was reported that the uptake process of the RxLR protein
SpHtp3 is guided by a gp96-like receptor via its C-terminal region, but not by the N-terminal
RXLR motif (Trusch et al., 2018). After translocation into host cell, a major part of RxLR
effectors target nucleus, but some have a nucleo-cytoplasmic localization when others
accumulate in membranes (Sperschneider et al.,, 2017), as described for the oomycete

Hyaloperonospora arabidopsidis (Caillaud et al., 2012).

The identification of RxLR effectors with conserved motif and the availability of
Phytophthora infestans genome lead to the discovery of another family of intracellular
effectors named CRNs, for CRinkling and Necrosis effectors. CRNs were first identified in the
plant pathogenic oomycete Phytophthora infestans. To identify pathogen-secreted proteins

potentially involved in the manipulation of host processes, a large screen of cDNA coding for
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secreted proteins were expressed in N. benthamiana and tomato leaves. Two of which, named
CRN1 and CRN2, presenting similarities at the sequence level were found to cause a CRinkling
and Necrosis (CRN) phenotype when expressed in plant tissue (Torto et al., 2003). Like RxLR
proteins, CRNs present a modular architecture with a conserved N-ter signal characterized by
LxLFLAK-derived amino acid sequence (with possible variation) followed by a highly variable
C-ter domain (Schornack et al., 2010). With the increasing number of available genomes, many
studies performed on other oomycetes revealed that, in contrast to the RxLR protein family,
CRN coding genes are widespread in oomycete lineage, and were found in all plant pathogenic
oomycetes sequenced to date including Peronosporales (Haas et al., 2009; Tyler et al., 2006;
Baxter et al., 2010), Albuginales (Kemen et al., 2011), Pythiales (Adhikari et al., 2013; Lévesque
et al., 2010) and Saprolegniales (Gaulin et al., 2008). Some CRN-like coding genes were also
predicted in the animal pathogen Aphanomyces astaci, the causing agent of the Crayfish
plague ((Gaulin et al., 2018) and see CHAPTER 1IV). The identification of hundreds CRNs genes
in Aphanomyces species, which are early divergent species among the “crown” oomycetes,
suggests that CRNs are an ancient class of conserved oomycete effector proteins (Schornack

et al.,, 2010).

CRNs have a modular architecture with two distinct protein regions. The N-terminus
domains, composed around 130 amino acids (aa), contains a conserved LxLFLAK or LxLFLAK-
derivate motifs (within the first 60 aa) and more diversified DWL domains. Another highly
conserved HVLVxxP motif marks the end of the N-terminal region (Figure 5a). This N-terminal
part is presumed to specify the secretion and the translocation of the protein into the host.
The functionality of CRNs N-termini domain was initially tested via an infection-translocation
assay ((Schornack et al., 2010) and see P29-30 of this manuscript for more details). In this
study, three CRN N-termini of P. infestans (CRN2, CRN8 and CRN16) and one A. euteiches
(AeCRN5) were fused to C-terminal domain of the P. infestans Avr3a RxLR protein, and
introduced in Phytophthora capsici. Those strains were used to infect transgenic N.

benthamiana leaves expressing the potato resistance protein R3a.
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Figure 5: CRNs structure analysis (adapted from (Amaro et al., 2017)) .

(A) Initially CRN N-termini contain a conserved structure featuring: a signal peptide for secretion; an LXLFLAK
domain containing the respective LXLFLAK motif connected with translocation; and a DWL domain that ends in
a conserved HVLVVVP motif that marks the end of CRN N-terminus. This site is predicted as a hot spot for
recombination events. In contrast, CRN C-termini were shown to exhibit a large variety of domain structures (not
depicted here). (B) Zhang et al. (2016) redefined CRN structure. CRN N-termini (renamed header domains) from
the two Phytophthora species analyzed (P. infestans and P. sojae) all feature an Ubiquitin like (Ubl) domain that
is thought to be responsible for secretion and translocation into the host cell. CRN C-termini (also named CR-
toxin domains) feature distinct domain architectures, having enzymatic origins. The majority of Phytophthora
CRN C-termini contained the depicted domain structure (NTPase + HTH + REase). (C) Summary of domain
architectures predicted to occur in Phytophthora (from Zhang et al., 2016). The number of CRN proteins with

each given domain architecture/composition are indicated between brackets. Figure from (Amaro et al., 2017).



As chimera proteins induced avirulence by the recognition of the R3a protein, it was
concluded that those N-termini domains allow secretion and translocation of C-termini CRN
proteins into host cells. Even more, mutations in the LxLFLAK conserved motif indicate that
these motifs are necessary for translocation function. Importantly, N-termini domains of
AeCRN5 and CRN16 were demonstrated to be functional, even if no signal peptide were
predicted in the first 30 amino acids. These results demonstrate that despite the absence of
signal peptide, which was reported for numerous CRNs (Stam et al., 2013b; VoR et al., 2018;
Amaro et al., 2017; Adhikari et al., 2013; Gaulin et al., 2018), an unpredictable secretion signal

is present in this region and ensure secretion of CRNs in oomycetes (Schornack et al., 2010).

A recent study proposed to reconsider the requirement of LxLFLAK motifs in CRN
translocation and challenged the classification of CRNs proteins as members of a larger order
of Eukaryotic effectors (Zhang et al., 2016). In this paper, authors performed multiple in silico
analyses using a combination of sequence alignments and structure prediction programs,
coupled to comparative genomics to assess CRN occurrence across the Eukaryote taxon.
Results of those analyses ruled out the presence of signal peptides and indicate that the
proteins containing the LxLFLAK motif but also numerous proteins lacking this motif were
predicted to have an ubiquitin-like structure, similar to those found in the N-terminal region
of SSK1 (mitogen activated protein kinase) / Mcs4 (mitotic catastrophe suppressor 4)
signalling proteins in fungi. The LxLFLAK motif was located in strand 2 and 3 of this ubiquitin-
like domain (Ubl), suggesting that structural features rather than sequence conservation
underpin CRN translocation (Zhang et al., 2016). Authors then renamed the N-terminal region
as a Header Domain (Figure 5b). SSK1 orthologs play important roles in stress responses in
various true fungi, such as oxidative and osmotic shock, and in some cases in a
phosphorylation-dependent manner, employing an interaction between their N-terminal
domains and a MAPKKK heteromer (Morigasaki and Shiozaki, 2013; Yu et al., 2016). From this,
the authors suggest that CRN Ubl N-terminal domains could facilitate translocation inside the
host by analogous mechanisms (Zhang et al., 2016) but functional studies are require to
support this new concept. Similarly, the classification of CRN C-termini was challenged by the
study of Zhang and colleagues (Zhang et al., 2016). Initially 36 different conserved subdomains
that can assemble in different combinations defining C-terminal subfamilies were identified

in P. infestans (Haas et al., 2009). Then it has been proposed that the highly variable
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organisation of C-termini was the result of recombination events between subdomains.
Following studies indicated that among oomycetes, most of these subfamilies are present and
that specific subfamilies can also be found. For example, in P. capsici, 30 of these subfamilies
are present while 7 new subfamilies appear specific to this species (Stam et al., 2013b).
Similarly, in A. euteiches, 160 CRN gene models have been described, among which 12 C-
termini domains are novel subdomains (Gaulin et al., 2008). In the study of Zhang and
colleagues, even if high levels of diversity are still present, the re-classification of CRN C-
terminal domains led to a limited set of domain configurations that were found to be
prevalent. Numerous CRN C-termini are related to enzymatic activities (Figure 5c). For
instance, one-fourth of all CRN C-termini analysed contains a P-loop NTPase domain, coupled
with a nuclease domain of the restriction endonuclease (REase) superfamily. In the same way,
approximately one-sixth of the C-termini domains harbour REase superfamily domain
combined with protein kinase domain. Then, those NTPase or Kinase domains, but also other
domains like HNH domain, could regulate REase activity or affinity toward nucleic acids (Zhang
et al., 2016), suggesting that targeting nucleic acids could be a shared feature among CRNs.
This hypothesis is supported by two studies that report the DNA binding activity of CRN
proteins in addition to the nuclear localization of numerous CRNs (Song et al., 2015; Ramirez-

Garcés et al., 2016; Amaro et al., 2017).

CRN-like proteins were identified outside oomycete lineage, in the fungal pathogen
Batrachochytrium dendrobatidis (Bd) and in the fungal symbiont Rhizophagus irregularis (Sun
et al., 2011; Lin et al., 2014). The presence of CRN-like proteins in such different organisms
suggests a HGT event or the presence CRN genes in early eukaryote progenitors (Sun et al.,
2011; Lin et al., 2014). Bd causes chitridiomycosis and is responsible for the declines of
amphibian population worldwide (Fisher et al., 2012; Scheele et al., 2019). Genome analyses
of Bd strains revealed 84 CRN-like sequences presenting up to 46.5 % of similarity to CRNs of
P. infestans, with a conserved modular architecture, comprising both LxLFLAK-derived signal
and C-ter domains organization (Sun et al., 2011; Joneson et al., 2011). Comparative analyses
of Bd with its closest relative, the non-pathogenic chytrid fungus Homolaphlyctis polyrhiza,
highlight the absence of CRN-like sequences, suggesting a link between pathogenic processes
and CRN effectors (Joneson et al.,, 2011). However, 42 genes were predicted with high

sequence similarity and canonical amino acid motifs of CRNs in the arbuscular
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endomycorrhizal (AM) fungus Rhizophagus irregularis (Lin et al., 2014). The functional
characterization of the RiCRN1 protein evidenced the biological role of this Crinkler in the
establishment of the symbiosis, especially on the initiation of arbuscule development (VoR et
al., 2018). Furthermore, the study of Zhang et al. revealed that CRN effectors are also present
in free-living eukaryotes and land plants that are not known to have a pathogenic lifestyle,
indicating that CRNs are widespread in Eukaryotes (Zhang et al., 2016). Thus it was proposed
that CRN proteins could be firstly involved in inter-organismal conflicts, after which in some
host-pathogen interactions, these proteins were co-opted as effectors (Zhang et al., 2016;

Amaro et al., 2017).

In contrast to oomycetes, intracellular fungal effector lacks a conserved sequence that
facilitate their prediction; therefore, their identification relies on small-secreted proteins
(SSPs). Typical fungal pathogens possess several hundreds and sometimes more than a thousand
of these SSP effectors. SSPs are defined as proteins of less than 300 amino acids with a signal
peptide and devoid of any functional domains. Many SSPs are coded by orphan genes, lacking
known domains or similarities to known sequences, and usually are cysteine-rich proteins.
Large repertoires of SSPs have been evidenced upon genome annotation of fungi interacting
with plants (Duplessis et al., 2011; O’Connell et al., 2012), nematodes (Meerupati et al., 2013),
insects (Hu et al., 2014) and human (Vivek-Ananth et al., 2018). Thus, SSPs were initially
described as virulence effectors produced by pathogens, but finally large repertoire of SSPs
were also predicted in mycorrhizal fungi (Martin and Selosse, 2008; Kamel et al., 2017) and
their role in the establishment of symbiosis evidenced, like MiSSP7 from the ectomycorrhizal
fungus Laccaria bicolor (Plett et al., 2011, 2014). SSPs were also reported in bacteria in the
plant pathogen Pseudomonas syringae (Shindo et al., 2016), and finally within the scope of
this PhD study, SSPs were described in oomycete genomes ((Gaulin et al.,, 2018) and see

CHAPTER IV).

Within the fungal kingdom, the proportion of SSPs ranges from 40 to 60% of the
secretome across all lifestyles and phylogenetic groups (Feldman et al., 2020; Pellegrin et al.,
2015; Kim et al., 2016). However, it seems that this proportion may vary depending on the
lifestyle. For instance obligate biotrophs likely encode more and diverse effector-like SSPs to
suppress host defence compared to necrotrophs, which generally use cell wall degrading

enzymes and phytotoxins to kill hosts (Kim et al., 2016). Comparative analyses of secretomes
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also identified shared or lifestyle-specific SSPs between saprotrophic and Ectomycorrhizal
(ECM) fungi, indicating that presence of SSPs is not limited to fungi interacting with living

plants (Pellegrin et al., 2015).

Some sequence similarity leads to the classification of SSPs in superfamily as in
Blumeria graminis. Sequence analyses of candidate secreted effector proteins (CSEPs) of the
powdery mildew revealed that 25% of those CSEPs, highly expressed in haustoria, contain
features resembling catalytically inactive RNases. Thus, they are part of the superfamily of
RnAse-Like Proteins associated with Haustoria, the so-called ‘RALPH’ effectors (Pedersen et
al., 2012). Recently, a new family of small fungal effectors, that has particularly expanded in the
fungus Magnaporthe oryzae, was described (de Guillen et al., 2015) and was called the MAX
family for Magnaporthe Avrs and ToxB-like effectors. Despite sharing little protein sequence
similarity, MAX effectors are characterized by a conserved structure. Those effectors have

different shapes and surface properties suggesting that they target different host processes.

How SSPs are addressed within the host cytoplasm is still an opening question, but
when transiently express in planta, numerous SSPs localized in nucleus or nucleolus, but some
can be found in mitochondria or chloroplasts (Petre et al., 2015). Recently, plant Golgi,
peroxisomes and microtubules were also reported as targets for fungal SSPs (Robin et al.,

2018).

I-3.3. Intracellular effectors targets: hit the defence key players

To promote microbial colonization, effectors could favour microbial growth by
manipulating plant defences and/or by enhancing invader nutrition. Thus, functions and
targets of intracellular effectors are diverse and range from altering plant cellular metabolic
pathways, signalling cascades, RNA silencing, transcription, trafficking and interfering with

DNA machinery.

One of the primary mechanism targeted by intracellular effectors is to supress the host
response by targeting crucial compounds. For instance, the two essential defence
phytohormones salicylic acid (SA) and jasmonic acid (JA) that act antagonistically in response
to pathogen infection (Niki et al., 1998) can be modulated by effectors. Cmul, from the maize

pathogenic fungus Ustilago maydis, is secreted into the host cell and acts as a chorismate
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mutase to reduce SA levels during infection (Djamei et al., 2011). Similarly, effectors Pslscl
from Phytophthora sojae and Vdlscl from Verticillium dahliae reduce the amount of SA by
hydrolizing isochorismate, a precursor to SA, when expressed within plant cells (Liu et al.,
2014). HaRxLR44 from the oomycete Hyaloperonospora arabidopsidis degrades Mediator
subunit 19a (MED19A) to alter the balance of JA and SA, which affects defence-related
transcriptional changes (Caillaud et al., 2013). Other plant metabolites can also be modulated
by effectors. The SSP Tin2, from Ustilago maydis, prevents the degradation of the maize
protein kinase ZmTTK1, which is responsible for the activation of genes involved in
anthocyanin biosynthesis. This overproduction of anthocyanins turns to plant defence
detriment, since anthocyanin biosynthesis competes with tissue lignification, promoting the
pathogen to reach vascular tissue due to a lower content of lignin (Tanaka et al., 2014).
Additionally, the RxLR PSE1 from Phytophthora parasitica interferes with auxin physiology
through the redistribution of auxin efflux carrier proteins, modulating auxin content which

enhances pathogen infection (Evangelisti et al., 2013).

Another key point of plant defence response is the reactive oxygen species (ROS)
production, which plays a role in MTI, phytoalexin production, callose deposition and systemic
acquired resistance (SAR) (O’Brien et al., 2012). Crinkler PsCRN63 from Phytophthora sojae
interacts and destabilizes plant catalases to promote plant cell death, whilst PsCRN115 inhibits
the catalases degradation to maintain the proper H202 levels and block plant cell death (Zhang

et al.,, 2015).

Plant defence responses are also dependent on signalling pathways like MAPK cascades, which
are essential for both MTI and ETI. Then it is not surprising to find effectors that evolved to
block these pathways. For instance, the RXLR PexRD2 from P. infestans interacts with the

kinase domain of MAPKKKe to interrupt plant immunity-related signalling (King et al., 2014).

Some effectors play a role in the disruption of various trafficking pathways that lead to
the secretion of defence proteins. In Blumeria graminis, BEC4 Interacts with ARF-GAP protein,
a key player of membrane vesicle trafficking in eukaryotic cells (Schmidt et al., 2014). Pi03192,
an RxLR from P. infestans is able to prevent the re-localisation of two plant NAC transcription
factors from the endoplasmic reticulum to the nucleus (McLellan et al., 2013). To ended, still
in P. infestans, PexRD54 stimulate autophagosome formation through binding to the

autophagy protein ATG8CL (Dagdas et al., 2016). This activation of autophagy suggests that
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the pathogen produce this effector to selectively eliminate some of the molecules that the

plant use to defend itself (Dagdas et al., 2016).

Another major defence mechanism is RNA silencing. This process was firstly described
in plant-virus interactions, where viral RNA is recognized as a MAMP and induces small
interfering RNAs (siRNAs) which trigger the cleavage of viral RNAs. In response, viruses have
developed suppressors of RNA silencing to allow the virus proliferation in the host (Vance,
2001). This defence system is also targeted by other microbes. PSR1 and PSR2, two RxLR
effectors from P. sojae, suppress RNA silencing and enhance susceptibility to P. sojae (Qiao et
al.,, 2013). PSR1 is able to bind with a conserved nuclear protein called PSR1-interacting
protein 1 (PINP1), which is involved in small RNA biogenesis. Alteration of small RNA
production in plants leads to developmental defects and hyper-susceptibility to Phytophthora
infections, which is similar to transgenic plants expressing the PSR1 protein (Qiao et al., 2015).
A PSR2-like effector was found in the related species Phytophthora infestans with the same
RNA silencing suppression activity, meaning that PSR2 represents a prevalent effector family
conserved within the genus Phytophthora (Xiong et al., 2014). Then, in viruses and oomycetes,

RNA silencing suppression is a key strategy for infection (Qiao et al., 2013).

Inhibition or alteration of gene transcription in order to down regulate genes involved
in defence responses is also a common process shared by various microorganisms to facilitate
the association with the plant. In Rhizophagus irregularis, SP7 targets nucleus and interacts
with the transcription factor ERF19 to block the plant immune system (Kloppholz et al., 2011).
The RxLR PsAvh23 from P. sojae disrupts the formation of the ADA2-GCN5 subcomplex and
subsequently represses the expression of defence genes by decreasing GCN5-mediated
H3K9ac levels, suggesting that the pathogen manipulates host histone acetylation to gain

virulence (Kong et al., 2017).

Transcription can also be altered by effectors which bind directly to nucleic acids, like
PsCRN108 from P. sojae which targets HSP promoters to block association with heat shock
transcription factors (Song et al., 2015). Furthermore, nucleic acids and especially DNA itself
could be targeted, as AeCRN13 from Aphanomyces euteiches, where it binds directly to DNA

and triggers double strand breaks (Ramirez-Garcés et al., 2016).
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Finally, the vast majority of intracellular effectors from different fungal and oomycete
families, including RXLR, CRNs and SSPs, localizes in nucleus when expressed in host tissue.
Since it was evidenced that plant DNA is altered during infection of various pathogens (Song
and Bent, 2014) and regarding the large number of intracellular effectors that target nucleus,
we propose that DNA-damaging effectors could be a family of proteins involved in plant-
filamentous pathogen interactions and represents the subject of the Chapter Il of this thesis

(see Chapter Il: DNA-Damaging Effectors: New Players in the Effector Arena).

I-4. Aphanomyces: an oomycete genus to study effectors

and host adaptation

The Aphanomyces genus belongs to the Saprolegniales order and has been shown to
contain three major lineages, including plant pathogens, aquatic animal pathogens, and
saprophytic species (Diéguez-Uribeondo et al., 2009), making this genus an interesting model
to understand evolutionary mechanisms involved in adaptation of oomycetes to distantly
related hosts and environmental niches (Figure 6). It contains around 40 species, but this

number is inconsistent due to the difficult culture and identification of some species.
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Figure 6: Phylogeny of Aphanomyces genus, lifestyle and principal hosts.
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This consensus phylogenetic tree is based on analyses of ITS sequences of nuclear rDNA of the principal
Aphanomyces spp identified. Principal hosts are indicated next to the species name. The phylogenetic tree
correlates to the lifestyles species: a plant pathogen lineage, a saprophytic / opportunistic lineage and animal
pathogenic lineage. A. laevis is generally assigned as saprotroph but one study has reported a larvicidal activity
in mosquito larvae (Patwardhan et al., 2005). The position of A. stellatus is not yet clearly defined. It has been
found as a free-living species but its ITS sequence analyses branched it with A. lgevis into the animal parasitic

lineage (Sarowar et al., 2019). The scheme was performed based on (Diéguez-Uribeondo et al., 2009; Patwardhan



Most of these species are aquatic animal parasites, such as A. invadans, A. piscicida
and A. frigidophilus, which infect a wide range of freshwater and estuarine fishes.
Aphanomyces astaci, the causing agent of the crayfish plague, has been nominated among the
“100 of the World’s Worst Invasive Alien Species” in the Global Invasive Species Database
(Gaulin et al., 2018). Two more species are related to animal parasitic lineage with less
confident evidences. A. laevis is generally assigned as saprotroph but one study has reported
a larvicidal activity in mosquito larvae (Patwardhan et al., 2005). Similarly, A. stellatus was
considered as a saprotroph but one study reported that it can act as opportunistic pathogen
on crustaceans (Royo et al., 2004). Furthermore, ITS sequence analyses branched it with A.

laevis into the animal parasitic lineage (Sarowar et al., 2019).

A second lineage includes species with prevalence for saprophytism as A. repetans and
A. helicoides and can exhibit opportunistic parasitism, notably on crayfish (Diéguez-Uribeondo

et al., 2009).

The third lineage is related to plant parasitic species that is restricted to Aphanomyces
genus in the Saprolegniales order. Within, A. cladogamus has a broad range of hosts including
different families such as Fabaceae (e.g. common bean), Poaceae (e.g. barley), Solanaceae
(e.g. tomato) and Chenopodiaceae (e.g. spinach). At the opposite, A. cochlioides is confidently
reported so far only on sugar beet. In the same way, A. euteiches seems to be restricted to

Fabaceae species (Diéguez-Uribeondo et al., 2009).

The diversity of lifestyles and hosts in Aphanomyces species is in contrast with species of the
Peronosporalean lineage that are mainly phytopathogens, giving to Aphanomyces genus a
special taxonomic position towards Peronosporales, but also among Saprolegniales, mostly
composed by aquatic animal pathogens (with few exceptions for Achlya spp. (Choi et al.,

2019).

I-4.1. Aphanomyces euteiches, the Legume threat

Among the most damaging Aphanomyces species is the root rot legume pathogen

Aphanomyces euteiches. Aphanomyces euteiches Drechs was firstly described by Jones and
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Figure 7: Life cycle of Aphanomyces euteiches.

(1) Oospores present in the soil germinate and produce a sporangium. (2) At the sporangium apex, primary
spores release hundreds of bi-flagellate motile zoospores through a pore of their cell wall (asexual reproduction).
(3) Zoospores produce adhesive molecules and adhere to root cells to encyst, losing their flagella. (4) Germinated
cyst produced coenocytic hyphae, which develop between the cells, in the extracellular space. (5) Growing
hyphae colonize the root system and subsequently progress to hypocotyls. (6) Differentiation of hyphae into
antheridia and oogonia leads to sexual reproduction, where haploid nuclei from antheridia are delivered into
oogonia to produce diploid oospores. (7) Decaying tissue release oospores that can remain in soil for many years,

ready to infect new hosts. Adapted from (Hughes and Grau, 2007).



Drechsler (1925) after analyses on various pea diseases in the United States. Nowadays, it is
reported that A. euteiches causes significant damages to various legume crops worldwide
(Gaulin et al., 2007), including pea (Pisum sativum), alfalfa (Medicago sativa), faba bean (Vicia
faba), common bean (Phaseolus vulgaris), lentil (Lens esculenta puyensis), the red and white
clover (Trifolium pratense and T. repens) and can also infect the leguminous model plant
Medicago truncatula (Badis et al., 2015; Bonhomme et al., 2014). However, virulence and
symptoms are variable from one host to another. Distinct subspecific groups based on
genotype and host preference have been defined resulting in two major pathotypes: pea-
infecting strains and alfalfa infecting strains from the USA and from France (Malvick and Grau,
2001; Wicker et al., 2001). Economically, A. euteiches is a major concern for pea production
and causes devastating root rot disease in many pea-growing countries including Europe
(especially in France), Australia, New Zealand, and throughout the USA. Plants can be infected
at any age, but germinated seeds are the most susceptible (Pilet-Nayel et al., 2018).
Aphanomyces life cycle harbours sexual and asexual stages that occur in soil. Sexual
reproduction leads to the formation of oospores, which can survive in soil for up to 10 years
(Papavizas and Ayers, 1974). The presence of a root triggers oospore germination, leading to
a germ tube and a long terminal zoosporangium that can release more than 300 bi-flagellate
motile zoospores (Gaulin et al., 2007) (Figure 7). The morphology of the zoospores and
especially the structure of their two flagella is a common attribute in oomycetes. To target
host tissue, it has been shown for various oomycetes that the motile zoospores are
chemotactically attracted by compounds from root exudates (reviewed in (Walker and van
West, 2007). For instance, zoospores of Aphanomyces cochlioides show chemotaxis towards
the host derived flavone cochliophilin A (Sakihama et al., 2004). After reaching the host, the
zoospores encyst, releasing adhesive chemicals to adhere to the host tissue, leading to the
loss of both flagella and the formation of a primary cell wall (Figure 7). Zoospore encystment
and germination is regulated by calcium ions (Warburton and Deacon, 1998). Unlike other
plant pathogenic oomycete such as Phytophthora infestans, the presence of appressorium, a
specific penetration structure, has never been reported for A. euteiches. Once entered inside
the root tissue, A. euteiches forms extracellular coenocytic hyphae (multiple nuclei) (Gaulin et
al., 2007) (Figure 7). Then the pathogen colonize the entire root and reach the stem, provoking
the disintegration of cortex tissue leading to water-soaked areas of roots, which become

brownish. After few days, haploid antheridia (male reproductive structures) and oogonia
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(female reproductive structures) are formed. Then antheridia deliver male nuclei to oogonia

through fertilization tubes, resulting in the formation of diploid oospores (Figure 7).

Efficient chemical controls do not exist, fully resistant pea nor alfalfa cultivars neither.
Then, prophylactic measures and crop rotation are preconized, such as cultivating non-host
legume like lupin (Lupinus angustifolius) or chickpea (Cicer arietinum). However, the
development of tolerant cultivars appears to be the most effective and promising
management available to farmers. Various studies identified several quantitative trait loci
(QTLs) that mediated the partial resistance in pea (Hamon et al., 2013; Desgroux et al., 2016;
Lavaud et al., 2016). In parallel, whole genome sequencing data combined with genome-wide
association studies (GWAS) performed on the model plant M. truncatula allowed the
identification of promising QTLs involved in the resistance to the parasite (Bonhomme et al.,

2014, 2019).

I-4.2. Aphanomyces euteiches — Medicago truncatula pathosystem

To decipher the molecular interactions between host plants and A. euteiches, from
mechanisms of partial resistance to the role of effectors in the infection process, our research
group developed an Aphanomyces euteiches /| Medicago truncatula pathosystem. Medicago
truncatula is a well-known legume model plant closely related to the cultivated alfalfa (M.
sativa), able to engage root symbioses with both nodulating bacteria and arbuscular
mycorrhizae fungi (Jones et al., 2007; Parniske, 2008). Furthermore, Medicago truncatula is a
natural host for various crop legume pathogens, including A. euteiches. Additionally, a wide
collection of mutants and natural genotypes are available for the scientific community and
genomic resources include sequences of almost 300 accessions (Stanton-Geddes et al., 2013).
A. euteiches reference strain used in the lab is a pea infecting strain (ATCC 201684) and M.
truncatula genotypes display wide range of tolerance to this strain. Two accessions are
commonly used for their opposite resistance degrees to A. euteiches, the A17 Jemalong line

which is partially resistant, and at the opposite the highly susceptible F83005.5 line.

A clear contrast in tolerance is evidenced with in vitro infection assays performed on

A17 and F83005.5 lines. In both lines, upon inoculation of roots with zoospores, A. euteiches
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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).



On the left side, the scheme describes infection in F83005.5 were an asexual spore (S) has landed on the
rhizoplane and germinated to produce a germ tube giving rise to an infectious hyphae that directly penetrates
root cortex tissues (a). Hyphae develops between root cells of cortex which becomes completely colonized 6
days post inoculation. Cortical cells died as A. euteiches develops leading to root disassembly and water-soaked
symptoms typical of root rot disease (b). The pathogen reaches the vascular cylinder before completion of its
cycle (not shown) (c). On the right side, the infection is depicted in the tolerant host (A17) were the plant
produces supplementary pericycle cell layers with higher levels of lignin in their cell walls, reinforcing the root
stele. In addition to this mechanical barrier, cells produce antimicrobial compounds (in blue) (d). These
cytological responses restrain the advance of the pathogen to the vascular cylinder. Scheme from (Ramirez-

Garces, 2014).

hyphae penetrate inside the roots and grow between cells of the outer cortex tissue within 1
day. As mentioned above, no specialized infectious structures as appressoria or haustoria have
been reported. The pathogen presents an intercellular development and invades the whole
cortex area within 3 to 6 days. 15 days post inoculation (dpi) with A. euteiches zoospores,
susceptible F83005.5 plants harbour no or few leaves and very few secondary roots, while the
tolerant A17 plants still develop aerial part and present branched brownish roots (Figure 8a).
At 21 dpi, most of susceptible plants are dead (Djébali et al., 2009). While oomycete cell wall
is mostly composed by cellulose, A. euteiches has an original cell wall containing around 10%
of chitosaccharides exposed at the cell wall surface (Badreddine et al., 2008; Nars et al., 2013).
This structural characteristic allows the staining of hyphae using wheat-germ agglutinin lectin
(WGA) coupled with fluorophore. Confocal analyses performed on cross section of inoculated
A17 or F83005 roots revealed a whole colonization of all cell layers in the susceptible lines,
indicating that the pathogen reached the central cylinder (Figure 8b). Invasion of vascular
system in F83005 lines seems to start after 6 dpi and is confirmed at 15 and 21 dpi. In contrast,
in the tolerant A17 plants, A. euteiches hyphae were restricted to the root cortex, where
defence related phenolic compounds are produced (Figure 8b) (Djébali et al., 2009). In
addition to phenolic compounds production, A17 plants produce supplementary pericycle cell
layers coupled with a reinforcement of the cell walls that might act as a physical barrier for
the invading hyphae (Figure 8c). Furthermore, partial resistance of A17 is correlated to an

increase of lateral roots (Djébali et al., 2009).
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Genetic approaches coupled to the characterization of infection phenotypes in M.
truncatula have led to the identification of a major QTL (Djébali et al., 2009). Forward GWAS
experiments refined this result and identified several candidate genes and pinpointed two
independent major loci (Bonhomme et al., 2014). Within the most significant locus, Single
Nucleotide Polymorphisms (SNPs) found in the promoter and coding region of an F-box gene
have been spotted out and linked to the variable tolerance of M. truncatula against A.
euteiches (Bonhomme et al., 2014). Additionally, it was shown that basal levels of flavonoids
play a significant role in resistance to A. euteiches, and could inhibit zoospore germination
(Badis et al., 2015). Finally, recently, a local score approach technic improved GWAS
resolution, refining the previously reported major locus, underlying a new tyrosine kinase

candidate gene involved in resistance, and detected minor QTLs (Bonhomme et al., 2019).

I-4.3. Insight into Aphanomyces euteiches intracellular effectors

Before this PhD, previous analyses on A. euteiches were performed to gain insights into
effectors biology and to unravel the biological functions of identified intracellular effectors. A
first transcriptomic analysis on A. euteiches revealed the absence of RxLR effectors while more
than 160 CRN genes have been detected (Gaulin et al., 2007). Among them, some are induced
during plant colonization, such as AeCRN5 and AeCRN13. We then characterized one of these
CRNs, AeCRN13, which harbours an N-ter domain containing a characteristic LYLALK motif
(derivate of the LxLFLAK motif in Aphanomyces) coupled with HVLVxxP motif, followed by a C-
ter domain composed by DFA-DDC subdomains reported in Phytophthora CRN13s (Ramirez-
Garcés et al., 2016) (Figure 9a). This work reports that AeCRN13 act as a genotoxin through
its binding to plant DNA and activates DNA-damage responses (DDR). It also provides

evidences that the effect is conserved among CRN13 family since its closest ortholog from the
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Figure 9: Structure of AeCRN13 / AeCRNS5 proteins and translocation assay of AeCRNS5.

(A) Diagram depicting the modular architecture of AeCRN13 (upper panel) and AeCRN5 (lower panel) from A.
euteiches with the conserved N-terminus, which includes the LxLYLALK and HVVVIVP motifs, and the C-terminal
region containing the DFA - DDC subdomains for AeCRN13 and the DN17 subdomain for AeCRNS5, based on P.
infestans Crinkler (CRN) domain nomenclature. AeCRN13 DNA binding domain HNH (AA 306-363) is indicated in
grey box. Adapted from (Ramirez-Garcés et al., 2016). (B) The AeCRN5 N-terminus fused to C-terminal AVR3a
conditions avirulence on R3a but not on wild-type N. benthamiana leaves. Top panels: Quantification of infection
rates across three independent experiments (4 dpi). Bottom panels: The wild-type and transgenic R3a leaves
inoculated with strains analyzed in top panels. Pictures were taken 4 dpi with zoospore suspensions. Lesions are

marked by circles. Adapted from (Schornack et al., 2010).



chitrid fungus B. dendrobatidis acts similarly. Both Ae and Bd CRN13 proteins contain an HNH
motif widespread in metal finger endonucleases present in all life kingdoms. This motif is
responsible of the DNA binding ability of AeCRN13 since a mutated version in this domain
failed to bind DNA. Hence, AeCRN13 and BACRN13 trigger DNA double strand breaks. We then
reported that the plant senses this insult and activates the DDR pathway to repair its DNA

(Ramirez-Garcés et al., 2016).

Sequences analyses of AeCRN5 confirmed the presence of the conserved motifs
LXLYLALK and HVVVIVP within the N-terminal domain. Then, DN17-like subdomain was
revealed by comparison of the C-terminal domain with P. infestans Crinkler domain
nomenclature (Figure 9a). To assess if the N-terminal domain of CRNs could be responsible of
the translocation of the C-terminal domain of the protein in host cells, our research group
collaborated with Schornack and colleagues to perform translocation assays on various CRNs
from Peronosporales or Saprolegniales members. The principle of these assays is based on the
recognition of the C-terminal domain of the avirulence protein Avr3a from P. infestans by the
resistance protein R3a which takes place in the cytosol of plant cells. This recognition leads to
ETI and full depletion of infection. Chimeric constructs containing N-terminal domains of
CRNs, notably AeCRN5, fused to C-terminal domain of Avr3a were introduced into P. capsici.
Inoculation of this P. capsici strains on wild-type N. benthamiana leaves (lacking R3a) leads to
normal infection symptoms, but failed to infect R3a N. benthamiana leaves, constitutively
expressing R3a resistance proteins, indicating recognition of the AVR3a effector domain by
intracellular R3a (Figure 9b). These results evidenced that the N-terminal domain of AeCRN5

can mediate the delivery of the effector protein inside host cells (Schornack et al., 2010).
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| joined the LRSV research team in 2011 as CNRS engineer (IE) and | started to work on
functional analysis of Aphanomyces euteiches effector thanks to my expertise on molecular
biology on plant viruses developed in Paris in the team of Isabelle Jupin (Institut Jacques

Monod).

When | started my thesis in 2018, the major part of intracellular effectors described in
plant pathogenic interactions was reported to target plant nucleus, such as all CRNs and
numerous RxLR from phytopathogenic oomycetes, or numerous fungal SSPs. At this time only
two microbial effectors were evidenced to target host DNA: AeCRN13 studied in our research
group (Ramirez-Garcés et al., 2016) and PsCRN108 from P. sojae, a CRN which binds to DNA
to deregulate HSP genes expression (Song et al., 2015). In addition, we also discovered by
confocal analysis and transient expression in Nicotiana cells that AeCRN5 also target plant
nucleus, suggesting that this CRN may also play a role at the nuclear level. While there was
accumulating evidences that effector from bacteria target host nucleus and act as DNA-
damaging compounds in mammalian cells, only AeCRN13 was reported as a eukaryotic DNA-

damaging effector.

The Chapter Il of this manuscript consists to an opinion paper published in Trends in
Plant Science in 2019 (doi: 10.1016/j.tplants.2019.09.012.) where | pinpoint DNA-damaging

effectors in plant microbe interactions.

The Chapter Ill reports on functional analyses of AeCRN5. Knowing that its N-terminal
domain is an effective host-targeting signal (Schornack et al., 2010) and that AeCRN5 is nuclear
localized in planta, this CRN gene was selected as candidate to decipher the mode of action of

intracellular effector.

In the same time, spectacular advances in sequencing technologies allow us to gain
insight into Aphanomyces ssp. genomes. We took advantage of the broad host range of
Aphanomyces genus to make comparative genome analyses between animal and plant
Aphanomyces strains. The aim of this collaborative work was to confront the different
secretomes and to focus on the different classes of effectors. Those analyses lead to the

identification of a new class of oomycete effectors related to SSPs. We also undertook
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functional characterization of a cluster of SSP genes, and identified AeSSP1256 as a small
nuclear localized protein that enhances oomycete colonisation. The results were published in
BMC Biology in 2018 (doi: 10.1186/s12915-018-0508-5) and represents the Chapter IV of this

manuscript.

We next focused on AeSSP1256 protein to decipher the role and the biological impact
of this SSP gene on plant cells and host development. The results are provided in the Chapter
V of this manuscript and available in BioRxiv (doi.org/10.1101/2020.06.17.157404) and
submitted for evaluation to a peer-journal. Complementary results were obtained during this

functional analysis and complete the chapter V of the manuscript.
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Il — CHAPTER II: DNA-Damaging Effectors: New Players in the
Effector Arena (Camborde et al. TIPS, 2019)

Functional analyses of A. euteiches AeCRN13 revealed that this protein targets host
DNA to trigger DNA damages. BACRN13, the closest ortholog in the chytrid fungus
Batrachochytrium dendrobatidis also induces DNA damages and triggers DNA damage
responses (DDR) when expressed in a non-related host, such as plant cell (Ramirez-Garcés et

al., 2016).

In this opinion paper, we discuss about DNA damage as a strategy used by pathogens during
infection. DSBs and DDR have been evidenced in animal pathogens, especially in pathogenic
bacteria, which produce DNA-damaging compounds. These compounds, able to cause directly
or indirectly DNA breaks that result in mutations or cell death are named genotoxins. Several
examples are described in the paper. We then wonder whether plant pathogens could also
produce genotoxins and what could be the role of these compounds during infection. Finally
we present the host defence mechanism that consists in a DDR signalling cascade, better

characterized in animal than in plant.
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DNA-Damaging Effectors: New Players in the

Effector Arena

Laurent Camborde,! Cécile Raynaud,? Bernard Dumas,’ and Elodie Gaulin™*

In animal cells, nuclear DNA is the target of genotoxins produced by bacterial pathogens that
cause genomic mutations eventually leading to apoptosis, senescence, and carcinogenic devel-
opment. In response to the insult, the DNA damage response (DDR) is activated to ensure lesion
repair. Accumulation of DNA breaks is also detected in plants during microbial infection. In this
opinion article we propose that phytopathogens can produce DNA-damaging effectors. The
recent identification of a functional genotoxin in devastating eukaryotic plant pathogens, such
as oomycetes, supports the concept that DNA-damaging effectors may contribute to pathoge-
nicity. Additionally, this raises the question of how plants can perceive these damages and
whether this perception can be connected to the plant immune system.

Bacterial Genotoxins: Virulence Factors Produced by Animal Pathogens

There is accumulating evidence that bacteria produce DNA-damaging compounds in mammalian
cells. Cytolethal distending toxins (CDTs) produced by a number of Gram negative bacteria (i.e.,
Escherichia coli) are among the most characterized genotoxins (see Glossary) [1]. CDTs are hetero-
trimeric protein toxins that belong to the AB2 family: the active CdtB (A) subunit and the binding
CdtA-CdtC subunits (B2) form the holotoxin. Cellular exposure to CDT holotoxins is assumed to ar-
rest cell cycle and cause apoptosis [2]. CDT delivery to the host cell requires the binding of bacterial
cells to the host cell to allow internalization of the different toxin subunits. Once internalized, the
active CdtB unit moves through the Golgi apparatus and the endoplasmic reticulum (ER), using the
host retrograde transport system. How CdtB leaves the ER to reach the nucleus is still an open ques-
tion. The CdtB subunit has a strong homology to DNasel (both in sequence and structure) and acts as
a metal-dependent nuclease that causes host DNA breaks by cleaving phosphodiester bonds [3]. The
genotoxic effect of CDTs depends on the DNA repair system that is induced upon DNA damage.
Indeed, while high doses of the toxin cause double strand breaks (DSBs) leading to an arrest of
cell proliferation and to cell death, low doses induce single strand breaks that are subsequently con-
verted to DSBs after replication [4].

The CDT ‘typhoid toxin’ was firstly described in Salmonella enterica typhi, and recent studies showed
that numerous nontyphoidal Salmonella serotypes carry genes encoding this toxin [5]. It represents a
unique form of CDT with an A,Bs architecture with two active subunits (CdtB and PItA) and five bind-
ing subunits (PItB) arranged as a pentameric ring [6]. The secretion and export of this AB-toxin is an
intricate process. After its secretion into the lumen of ‘Salmonella-containing vesicle’ (SCV), the
typhoid toxin is packaged as cargoes into vesicles budding from the SCV. Then the typhoid toxin
is released in the extracellular space via an exocytosis-like process. However S. enterica is known
to deliver the typhoid toxin into the extracellular environment through outer membrane vesicles
secreted from infected cells [7,8]. Upon binding, the toxin acts like other CDTs and requires retro-
grade transport through the Golgi apparatus to promote DNA damage. However, exit from the ER
and translocation to the nucleus is not characterized [8].

Enterobacteriaceae also synthetize colibactin, a hybrid polyketide-nonribosomal peptide compound
[1]. Colibactin genotoxins are secondary metabolites synthesized by nonribosomal peptide synthe-
tase (NRPS)-polyketide synthase (PKS) enzymes [1]. Colibactin belongs to a largely uncharacterized
family of small molecules. The genotoxic activity of the toxin depends on a direct interaction between
the bacteria and the host cells and cannot be detected by using culture supernatant or killed bacteria.
These observations suggest that colibactin is an unstable compound and/or that contact with the
host cell triggers an unknown ‘translocation’ process of the toxin within the target cell [1]. In contrast
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Box 1. Oomycetes and Fungal Effectors

Fungal and oomycete pathogens are known to produce hundreds of extracellular proteins, named effectors,
which are potentially able to penetrate inside various compartments of the host cells [53]. In comycetes,
two main families of intracellular effectors were initially characterized, the RxLR and the CRN (Crinckler and Ne-
crosis), differing by their N-terminal conserved region thought to play a role in their intracellular localization
[54,55]. More recently, a family of small secreted proteins was identified in the legume pathogen
A. euteiches, some of them being able to localize inside the nuclei of plant cells [56]. In fungi, most of the ef-
fectors are usually, but not exclusively, small secreted proteins without any conserved sequences and pre-
dicted function [53]. Effectors are able to interact with a large array of intracellular protein targets, to disrupt
various signaling or metabolic pathways of the host.

to CDTs, colibactin induces DNA alkylation and interstrand crosslinks that affect DNA replication and
transcription, leading to DSBs [9,10].

Taken together, these three examples demonstrate the relevance of genotoxins for pathogen fitness
toward animal cells.

Do Plant Pathogens Produce Genotoxins?

Until recently, only indirect evidence suggested plant colonization by pathogens caused DNA dam-
age. For instance, pathogenic stress was reported to increase the frequency of somatic homologous
recombination in Arabidopsis [11]. Similarly, viral infections of tobacco leaves were shown to increase
homologous recombination [12]. However, more direct evidence of DNA damage was obtained dur-
ing interaction of Arabidopsis thaliana with various phytopathogenic microorganisms. Using the
phosphorylated form of the histone 2AX (H2AX), YH2AX, as a probe for the induction of the DNA
damage response (DDR) process, in combination with Comet assays, allowed the first observations
of plant DNA degradation during plant pathogen interactions [13]. Noteworthy, all the pathogens
studied by Song and Bent induce DNA damage in contrast to nonpathogenic bacteria (E. coli) [13].
Importantly, this effect was observed in various plant mutants, notably those affected in the produc-
tion of reactive oxygen species known to induce DNA damage, suggesting that DNA lesions were not
induced by the plant in response to the pathogen attack but probably through the production of
dedicated effectors produced by pathogens (Box 1).

The first microbial effector causing DNA damage, AeCRN13, was recently identified in the legume
pathogenic oomycete Aphanomyces euteiches [14,15]. AeCRN13 is a DNA-binding protein trig-
gering YH2AX accumulation. Expression of AeCRN13 in Medicago truncatula roots affected root
development and enhanced the presence of enlarged cells, suggesting an effect on cell division.
Importantly, phosphorylation of H2AX and expression of several markers of DDR (BRCAs, RAD51,
SOG1) were induced in M. truncatula roots upon A. euteiches infection. These data established for
the first time that eukaryotic phytopathogens might produce genotoxins.

Oomycetes are fungal-like eukaryotes, closely related to diatoms and brown algae that include some
of the most devastating plant pathogens. Less studied are aquatic oomycetes that cause important
diseases in animals [16]. Mining of nucleotide databases revealed that CRN13 genes are almost exclu-
sively distributed in the oomycete lineage, with the notable exception of Batrachochytrium dendro-
batidis, a pathogenic chytrid fungus implicated in worldwide amphibian declines [14,17]. Similarly to
AeCRN13, B. dendrobatidis CRN13 acts as a DNA-binding protein that causes accumulation of
YH2AX and aberrant development of Xenopus laevis embryos [14]. The number of CRN13 sequences
ranges from 16 to one in phytopathogenic species such as Phytophthora sojae and Phytophthora
megakarya, respectively (Figure 1A). Albeit the fish-pathogenic oomycete Saprolegnia parasitica
was reported as a DNA-damaging parasite [18], it does not contained CRN13 related genes. In
most cases CRN13 sequences are highly similar in a given genome, whilst they can be divergent
such as in A. euteiches, suggesting peculiar functional specialization in such species. CRN13s are
characterized by the presence of two conserved domains (DFA and DDC [19]). The C terminus of
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Glossary

Comet assay: a gel electropho-
resis-based method that can be
used to measure DNA damage in
eukaryotic cells.

DNA damage response (DDR):
complex cellular network initiated
following DNA breaks that or-
chestrates different cellular out-
comes depending on the severity
of DNA lesions (DNA repair, cell
cycle arrest, cell death).
Effectors: secreted microbial en-
coded molecules that target host
components to affect host physi-
ology in a way that benefits the
microorganism.
Endoreduplication: a process
during which cells undergo
several rounds of DNA replication
without mitosis, leading to an in-
crease in DNA content.

YH2AX: phosphorylated (Ser139)
histone H2AX variant, which
serves as a marker for detection of
double-strand DNA break (DSB).
Genotoxins: microbial molecules
that target host DNA, causing,
directly or indirectly, DNA breaks
that result in mutations or cell
death.

Oomycetes: eukaryotic filamen-
tous microorganisms evolutionary
distinct from true fungi, related to
diatoms and brown algae, causing
major diseases on crops and on
some animals.

Virulence factor: microbial en-
coded molecules that contribute
to pathogenicity and/or host
colonization.
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Figure 1. Phylogenetic Tree of CRN13 Genes and His-Asn-His (HNH) Motif.

(A) Phylogenetic tree of CRN13s. N-terminal sequences corresponding to the putative translocation signal were removed to restrict the analysis on the
effector domain. A maximum likelihood phylogenetic tree was created using the neighbor joining method and bootstrap analysis (1000 replicates). (B) A
web logo of the HNH nuclease motif of CRN13 sequences using the MEME tool (http://meme-suite.org/tools/meme).

the DFA domain contains a sequence showing a weak homology with a family of bacterial endonu-
cleases characterized by a HNH (His-Asn-His) motif [14] (Figure 1B). This motif is found in various bac-
terial toxins such as colicins, produced by some E. colistrains. The core of the colicin DNase active site
is the HNH motif, a 34-amino acid sequence at the C terminus of the protein. The HNH motif, first
described in 1994 [20,21], has been identified in more than 500 nucleases involved in a wide range
of diverse functions, including mobile intron homing, DNA repair, mammalian apoptosis, and DNA
restriction [22].
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The first identification of a DNA-damaging effector from a phytopathogenic comycete clearly indi-
cates that host DNA, in addition to RNAs [23], could be a major target of plant pathogens during
infection.

DDR in Mammals and Plants

The final outcome of the production of bacterial genotoxins is to provoke DNA damage leading to
the induction of DNA repair responses. When the damage is too severe and cannot be repaired,
the target cells undergo apoptosis or senescence. Sometimes, the target cells can survive and pro-
liferate but accumulate genomic mutations [24].

The early phase of the DDR signaling cascade is a rapid response after the initial damage and consists
of cell cycle arrest to allow time for DNA repair [25]. When the DNA lesions are particularly severe, the
DDR can persist and provokes permanent growth arrest or cell death. In case of DNA DSB, the DDR is
initiated by the perception of the lesion and recruitment of the MRN complex (MRE11-RAD51-NBS1)
to the damagedsite (Figure 2, Key Figure). The MRN complex recruits the ATM kinase, a master trans-
ducer of DDR since it contributes to the phosphorylation of H2AX (YH2AX). The ATR kinase appears
also to be responsible for a subset of H2AX phosphorylation [26]. Phosphorylation of H2AX facilitates
the orderly recruitment of other protein mediators of the DDR signaling to the site of repair. This plat-
form activates downstream components, such as p53 in mammals, that mediate appropriate re-
sponses (Figure 2 [27]).

The DDR has been studied in plants, but almost exclusively in A. thaliana. Many homologs of animal
DDR components have been identified, such as the RAD50 sensors, the ATM and ATR transducers ki-
nases, the BRCA1 mediator checkpoint, or the WEET kinase that controls cell-cycle arrest (Figure 2)
[27,28]. As for mammals, ATM is the main actor of DSB response linked to the accumulation of
YH2AX in nuclear foci at the damaged sites for proper DNA repair (Figure 2) [26,29]. Downstream of
ATM, some signaling elements appear to be missing and plant-specific regulators also exist, suggest-
ing the existence of common and unique DDR mechanisms between animals and plants (for review see
[24,27,30]). Notably, the plant-specific transcription factor SOG 1 appears to be a key integrator of the
DDR, controlling both cell proliferation and DNA repair (Figure 2) [31]. In this respect, it may be a func-
tional homolog of the animal p53 protein, but shares no sequence identify with this factor [30]. Further-
more, endoreduplication, which is generally associated with cell enlargement, is frequently observed
as a response to DNA damage in plants [32]. The role of such a response is unclear and might
contribute to a reduction of the number of damaged cells in developing tissues by stimulating their
differentiation [32,33]. Besides SOG1, the E2Fa/RBR pathway also functions in DDR activation in
response to DSBs [34,35]. During normal cell cycle progression, E2F transcription factors are positive
regulators of the cell cycle that can be inactivated by binding of the RETINOBLASTOMA RELATED
(RBR) protein. Reports showed that E2Fa may be involved in the DNA repair transcriptional response
[36] and that, at the cellular level, E2F foci colocalize with YH2AX, suggesting an implication of E2Fs in
the DNA repair cellular machinery [29] as well as in the control of programmed cell death linked to un-
repaired DNA [37]. These data were corroborated by more recent studies [34,35] and were further
linked to the RBR pathway, thereby revealing a new DDR pathway that acts independently of SOG1.
Genome-wide identification of RBR target genes further confirmed its involvement in the regulation
of DDR genes [38]. Finally, it seems that the plant nuclear envelope might play a role in this new
pathway, since A. thaliana mutants deficient for actors located at the nuclear envelope and involved
in nuclear shaping, such as GIP proteins [39,40], display increased genomic instability at centromeric
regions [41]. In addition, CROWDED NUCLEI (CRWN) proteins involved in the control of plant nuclear
morphology are also implicated in the protection of genomic DNA against oxidative stress [42]. How
nuclear envelope function could interfere with immune responses is not clear, but it may be by
affecting the nuclear retention of immunity-related proteins, as suggested by the identification of nu-
clear pore complex proteins as modifiers of plant immunity [43].

Overall, DNA repair pathways are mostly conserved between plants and mammals but the specificity
of plant DDR is becoming clearer.
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Key Figure

Induction of DNA Damage Response (DDR) upon Genotoxic Stress Induced by Pathogen
Infection
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Figure 2. (A) In animal cells, DNA damage produced by bacterial genotoxins are sensed by the MRN complex, leading to the autophosphorylation of the
ATM kinase. Activated ATM phosphorylates MRN, MDC1, H2Ax, and p53. DNA damage sensing leads to the SUMOylation of NEMO, which is then
phosphorylated by ATM. ATM and NEMO and interaction with other signaling component leads to the activation of NF-kB. (B) In plant cells, DNA
damage sensing also involves the MRN complex and activation of the ATM kinase, which phosphorylates H2AX, SOGT1, a transcription factor which
transcriptionally induces hundreds of genes controlling the DNA damage response and also genes involved in immune responses, and chromatin
remodeling. The pathway leading to apoptosis and cell cycle arrest induced by DNA damaging effectors remains to be elucidated. (C) NLR-mediated
DNA damage. Upon direct or indirect perception of specific effectors by NLRs, plant cells engage an effector-triggered immunity (ETI), which results
locally in a hypersensitive response characterized by a programmed cell death and which correlates with DNA damage and phosphorylation of H2AX,
without induction of genes involved in DDR. This figure was created using BioRender (https://biorender.com/). Abbreviations: CDT, Cytolethal
distending toxins; MRN, MRE11-RAD51-NBS1; NEMO, NF-kB essential modulator; NLR, Nucleotide-binding leucine rich receptor.

Role of DNA-Damaging Effectors in Host-Pathogen Interactions

The role of DNA-damaging effectors in plant or animal pathogenesis is still unclear. On one hand,
DNA damaging can interfere with the host cell cycle and host responses and can subsequently favor
the colonization of the tissues. On the other hand, DNA damage can be sensed as a danger signal
leading to the induction of defense responses. In mammals, several studies have identified signaling
complexes induced by DNA damage, notably involving ATM, leading to the activation of NF-kB, a
transcriptional regulator which contributes to inflammation and immunity [44]. ATM-dependent acti-
vation of NF-kB involved the NF-kB essential modulator (NEMO) that is SUMOylated upon DNA dam-
age (Figure 2) [45].

In plants, two layers of immunity have been described [46]. The first layer relies on the perception of
microbial components [pathogen-associated molecular pattern (PAMP)] and the induction of basal
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responses [PAMP-triggered immunity (PTI)]. Adapted pathogens deliver effectors to suppress these
basal responses, leading to plant susceptibility. A second immune layer may detect these effectors
inducing a so-called effector-triggered immunity (ETI). ETI involves cytoplasmic nucleotide-binding
leucine rich receptors (NLRs) and signaling component such as enhanced disease suceptibility-1
(EDS1). ETl is often accompanied by a programmed cell death at infection sites, designated as the
hypersensitive response (HR). HR cell death displays some features of animal apoptosis, such as
modification of membrane integrity and DNA fragmentation. This local reaction is generally followed
by systemic acquired resistance that enhances immunity in uninfected parts of the plant through the
generation of mobile signals and accumulation of the defense hormone salicylic acid (SA).

Recently a model involving SA in the accumulation of DNA damages contributing directly to the acti-
vation of plant immune responses emerged [47]. This hypothesis came from the detailed character-
ization of the SNI1 (Suppressor of npri-1, Inducible) mutant. The sniT mutation was originally isolated
as asuppressor of the npr1 (non-expressor of PR genes) mutant in which activation of defense genes is
compromised [48]; SNI1 is thus considered as a negative regulator of immune responses, its absence
leading to SA accumulation and activation of defense genes. Later, tandem-affinity purification ex-
periments identified SNI1 as a subunit of the structural maintenance of chromosome (SMC) 5/6 com-
plex involved in DDR [47]. The primary defect of the sniT mutant thus appears to be the maintenance
of genome integrity, and the constitutive accumulation of DNA damage resulting from SNI1 loss of
function was proposed to trigger defense responses. In line with this hypothesis, Wang and col-
leagues reported that the activation of defense responses in sni1 mutants depends on BRCA2 activity
and that the repair proteins RAD51 and BRCA2 directly bind the promoter of the PR1 and PR2 defense
genes to activate their expression [49], suggesting that DDR components and repair proteins can also
play arole in defense responses. In agreement with this hypothesis, the recent identification of SOG1-
direct targets revealed significant enrichment of functional categories related to immune responses
[50], demonstrating that the DDR integrator SOG1 directly regulates defense genes. Together, all
these reports support a model according to which DNA damage accumulation could be recognized
as a signal of pathogen infection and contribute through multiple components of the DDR to the acti-
vation of defense genes (Figure 2).

However, this model placing SA as a central modulator of DNA damage during plant pathogen inter-
actions is challenged by contradictory results. Firstly, although Yan and colleagues reported that SA
treatment could induce DNA damage accumulation [47], two independent studies failed to repro-
duce this observation and Song and Bent even proposed that pretreatment with SA before pathogen
infection reduced the amount of DNA damage inflicted by biotic stress [13,51]. Secondly, compara-
tive analysis of a number of mutants that display constitutive activation of defense responses with or
without concomitant induction of spontaneous cell death, including the sniT mutant, revealed that
DNA damage accumulation requires the activity of NLR signaling components involved in ETI,
such as EDS1, and is not a mere consequence of SA accumulation [51]. Indeed, the autoimmune
dnd1 mutant exhibits a strong accumulation of SA and activation of defense responses but no
DNA damage, and the eds? mutation can suppress defense activation, cell death induction, and
DNA damage accumulation of the snil mutants. Interestingly, expression of genes involved in
DNA repair is downregulated in autoimmune mutants developing spontaneous HR, suggesting
that in these mutants, DNA damage accumulation can be seen as a result of programmed cell death
induction [51].

Unifying these apparently contradictory results in a single model is at present difficult but putting
together all these data, it is thus likely that DDR activation plays multiple roles during plant-
pathogen interactions, depending both on the cell type and the type of interactions. For example,
Rodriguez and colleagues showed that DNA repair is suppressed by ETI [51]. This makes sense in
the context of programmed cell death (PCD) induction where DNA degradation is a part of the
cellular response. However, other components of the DDR that are required for PCD induction
may well be activated by ETL. In line with this model, the SOG1-targets ANAC044 and ANAC085
have recently been shown to control PCD and cell cycle progression in response to DNA damage,
but not DNA repair [52]. Likewise, the activation of defense observed in snil may well be a
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consequence of defects in DNA repair and cell cycle checkpoint activation, but could require EDS1
for the amplification of the response and massive induction of PCD. In agreement with this hypoth-
esis, the sniT eds! double mutant still shows very severe growth defects, whereas loss of E2Fs fully
rescues plant growth. Thus, a balance could exist in plant cells that would involve DDR activation
and DNA repair to sustain cell viability in response to biotic stress, and possibly contribute directly
to defense gene activation, that could be shifted to promote cell death and extensive DNA damage
accumulation. In such a model, the requirement of the plant DDR and the branches of this pathway
activated in response to a pathogen could vary: (i) between cell types, for example in infected cells
versus neighboring or distant cells; (ii) depending on the type of immune response (i.e., PTI versus
ETI); and (iii) depending on the lifestyle of the pathogen. Likewise, response to pathogens with
different lifestyles would likely have contrasting requirements for the DDR: cell death induction could
help the plant to fight biotrophic pathogens and could be hijacked by pathogen effectors to suppress
HR or could, on the contrary, be activated by necrotrophic pathogens to complete their lifecycle.
Accordingly, the sog! mutation correlates with an increased susceptibility to the fungal pathogen
Colletotrichum higginsianum (hemibiotrophic), but not to the bacterial pathogen Pseudomonas sy-
ringae (biotrophic) [50], suggesting that SOG1 is differently required during plant responses to path-
ogens with different lifestyles. Clearly, further work is needed to extend the role of DDR in plant im-
munity in other plants and pathosystems.

Concluding Remarks

There is now evidence that genotoxins are not exclusively produced by prokaryotic microbes that
infect mammals but also by eukaryotic pathogens of plants (see Outstanding Questions). Recent
studies have begun to characterize the impact of DNA-damaging agents on plant behavior during
microbial infection. Since preservation of genomic integrity to limit propagation of aberrant DNA
is a common trait in both mammal and plant cells, we suggest that genotoxins may produce similar
effects in both types of organisms. Besides their role in pathogenicity, genotoxins can be also
perceived as danger signals by the host, leading to induction of defense responses. This model is
supported by the existing link between the DDR players involved in DNA repair and signaling com-
ponents of the immune system.
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lIl — CHAPTER Ill: AeCRN5 effector from A. euteiches targets
plant RNA and perturbs RNA silencing

During my PhD | continued the functional analysis of AeCRN5 effector from A.
euteiches. AeCRN5 was identified in a cDNA library generated from A. euteiches grown in close
proximity to roots of M. truncatula (Gaulin et al., 2008). Its C-terminus was previously shown
to trigger necrosis and to localize in nuclei in N. benthamiana cells. Furthermore, it was
evidenced that its N-terminal domain was able to translocate the C-terminal part of the
protein in host cells (Schornack et al., 2010). AeCRN5 harbors a DN17 domain as its C-terminus
based on the Phytophthora CRNs domains nomenclature, without any predicted functional

activity.

Diana Ramirez-Garcés, a previous PhD student in the team, started the functional
characterization of AeCRN5 during her PhD in 2014 and evidenced that AeCRN5S triggers
necrosis when transiently express in N. benthamiana leaves or M. truncatula roots. During my
PhD | complete the functional analysis to provide new elements to decipher the mode of
action of AeCRNS5. Briefly, we first identified that AeCRN5 could interfere with RNA silencing
but the mechanism is still unclear, and complementary results are required to support this
conclusion. Additionally we observed that AeCRN5 could interact with the plant SERRATE
protein (SE), known to participate to alternative splicing and microRNA biogenesis pathway in
plants like A. thaliana (Raczynska et al., 2014). Finally, we found that when expressed in N.
benthamiana leaves, AeCRN5 seems to interfere with the processing of pre-miRNA,
accumulating the longer primary transcripts (pri-miRNAs) which require the activity of

different proteins, including the SERRATE protein.

| decided to present the data of the next chapter formatted for submission in peer
review journal, keeping in mind that complementary results or repetitions are required to

support the main conclusion of this article.
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Abstract

Oomycete phytopathogens secrete and deliver effector molecules inside host cells to mediate
infection. CRN proteins are one major class of host nuclear-localized effectors, able to
interfere with various nuclear functions. Here we address the characterization of AeCRNS5,
from the legume root pathogen A. euteiches. AeCRN5 is a modular protein of the CRN effector
family containing a functional plant translocation signal at its N-terminus and a cell-death
inducing nuclear C-terminus DN17 domain. We report that AeCRN5 is induced during A.
euteiches infection and displays a dynamic nuclear localization in plant cells, transiently
accumulating in nuclear bodies. When expressed in host root cells using A. rhizogenes,
AeCRNS5 triggers strong developmental defects, leading to shorter root system coupled with
an increased number of roots. A nucleic acid-protein interaction assay based on FRET-FLIM in
N. benthamiana leaves revealed the RNA binding ability of AeCRN5 C-ter domain.
Furthermore, using a heterologous system, AeCRN5 was shown to interfere with plant RNA
silencing mechanism. Additionally, we observed in preliminary experiments that AeCRN5
could associate with the SERRATE protein, a key component of the miRNA biogenesis, leading
to a perturbation of the pri-miRNA processing. Altogether, these preliminary data report that
AeCRNS5 acts through its DN17 C-ter domain as plant RNA silencing suppressor probably to

facilitate pathogen infection.

44



INTRODUCTION

Plant-associated microorganisms rely on the secretion of a particular class of molecules,
termed “effectors” to successfully establish infection. These molecules interact with plant
targets to suppress plant defence and reprogram host metabolism, contributing in rendering
host niche profitable to sustain the growth and the spreading of pathogens (Okmen et al.,
2013). A substantial number of microbial effectors are addressed to plant nuclei and their
function, assessed mainly through the identification of their plant target, are best
characterized in bacteria (Bhattacharjee et al., 2013; Deslandes and Rivas, 2012). These
effectors target different nature of host nuclear factors including proteins, RNA and DNA to
perturb plant physiology by, for example, reprogramming host transcription (Bhattacharjee et

al., 2013; Deslandes and Rivas, 2012; Canonne and Rivas, 2012).

Oomycetes (Stramenopiles) are eukaryotic filamentous microorganisms comprising several of
the most devastating plant pathogens with tremendous impacts on natural and agricultural
ecosystems like P. infestans and P. ramorum (Thines and Kamoun, 2010). In oomycetes, two
main classes of effectors able to target plant nucleus have been described: the RxLR effectors
and Crinklers (CRN). Crinklers (Crinkling and Necrosis, CRN), firstly reported on the potato late
blight agent Phytophthora infestans (Torto et al., 2003; Haas et al., 2009), have been reported
in all plant pathogenic oomycetes sequenced to date (Amaro et al., 2017), with numbers
ranging from 18 genes in H. arabidopsidis (Baxter et al., 2010) to more than 400 genes in P.
infestans (Haas et al., 2009). All CRNs display a conserved LFLAK N-terminal motif, altered as
LYLAK in Albugo sp (Kemen et al., 2011), LXLYLAR/K in Pythium sp (Lévesque et al., 2010) and
LYLALK in A. euteiches (Gaulin et al., 2008). Phytophthora and Aphanomyces N-termini motifs
have been shown to act as host cytoplasm-delivery signals (Schornack et al., 2010). Not all
CRNs harbour a predicted signal peptide, although detected by mass spectrometry in culture
medium of P. infestans (Meijer et al., 2014). CRN C-termini diversity contrasts to the
conservation of N-termini and is thought be the result of recombination of different
subdomains occurring after a HVLVXXP N-terminal motif that occurs prior to the C-terminus.

First reported through a genome mining in P. infestans, these subdomains associate in
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different combinations that define 27 CRN families (Haas et al., 2009) and do not display any
significant similarity to known functional domains, except few cases (i.e. serine/threonine
kinase D2 domain of PiICRN8 (van Damme et al., 2012)). New CRNs families have been reported
upon complete genome analysis of distinct oomycete species (i.e. Phytophthora capsici,
Pythium sp., A. euteiches, Saprolegnia) suggesting that CRNs belong to an ancient effector
family that arose early in oomycete evolution. CRN-like sequences presenting similarities to
Phytophthora C-termini were recently evidenced in the genome of the amphibian pathogen
fungus Batrachochytrium dendrobatidis and the arbuscular mycorrhizal fungus Rhizophagus

irregularis (Sun et al., 2011; Lin et al., 2014; Ramirez-Garcés et al., 2016).

All Phytophthora CRNs C-termini localize to the plant nucleus where they display distinct
subcellular localisations including nuclei, nucleoli and unidentified nuclear bodies (Stam et al.,
2013a) depicting different nuclear activities and targets. Although initially reported as
necrosis-inducing proteins when expressed in planta, it has been shown that this is only the
case for few CRNs as a large number do not cause cell-death (Haas et al., 2009; Shen et al.,
2013). Phytophthora CRNs have distinct pattern of expression during various life stages and
colonization of host plants (Stam et al., 2013b). Several Phytophthora CRNs can suppress cell
death triggered by cell-death inducers or other CRNs (Liu et al., 2011; Shen et al., 2013), reduce
plant defense gene expression or accumulation of reactive oxygen species (ROS) in N.
benthamiana (Rajput et al., 2014) sustaining the view that CRNs might act as suppressors of
plant immunity, although not all promote infection (Stam et al., 2013b). Biochemical activity
identified are kinase activity of CRN8 of P. infestans (van Damme et al., 2012), DNA damages
capacity of CRN13 from A. euteiches (Ramirez-Garcés et al., 2016), affinity for heat shock
protein element of PSCRN108 from P. sojae (Song et al., 2015), or affinity for transcriptional
factor for CRN12_997 of P. capsici (Stam et al., 2013b). This work gives first insights into a new
mode of action of an eukaryotic effector by deciphering a nuclear activity of Aphanomyces
euteiches AeCRN5 C-terminal region. The soil born pathogen A. euteiches causes root rot
disease on various legumes including alfalfa, clover, snap bean, stands as the most notorious
disease agent of pea causing 20 to 100% vyield losses, and infects the model legume M.
truncatula (Gaulin et al., 2007). AeCRN5 was firstly identified in a cDNA library from M.

truncatula roots in contact with A. euteiches (Gaulin et al., 2008) and confirm upon the
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sequencing of the complete genome (Gaulin et al.,, 2018). AeCRN5 presents a modular
architecture with an N-terminal functional LYLALK ensuring host delivery (Schornack et al.,

2010) and a DN17 family domain at its C-terminus.

Here we show that AeCRN5 is induced during infection of M. truncatula roots. AeCRN5 C-ter
is nuclear localized within the roots and triggers strong developmental defects. When
expressed in N. benthamiana, the nuclear localisation is required to induce cell death.
Furthermore, we observe a dynamic relocalization of AeCRN5 C-ter from nucleoplasm to
nuclear bodies that required plant RNA. Additionally, using a FRET-FLIM assay in N.
benthamiana leaves, we found that AeCRN5 C-ter associates to plant RNA. Finally, AeCRN5 C-
ter seems to interfere with plant gene silencing mechanism. Taken together, these results

indicate that CRN DN17 family function targets plant RNA and interferes with RNA silencing.

As preliminary results, we identified a putative interaction with the plant SERRATE protein,

which seems to modulate miRNA processing.
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Figure 1: Amino acid sequence analyses of AeCRN5.

(A) Diagram depicting the modular architecture of AeCRN5 from A. euteiches with the conserved N-terminus,
which includes the LXLYLALK and HVVVIVP motifs, and the C-terminal region containing the DN17 subdomain,
based on P. infestans Crinkler (CRN) domain nomenclature. NLS sequence is indicated in coloured box. (B)
AeCRN5 N-terminus three-dimensional structure predicted by the Phyre2 server. The three most confident
(>95%) protein structures used as template by Phyre2 are also represented. Those templates belong to the ubl
domain of human ddi2 (c2n7dA), to the B-Grasp (Ubiquitin-like) superfamily (d1v50a) and to human ubiquitin-
like domain of ubiquilin 1 (c2klcA). (C) Multiple amino acid sequences alignment of the C-termini domains from
the closest orthologs of AeCRN5 C-ter domain. Organism names and sequence accession numbers are indicated
in front of the sequences, and correspond to Restriction Endonuclease 5 domain in Zhang et al (Zhang et al.,

2016) report. Background colours indicate residue conservation according to the legend. Alignment was

performed by CLC Workbench (Qiagen).



RESULTS
AeCRNS5 is a DN17 family protein with a modular architecture

The AeCRN5 (Ae201684_4018.1, http://www.polebio.Irsv.ups-tise.fr/cgi-bin/gh2/gbrowse/Ae201684_v3/) N-
terminus (1-130aa) is characterized by a LQLYLALK (47-54aa) motif and a HVVVIVPEVPL (120-
130aa) motif marking its end (Figure 1a). Although it lacks a predicted signal peptide, the
AeCRN5 N-terminus is a functional secretion domain mediating translocation of oomycete
effectors to plant cell (Schornack et al., 2010). A recent study proposed a new classification of
the N-termini domains of CRNs proteins, based not only on amino acid sequences but also on
secondary structure predictions (Zhang et al., 2016). Then we submitted AeCRN5 N-ter
domain to three-dimensional modelling using the structure prediction server Phyre2 (Kelley
et al., 2015). The most confident three-dimensional predictions of AeCRN5 N-terminal domain
were based on template models from Ubiquitin family, such as the B-Grasp (ubiquitin-like)
domain superfamily or the ubl domain of human ddi2 protein (Figure 1b). This is in agreement
with the analyses conducted by Zhang and colleagues (Zhang et al., 2016) that classify the N-

termini of CRNs as header domains containing the ubiquitin-like fold.

The C-terminal region shows a sequence identity of 41% with the CRN DN17 family domain
of P. infestans (Haas et al., 2009) and harbors a nuclear localisation signal (NLS 141-156aa)
consistent with its plant nuclear localization when expressed in Nicotiana benthamiana leaves
(Schornack et al., 2010). CRN-like sequences including DN17 family have been reported not
only in oomycetes, but also in pathogenic or mutualistic fungi, such as in the chytrid fungus
Batrachochytrium dendrobatidis (Bd), a pathogen of amphibians, and in the arbuscular
mycorrhizal fungus Rhizophagus irregularis (Ri) (Sun et al., 2011; Lin et al., 2014). Sequence
comparison of C-terminal domain of AeCRN5 shows that it is closest to the chytrid B.
dendrobatidis (45% identity) than to oomycetes CRNs (maximum 41% identity) (Figure 1c).
Although AeCRN5 C-ter domain was not included in the analyses of Zhang et al. (2016), the
closest orthologs (included in the alignment from Figure 1C) were used in this study. Hence,
the C-termini domains of the CRN5-like from the chytrids Bd (Bd_87128 and Bd_26694; 45%
identity for both) and Rozella allomycis (09G_001773; 44% identity), from oomycetes such as
Aphanomyces invadans (H310 _01635; 43% identity), P. infestans (CRN5_Q2M408; 41%
identity) or P. sojae (Physodraft-264761; 40% identity), were all predicted to contain a

Restriction Endonuclease 5 (REase 5) domain (Zhang et al., 2016) at their C-terminus.
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Figure 2: AeCRNS5 is expressed during A. euteiches infection of M. truncatula.

(A) Histograms represent the relative expression of AeCRN5 in M. truncatula roots infected by A. euteiches.
AeCRNS5 is expressed in saprophytic mycelium (S) but is significantly induced at the early stage of the infection of
M. truncatula (1 dpi) in both tolerant (A17) and susceptible (F83005) lines. In F83005 infected plants, AeCRN5 is
induced again at 6 dpi, whilst its expression is stable in A17 infected plants. (B) A. euteiches quantification in
infected roots. Histograms represent the relative expression of a-tubulin gene from A. euteiches in F83005 or
A17 infected plants. For both accessions, the pathogen development is confirmed but is strongly reduced in the
tolerant accession A17 compared to the susceptible F83005 plants. Values are the mean of three independent
biological replicates. Error bars are standard deviation errors. Asterisks indicate that the values are significantly

different (p-value<0.05, Student t-test).



AeCRNS is induced and expressed during infection of M. truncatula

AeCRNS5 was firstly identified in a cDNA library from A. euteiches mycelium grown in close
vicinity of Medicago truncatula roots (Gaulin et al., 2007) and the gene latter confirms in the
genome of A. euteiches (Gaulin et al., 2018). To characterize its expression during infection,
we conducted qRT-PCR analyses on saprophytic mycelium (i.e. grown on petri dishes with a
standard medium) compared to infected M. truncatula roots, using the reference A17
Jemalong accession, considered as a tolerant line, and F83005.5 accession, which is far more
susceptible to A. euteiches (Badis et al., 2015). AeCRN5 is expressed in saprophytic mycelium
but is significantly induced at the early stage of the infection of M. truncatula (1 dpi) in both
tolerant and susceptible lines (Figure 2a). Expression level of AeCRN5 is maintained at 3 dpi,
and then induced again at 6 dpiin F83005.5 infected plants, but not in the resistant A17 plants,
where expression is stable over the time. In parallel, quantification of A. euteiches abundance
in roots (Figure 2b) confirms its development in host and reveals a sustained development
between 3 and 6 dpi. As expected, A. euteiches infectious mycelium development is slower in
the resistant accession than in the susceptible one (Figure 2a and b). These results indicate
that although AeCRNS5 is expressed during infection, its expression is reduced in the A17

tolerant plants, compare to the susceptible plants.

AeCRNS5 is nuclear localized and perturbs root architecture of the host plant M. truncatula

AeCRN5 C-terminal (DN17) is nuclear localized and induces cell death symptoms when
transiently expresses in Nicotiana benthamiana leaves (Schornack et al., 2010). To
characterize AeCRN5 activity in host cells, we transformed M. truncatula A17 roots with a GFP-
tagged AeCRN5 C-terminal (130-370) using Agrobacterium rhizogenes-mediated
transformation system (Boisson-Dernier et al., 2001). Two weeks after transformation, a large
number (around 75%) of the plantlets collapsed without generating new roots, in contrast to

control plants (around 30%) suggesting a cytotoxic activity for AeCRN5 in M. truncatula.
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Figure 3: AeCRNS5 is nuclear localized and perturbs root architecture in M. truncatula.

(A) Representative picture of M.t. plants expressing GFP or GFP:AeCRN5 C-ter 3 weeks after transformation.
GFP:AeCRNS5 plants present reduced aerial and root systems. Scale bars: 1 cm. (B) GFP immunoblot confirms the
presence of the proteins. Arrow indicates the GFP:AeCRN5 C-ter band (55.15 kDa). Stain free is equivalent of
Ponceau staining. (C) Box plots depicting the decrease in the primary root length and the increase in total root
number per plant of the plants showed in (A). Measures and statistical analyses were performed on n=60 (GFP),
n=145 (GFP:AeCRN5 C-ter). Asterisks indicate significant differences: *, P < 0.05, (Student t-test). (D) Confocal
analyses confirming the nuclear localisation of GFP:AeCRN5 C-terminal domain in M.t. transformed roots. Scale
bars: 10 um. Yellow lines indicate sections measured for GFP signal intensity showed in lower panels. n: nucleus;

c: cytoplasm.



Within three weeks, plants that developed presented a reduction in development of aerial
and root systems (Figure 3a). Presence of the protein was confirmed by immunoblot analyses
using a GFP antibody and revealed the corresponding band (55.15 kDa) (Figure 3b).
Quantification of primary root length and total root number (Figure 3c) indicated that AeCRN5
transformed roots presented a shorter primary root length, but seems to stimulate root
emergence, resulting in a higher number of roots as compare to GFP-control plants. Then,
confocal analyses of transformed roots confirmed the nuclear localization of AeCRN5 in host
cells (Figure 3d). These observations indicate that AeCRN5 is nuclear localized and worries the

root architecture in the host plant M. truncatula.

AeCRNS5 cell-death inducing activity requires nuclear localization

To go further we assessed whether the observed cytotoxic effect of AeCRN5 C-terminus on
plant cells is the result of a nuclear-related localization. For this purpose a Nuclear Export
Signal (NES) or its mutated (mNES) counterpart was fused in N-ter position to the AeCRN5 C-
terminal domain. The corresponding fusion proteins were GFP tagged and the constructs were
expressed in N. benthamiana leaves by agroinfiltration. Necrotic lesions were observed within
5 days with AeCRN5 construct, whereas no symptoms were detected on leaves treated with
NES:AeCRNS5, even at longer times (>8 days) (Figure 4a). The addition of a mNES restored the
cytotoxic activity of AeCRN5 (Figure 4a). Confocal microscopy imaging carried 24h after
agroinfiltration confirmed that GFP:AeCRN5 fusion proteins were restricted to the nucleus
(Figure 4b). An enhancement of nuclear export of AeCRN5 protein was detected with
NES:AeCRN5 construct, since the GFP signal was recovered also in the cytoplasm.
Fluorescence intensity measured in cells, corroborated NES:AeCRN5 partial mislocalization
from the nucleus (Figure 4b, lower panels). A reestablishment of green fluorescence at the
nuclear level was obtained for the mNES:AeCRN5 construct. Immunoblot analysis confirmed
the accumulation of the fusion proteins from 1 to 3 days after agroinfiltration (Figure 4c).

Altogether, these results showed that the cell death phenotype requires AeCRN5 to localize
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Figure 4: The biological function of AeCRNS5 requires nuclear localization.

(A) Representative N. benthamiana agroinfiltrated leaf, five days after infiltration. GFP:AeCRNS5 triggers necrosis
whilst GFP:NES:AeCRNS5 failed to induce cell death. In contrast, the construct comprising the mutated version of
NES, GFP:mNES:AeCRNS5, recovers cell death activity. Black dot circles represent agroinfiltration area. (B)
Confocal analyses and fluorescence intensity plots confirmed the nuclear localization of GFP:AeCRN5 and
GFP:mNES:AeCRNS5. In contrast, GFP:NES:AeCRN5 shows a nucleocytoplasmic localization similar to GFP control.
Scale bars: 5 um. Fluorescence plots : ¢ : cytoplasm; n: nucleus. (C) GFP Immunoblots analyses confirmed the

presence of all proteins (55.15 KDa, 56.92 KDa, 56.79 KDa respectively), 24 to 72h after infiltration.

Figure 5: AeCRN5 transiently accumulates in nuclear compartments.

N. benthamiana agroinfiltrated leaves, 20h after infiltration. (A) Top panel: Confocal pictures revealed distinct
GFP:AeCRNS5 localizations in nuclei. a,b,c,d: nuclei. Bottom: Enlargement pictures of the different nuclei a to d.
(B) DAPI stained nucleus expressing GFP:AeCRN5. White arrows indicates GFP:AeCRN5 aggregates. Scale bars A

Top: 50 um, Bottom 10 pum. B: 1 um.

and to accumulate in the nucleus. This implies that AeCRN5 perturbs a nuclear-related process

probably by interacting with a nuclear compound.

AeCRNS5 is transiently localized in nuclear bodies

Upon transient expression experiments in Nicotiana cells, we observed different subcellular
localizations of AeCRN5 C-ter domain. Indeed, time lapse confocal analyses on GFP:AeCRN5
agroinfiltrated N. benthamiana cells revealed that the protein transiently accumulates in
nuclear bodies, between 16h and 24h after infiltration (under control of CaMV 35s promotor)
(Figure 5a). This rearrangement in localization is not synchronized since some nuclei harbor
clustered GFP signal accumulation, when others not (Figure 5a). DAPI staining performed on
infiltrated leaves during this interval of time revealed an absence of complementary
fluorescence pattern in these aggregates, where nuclear DNA and GFP fluorescence do not
colocalized (Figure 5b). Homogeneous nuclear localization of AeCRN5 without any aggregates
is observed after 30 hpi. These data suggest a dynamic process for AeCRN5 nuclear localization

and therefore activity.
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Figure 6: AeCRNS5 binds to RNA in planta.

GFP:AeCRN5

Histograms show the distribution of nuclei (%) according to classes of GFP:AeCRNS5 lifetime in the absence (blue
bars) or presence (orange bars) of the nucleic acids dye Sytox Orange. Arrows represent GFP lifetime distribution
range. (A) In absence of RNase treatment. (B) After RNase treatment. Measurements were performed in N.
benthamiana agroinfiltrated leaves, 24h after infiltration. (C) Confocal pictures of nuclei expressing GFP:AeCRN5
with or without RNase treatment. The typical clustered GFP signal (left panel) is strongly reduce after RNase

treatment (representative nuclei after RNase treatment: right panels). Scale bars: 10 um.



AeCRNS5 interacts with nuclear plant RNA

Plant nuclear bodies comprise different dynamic structures including for instance the
nucleolus, Cajal bodies, nuclear speckles or Dicing bodies (Petrovska et al., 2015). Since RNA
is a major component found in those compartments (Petrovska et al., 2015; Bazin et al., 2018),
we decided to analyse whether AeCRN5 C-ter may associate with plant RNA. We developed a
robust in planta system to test protein-nucleic acid interactions based of FRET-FLIM
(Fluorescence Resonance Energy Transfer coupled to Fluorescence Lifetime Imaging) to
determine whether C-terminal AeCRN5 could interact with nucleic acids, and more specifically
to RNAs (Ramirez-Garcés et al., 2016; Camborde et al., 2017). This experiment is based on N.
benthamiana cells expressing the GFP-fusion proteins in absence or in presence of the nucleic
acid dye Sytox Orange. This dye can absorb energy released by GFP-tagged proteins (donor)
during fluorescence only if GFP is in close proximity to the dye (acceptor). Such transfer of
energy conducts to a decrease of GFP lifetime, inferring its interaction to nucleic acids.
Additionally to GFP alone (used as a negative control since GFP proteins do not interact with
nucleic acids), we performed measurements on cells expressing the DNA-binding protein H2B
in fusion to GFP (GFP:H2B) as a positive control of protein-nucleic acid interactions.
Fluorescence lifetime of GFP for all constructs is given in table 1. As expected, no significate
decrease in GFP lifetime was observed for the GFP proteins in presence or absence of Sytox
Orange (Table 1). In contrast, the GFP lifetime of GFP:H2B proteins decreases from 2.38 ns +/-
0.02 to 1.83 ns +/-0.04 in presence of Sytox Orange, revealing as expected a close proximity
of GFP-tagged H2B proteins with nucleic acids (Table 1). Those results on control proteins are
in accordance with our previous study (Ramirez-Garcés et al.,, 2016). In the case of
GFP:AeCRN5, GFP lifetime was measured in nuclei harbouring a GFP clustered fluorescence,
corresponding to nuclear bodies. In that case, GFP lifetime significantly decreases from 2.20
ns +/-0.04 in absence of acceptor to 1.90 ns +/- 0.03 in presence of Sytox Orange, indicating
that the C-terminal domain of AeCRNS5 is in close association with nucleic acids (Table 1 and
Figure 6a). Since Sytox Orange labels DNA and RNA, in order to discriminate the nature of
nucleic acids targeted by AeCRNS5, foliar discs were treated with RNAse and GFP lifetime was
measured with or without Sytox Orange staining. Efficiency of this treatment was already
confirmed on an RNA-binding protein called NSR-b, which lost the interaction with RNA in

those conditions (Camborde et al., 2017). After RNAse treatment, in absence of Sytox, the
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mean GFP lifetime of GFP:AeCRN5 proteins was 2.25 ns +/- 0.06 and remains at 2.24 ns +/-
0.06 in presence of Sytox Orange, indicating an absence of FRET (Table 1 and Figure 6b).
Interestingly, the clustered GFP signal was strongly reduced or abolished after RNase
treatment, suggesting that accumulation of GFP:AeCRN5 in nuclear bodies requires
interaction with host RNAs (Figure 6c¢). Taken together, those results reveal that the C-ter

domain of AeCRNS5 binds plant RNAs.

Table 1: FRET-FLIM measurements for GFP, GFP:H2B and GFP:AeCRN5 in absence or presence

of Sytox Orange dye.

Donor Acceptor 1@ sem (®) N (© E (@ ¢) p-value
GFP - 2.266 0.025 25 - -
GFP Sytox Orange 2.254 0.028 25 0.5 0.67

GFP:H2B - 2.391 0.020 25 - -

GFP:H2B Sytox Orange 1.831 0.038 25 24 1.89E-19
GFP:AeCRN5 - 2.201 0.042 44 - -
GFP:AeCRN5 Sytox Orange 1.902 0.030 36 14 5,57E-07
GFP:AeCRN5 ) 2.249 0.056 32 - -

(RNase treatment)

Sytox Orange

GFP:AeCRN5 (RNase treatment)

2.243 0.061 30 0.3 0.55

3 1 : mean lifetime in nanoseconds (ns). For each nucleus, average fluorescence decay profiles were plotted and
lifetimes were estimated by fitting data with exponential function using a non-linear least-squares estimation
procedure. ® sem.: standard error of the mean. © N: total number of measured nuclei. @ E: FRET efficiency in %
: E=1-(tDA/1D). © p-value (Student’s t test) of the difference between the donor lifetimes in the presence or

absence of acceptor.
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Figure 7: AeCRNS5 interferes with post transcriptional gene silencing.

(A) N. Benthamiana 16c agroinfiltrated leaves. Strong fluorescence is visible in leaves expressing AeCRN5, PSR1
or P19 proteins but not in leaves infiltrated with empty vector (EV). Pictures were taken at 3 d.p.i. (B)
Representative GFP immunoblot on protein extracts from 3 d.p.i. leaves. Strong GFP bands confirm the
accumulation of the GFP protein in the samples AeCRN5, PSR1 and P19. In contrast, weak bands in controls
indicate lower accumulation. (C) GFP siRNA Northern blot. RNA were extracted from 3 d.p.i. leaves. Number 1
and 2 under the construct names indicate independent experiments. U6 was used as loading control. Numbers
below represent the relative abundance of GFP siRNA, with the level in the leaves expressing only GFP and empty

vector set to 1.



AeCRNS5 interferes with post-transcriptional gene silencing mechanism

Since AeCRNS5 is localized in nuclear bodies and interacts with RNA, we test whether it may
acts on silencing mechanisms as previously reported for others intracellular effectors from
oomycetes (Qiao et al., 2013, 2015). To test whether AeCRN5 could disturb siRNA silencing
defense pathway, we performed a post-transcriptional gene silencing (PTGS) assay, described
by Qiao et al. (Qiao et al., 2013). In this system, leaves of N. benthamiana 16c which
constitutively express GFP under the control of the cauliflower mosaic virus 35S promoter are
dually infiltrated with a GFP vector, in combination with an ‘empty vector’ (which not produce
any proteins in plant). In this context, both endogenous and exogenous GFP genes are silenced
by siRNAs induced by the infiltrated GFP construct, resulting in very low green fluorescence in
the infiltrated zone (Figure 7a). When the empty vector is replaced by a plasmid
p35S:AeCRN5C-ter, which expresses AeCRN5 C-terminal domain, a strong GFP fluorescence is
observed in the treated area, suggesting an inhibition of silencing mechanism. Same distinct
GFP fluorescence was observed when coexpressing GFP and PSR1, the Phytophthora sojae
effector suppressor of RNA Silencing (Qiao et al., 2013, 2015). To support this finding we used
another positive control by coinfiltrating GFP and P19 from tombusviruses, a protein known
to suppress siRNA-silencing pathway. A strong fluorescence in the infiltrated leaves was
observed, similar to the one obtained in presence of AeCRN5 C-ter or PSR1 (Figure 7a).
Fluorescence levels were confirmed by GFP immunoblotting experiments, showing a strong
accumulation of GFP proteins in the samples obtained in presence of AeCRN5, PSR1 and P19,
compared to empty vector (Figure 7b). P19 binds to siRNA and decreases the level of free
siRNA which prevent their association in RISC complexes and then block the silencing process
(Lakatos et al., 2004). In contrast, PSR1 was shown to affect small RNA biogenesis directly, not
their activity (Qiao et al., 2013). We then examined the abundance of GFP siRNA in those N.
benthamiana 16c leaves. Northern blot performed on two independent experiments revealed
a decrease in the accumulation of GFP siRNA in P19 samples (Figure 7c), but lower than
expected compared to other study (Ying et al.,, 2010). AeCRN5 activity leads to a strong
decrease in GFP siRNA levels compared to the control (GFP + empty vector EV) only in one
experiment but not in the other (Figure 7c). Similarly, PSR1 expression strongly reduced the

abundance of GFP siRNA as previously shown (Qiao et al., 2013) but only in one experiment,
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Figure 8: AeCRN5 partially colocalizes with SERRATE proteins in D-bodies.

(A) Confocal pictures of GFP:AeCRN5, DCL1:YFP, HYL1:YFP, Coilinl1:YFP and HcRED:SE proteins 24h after
infiltration in N. benthamiana leaves. GFP:AeCRN5 has a distinct localization from Coilin1, a Cajal body marker
and has a closer localization to D-bodies markers. Scale bars: 10 um. (B) Confocal analyses of co-infiltrated N.
benthamiana leaves with GFP:AeCRN5 and HcRED:SE constructs. While in 12% of the observed nuclei, AeCRN5
partially colocalizes with SERRATE protein, 80% harboured a homogenous GFP fluorescence, without aggregates,
in presence of HCRED:SE proteins. In nuclei expressing GFP:AeCRN5 but not HcRED:SE (around 8% of observed

nuclei), the typical localization of GFP:AeCRN5 in dots/aggregates was confirmed. Scale bars: 10 um.



not in the other (Figure 7c). Altogether, these results suggest that AeCRN5 can interfere with

PTGS mechanism but supplementary experiments are needed to support this conclusion.

PRELIMINARY RESULTS
AeCRNS is transiently localized in nuclear Dicing-bodies

To precise the nuclear localisation of AeCRN5 we infiltrated in N. benthamiana leaves with
several nuclear markers to visualize Cajal bodies (such as Coilin-1) and D-bodies (such as Dicer-
like 1 DCL1, HYPONASTIC LEAVES1 HYL1 and SERRATE SE). Coilin-1, DCL1 and HYL1 are cloned
with a YFP tag in C-ter, whereas SE was fused with HCRED in N-ter. Cloning with other
fluorescent tags is in progress. We compared the localization of GFP:AeCRN5 with each marker
in N. benthamiana cells 20-24h after agroinfiltration. Confocal analyses revealed a distinct
localization for Coilin-1:YFP, with fluorescent dots close or inside nucleolus. DCL1, HYL1 and
SE localize in D-bodies and this profile could be partially similar to AeCRN5 (Figure 8a). To go
further we next co-infiltrated GFP:AeCRN5 and HcRED:SE and observed their localization one
day after treatment. In 92% of the observed nuclei, both proteins were detected in same
nuclei with two types of labelling pattern. The preferential pattern observed in 80% of the
nuclei correspond to a homogenous GFP fluorescence, without any aggregates (Figure 8b). In
12% of the nuclei, both proteins seems to colocalize in nuclear bodies probably D-bodies
(Figure 8b). In nuclei expressing only GFP:AeCRN5 but not HCRED:SE (around 8% of observed
nuclei), GFP:AeCRN5 is detected as typical clustered accumulation (Figure 8b). Although
nuclear bodies markers and experimental repetitions are required, these suggest that AeCRN5

could localize in D-bodies, where it could interact with the SERRATE proteins.

AeCRNS5 interferes with miRNA biogenesis

SERRATE (SE) is a major actor involved in the biogenesis of micro-RNA (miRNAs) (Lobbes et al.,
2006; Wang et al., 2019). Since AeCRNS5 transiently colocalizes with SE and interacts with RNA,
we also hypothesize that AeCRN5 could perturb SE proteins during the maturation of miRNA.

SE isinvolved in maturation of the primary transcripts (pri and pre-miRNA) into mature miRNA.
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Figure 9: AeCRNS5 interferes with the maturation of primary miRNA transcripts.

gPCR results showing the relative induction of 26 primary miRNA transcripts (pri+pre miRNA), 24h after
infiltration of N. benthamiana leaves with GFP:AeCRN5 compared to GFP control leaves. No bars indicate that
the amplification failed, probably due to wrong primer sequences. N: 10 leaves for GFP:AeCRNS5, 10 leaves for

GFP.



Therefore, interference in the maturation process will trigger an accumulation of primary
miRNA transcripts. We decided to analyse several primary miRNA transcript levels, described
in the literature as key regulators of root architecture and biotic interactions, on N.
benthamiana leaves agroinfiltrated with GFP:AeCRN5 or GFP (as a negative control). The
presence of the GFP:AeCRN5 localization in D-bodies from 20h to 24h after agroinfiltration
was confirmed by confocal observations and before sampling the corresponding leaves. We
next selected 26 miR, already sequenced and analysed in various reports (for review see
(Couzigou and Combier, 2016). Primers for qPCR amplification were designed according to
miRBase (Kozomara et al., 2019) (http://www.mirbase.org/) based on Nicotiana tabacum
sequences (N. benthamiana is not available). QPCR analyses were performed on ten
GFP:AeCRN5 and ten GFP agroinfiltrated leaves. Results revealed that most of the primary
transcripts analysed accumulates in the AeCRN5 samples compared to the GFP controls

(Figure 9), suggesting that AeCRN5 perturbs the miRNA biogenesis.

DISCUSSION

To favor the establishment of disease, microorganisms have gained the ability to deliver
effector molecules inside host cells. The important number of effectors targeting host nuclei
places this organelle, and functions related to it, as important hubs whose perturbations might
be of crucial importance for the outcome of infection (Bhattacharjee et al., 2013; Khan et al.,
2018). A recent study reported that in average, 38% of phytopathogenic oomycete
intracellular effectors target nucleus, close to the number reported for plant bacterial
pathogens (35%) (Khan et al., 2018). CRN proteins are a family of nuclear-localized effectors
widespread in oomycete lineage, with related sequences found in fungal species B.
dendrobatidis and R. irregularis. In this work, we undertook the characterization of AeCRN5
of the root pathogen A. euteiches. We show that AeCRN5 is express during M. truncatula
infection and perturbs host root development. We reveal that AeCRN5 is mainly localized in
Nuclear bodies (D-bodies) and targets plant RNA at the nuclear level as well as SERRATE

protein, to interfere with RNA processes.
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AeCRN5 is a modular CRN DN17 protein family with orthologous sequences in Phytophthora
sp. and true fungal species including the chytrid B. dendrobatidis and the endomycorrhiza R.
irregularis. The functional translocation signal of AeCRN5 is characterized by LYLALK and
HVVVIP motifs and the absence of an obvious signal peptide (Schornack et al., 2010; Gaulin et
al.,, 2007). Since a study from Zhang et al. proposed to reconsider the N-terminal CRNs
classification (Zhang et al., 2016), we submitted to a structure prediction server the N-terminal
sequence of AeCRN5. This in silico analysis confirms the classification of AeCRN5 N-ter as a

header domain containing ubiquitin-like fold.

The C-terminus corresponds to a CRN DN17 domain family with a NLS, according to the
classification established from Phytophthora CRNs (Haas et al., 2009; Schornack et al., 2010),
which have no significant similarity to functional domain. Although AeCRN5 was not included
in the analysis of Zhang and colleagues, the closest orthologs of AeCRN5 found in Bd fungus,
other Aphanomyces species or Phytophthora species, were included and were predicted to
contain a Restriction Endonuclease 5 domain (Zhang et al., 2016). Here we confirm this
prediction for AeCRN5. Phytophthora CRNs were originally identified as activators of plant cell
death upon their in planta expression (Torto et al., 2003), although not all CRNs promote
infection including the AeCRN5 ortholog from P. capsici (Stam et al., 2013a). CRN5 sequences
from A. euteiches were firstly reported in a cDNA library from mycelium grown in close vicinity
of M. truncatula roots (Gaulin et al., 2008). Here we showed by gRT-PCR analysis, that AeCRN5
is expressed during vegetative growth and expression goes up during root infection, but is
differentially induced depending on the susceptibility of the plants. In susceptible line, an
increase in expression is observed firstly at 1 dpi, then between 3 and 6 dpi, a stage where
browning of roots is observed in combination to an entire colonization of the root cortex of
M. truncatula, and the initiation of propagation to vascular tissues (Djébali et al., 2009). In
contrast, in tolerant line, AeCRN5 expression is stable after a rapid induction at 1 dpi. This
could be related to differential plant responses, involving for instance cross-kingdom RNAI,
where plant transports small RNAs into pathogens to suppress the expression of virulence
related genes. This defense response was recently reported in fungal plant association, where
it was evidenced that Arabidopsis sSRNAs are delivered into Botrytis cinerea cells to induce
silencing of pathogenicity-related genes (Cai et al., 2018). In a same way, an alpha/beta

hydrolase gene from Fusarium graminearum, required for fungal infection, is targeted and
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silenced by a miRNA produced by wheat (Jiao and Peng, 2018). Interestingly, this defense
mechanism has been recently reported in plant-oomycete interaction. Arabidopsis infection
by Phytophthora capsici leads to an increased production of plant small interfering RNAs
(siRNAs) which are delivered into Phytophthora to silence target genes during natural infection
(Hou et al., 2019). However, this cross-kingdom silencing has not yet been mentioned for
Medicago truncatula or other legume in plant-pathogen interactions. Furthermore,
transcriptomic analyses conducted on infected F83005 susceptible accession compared to A.
euteiches mycelium or zoospores samples indicate that only 2% of CRNs genes were induced
at 3 and 9 dpi (1 dpi was not possible to analyse) (Gaulin et al., 2018), consistent with AeCRN5
expression in F83005 roots. Given that 13% of CRN genes are upregulated in zoospores as
compared to in vitro grown mycelium, a subset of AeCRNs is potentially involved at the early
stage of Medicago infection (Gaulin et al., 2018). Finally, in P. capsici, CRNs genes were divided
in two groups according to their expression patterns. P. capsici DN17 ortholog felt in Class 2
where gene expression gradually increases to peak in the late infection stages (Stam et al.,
2013b), as observed for AeCRN5 gene expression in susceptible Medicago line, suggesting a

role in the later stage of colonization.

We further explored the function of AeCRN5 by using a GFP-tagged version of the C-terminal
domain. As observed in N. benthamiana leaves (Schornack et al., 2010), AeCRNS5 is nuclear
localized also in host Medicago cells. Overexpression of AeCRN5 in M. truncatula roots
displayed a cytotoxic effect leading in few days to death of transformed plants. The surviving
dwarfed plants harbored reduced root systems with a higher number of roots. These results
corroborate observations made during M. truncatula roots infection, where susceptible
accessions present, within few days after A. euteiches infection, a decrease of secondary root

development and necrosis of roots (Djébali et al., 2009).

Confocal studies on transiently transformed N. benthamiana leaves showed that DN17
cytotoxic effect of AeCRN5 required a plant nuclear accumulation. It is in accordance with the
observed reduction of cell death on N. benthamiana leaves, upon nuclear exclusion of CRN8
(D2 domain) from P. infestans (Schornack et al., 2010). Similar results were reported for P.
sojae and P. capsici CRNs (PsCRN63 and PcCRN4) (Liu et al., 2011; Mafurah et al., 2015) and

AeCRN13 from A. euteiches (Ramirez-Garcés et al., 2016). Our results confirm that nuclear
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localization is an important requirement for the cell-death inducing activity of necrotic CRN

effectors.

We observed that AeCRN5 DN17 shuttles between nucleoplasm and plant nuclear bodies
where DNA is excluded. Previous study on P. capsici DN17 CRN domain revealed a clustered
distribution pattern confined to the nucleoplasm upon overexpression in N. benthamiana
leaves (Stam et al., 2013a). Furthermore, FRET-FLIM measurements revealed the close vicinity
of AeCRN5 C-ter domain with plant nucleic acids. This FRET-FLIM assay has been successfully
used to demonstrate protein-RNA specific interaction in plant cells (Camborde et al., 2017).

Here this assay confirms the RNA binding ability of AeCRN5 C-terminal domain.

Recently, Khan and colleagues reviewed some properties of effector targets across diverse
phytopathogens, including bacteria, fungi and oomycetes. They reported that only 1 to 3% of
effector targets had a molecular function related to RNA processing (Khan et al., 2018).
Candidate effectors of the fungus Blumeria graminis display similarities to microbial RNAses
and, although not carrying hydrolytic site, are speculated to interact with host RNA; among
these, BEC1054 has been described as a ribonuclease-like effector (Pedersen et al., 2012;
Pliego et al., 2013). Host RNA perturbation has also been proposed for some effectors of the

nematode M. incognita as they harbor putative RNA binding domains (Bellafiore et al., 2008).

The dynamics and clustered localization of AeCRN5 DN17 domain in combination with its
proximity to plant RNA, strongly suggest a ‘nuclear bodies pattern’. Even if further
experiments are on going to precise the subnuclear localization of AeCRN5, we decided to test
the activity of the C-ter DN17 domain on silencing mechanisms as previously reported for
others intracellular effectors from oomycetes (Qiao et al.,, 2013, 2015). Using transient
expression assay in N. benthamiana 16¢, we found that AeCRN5 DN17 domain interferes with
post-transcriptional gene silencing, even if the effect on siRNA biogenesis is still unclear.
Hence, the biological function of AeCRN5 could be similar to the one reported for RxLR PSR1
from P. sojae. However, PSR1 do not interact with RNA, but with a host DEAD-box RNA
helicase (named PINP1) required for the accumulation of endogenous small RNAs and
considered as a positive regulator of plant immunity. Other studies describe the role of
intracellular effectors on RNA-binding proteins (RBPs), such as Pi04089, an RxLR effector from
P. infestans that targets a host RBP to promote infection (Wang et al., 2015), but without

interacting with RNA. Further experiments are required to decipher the role of AeCRN5 on
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RNAs, for instance using mutated version of AeCRN5 C-ter domain, unable to bind RNA, or by
testing the nuclease activity of the C-terminal domain, classified as a REase5 domain by Zhang
etal. (Zhangetal.,, 2016). Hence, it seems that manipulation of host RNA and related processes

may be a common infection strategy.

We also present some preliminary results where we detected a putative interaction of
AeCRN5 with the SERRATE (SE) protein, localized in nuclear Dicing-bodies. Co-
immunoprecipitation experiments coupled with FRET-FLIM analyses for instance are
necessary to confirm a physical interaction between the two partners. miRNA biogenesis is a
highly controlled and complex process, in which SE is a core component in interaction with
multiple protein partners. For instance, a very recent study reported the role of the
Arabidopsis RNA-binding protein MAC5 that interacts with SE to protect pri-miRNAs from
SERRATE-dependent exoribonuclease activities (Li et al., 2020). Due to the central role of SE
in the miRNA biogenesis, we further tested the impact of AeCRN5 expression on miRNA
primary transcripts accumulation in N. benthamiana leaves. Interestingly, in most of the
selected sequences, we found a significant induction of primary transcripts in presence of
AeCRN5 C-ter proteins. Despite we can not exclude that expression of AeCRN5 triggers an
increase in mMiRNA primary transcripts production, we hypothesise that AeCRN5 interferes
with the dicing complex where SE is a major component, perturbs its activity, resulting in an
accumulation of pri-pre miRNA. Interestingly, the P. sojae RxLR effector PSR1 that acts on
siRNA accumulation was also proposed to interfere with miRNA biogenesis. Indeed, even if
gPCR measurements didn’t reveal a significant effect on pri-miRNA, RNA blotting experiments
on 2 selected genes revealed a reduce accumulation of pre-miRNA. Then authors suggest that

PSR1 could inhibit DCL1-mediated processing of pri-miRNAs (Qiao et al., 2013).

To go further on the biological function of AeCRN5, we need to perform quantitative PCR on
mature miR sequences to confirm our hypothesis. A mutated version of AeCRN5 C-ter domain,
unable to bind RNA and to localize in D-bodies should not interfere with miRNA biogenesis.
Additionally, resistance to A. euteiches in M. truncatula plants overexpressing SE or in
opposite silenced SE gene could be measured to analyse the impact of SE activity on infection

process. Finally, pri-miRNA or mature miRNA analyses (using RT-qPCR) in M. truncatula plants
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infected by A. euteiches, or in AeCRN5 overexpressing M.t plants could strengthen the role of

AeCRN5 on miRNA biogenesis.

In conclusion, AeCRNS5 is an effector with a functional Ubi N-ter domain and a C-ter domain
that targets RNA to interfere with RNA processes such as post-transcriptional gene silencing

or miRNA biogenesis.

MATERIAL AND METHODS
Plant material, microbial strains, and growth conditions

M. truncatula F83005.5 or Jemalong A17 seeds were scarified, sterilized, and cultured in vitro
for root transformation and infection as previously described (Djébali et al., 2009; Boisson-
Dernier et al., 2001). Infection of roots with zoospores of A. euteiches (strain ATCC 201684)
was performed as Djébali et al., 2009. N. benthamiana plants were grown from seeds in
growth chambers at 70% of humidity with a 16h/8h dark at 24/20°C temperature regime. A.
euteiches (ATCC 201684) was grown on saprophytic conditions as previously reported
(Badreddine et al., 2008). All E.coli strains (DH5a, DB3.5, BL21Al), A. tumefaciens (GV3101::
pMP90RK) and A. rhizogenes (Arqual) used were grown in LB medium with the appropriate

antibiotics.

Sequence analyses

AeCRNS5 N-terminal domain was submitted to structure prediction Phyre2 server (Kelley et al.,
2015). Oomycetal and fungal orthologs of AeCRN5 (Ae201684_4018.1,
http://www.polebio.lrsv.ups-tlse.fr/cgi-bin/gh2/gbrowse/Ae201684 V3/) was retrieved by
BlastP searches on the National Center for Biotechnology Information (NCBI) website using
AeCRN5 C-terminal domain as query. From this result, sequences from the closest orthologs
(B. dendrobatidis Bd_26694 and Bd _87128; A. invadans H310 _01635; R. allomycis
09G_001773; P. infestans CRN5 Q2M408.1; P. insidiosum GAY06505.1 and P. sojae
Physodraft_264761) were extracted and C-termini domains were aligned using CLC

Workbench software (Qiagen).
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RNA extraction and qRT-PCR

For AeCRN5 quantification: Samples were ground on liquid nitrogen and total RNA extracted
using the RNAeasy kit (Qiagen). Reverse transcription was performed on 1 pug of total RNA
using the AppliedBiosystems kit (Life Technologies-Invitrogen). cDNAs were diluted 50-fold for
gPCR reaction. Each gPCR reaction was performed on a final volume of 10 ul corresponding to
8 ul of PCR mix (0.5 uM of each primer and 5 pl SYBRGreen, Applied Biosystems) and 2 pl of
the diluted cDNA and was conducted on a QuantStudio 6 (Applied Biosystems, Foster City, CA,
USA) device using the following conditions: 5 min at 95°C, followed by 45 cycles of 15 s at 95°C
and 1 min at 60°C. Each reaction was conducted on triplicates for cDNAs of four biological
replicates. Primers F: 5’-GAAATTCTGCAAGAACTCCA-3’ and R: 5’-
CAATAAAGATGTTGAGAGTGGC-3* were used for the detection of AeCRN5
(Ae201684_4018.1).  Primers F: 5-TGTCGACCCACTCCTTGTTG-3* and R: 5
TCGTGAGGGACGAGATGACT-3’ were used to assess the expression of A. euteiches’s a-tubulin
gene (Ae_22AL7226) and normalized AeCRN5 expression. Histone 3-like of M. truncatula,
previously described (Rey et al., 2013) was used to normalize A. euteiches abundance during
infection. Relative expression of AeCRN5 and a-tubulin genes were calculated using the 2-

AACq method described by (Livak and Schmittgen, 2001).

For Pri-miRNA measurements: Ten N. benthamiana leaves were agroinfiltrated with GFP or
GFP:AeCRN5. 20h to 24h after agroinfiltration, confocal observations confirm the clustered
localisation for GFP:AeCRN5 and the corresponding leaves were sampled and frozen in liquid
nitrogen. Total RNA was extracted using the RNAeasy kit (Qiagen) and reverse transcription
was performed on 1 pg of total RNA using the AppliedBiosystems kit (Life Technologies-
Invitrogen) using random primers. Primers of the 26 pri-miRNA selected were designed
according to miRBase (Kozomara et al., 2019) (http://www.mirbase.org/) based on Nicotiana
tabacum sequences (N. benthamiana is not available) and are listed in Supplementary Table
1. For each gene, expression levels were standardized using N. benthamiana L23 gene
(TC19271-At2g39460 ortholog) and F-box gene (Niben.v0.3.Ctg24993647-At5g15710
ortholog) validated for qPCR (Liu et al., 2012). Relative abundance was calculated using the 2-
AACq method.
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Construction of plasmid vectors

Sequence and names of primers used are listed in the Supplementary Table 1. AeCRN5 C-
terminal version carrying Gateway adaptors were generated by PCR on a template
corresponding to the Ae201684_4018.1 (named Ae_1AL4462 in previous aphanoDB version).
Full length C-terminus AeCRN5 (130aa-370aa) was generated using primer AttB1AeCRN5-F
and AttB2AeCRN5-R. Amplicons were BP recombined in pDONR-Zeo vector (Invitrogen) and
subsequently inserts were introduced in vector pK7WGF2 by means of LR recombination
(Invitrogen). GFP:NES:AeCRN5 and GFP:mNES:AeCRN5 constructs were generated by adding
NES sequence (LQLPPLERLTL) and non-functional mutated NES sequence (mNES:
LQAPPAERATL) to the N-terminal moiety of AeCRN5. Amplicons NES:AeCRN5 and
mMNES:AeCRN5 were obtained using primers NESAeCRN5-F and AeCRN5_end-R and
mNES_AeCRN5-F and AeCRN5_end-R respectively and introduced in pENTR/D-TOPO vector
by means of TOPO cloning (Invitrogen) before insertion on vector pK7WGF2. Amplification of
the histone 2B of A. thaliana was performed on vector pBI121:H2B:YFP (Boisnard-Lorig et al.,
2001) with primers caccH2B-F and H2B-R. Amplicons were cloned in pENTR/D-TOPO and
subsequently introduced in vector pK7WGF2 to obtain GFP:H2B fusion construct. The
obtained pK7WGF2 recombined vectors were introduced in Agrobacterium strains for

agroinfiltration and root transformation.

Coilin1:YFP, DCL1:YFP, HYL1:YFP and HcRED:SE corresponds to A. thaliana genes cloned in
pCambial300 and were kindly provided by S. Whitham (Liu and Whitham, 2013).

Supplemental Table 1: List of primers used in this study.

gene primer F primer R
AeCRN5 | TTCCGCGTGAAATTCTGCAA GCACATACTTGGACCAGCAC
f\uebi;in TGTCGACCCACTCCTTGTTG TCGTGAGGGACGAGATGACT

attB1_Ae | GGGGACAAGTTTGTACAAAAAAGCAGGCTTCTTGAA
CRN5-F | GGTGACCGCTCTAGAACCC

attB2_Ae GGGGACCACTTTGTACAAGAAAGCTGGGTGTT
CRN5-R GTTATTCAAAAAGTATGGCG
AeCRN5_

end-R TTGTTATTCAAAAAGTATGGCGTAAATTTTGGC
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NESAeCR | CACCCTTCAACTTCCTCCTCTTGAAAGACTTACTCTTTT
N5-F GAAGGTTGACCGCTCTAGAACCC

mNESAe | CACCCTTCAAGCTCCTCCTGCTGAAAGAGCTACTCTTT
CRN5-F | TGAAGGTGACCGCTCTAGAACCC

EaCCHZB' CACCATGGCGAAGGCAGATAAGAAACCAGC
H2B-R TTAAGAACTCGTAAACTTCGTAACCGCC

mGFP5-F | GATCATATGAAGCGGCACGACTTCT

:]_G_I_I;F;?;) ATCGAGTAATACGACTCACTATAGGGTTCCAA
m CTTGTGGCCGAGGATG
Nb_L23 | AAGGATGCCGTGAAGAAGATGT GCATCGTAGTCAGGAGTCAACC
gg;F_ GGCACTCACAAACGTCTATTTC ACCTGGGAGGCATCCTGTTAT
miR156a | CGGAGGTGGAAATTTTTGAA AAAAGGGACAGTGCAACTCAA
miR156b | TCCTGCACCCATATTGAACA GAGGAAGCGGATTGAAAGTG
miR159a | TAAGCTGCCGACCTATGGAT GGCAATGAAGCTCCTGACAT
miR159b | CCAGCTAGGCTACCTCGTGA TATTGAGCGGGAGCTGTCTT
miR160a | TGGATGACTTTGAGCCCTTT GATCACGGATACGCTCCAAT
miR160b | TATTTCGGGGATATGCTTGG TTGCAGAGCTCATCGGAATA
miR164a | AACCATTGATCGGAGCTGAG GAAGAAGGGCACATGGAAAA
miR164b | GCAGGGCATGTGCACTACTA TTTGACGGAAAATCACGACA
miR166a | ATGTTGTCTGGCTCGAGGTC CCGACGACACTAAACCATGA
miR166b | GCTGGCTCGACACAATTACTC TGAGAGGAATGAAGCCTGGT
miR167a | CCAGCATGATCTGGTACGAA GGAAAAGCCAGACCTCAAGA
miR167b | TTTTCCTGTTTTGGGTTGGA TATTGGTGGCGAGTGATTGA
miR169a | GAAGGTTCAATGCCCTTTTG CTGCGGCAAATATGAGAGGT
miR169b | GATGACTTGCCTGGTCCATT AAGATGACTTGCCTGCAACC
miR171a | GAGAATTGTCCGGCCAGTAA CTAAGCTTGAGGCAGCTGGT
miR171b | GGTGAGGTTCAATCCGAAGA CGGCTCAATCTGAGATCGTT
miR172a | TGTCAACAGTTTTTGCAGATG GGATCCATAGGGAGCAAAAA
miR172b | GGCCAAAAACAGATCTCCAC ATTTTCCTGCTCCCTCCTTC
miR319a | GCCGACTCATTCATCCAAAT CTACGGAGGTGCGTTTGACT
miR319b | CCCTAGTGGGTGCAGATGAT CGAGGAACAAGGGTAATCCA
miR390 | GGAGGGATAGCACCATGAAA GCGCCAAAATGATTGAAAGT
miR393 | GATCGCATTGATCCCATTTC AGTCCGAAGGGATAGCATGA
miR396a | GCTTTATTGAACCGCAACAA TGGCTCTCTTTGTATTTTTCCA
miR396b | TTCAGTGGGGAAGAAGTTCAA CAAGTCCTATCATGCTTTTCCA
miR399a | ATTGATCCCTGCTGACGATG TACATCGGTCGTTGTTGGAA
miR399%b | AGAGAAATGCGAGCGAAGAT TTCTCCTTTGGCAAATCCAG
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Immunoblot analyses

Samples corresponding to agroinfiltrated N. benthamiana leaves were frozen in liquid
nitrogen. Protein extraction was performed as Schornack et al., 2010. Proteins were separated
by SDS-PAGE and electroblotted on nitrocellulose membranes (BioRad). GFP-tagged proteins
were revealed using anti-GFP monoclonal antibodies 1:1000 (Merck #11814460001) followed
by Goat Anti-Mouse IgG-HRP Conjugate (BioRad #1706516). Clarity ECL (BioRad #1705060)

was used for the revelation step.

Agrobacterium-mediated transformation

Generation of M. truncatula composite plants was performed as described by Boisson-dernier
et al, 2001 using ARQUA-1 (A. rhizogenes) strain. Leaf infiltration were performed with A.
tumefaciens (GV3101::pMP90RK) as described by Schornack et al., 2010.

Confocal microscopy

Foliar discs (5-8 mm of diameter) of infiltrated leaves of N. benthamiana were sampled at
different time points after agroinfiltration and mounted on microscope slides for live cell
imaging. For DAPI staining, discs were fixed in a PBS, 4% (v/v) paraformaldehyde solution and
then stained with DAPI (3 pg/uL). Scans were performed on a Leica TCS SP8 device using
wavelengths 488nm (GFP) and 350 nm (DAPI) and with a 40x water immersion lens.
Acquisitions were performed in a sequential mode to avoid overlapping fluorescence signals.
Images were treated with Image J software and correspond to Z projections of scanned

tissues.

Preparation of N. benthamiana epidermal leaves for FRET / FLIM experiments

Samples were prepared as described in (Camborde et al., 2017; Ramirez-Garcés et al., 2016;
Le Roux et al., 2015). Briefly, discs of N. benthamiana agroinfiltrated leaves were fixed 20-24
hours after treatment by vacuum infiltrating a TBS (TRIS 25 mM, NaCl 140 mM, KCI 3 mM) 4

% (w/v) paraformaldehyde solution before incubation 20 min at 4°C. Samples were
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permeabilized 10 min at 37°C using a digestion buffer supplemented with 20 pg/ml of
proteinase K (Invitrogen) as described in (Camborde et al., 2017; Escouboué et al., 2019).
Nucleic acid staining was performed by vacuum-infiltration of a 5 uM of Sytox Orange
(Invitrogen) solution, before incubation of the samples 30 min at room temperature. When
RNAse treatment was performed, foliar discs were incubated 15 min at room temperature
with 0.5 pg/ml of RNAse A (Roche) before acid nucleic staining. Foliar discs were washed with
and mounted on TBS before observations on an inverted microscope (Eclipse TE2000E, Nikon,

Japan).

FRET / FLIM measurements

Fluorescence lifetime measurements were performed in time domain using a streak camera
(Camborde et al., 2017). The light source is a mode-locked Ti:sapphire laser (Tsunami, model
3941, Spectra-Physics, USA) pumped by a 10W diode laser (Millennia Pro, Spectra-Physics)
and delivering ultrafast femtosecond pulses of light with a fundamental frequency of 80MHz.
A pulse picker (model 3980, Spectra-Physics) is used to reduce the repetition rate to 2MHz to
satisfy the requirements of the triggering unit (working at 2MHz). The experiments were
carried out at A = 820 nm (multiphoton excitation mode). All images were acquired with a 60x
oil immersion lens (plan APO 1.4 N.A., IR) mounted on an inverted microscope (Eclipse
TE2000E, Nikon, Japan). The fluorescence emission is directed back into the detection unit
through a short pass filter A<750 nm) and a band pass filter (515/30 nm). The detector is a
streak camera (Streakscope C4334, Hamamatsu Photonics, Japan) coupled to a fast and high-
sensitivity CCD camera (model C8800-53C, Hamamatsu). For each nucleus, average
fluorescence decay profiles were plotted and lifetimes were estimated by fitting data with
exponential function using a non-linear least-squares estimation procedure. Fluorescence
lifetime of the donor (GFP) was experimentally measured in the presence and absence of the
acceptor (Sytox Orange). FRET efficiency (E) was calculated by comparing the lifetime of the
donor in the presence (tDA) or absence (tD) of the acceptor: E=1-(tDA) / (tD). Statistical
comparisons between control (donor) and assay (donor + acceptor) lifetime values were
performed by Student t-test. For each experiment, a minimum of four leaf discs removed from

two agroinfiltrated leaves were used to collect data.
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Post-Transcriptional Gene Silencing assay

PTGS assays were performed as described by (Qiao et al., 2013, 2015). Briefly, N. benthamiana
16c at the six-leaf stage (with a constitutive GFP expression) were agroinfiltrated with
p35S::GFP vector combined with pEG100 as empty vector, or pK2GW?7::AeCRN5-Cter,
pEG101::PSR1 (Qiao et al., 2013) or pK2GW?7::P19. pEG100, p35S::GFP and pEG101::PSR1
were kindly provided by Dr W. Ma, and pK2GW?7::P19 by Dr N. Pauly from LIPM lab.

Green fluorescence was visualized using a handheld long-wavelength UV lamp (Black-Ray B-
100AP, Ultraviolet Products). Agrobacterium carrying the empty vector pEG100 was used as

negative control whilst PSR1 and P19 constructs were used as positive controls.

Leaves were examined 3 days after Agrobacterium infiltration in the infiltrated leaf areas and
sampled in liquid nitrogen. GFP Immunoblots were performed after total protein extraction
as described in this paper. To produce siRNA probe, we first amplified approx. 200bp of the
MGFP5 using cDNA from 16c leaves (RNA extraction and RT were performed as described in
this paper), with mGFP5-F and mGFP5-R_T7prom primers (Supplemental Table 1). The GFP
siRNA probe was generated using the MEGAScript high-yield T7 kit (Ambion) in the presence
of [@-32P] UTP. U6 served as a loading control.
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IV — CHAPTER IV: Genomics analysis of Aphanomyces spp.
identifies a new class of oomycete effector associated with host
adaptation (Gaulin et al. BMC Biol, 2018)

The first aim of this study was to provide a genome reference for Aphanomyces genus,
by working on A. euteiches ATCC201684 pea strain. A combination of 454 and lllumina reads
were generated to provide a 57 Mb assembly. In order to identify components that could
explain adaptation to various hosts (plant vs animals), Illumina reads were assembled to
provide a draft genome of the crayfish pathogen A. astaci and the saprotroph A. stellatus. All
the data are publicly available in AphanoDB repository (http://www.polebio.lrsv.ups-
tlse.fr/aphanoDB/).

Comparative analyses of A. astaci and A. euteiches proteomes lead us to identify ~300 genes
encoding small-secreted proteins specific to Aphanomyces euteiches (AeSSP) devoid of any
functional annotations. Transcriptomic data (RNASeq) obtained on M. truncatula roots
(infected or not with Ae) revealed that around half of these SSPs were highly induced during

interaction with M. truncatula. We noticed that some of these SSPs were organized in clusters.

To evaluate the biological activity of AeSSP genes, a SSP cluster comprising six AeSSPs
genes was selected for starting functional studies (Figure 10a). This cluster is unique because
it is the only one that contains three AeSSPs (Ae1251, Ae1254, and Ae1256) with a predicted
Nuclear-Localisation-Signal (NLS). This genomic architecture suggests that these proteins
could be addressed to the host cells to target nuclear components. Sequence alignments
revealed that AeSSP1250 and AeSSP1253 differ only by two amino acids, but the other genes
have no sequence similarities (Figure 10b). Expression of GFP tagged versions of each gene of
this cluster in N. benthamiana leaves confirms the nuclear localization for the three genes
harbouring NLS (Ae1251, Ael1254, and Ael1256), whilst AeSSP1250 and AeSSP1253 display a
nucleocytoplasmic localization when AeSSP1255 seems excluded from nucleus (Figure 10c).
While AeSSP1251 and AeSSP1254 accumulated in the nucleolus, AeSSP1256 displays a
subnuclear localization, spotted in dots and accumulating in a perinucleolar ring (Figure 10c

and see paper from this chapter). Intriguingly, for each construct, same localisation was
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Figure 10: Complementary results on the SSP cluster containing AeSSP1256.

(A) Scheme of the SSP cluster organization. Six genes on the same orientation, among 8 kB, compose this cluster.
Each gene contains a signal peptide and three genes harbour a NLS (AeSSP1251, 1254 and 1256). (B) Amino acid
sequence alignment of the six genes, performed on CLC Workbench. AeSSP1250 and AeSSP1253 differ by only
2AA. Except these two genes, no sequence similarities are observed among the cluster. (C) Localization of
AeSSP1256 cluster proteins expressed in N. benthamiana leaves. For each gene, GFP was fused in C-ter and
transform in Agrobacterium tumefaciens. Confocal analyses were conducted 24h after agroinoculation in N.
benthamiana leaves. AeSSP1250 and AeSSP1253 have a similar nucleocytoplasmic localization (pictures
correspond to AeSSP1250, similar pictures were obtained from AeSSP1253), when AeSSP1255 is excluded from
nucleus. Similar nuclear localization was observed for AeSSP1251 and AeSSP1254 (pictures correspond to
AeSSP1254), with an accumulation in nucleolus, indicating that the NLS was functional. In the same way,
AeSSP1256 is nuclear localized but spotted in dots and accumulates in a perinucleolar ring. Same localisation was
observed in presence (upper panels) or absence (lower panels) of their own signal peptide (SP). White dotted

lines indicate nuclei. n: nucleus. Scale bars: 10um.

observed in presence or absence of their own signal peptide (SP) (Figure 10c). We then
evidenced that the AeSSP1256 entered the plant secretory pathway thanks to its native signal
peptide, using endoplasmic reticulum (ER) retention motif and drug assay (see Fig. 8 - BMC

biology paper from this chapter).

Due to the fact that A. euteiches transformation is not yet available, we used Phytophthora
capsici infection assay to investigate whether those SSPs could act as effectors. After
expression of each member of the AeSSP cluster on tobacco leaves, followed by P. capsici
inoculation, it appeared that only AeSSP1256 enhances N. benthamiana susceptibility to P.
capsici. These data suggest that AeSSP1256 and therefore SSPs are a new class of oomycete

effectors.
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Abstract

Background: Oomycetes are a group of filamentous eukaryotic microarganisms that have colonized all temestrial
and oceanic ecosysterns, and they include praminent plant pathogens. The Aptaromyces genus ks unique in its
ahiliyy 1o infiect both plant and animal spacies, and as such exemplifies comynete versatility in adapting 1o different
hosts and emdronments, Dissecting the undempinnings of comycate diversity provides Insights into thelir specificity
aned pathogenic mechanismms,

Results: By camying out genomic analyses of the plant pathogen A auteiches and the oustacean pathogen A, astac),
we show that hast specialization i comelated with specialized secretomes that are adapted to the deconstuctian of
the plang cell wall In A eweiches and protein degradation in A astact The A, euteiches genome s characterized by a
large repertoire of small secreted pratein (35F-encoding genes that are highly induced during plant infection, and are
not detected in other comycetes, Functional analysis revealed an 55P from A, eufelches containing a predicted muclear-
localization signal which shuttles to the plant nucleus and Increases plant susceptibility to Infectian,

Conclusion: Collectively, our results show that Aphanomyces hast adaptation s associated with evolution of

spedalized secretomes and identify 35Ps as a new dass of putative comycete effectors.
Keywords: Aphanomyces, Oomycete, Effector, Secretome, Haost adaptation, S5P

Background

Oomycetes are filamentous eukaryotes that have colo-
nized all terrestrial and oceanic ecosystems [1]. Oomy-
cete evolution started from marine habitats, and their
closest cousins are probably free-living phagotrophic
protists [1]. The great diversity of lifestyles displayed by
oomycetes raised questions about genetic and molecolar
mechanisms involved in their evolution and rapid adap-
tation to environmental changes [2, 3]. Oomycete patho-
genicity mainly relies on large reperivires of secreted
proteins, known as effectors. They show rapid evolution
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within a given gemome as & result of co-evolution with
their hosts and are often associated with transfers to un-
related hosts [4, 5]. For instance, protease inhibitors pro-
duced by two sister Phwtophifhora species evolved to
target plant proteases of their respective unrelated hosts,
linking effector specialization and host diversification
[6]. Phyopdrthora spp. whole genome studies revealed a
bipartite genome architecture that evolved at different
rates [5] and where effector genes are associated with
transposable elements (TEs) in gene-sparse regions [4],
FxLR and Crinklers (CRENs) are the two main effector
families found in these fast-evolving genomic regions of
Phytopirthora spp. [4, 7). These two large families of
effectors consist of modular proteins with a conserved
M-terminus host-addressing signal {ie., a trafficking se-
quence), while the variable Cter region harbors the
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cffector function [8, 9], Besides their role in pathogen-
icity, numerous BxLE proteins are specifically detected
by host plants able to produce cognate resistance pro-
teins to trigger resistance [10, 11), Spedfic interactions
between BxLE effectors and resistance proteins are on
the basis of the gene-for-gene concept, a fundamental
process of the plant immune system, alse known as
effector-triggered immunity (ETT} [12]. In that case,
rapid evolution of ExLR effectors allows the pathogen to
counteract this surveillance system.

Phylogenetic analyses placed the Apharmomoes genus in
pathogenic in plants and aquatic animeals such as the slmon
pathogen Seprolegria parasitica [13]. In contrast, most of
the species in the Peronosporalean lineage are mainly patho-
genic on plants, one of the best-studied species being M-
topinthons infestans, which causes late blight on solanaceous
crops such as potato or tomato [B]. The Aphanmmyces genus
has been shown to contain three major lineages, including
plant pathogens, squatic animal pathogens, and saprophytic
species [13], making this genus a unique model to under-
stand evolutionary mechanisms imvolved in adaptation of
comycetes to distantly related hosts and  environmental
niches. Among the miost damaging Apharonmpces spocies is
the legume pathogen Aphanomes enteiches, which causes
significant damage to various legume crops (peas, alfalfas,
faba beans, kentils, ete.) [14]. First reported by Direchsler in
1925 as the causal agent pathogen of root ot in peas in
Wisconsin (LISA} [15], the pathogen s now recorded in
Europe, Australia, Mew Zealand, and throughout the USA,
Aphanonreees euteiches is a major problem affecting the
field pea in most pea-growing regions [16].

Apharmmyces enteiches is composed of distinct subspe-
cific groups based on genotype and host preference (ie.,
pea, alfalfa, etc) [17, 18], The infection is initiated by oo-
spore germination in close vicinity to a root plant host,
The vaspores form a germ tube and a long terminal zoo-
sporangium that can release more than 300 primary ma-
tile zoospores [19], The zoospores locate and encyst on
the: hiost root within minutes, and the cysts are able to ger-
minate and penetrate the cortical cells within hours, The
mycelium then grows intercellulady through the root tis-
sue and forms oospores within a few days of infection
[14]. Although the symptoms caused by A epteiches can
be difficult to distinguish from symptoms caused by other
root-infecting plant pathogens (such as Pethinm or Fusar-
irm), a charscteristic colored soft rot of the roots is gener-
ally observed [14], Under optimal field conditions, legums:
infection by A. esteiches can result in symptoms within
10 days, and cospores can be detected between 7 and
14 days [14]. The oospores of A, ewfeiches are long-lived
and can remain dormant in soil and organic debris for
many years [14], making legume cultivation inefficent. Ef-
fective chemical controls for Apharemces root ot of
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legumes are not available, and the development of tol-
erant cultivars appears to be the more effective man-
agement  technique available to  farmers.  Partial
resistance in pea or the legume model Medicage frun-
catula to A, ewteiches is mediated by several quantita-
tive trait loci (QTLs). Recent whole genome sequencing
data in conjunction with genome-wide association
studies (GWASs) on M. truncatufa have allowed the
identification of promising candidate genes [20, 21] to
manage the parasite,

Apharemyces astaci is an obligate parasite of fresh-
water decapods, particularly crayfish (but crabs could
act as potential vectors as well [22, 23]), It presumably
ariginates from Morth America, where infected native
crayfish do not show disease symptoms. Five distinct
A. astaci genotype groups (from A to E) are known in
Europe and were isolated from infected Ewropean
crayfish specimens. A, astaci reproduces asexually
through the formation of short-lived bi-flagellated
zoospores that spread in aquatic ecosystems [23],
After the encystment of the zoospore on the host cu-
ticle and its germination, the growing hypha pene-
trates into the cuticle, In resistant crayfish, the hyphal
growth is stopped by encapsulation and melanization,
resulting from the host immune response, In suscep-
tible crayfish, hyphae penetrate deeper into tissues and
organs, generally killing the host [24], The time re-
quired for development varies depending on the A
asfaci strain and water temperature [25], Like plant
pathogens, A. astaci presumably secretes a battery of
virulence proteins to promote infection and facilitate
host adaptation, Indeed, infection experiments have
shown that A, astaci strains from group E had a high
level of virulence, comparable to that of group B [25],
A. astaci has been nominated among the “100 of the
Worlds Worst Invasive Alien Species” in the Global
Invasive Species Databasze [27],

In contrast to species from the Peronosporalean
lineage, litthe is known regarding the molecular mecha-
nisms that govern host adaptation and environmental
niche colonization for Apheromyces species. A previous
analysis of a collection of expressed sequence tags (ESTs)
from the legume pathogen A eteiches revealed the
uniqueness of its effector repertoire, which is composed
of numerous CREN effector genes without any ExLRE ef-
fectors [28=30), This observation led to the suggestion
that CRNs are ancestral in the oomycete lineage and
specific to phytopathogenic species (7, 9], Indesd, CRN
coding genes have been detected in all plant pathogenic
oomycetes sequenced to date, but never in animal
pathogenic species such as 5 parasitica [31]. This has
also raised the possibility that, besides the ExLR family,
CENs and maybe other comycete effectors may have im-
portant roles in triggering host susceptibility.
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Here we report on the whole genome sequencing and
annotation of a pea-infecting strain of A enteiches, To
characterize genetic factors imvolved in plant adaptation
by comparative genomics, we generated a first genomic
draft of the crustacean pathogen A. astad. In combin-
ation with RNA-seq data, we showed that Aphamomyces
adaptation to plant or animal hosts i correlated with
the expression of highly specalized secretomes. More-
over, our study led to the identification of a set of small
secreted proteins (35Ps) which can be considered as a
new class of oomycete effectors,

Results

Aphanomyces spp. genome sequencing and phylogeny
relationship

The genome of the A enteiches ATOC201684 strain was
techniologies providing a high-quality reference assembly
of 57 Mb (Table 1). The estimated genome size of A
cucteiches is consistent with the size mange of most previ-
ously sequenced comycete genomes except B infestans
(240 Mb} [32] and close to the assembled 5. parasitica
fish pathogen genome (63 Mb) [31], The GC content [~
47%) is one of the lowest detected in comycetes and in
close agreement with the Albuge laibackii [33] and Plas-
mopars viticols genomes [34], The benchmarking uni-
versal single-copy orthologs (BUSCO) method [35] was
used to estimate the degree of completeness of the as-
sembled gene space, Most of the gene space was covered
as 83.1% complete, and a 3.8% partial model of con-
served fungal genes was identified within the genome of
A enteiches, The number of genes (19,548) is more im-
portant in A, enfeiches than in other sequenced oomy-
cetes, while the gene length mean (~ 1.5 kb} is similar to
that of various comycetes [33, 34, 36]. The A. enteiches
genome is thus highly compact with the second-highest
gene density (one gene per 2.9 kb) reported so far for
comycetes and similar to the 5 perasifica genome (one

Table 1 Main features of A euteiches, A oroeo, and A stellatus
QENOMmEs

Acuteches” A amad® A mebons®
Estirmaned genorme sise (WME) &1 o TIE
Testal canti Krgth M) 569 453 621
0 eonbent (e L] 4851 5255
Pratein-coding genes 19,548 TEATD 5571
AVETAE Ebs BET gene 37 27 3z
Mesan gene sie () 1.50% 1132 1467
a0 gt 275,164 3650 ERTRL]
Gene dersity fnumber of 3 k) 412
feres per Ml
“Combination of 454 and lluming sepmendng technologies
Flluming sequencing technology
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gene per 26 kb). The completeness of the A ewteiches se-
quenced genome and prediction of open reading frames
were validated by the anabyses of expressed sequences, In
total, 87% of ESTs previously generated from A, enteiches
mycelivm (MYC) and mycelium grown in contact with M.
truncatnla roots (INT) [28] mapped to the assembly. In
addition, ~90% of assembled Ilumina reads generated
during this stwdy by using MYC and INT samples,
mapped to the A enteiches genome assembly. The com-
pleteness of the assembly was further evaluated with the
BUSCO method [35] wsing the Alveolata-Stramenopiles
quenced somycetes (Additional file 1: 5T1a, bl The A
cuteiches assembly contained > %4% of the Stramenopiles
dataset and appears as the better one among the se-
quenced oomycetes. All the data were included in an up-
dated version of the AphancDE database dedicated to
“omics” studies on the Aphamomces genus [37]. Apha-
noDB v2.0 provides new tools as a genome browser, gene
annodation facilities, and Basic Local Alignment Search
Tool (BLAST) tools,

Genome sequences and assemblies of the crayfish
pathogen A astaci and the opportunistic pathogen A
stellatus were generated, giving an estimated size of
45 Mb and 62 Mb (Table 1) with 16,479 and 25,573 pre-
dicted genes, respectively, As expected, genome assem-
blizs of A. asfaci and A, stellatus compiled only from
short resds generated by Hlumina are more fragmented
and must be considered as drafts,

These data were used to perform a phylogenetic analysis
with a gene set recently used to estimate timescabe evolu-
tion of oomycetes [36] (sce Methods for further details),
Aphamonrrces species form a group which diverged from
other Saprolegniales (Saprolegnin parasitica, Achiya hypo-
gena, Thraustotheca clavata) more than 100 Mya (Fig. 1),
This analysis also shows that divergence times are very
deep within the Aphasermces genus, with the three Apha-
momyees specics diverging from esch other more than 50
Mya.

Transposable Elements (TE)

TEs are known to play a prevalent role in the evolution of
cukaryotic pathogens [2, 3]. A de nove characterization of
TEs was thus performed on all Aphanormces genomes,
The aim of the TE analysis was to uncover and annotate
all TE copies in all three Aphanomces genomes to facili-
tate future studies that will investigate the origin, evolu-
tion, amd genomic impact of these elements in more
TEs {5=13%; Additional file 1: 5T1d) is lower than that for
all other sequenced comycetes (17=74%) in which TEs
have been mined, such as Phytophithors species [32, 39],
the downy mildew Plasmapara viticola [35], and the white
rust Alfwego laibachis [34], with the exception of Prifrinem
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weltimenr (5%) [40]. It is noteworthy that in comycetes
genome size is strongly correlated with TE content (7 =
0,B5), supporting the hypothesis that TEs are a major
determinant of genome size in these taxa [32], In all three
Aphamonrces species, the most abundant TEs are DNA
transposons of the Tel-mariner superfamily (up to 2.5% of
the genome in A, astac). Interestingly, none of the TEs
that we identified are shared between all three Aphamo-
miyces species, and very few TEs are shared between two
speciess two are shared between A astac and A, enteiches
{74 and 83% identity over 741 and 170 bp respectively),
two are shared between A, siellaties and A. euteiches (84
and 36% identity over 334 and 1262 bp respectively), and
four are shared between A, astaci and A stellatns (be-
195 bp) (Fig. 2}, Furthermore, BLASTN searches wsing all
TEs identified in Apfamomyces spp. as queries against all
Repbase TEs did not reveal any significant hit. Together,
these results suggest that Apharomyces species TE fam-
ilies are characterized by a high rate of turnover,

Comparative analysis of A. ewteiches and A, astaci
proteames

To identify conserved and specific features of Aphane-
mryces proteomes, an OrthoMCL analysis [41] was per-
formed wsing A ewfeiches and A estaci proteomes and
nine deep-sequenced somycete proteomes (5 parasifica,
FP. infestans, P. sojae, P. parasitica, P ramorum, Hyalo-
peronespora arabidopsidis, A laibachii, Py, wlfimam,
and Py, irregulare) (Additional file 1: 5Tlek A total of

2296 orthologous groups (34,404 genes) were detected in
the 11 genomes defining a “core proteome” set [Additional
file 1: ST1f). In this set 104 groups comresponding to 1528
genes defined the “core secretome” (Additional file 1:
5T1f). A focus on the A, ewteiches secretome (1240 genes,
~ 6% of the proteome, Additional file 1: 5T1g) shows that
70% of the sequences harboring a Gene Ontology (GO)
term are refated to the “hedrolase activity” category (GO:
0016787) (Additional file 1: 5T1h and Fig. 3a). This cat-
egory is enriched in enzymes with ghoosyl hydrolase or
proteins, such as protease inhibitors. The secretome of A
astaci is predicted to contain 744 genes (< 5% of the prote-
ome), While this set is probably not complete, 323 se-
quences harbor a GO annotation and more than 65% (217
sequences) fall into the “hydrolase activity” category with a
predominance of “peptidase GODM08233" function (160
sequences, 73%), A closer examination of both secretomes
showed that numerous genes detected in A, enteiches are
not reported in A. astaci (Fig. 3a). In addition, about 72%
of the A, esfeiches-specific secretome (e, sequences not
present in other comycetes including A, astaci, 506 genes)
did not display a putative functional domain (368 genes),
and B0% encoded proteins below 300 amino residues in
size (2960368, Additional file 1: 5TLi, Fig. 3b). The same
observation was made for the A, astaci-specific secretome,
where 160 specific genes did not harbor a functional an-
natation and 86% (1387160, Additional file 1: $T1i) coded
for small proteins (Fig. 3b). Interestingly, 59% of these
small proteins were predicted to be putative effectors from
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A. enteiches or A, astaci using Effector? (Additional file 1:
5T1i), a software based on propertics shared by fungal ef-
fectors [42], This suggests that Aphanermices species pre-
semted a set of S5Ps similar to fungal effectors,

Carbohydrate-Active enZymes [CAZy] and carbohydrate-
binding modules [CBMs)
Since comparative analyses suggested that the reper-
toires of glycosyl hydrolases are divergent between A
eieteiches and A. astach, a global prediction of CAZy do-
mains {ghoosyl hdrolases (GH), carbohydrate esterases
(CE), polvsaccharide lyases (PLL and carbohydrate-
binding modules (CBM)) was performed. This analysis
revealed that the A enteiches genome is enriched in
gene coding for proteins with CAZy domains compared
to the A, asteci genome (Fig. 4, Additional file 1; 5T1j),
For example, more than 300 genes coding for proteins
with at least one predicted GH domain were detected in
the A ewteiches genome, a repertoire size similar to
those predicted in comycete genomes such as Py
tophithore species [43], whereas only 109 genes were
found in the A, astaci genome.

A closer examination of this repertoire revealed that
several eneyme familics targeting plant-specific polysac-
charides (pectins, hemicellulases) are expanded in A

euteiches and absent in A astaci, Clearly, the A astaci
genome lacks genes coding for hemicellulases (eg., GH,
10, 11, CE4 families) and pectinases (eg. GH28, PLI1,
PL3, and PL4), which are largely represented in the A
euteiches genome (Fig. 4. Additional file 1: 5T1j). Based
on the CAZy database, eight GH families correspond to
cukaryotic cellulases, The GH5, GHG, and GH7 families,
which encode endocellalases and cellobiohydrolases, are
highly represented in A, ewteiches as compared to other
oomycetes, Since comycete cell walls contain celluboss,
these enzymes can play a role in comycete cell wall re-
madeling, Interestingly, while GHS and GH6 cellulases
are present in A estect and A, enteiches, a large family of
GHT was found only in A, enteiches (39 GH7-encoding
gene), suggesting that this class of enzymes could play a
role in plant pathogenesis (Fig. 41.

In phytopathogenic fungi it is suggested that a-L-arabi-
nofuranosidases such as GH62 and GH5 are inveldved
in plant penetration and pathogenesis [44, 45], Whilke
GHAZ are absent in oomycetes belonging to the Pero-
nosporalean lineage analyzed so far, 12 putative GHE2-
coding sequences are detected in A, enteiches, while
GH54 are missing (Fig. 4 Additional file 1: 5T1j.
Among GHE2, seven are predicted to be secreted. It has
also been suggested that a-L-arabinofuranosidases, by
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degrading arabinofuranose side chains, improve the ac-
cessibility of the xylan backbone of hemicellulose to
xylanases as GHIO and GH11 [46], which are present in
A. euteiches (22 and 3 sequences respectively]. Thus, the
presence of genes coding for these enzymes suggests
that A, enteiches can express a complete repertoire of
hemicellulose-degrading  enzymes, distinct from those
produced by other comycetes,

The availability of CAZyme repertoires from distanthy
redated comycetes offers the opportunity to investigate
their origin. Since most of these genes are dosely related
ter fungal genes, it has been suggested that some of them
were acquired by comyoetes by horizontal gene transfer
[HGT) events from trwe fungi [47], In certain cases, this
hypothesis was sustained by phylogenetic analyses, This
is the case for a pectate bmse gene from P infestans

(EEY64154) [48] for which seven orthologous genes,
corresponding to the PL1 family, were detected in the
A. euteiches genome but not in A asteci (Additional
file 1: ST1jh Phylogenetic analysis using thess sequences
{Additional file 1; ST1k, Additional file 2 Figure 51) sup-
ports the hypothesis that these genes were acquired eardy
in the evolution of comyoetes, before the Saprolegniale-
Peronosporale divergence, and probably bost during the
specialization of Aphanopryces species to animal hosts,
Numerous CAZymes are associated with CEMs to
facilitate enzyme activity [49], In A, enteiches, many
CAZymes are associated with CBMs, and 130 CBMI1
icellulose-binding modules) predicted proteins are de-
tected in this species, but only 7 genes in A, astaci (Add-
itional file 1: 5T1j, Fig. 4). In contrast, A asfaeci harbors
a set of genes encoding proteins with a putative chitin-
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binding domain {PFO3067, IPRMM302, CEM33, now re-
classified as the AALD domain in CAZy) that are not de-
tected in A, enteiches [(Additional file 1: 5T, Fig. 4).
Interestingly, = B0% (19723} of these domains are associ-
ated with a predicted signal peptide. These data sug-
gested that CBM33 from A, asaci might play a roke in
the interaction with the crustacean shell, as reported for
the PICEP49 CBM33-containing virulence factor of the
honey bee pathogen Peemibacillus larvae that degrades
chitin [50].

Aphonomyces spp. cytoplasmic effectors (RxLR and CRN
oomycete effectors)

An imiportant discovery regarding oomycete genome se-
quencing projects resides in the identification of pre-
dicted secreted proteins that could be delivered into
hast cells to aid pathogenicity, Two types of cptoplasmic
effectors dominate the compcete secretome: the RxLE
cffectors and the Crinklers (CRNs), These effector pro-
teins are characterized by an amino ackd signature lo-
cated at the Neterminus of the sequence, We thus
investigated the presence of these host-targeting signals
in A euteiches and A, astacd species, The genomes of
bath Aphanomyces were searched for BxLEs and CENs
as previously reported [17, 40]. This approach did not
albow the identification of RxLR effectors on both Apda-
movmyces genomes, as previously suggested upon analysis
of EST libraries from the same strain of A, enteiches
[17]. This analysis sustains the view that BxLR effectors
seem to be absent in the Saprolegniale lineage [20]. For
predicting CEMNs, a combination of automatic searches
hidden Markov model (HMM), regular expression) and
marual curation methods was used. and 160 and 31

CEMs and CRN-like genes were detected in the A
cuteiches and A astacd genomes respectively [(Additional
file 1: 5T1k). For A, enfeiches, this number is similar
to the one reported in phytopathogenic Phytophthons
species (=80 P capsich > 200 P sojge; =400 P, infes-
tans [32, 51]).

Consistent with previous data on comycete genomes [7,
52, 53|, fewer than 25% of A, exteiches CRMs and none in
A. astaci were predicted to be secreted by means of Sig-
nalP analysis, By contrast, around $0% of AcCREMs and
AcCRN-like genes harbor a predicted nuclear-localization
signal (NLS), Among them 16 have both a predicted signal
peptide and an NLS. A majority of AcCRNs (> 60%) har-
bor a LYLAK motif at the N-terminal rather than the
canomical Plertophthore LxLFLAK motif, as previously re-
ported upon complementary DMA {cDNA) annotation of
A. ewteiches [28, 29, 54], We noticed that the N-terminal
trafficking signal is less conserved in A. astac as com-
pared to CRNs from A exteiches, and only five sequences
hartsor a putative header signal in combination with a C-
terminal domain {Additional fike 1: ST1k). The headers of
CEMs are folkowed by a more diverse C-terminal domain
that confers effector activity [32]. Based on sequence simi-
larity, 36 domains were inftially defined for the CRN rep-
ertoire of £ infestars, and new C-termini domains have
been characterized upon the CRN repertoire annotation
of various oomycete species [53, 551, HMM searches and
manual assignment on AcUENs and AeCREN-like sets
showed that the necrotic DXZ, 16, and D2 kinase do-
mains are among the most widespread C-termini domains
in A eebediches [Additional file 1 5T1k), The [ domain,
reported as a putative DMA-binding helix-hairpin-helix
(HhH} motif in PSCRMNI0E from £ sofae [56], is also
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largely represented in A exteiches but not in A astact
The DXZ and DN17 domains frequently detected in phy-
topathogenic comycetes and the chytrid Batrachocky-
trinm dendobraditiz [32, 55, 57] are well represented in A

ASERCT,

Dynamic changes of A euteiches transcriptome during
infection of M. truncatulo roots

To get an insight inte the expression and regulation
of A ewteiches genes during  different life  stages,
ENA-seq analyses were performed on RNAs isolated
from A, erteiches roospores and mycelium grown in
ligquid culture as well as in infected M, truwcatls
roots harvested 1, 3. and 9 days post incculation
dpi), For the soospores and the in vitro mycelium li-
braries, around 50 M reads were obtained, of which
T0=77% were mapped in pairs to gene-coding regions
(Additional file 3: 5T2a). For M. troncatwla-infected
roots, 4671 M reads were obtained, of which most
could net be mapped to the A ewteiches genome,
since a high amount of M, frencatsla material was
present in the samples. In addition, since less than
1% of the reads of 1 dpi could be mapped to the A
exteiches genome, this time point was excluded from
the analysis (data not shown), For time points 3 and 9 dpi,
G-13% of the reads coukd be mapped in pairs to gene-
coding regions (Additional file 3: 5T2a). After filtering for
lowly expressed genes and data normalization, a multi-
dimensional scaling plot revealed o clear separation be-
tween expression pattems of the different life stages of A
euteiches, while the biological repeats of each life stage
imveelivm, zoaspore, 3 dpi, and 9 dpi) clustered together
{Additional file 4: Figure 52), This plot suggested that dif-
ferent gene subsets are expressed during M. frencarula
infection.

For the 16,786 (85,8%) genes that were expressed, dif-
ferential expression betwesn the different life stages
was determined. Around 36=37% of the genes were dif-
ferentially expressed between zoospores and the other
life stages, while only 10=11% of the genes showed dif-
ferential expression between the in vitro grown A
exteiches myeelium and  the infected root material
{Additional file 3; 3T2b). This could reflect a transcrip-
tome remodeling during host infection. To further in-
vestigate in what processes the differentially expressed
genes are invelved, a Gene Ontology (GO} enrichment
analysis was performed. During infection, genes that
are upregulated between 3 and % dpi are mainly in-
volved in “carbohydrate metabolic (GOO0059731 and
“proteotysis (GODM0GHE)" processes, while downregulated
genes  belonged mainly to transport  processes  {(GO)
(55085, GOWENIN), The opposte stuation & detected
when comparing zoospores with in vitre grown myeelinm
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(additional  file % 5T2c-e), suggesting important
physiological differences betwesn zoospores and my-
celium life stages of A. esteiches as reported for Phy-
tophthora infestans [58].

We then investigated the expression pattern of the
A. enteiches secretome with a focus on CAZymes, pro-
teases and protease inhibitors, CBMs, and CRMs/
CEN-like effectors (Fig. Sal. When zoospores and my-
celium stages are compared, most groups of genes en-
coding secreted proteins show a similar percentage of
differential expression with the exception of the “poly-
saccharide lvase (PL)" category, which displays the
highest percentage of differentially expressed genes, In
contrast, during infection {3 and % dpi} arcund thres
times as much of the genes coding for secreted pro-
teins are upregulated, with proteases, ghvooside hvdre-
lases (GH), and PL (86% and 76%) showing the highest
percentages of upregulated genes (Fig. 5a), Less than
2% of CRN genes are upregulated at 3 and @ dpi, while
13% are upregulated in zoospores as compared to in
vitro grown mycelium, suggesting that a subset of
AcCRENM is present at the early stage of Medicago infec-
tion (Fig. 5a),

Heatmaps to visualize expression level of genes rather
than differential expression show that, for GH, several
groups can be identified (Fig. 5b, Additional file 3
ST2F) with groups 11, IV, and V1 containing genes that
are upregulated during infection compared to myce-
liwm. These groups contain a large number of genes
coding for proteins with predicted  cellulase [GHS,
GHE, and GH7} and polygalacturonase (GH28) activity,
They alse include numersus  hemicellulase  genes
(GH10, GHI1) and one secreted arabinofuranosidase
{GGH&2), Most of the polysaccharide lyases (PL) are also
strongly induced during infection (Fig, 5d, Additional
file 3: ST2gh, Secreted PL1 are detected in group 1 or
101, where gene expression is less abundant in mycelium
as compared to zoospore and infection stages, This pat-
tern is similar to the one observed in Phytephthora cap-
sict, where the PL1 family in combination with PLIG
and PL20 (absent in the Ae genome) account for nearly
all of the contribution of the 22 PL genes to Phy-
tophthora virnlence [59]. Maost of the carbohvdrate es-
terases (CE) showed a consistent low to medium
expression in the different life stages (Additional file 5
Figure 33A, Additional file 3 5TZi) For the CBM-
containing proteins without a predicted catalytic site
mastly composed of CEMI domains (cellulose-binding)
» several groups of genes can be identified with group 11
being strongly induced and expressed during infection
while groups [ and ¥ are specifically upregulated or
downregulated  respectively in the zoospore  stage
{Additional file 5 Figure 538, Additional file 3 $T2),
This expression  pattern suggested  that A cnteiches-
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secreted CBM1 domains may contribute either to A, P parastica that mediates adhesion to cellulosic sub-
enteiches virulence or microorganism development, as  strates and contributes to Phytophthora cell wall archi-
reported for the CBM1-containing protein CBEL from  tecture [60, 61],
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For the secreted peptidases, several groups can also be
identified (Fig. 5k, Additional file 3: 5TZh). Many pepti-
dases show constitutive expression during all life stages
{groups 1, VIL and VI, while some are induced in 200
spores (groups ¥ and V1) or during AL trescatels root
infection {groups 11, 1L 1V, and IX), These last groups
contain a high number of serine proteases (51 family)
that could be considered as candidates for pathogenicity
factors, Indeed, serine proteases have been characterized
as the major extracellular proteclytic enzymes secreted
by Phytophthore spp. and indispensable for necrosis
[62]. Motably, none of the secreted protease inhibitors is
differentially expressed during infection, However, most
of the secreted protease inhibitors are highly expressed
during all life stages of Ae (Additienal file 5 Fig 3C,
Additional file 3: 5T2k).

Together, these analyses indicate that expression of
several families of genes coding secreted proteins are in-
duced in zoospores and during infection of M, trieca-
bl voots compared to saprophytically grown mycelium,
This supports an important role in the pathogenesis of
cell wall-degrading enzymes specifically found in A
euteiches and not in A astaci targeting plant cell wall
pelysaccharides (pectins, hemicellalose),

Identification and functional characterization of small
secreted proteins in A, swheiches (Ae55P5)

As reported above, 40% of A emteiches-specific genes
that encoded putative secreted proteins did not display a
functional annotation and are below 300 amino acid res-
idues in size (<300 pgenes, Fig.o 3b, Additional file 1:
3T1il. Consequently, putative AsSSPs represented 24%
of the seoretome. Around 5% are organized in custers
(23 adiacent 35P genes, Additional file & 5T3a), The
clusters are distributed all over the genome and com-
prise 3 to 9 genes each. The clusters mainly contain
AcSSP penes from the same OrtheMCL group, indicat-
ing that they might have arisen by duplication,

To ascertain the expression of AeSSPs during host in-
fection, we checked the expression data presented
above (eg., mycelium, zoospore, interaction 3 dpi (T3},
interaction % dpi (T9), Since we could not exploit
ENA-seq data generated at 1 day post infection, we in-
cluded data from our previous set of cOMA generated
from mycelium (MYC likrary]l and A. enteiches grown
in contact with reots during 1 or 2 days (INT T1 « T2,
128] {Additional file & 5$T3a), As shown in Fig. 6a, a
large set of AeS5Ps are upregulated in zoospores, in
mycelium in contact with plant reocts, or during infec-
tion, In total, 120 AeS5Ps have been found to be in-
duced in at least one condition,

We selected in AphanoDB v2Z0, the AcSSP cluster
from scaffold2_1449549_1653277 (Fig. 6b) and scaf-
foldZ_134062_1449527 o evaluate the effector function
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of AeS5P genes. These dusters are unique, since in
addition to their expression at the beginning of the
interaction, they contain AeS5Ps with a predicted NLS
(AcSSP1251 and AeSSP1254, AcSSP1256), suggesting
that these proteins could be translocated to the host cell
to target nuchear components, To investigate if the AeS5Ps
can play a role in virulence, Nicotians berthamians leaves
transiently expressing the AeS5Ps were infected with 2
capsici [Fig, 7a), In the assay, one side of the leaf was infil-
trated with Agrobacterimn  temefaciens  containing an
AcsiPyreen Aucrescent protein {GFPF) fusion construct
(AcSSP1I50, AeSSPI254, AeSSPI25S and AcSSP1256),
while on the other side of the leaf GFP was delivered
alone, Cuantification of the lesion surfaces at 5 dpi
showed that AeS5P1236 significantly enhanced the sus-
ceptibility of Nicotiana compared to GEP alone, while no
differences were observed for AeSSP12E0, AcSSP1254,
and AeSSP1255 (Fig, 7hl. This indicates that AcSSP1256
may efficiently contribute to comycete pathogenicity,

To investigate the subcellular localization of AeS5Ps,
chimeric genes encoding Ae55Ps independently with
(full-length wersion) or without {matured form) their
own signal peptide under the contrel of the CaM V35S
promaoter were generated in fusion with a GFF marker,
As shown in Fig. 7o, both versions of AeS3P1250 are
detected  either in the nucleus or the cytoplasm of
Nicotiang cells, while AeSSP1255 versions are mainky
cytoplasmic. The MLS-containing AcS5P1254  and
AcSSP1256 are nuclear localized without any labeling
of the nucleslus, The pattern of fluorescence is similar
with the full wersion or the matured form of AeS5P1254
and AeSSPIZE6, We noticed that the expression of
baoth versions of AeSSP1256 led to the detection of
flusrescence as a ring surrounding the nucleclus in
addition to filament-like structures, A closer view of
AcS5P1256 in fusion with its own signal peptide con-
firmed the accumulation arcund the nucleolus and also
as filament-like structures (Fig. 7d). This unexpected
nuclear localization is reminiscent of the one observed
with the cytoplasmic effector CEN79_188 from Mhy-
tophthora capsici upon its transient expression in Ni-
cotiana leaf [63],

Since in all cases the presence of the native signal pep-
tide did not alter the localization of the corresponding
AcSSE we tested whether the AcSSP entered the plant
secretory pathway. A functional endoplasmic reticulum
{EE) retention signal (KDEL maotif) was added at the C-
terminal of the full-length form of AeS5P1256 to trap
the protein in the ER. In Nicotizna leaves expressing a
+SPAeSSP1 256:GFKDEL construct, an extensive net-
work throughout the cytoplasm was labeled as observed
with an ER-marker [64] {Fig. 8a), In contrast, expression
of the matured form =3PAeSSPIZEEGEKDEL pro-
duced fluorescence in the nucleus, This indicates that
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+SP:AeSSP1256 is delivered to the ER secretion pathway
and that the predicted signal peptide of AeSSP1256 is
active in N. benthamiana, To confirm AeSSP1256 traf-
ficking in Nicotiana cells, we used the Brefeldin A
(BFA) drug. BFA inhibits transport from the ER to the
Golgi and causes the formation of membranous islands
throughout the cell [65]. As expected, the localization
of the full-length version of AeSSP1256 is disrupted by
BFA, while the treatment did not affect the localization
of the matured form. Thus, only +SP:AeSSP1256 tran-
sits through the Golgi in Nicotiana (Fig. 8b). Finally, we
checked the effect and subcellular localization of
AeSSP1256 in Medicago composite plants expressing
the +SP:AeSSP1256:GFP construct. The expression of
AeSSP1256 did not provoke any necrosis or alteration
of root system development (data not shown). As illus-
trated in Fig. 8¢, AeSSP1256 in fusion with its own sig-
nal peptide is nuclear localized 15 days after root
transformation by A, rhizogenes, as observed previously
in Nicotiana leaf,

Discussion

In this study, we used a combination of genomics and
transcriptomics approaches to identify gene repertoires
involved in the adaptation of Aphanomyces pathogens to
plant or animal hosts. This work provides the first gen-
omics insight into the Aphanomyces genus, allowing one
to precisely locate the phylogenetic position of Apkano-
myces spp. within the oomycete lineage and providing
clues for understanding animal and plant pathogenic
evolution among comycetes. Phylogenetic analysis sug-
gested that specialization of Aphanomyces species to
plant or animal hosts is an ancient event (more than 50
Mya), and analysis of gene contents revealed that phyto-
pathogenic A. euteiches possesses a large and diverse
repertoire of genes coding cell wall-degrading enzymes
(CWDEs) which target plant cell wall polysaccharides,
absent in A, astaci. In turn, A. astaci shows an expan-
sion of protease genes, and during evolution it acquired
genes coding proteins predicted to target chitin, the
main component of the crayfish shell. These results
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indicate that host specialization Is correlated with the
presence of secretomes, which has been shaped by varl-
ous evolutionary events including gene acquisition, gene
losses, and gene amplification. Interestingly, transcrip-
tome analyses showed that most of the genes coding
enzymes able to degrade plant cell wall polysaccharides
such as and hemicellulases are

pectins strongly

expressed during pathogenesis, strengthening their role

in pathogenesis. Analyses performed on distantly related

oomycete species, notably Phytoplithora and Saproleg-
nia, gave similar results [31, 43, 66, 67}, pointing out the
'.\-.'} roles of d\‘;;l;idlllg enzymes for p.l’.l‘ul_'vguuwl\ and
adaptation to specific ecological niches,

These results also raised the question of the origin of

CWDE sequences in the Apfranontyces genus. Most
the secreted A. eutelches CWDEs acting against plant
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wall polysaccharides, such as pectinases and hemicellu-
lases, show strong similaritics to Phytophthora enzymes,
Some of these genes have been suggested to be acquired
by lateral gene transfer from a fungal donor, notably in
Phytophthora [47, 48]. A striking example is a pectate
fyase gene [48], Interestingly, several paralogs of this gene
were found in A enteiches but not in A.astaci, suggesting
that this gene was acquired before the divergence between
the Saprofegnian and Peronosporalean lineages and was
lost by A astaci during adaptation to animal hosts. Avail-
ability of more comycete genomes is noeded to further de-
fine the origin of comycete CWDEs ivolved in
interactions with plants; however, our results indicate that
acquisitions of plant CWDEs in comycetes ocour early dur-
ing oomycete evolution,

By combining comparative genomics and transcripto-
mics, we identified a large set of SSPs which may

represent new oomycete putative effectors, Among the
296 AeSSP genes, 120 are induced during at least one
infection condition analyzed, Functional studies on four
of these candidates revealed that these proteins are lo-
calized in various subcellular compartments, and one of
them enhanced plant susceptibility to oomycete infec-
tion. Large repertoires of SSPs have been evidenced
upon genome annotation of fungi interacting with plants
[68, 69], animals [70], and insects [71]. Also unexpected
was the large repertoire of SSPs predicted in mycorrhizal
fungi [72, 73]. SSPs were also recently reported in bac-
teria such as the plant pathogen Pscudomonas syringac
[74], but up to now no 55Ps were described in ocomycete
genomes, Comparative fungal genomics studics showed
evidences of rapid evolution of SSPs in related pathogens
with different host ranges [70, 75]. A survey on 136
fungal secrctomes archived in the Fungal Secretome
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Database (F50) established that microorganisms living
in close interaction with their hosts (symbiotic organ-
isms, bintrophs) have commonly higher proportions of
species-specific S5Ps than necrotrophs or hemibiotrophs
[76]. 55Ps are frequently lineage specific and associated
with hest adaptation/specialization and are considered
as putative effectors, Therefore, our work makes 55Ps
new candidates to be crucial playvers in oomycete adapta-
tion to new hosts, particularly in species lacking the
large family of ExLR effectors found in the Peronospora-
bean lineage.

Conclusion

In this paper, we have anabyzed the genomes of two
close Apharosryees species with the aim of identifying
genetic determinants invalved in host adaptation. Heow-
cver, the divergence between A epteiches and A astac
is still substantial, and these two species ocoupy two
distinet ecological niches (soil w5 aguatic environ-
ments), Thus, it is expected that many of the differ-
ences observed do not apply exclusively to pathogenesis
but also to adaptation to these ecological niches, Im-
portantly, it has been suggested that effectors can also
play @ role in competition or co-operation with other
microorganisms occupying the same ecological niche,
Sequencing of more Aphanompces species is underway
and will certainly help to refine the set of genes in-
volved in hoest pathogenesis,

Methods

Aphanomyces spp. isolates and DNA preparation

The myeelia of A, ewteiches isolate ATCCID684, A
astaci ({Genotype E, strain Lil7, provided by A Petrusek,
Czech Republich, and A, stellafns isolate CBS 57867
were grown for 4 days in liquid Y5 medium {2.5% yeast
extract, 5% glacose) at 23 °C in the dark, Biological sam-
ples were frozen in liquid nitrogen and the DMNA ex-
tracted as reported in [31].

Aphanomyces ewteiches genome sequencing and

assembly

CME-Genoscope, Evry, France performed the sequencing
and assemblies of the A, aeteiches ATCC201684 genome,
using a combination of Sanger and lumina technolo-
gies. For 454 libraries of A, eafeiches, DMNA was ex-
tracted and fragmented to a range of 5<10 kb or aroumd
20 kb using a HydroShear instrument. Fragments were
end-repaired, and the extremities were ligated to 454
circularization adapters, Fragments were size seheoted re-
spectively to & kb or 20 kb through regular gel electro-
phoresis and circularzed wsing Cre-Lox recombination,
Circular DNA was fragmented again by nebulization or
using the Covaris E210 instrument (Covaris, [ne., W
burn, MaA, USA) Fragments were end-repaired and
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ligated with library adapters. Mate-pair libraries were
amplified and purified. Single-stranded  librarics wers
isolated, then bound to capture beads and amplified in
an oil emulsion (emPCR), The libraries were then boaded
on a picetiter plate and sequenced using a G5 FLX se-
quencer according to the manufacturers protocol. We
also prepared 454 single-end read libraries according to
the Roche standard procedure using KL (G5 FLX Titan-
ium Kapid Library Preparation Kit, Roche Diagnostics,
Indianapolis, 1N, USA) The librades were sequenced
using a 1/4 Pico Titer Plate on a 454 G5 FLX instrument
with Titanium chemistry (Roche Disgnostics), For the
Hhamina library, 2 pg of genomic DNA (gDNA) of A
cuteiches was sheared to a 150-700-bp range wsing the
Covaris E2Z10 instrument [Covards, Ine.), Sheared DNA
was used for llumina library preparation according to a
semisutomatized protocol, Bricfly, end repair, A tailing,
and umina-compatibde adapter (BiooScientific) ligation
were performed wsing the SPRIworks Library Prepar-
ation  Svstemn and  SPEI TE instrument  {Beckman
Coulter, Simsbury, CT, USA) according to the manufac-
turer’s protocol, A 300-600-bp size selection was applied
in order to recover most of the fragments. The DNA
fragments were amplified by 10 oycles of PCR using
Kapa HiFi HotStart DNA Polymerase (Life Technols-
gies) and Hlumina adapter-specific primers. The librares
were purified with 0.8=x AMPure XP beads (Beckman
Coulter). After library profile analysis with an Agilent
2100 Bicanalyzer {(Agilent Technologies, Santa Clara,
CA, USA) and qPCR quantification, the library was se-
quenced using 100 base-length read chemistry in paired-
end mode on the lluming Hiseq2000 (lumina, Canton,
MA, USAL All reads were assembled with Newhler ver-
sion  vMapAsmBesearch-04019 2000-patch-08/17/2010,
The 6319 contigs were linked into 349 scaffolds, The se-
quence quality of scaffolds from the Newbler assembly
was improved as described previoushy [77] by automatic
error comections with Solexa/lllomina reads (146-fold
genome coveragel, which have a different bias in error
type compared with 454 reads, Finally, the assembly was
gip closed using llumina data and GapCloser [78], Pu-
tative misassemblies were identified and corrected using
default parameters of REAPE (version 107} [79],
Assembly completeness was estimated using BUSCO
w3 [35] based on a set of common fungal genes (F)
or Alveolata/Stramenopiles genes (A3} aka bench-
marking universal single-copy orthelogs  (BUSCOs),
We tound 83.1% (FI/TE6% (AS) complete BUSCOs, 3,
% (FI/0% (AS) duplicated BUSCOs, and 31% {F)/1,
7% [AS) fragmented BUSCOs, leading to 13.8% (FI
19.7% [AS] missing BUSCOs in A, enfeiches, Statistics
for differsnt sequencing, technologies performed  in
this study for the A, epteiches ATOC2001684 genome
are presented below,
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Aphanomyces astael and Aphanomyces stefiatus genome
sequencing and assemblies

The GeT-PlaGe core facility, Toulouse, France realized
Mumina sequencing of the A, astaci and A, stellatus
genomes, and the assemblies were performed by the
Genotoul Bicinformatic Platform, Toulouse, France,
DMA-seq libraries were prepared using an lllumina
TruSeq DNA 2 Library Prep Kit following the manu-
facturer’s instructions, DNA was fragmented by sonic-
ation, size selection was performed using E-Gel 0.8%
(Thermo Fisher Scientific, Waltham, MA, USA) and
the adapters were ligated, Ten PCR cycles were applied
to amplify the library before final purification with
Agencourt AMPure XP beads (Beckman Coulter). Li-
brary quality was assessed using an Agilent Bioanaly-
zer, and the libraries were quantified by qPCR using
the Kapa Library Quantification Kit. DNA-seq experi-
ments were performed on an Mumina HiSeq2(0) Se-
quencer using a paired-end read length of 2« 100 pb
with the HiSeq v3 Reagent Kit The raw reads have
been quality checked and stored in NG [80]. FaseQC
{version 0.10.0) (http://www.bicinformatics babrahar,
wc.uk/projects/fastqel) was used to produce quality met-
ries and bwa aln (version 0U6.1-r104) to search Escherichia
coli-, yeast-, and phage-contaminated reads. The reads of
A astaci and A, stellabis were assembled using MaSuRCa,
versian 2.0 [B1], and the aseembly metrics were calculated
using the assemblathon_stats pl script [B2].

Structural and functional annotation of Aphanomyces

genomes
The assembled data of Aphamomyces were annotated
with Augustus v2.757 [83] trained with the assembled
RMA-seq transcript generated in this study and the
publicly wailable ESTs previously obtained from A.
cuteiches [28] using autoAugpl [B4] and PASA [85],
RMA-seq reads were first assembled with trinityma-
seq_r2012-10-05 [36]. The accuracy of the prediction
was eviluated by mapping the RNA-seq reads to the
genomes using bwa [B7]. Genes were annotated using
BLASTP against the RefSeq database [88]. For pro-
tein family classification, InterProScan [89] and the
Pfam protein domain database [90] were used, Gene

Paiped-end sy

41,311, 54T 0744, 840, 574 FELI-1 ¢

ontologies were chassified based on InterProScan annotation
D%, Kyoto Encyclopedia of Genes and Genomes (KEGG)
and Engymne Commission (EC number) data were obitaired
with KEGG Automatic Annotation Server (KAAS) pre-
dicted profein sequences [91] and were also mapped to the
Clusters of Orthelogous Groups (C0G) dassification system

terspersed repeat sequences were de nove identified in
the genomes of A. enteiches, A. stellatus, and A. astac
using the Repeathodeler 1OWE pipeline [96]. Short (<
1000 bp) Class 1l transposons that were devoid of
recognizable open reading frames were classified as
miniature  inverted-repeat  transposable  elements
{MITEs). When possible, we assigned them to a super-
famnily based on the nature of their target site duplica-
tion (TSD): piggybac (TTAA motil), Tel-mariner (TA
matif), and PIF-Harbinger {TTA or TAA motif) [97].
The remaining RepeathModeler unclassified consensus
sequences (producing no BLASTX hits and having no
distinet boundaries] were classified as "unclear™ A k-
brary of repeated sequences was then constructed for
each species and used to mask each genome with
Repeathdasker 4.0.5 [96]. To characterize the global svolu-
tiomary dymamics of Aplranoyces TEs, we plotted the fre-
quency distribution of the percent divergence between
each consensus and all their cognate coples. To assess the
extent to which the TEs are relaled to each other and to
other known TEs. we used each library as a query to per-
forim BLASTN searches on the other libraries and on the
Rephase [98] library of TEs (e-valee cut-off = 10-20]. Gene
anpotations were visualized in Apollo [99], All the data
generuted in this work were incorporated in an updated
version (version 2.0) of AphanoDB [37, 100].

Progaration of RMA material
Secds of M. fruncatuls Gaertn. FB3005.5 were scari-
fied, sterilized, and in vitro cultured as previously
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described [101, 102], Roots of 10-day-old plants were
inoculated with A enteiches ATCCZ01684 zoospores
as described in [103], Infected roots wers harvested 1
dpi, 3 dpi, and 9 dpi. In parallel, flasks with 50 mL PG
medium (20.0 g/l animal peptone; 5.0 g/l glucose)
were inoculated with 1000 zoospores of A, euteiches,
Mycelium samples were collected from the PG mediom 1
dpi, 3 dpi, and 9 dpi. Zoospores were collected by centri-
fugation at 14.000= g at 4 "C for 45 min, For all samples
lated wsing the BNA Plant Mini Kit {{HAGEN, Hilden,
Germany) according to the manufacturer’s protocol, ex-
cept for the DNAse treatment (RiNase-free DNase, (1A~
GEM), which was done on the column for 200 min, The
EMA concentration was determined, and the quality of
the RMNA was verified using a Fragment Analyzer {Ad-
vaneed Anabytical, Ankeny, LA, LUSA),

RNA sequencing
[hamina sequencing of BRNA samples generated from A
exteiches mycelium (MY) and mycelium grown in con-
tact with M. trumcatulas roots (INT) [28], was per-
formed by CNS-Genoscope, Evry, France. Starting
with 2 pg of total ENA, double-stranded cDNA was
first generated using the TruSeq RNA sample prep kit
(amina, Canton, MA, USA), and then paired-end li-
braries were prepared wsing NEBMext Sample Reagent
Set (Mew England Biolabs, Ipswich, MA, USA)
Briefly, the messenger ENAs (mBNAs) were polyA-
selected, chemically fragmented, and converted into
single-stranded cDMNA using random hexamer prim-
ing. The second strand was generated to create
double-stranded ¢DMA. The cDNA was then end-
repaired and  3-adenylated, and [lumina adapters
were added, The ligation products were purified and
the DMA fragments (> 200 pb) were PCR-amplified
using Platinum Pfx DNA Polymerase {Life Technolo-
gies) and Wumina adapter-specific primers. After li-
brary profile analysis by the Agilent 2100 Bicanalyzer
(Agilent Technologies) and gPCR  quantification
(MxPro, Agilent Technologies), the libraries were
sequenced on an [loming HiSeq2000  instrument
using 101 base-length read chemistry in a paired-end
maode. Statistics for INT and MY libraries are re-
ported below,
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In this study new RMNA samples were generated
from A, emxteickes mycelium, zoospores, or infected
M, truncatnla roots {1 dpi. 3 dpi, and 9 dpi) accord-
ing to [103, 104], RNA-seq librarics were prepared ac-
cording to lllumina’s protocols wsing the [humina
TruSeq Stranded mBNA Sample Prep Kit to analyze
mBENA, at the GeT-PlaGe core facility, Toulouse,
Briefly, mENA was selected using poly-T beads, and
cDNA was generated using random hexamer priming,
and adapters were then added. Ten cycles of PCR
were applied to amplify the libraries, Library quality
was assessed using an Agilent Bicanalyzer, and the li-
brarics were gquantified by qPCE wsing the Kapa Li-
brary Ouantification Kit RNA-seq experiments have
been performed on an llumina HiSeq2500 wsing a
paired-end read length of 2x100 pb with the [llu-
mina TruSeq SBS Sequencing Kits v3. Statistics are
presented in the manwscript.

RMA-sequencing data analysis
Reads obtained from the different life stages of A

enteiches (zoospore, mycelium) or infected roots (1 dpd,
3 dpi, and 9 dpi), were mapped to the A exteiches gen-
ome with CLC Genomics Workbench 10.1.1 (QIA-
GEN). Predefined settings were used except for the
similarity fraction, which was set at 0.98, and the read
counts per gene (paired reads count as one] were
exported, Using the B package edgeR [105], the data
were filtered for genes with low counts across all librar-
ies (counts per million {cpm) = 2 in at least three librar-
ies} and then trimmed mean of M (TMM) normalized
[106], the: tagwise dispersion was estimated, and the dif-
ferential expression was calculated. Using the general-
ized linear model likelihood ratio test, povalues were
obtained, and multiplicity correction was performed by
applying the Benjamini-Hochberg method [107, 108],
The multi-dimensional scaling plot was created using
the 500 genes with the highest dispersion over all li-
braries. The encichment of GO terms in up- or down-
regulated genes was tested using a Fisher's exmct test
with the classical algorithm in the topGO R package
[109], Heatmaps were created using the gplots B pack-
age [110], and dustering was performed according to
the complete linkage method with Euclidean distance

MEASUre.

Begesnclng Husbee of
Logy Library - murkar af bp
Apha - Tlleming HiSeq{od HT 60, 032, 044 13,127, 083,333
sutaicher
LATCTR0 B84 ) Faseadand sasds KT 62,472,892 12, 818, 524,794

(ERISLER)
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Phylegenetic and divergence time analysis of
Aphanomyces species

To assess the phylogenetic position and divergence times
of A astaci, A ewteiches, and A stellatus within oomy-
cetes, we followed the methodology of Matari and Blair
[38]. who produced a robust timetree of oomycetes, We
used the amino acid alignments of 40 genes that were
assembled for 17 comyveetes and one cutgroup species
{ Tetrahymena thermophida), to which we added the se-
quences of the three Aphanomyces species, These 40
datasets were selected among 70 initial alignments of
genes involved in regulation of gene expression, because
there was strong evidence supporting their orthelogy re-
lationships and they contained minimal mising data
[38]. Amino acid sequences were retrieved from the pro-
teomes of the three Aphanonrces species using se-
quences of the three Saprolegniales (Thrapstethecs
clavata, Saprofegmia parasitica, and Achire ypogyral as
queries in BLASTP searches, Most genes could be iden-
tified for the three Aphasomyces species, except six in A
astaci (HMG-CEF-BEY, MamA, pi5, Ssli, TAF6, TAFI2)
and one in A, stellatus (TFUR), The 40 alignments were
then concatenated and subjected to a maximum likeli-
hood phylogenetic analysis in PhyML v30 [111] using
the WAG maodel of amino acid substitutions as in [38],
The robustness of the tree was evaluated by performing
1000 bootstrap replicates. Divergence times were con-
ducted in BEAST v1.8.2 [112] using the same parameters
as in [38]. Briefly, we performed 50 million generations
run using the PhyML-generated tree as a guide tree and
treating each of the 40 datasets as o separate partition
with the WAG substitution model, a Yule speciation
process {(uniform distribution; 0=100; initial value 0.01),
and the random local clock madel, which was shown to
best fit the data by [38], The calibration strategy follows
that of [33] and consists of three calibration points mod-
cled with a gamma prior distribution: (1) diatom nods:
5-95% quantiles = 74-100 Myrs, {2} diatom + Ectocer-
pas node; 5-95% quantiles = 176-202 Myrs, and (3)
oomyeetes + ochrophytes node; (5-95% quantiles - 418
550 Myrsl, The root age was modeled using & uniform
prior distribution (408175 Myrs; initial value 6355 We
used Tracer v1L6 [113] to visvalize convergence and de-
terming the burn-in and FigTree 1.4 [113] to generate
the dated tree of comycetes,

Construction of plasmid wectors and Agrobacterium-
mediated transformations

The AcS5Ps sequences were amplified by PCR from A
cuteiches gDNA with specific primers (Additional file &
5T3b), The CACC cloning site was added to each for-
ward primer. PCR products were purified using the PCR
Clean-Up Kit {Promegs, Madison, W1, USA) and intro-
duced in the pENTRY-D-TOPO vector {pENTR/D-
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TOPD Cloning, Kit, Invitrogen), Positive clones were in-
troduced in a pK7PWGE2 vector (Invitrogen) or pAM-
pATIYFP vector, After sequencing, positive clones were
introduced in A, femefacions GYI100 and A, rhizogemes
ARqual, For the KDEL fusion, the GFP construct was
amplified from the obtsined pKTFWGE2 vector by POR
using primers that introduced a C-terminal S3EKDEL se-
quense {Additienal file & 5T3b). Cloning was perfermed
as previously reported using a pE2GWT vector (Invitro-
gen), For leaf infiltration, A, femefaciens GV3I101-
transtormed strains were syringe-infiltrated as described
in [61]. For M. truscatula moots transformation, A. o
soperes Alqual strains were used and confocal imaging
was performed at 28 dpi, as described in [29].

Brefeldin A treatment and P. capsici infection assay
Brefeldin A (BFA, Sigma-Aldrich, 56 Loais, MO, LSA)
treatment was peclormed 24 b after agroinfiltration of AL
benthaminna. Leal discs were vacuum infiltrated with
TES1X (50 mM Tris-HCE 150 mM MaCl pH 780 and
15 pp/ml BFA for 30 min, and incubated for 24 b oat
room temperature. Leal discs were washed in TBS1X be-
fore conforal imaging. For the infection asay, Ofy-
fopithorg capsicd LT3112 was grown on V3 agar plates
for 7 days at 22 "C. Zoospore preparation and inocula-
tion on agroinfiltcated N bemthamiana leaf and symp-
o measurement were pecformed as reported in [29],

Confocal micrascopy

Iimaging was performed on Leica DMaB-Z-C5 or Leica
AQBS TCS 5P2 5E laser scanning confocal microscopes,
Excitation wavelengths and emission filters were 385
(GEP) or 514 nm (YFP) long-pass. [mages were acquired
with a 40 water bmmersion lens or a 25« Fluotar Visir
water objective, and corresponded to Z projections of
scanned tissues. Image processing was performed using
Image] software including three-dimensional reconstruc-
tion to compute projectbons of serial confocal sections.

Additional files

Addinional fils 1: 5T1. Gename features and annotaions. 1a Ganama
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and e, Agl 1. OrthoddCL, group 10017 cormeome proteomaest 15 Ae Aa
precicad spcraipd genes 1D 19 A8, Aa GO anaksis [seoetome). Th 4
A spetific seoretomees. analysis. 1L CAZyome anabyvis 1) Fungal and
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ecxeichies genes. Ic Svemepresenied GO tems in zoospoees vs mycelium.

corsinuction §CE). 2] Expresion dnhmpmm:ﬂt
Exprezion data for hestrmap consteuction (protease inhibior) (505 121 khi
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dimensona scaling plot (Fudidean distance; tap = S0 genesy showing
the leading log2-fold change fieading kogFC) between the romualized
samples of A puieiches. Three biological replicates. per cond ion, FPTY 85 kb
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(RSN 37 )

Abbrevistions

BFA: Brstekdiv 4; CBA Carbodvd rave-binaing rcchabes; CRBE Crinkler;
CADE Call vealldegrading enayine; GH: Ghyooe hdrodase; G0x Gane
Oniclogy; PL: Polysaocharide lase; S5P Small Secreted Progein;

TE: Trarspsatie Elernent

Acknowledgements
We would e to thank Adam Petrusek (Charkes Unbeersity in Prague, Coech
Reprablic] for the gift of the Apharomypoes astod strain,

Funding

B was supported by am IBRA-Genoarope praject (APHANCOHE™ APIS/10-
.19} and an Agence Mationale pour b Rechenche JOIC grant (AP HAKNG-
Effect, AMR-1.2-F5¥e-0004-401]. This wark was performed in collsboation with
the GeT core: facility, Toukouse, France (hetpetigetgenotoul fr), and wes
supparted by France Génomique Batiomal infrastruch e, funded as part of
the Imvestisemnent d'aerir progam (AN R-10- KBS,

Fvailability of data and matarials

Assamiles, sequencing annotatian, and expression daia are available in
Apihang DB w24 {itpefavew polebiod mvups-teeitaphanc0ah, Ganoma
amemblies and raw dana ang b walable a the EMBL | Eurcpean Muckciide
Arching |EMA) [hitpe'fewesnpbl aC ukerabrosvss] urdar sudy rumibgn
PRIEB24016, FREEEI0Z1, and FRIEEMDT A. Transripiomic daia am saibble at
tha Mational Career fior Biohachnology Inkonmation (NCHY | Gane Expressian
i g }GECT Thilgre vt rchi nirTunih gOugesy’) LN JC0GEEoN mumear
[GECHGE ENRE00L, Aphanamces S, 5T3ins ane availabie an mouest,

Authors’ contribuions

EG conceived, desigred, and anatyzed the esperimens, oonmibrresd 1o fhe
ApranoDiB w20 updae, rmaneged e ColabonaTie work, s wrole he
mansipd, O prepaned and anabaed the Ak-seq esperiments, desgned
el perioemed moleoudan snudies on AeSERs, and vrene the marusoip. LC
designed ard pefonned moROAar aperaches on AESEPs., HEC parfomed
A, Ad, B A5 gENCITe BrncRaion s, devaloped and mainmned AphanaDE

WL aned wrone Thee manuscripL W peformmed BLISCO and RNA-saq arakesas,

LiC parntipaned in the Apfanomyces spp, genome annataton. 5C and MAD
CornTiBaned R &S5 confocal mnaging and cloming, AR performed
RSOl shudies. and thepe-dimensiangl reansTnaCTion. JL perfenmed
manual ouraion of Crirklier geres, G RC, BM, and FG perfommed TE ana-
tysis and phydogeny soudies and wioe the marusonig CF asemibled e
A and A5 gancires, PR IW, andd G soquenced and assambled the A
e, ek rad FNA-5E0 OT thi INT a0 WY Bbsaries, ard wions e
maruscripn. 08 perfomed A ard As gencme sequencing and FNA-seq of M
rancmiAs-infieciad roots, Ae 2acepones, and e ium, BD anchyeed the data
aracd Wi T2 TSSO AN SUTPGes. fead and appioved The final manes o

Page 18 of 21

Ethics appraval and consent 1o participate
Dhpes ool Bl o ThiS STy,

Campsting Filareits
The: aithas. diaclans that ey have nd Cmieding interess

Publisher's Note
Swirager MauR: remains neutral with regard 1o jurtsdiotional cims in
pubiihid mags and insiosional afifiions,

Author Gl
"Lakboratcine de Rechernche en Scienes egdales, CHRS UMASSSS Unkversod
i Tewdourse, Paul Sabatier, 24, chernin ce Boide Rouge BP 42617 Auzeile,
31326 Camarart-Toksan, France, “Fedamion e Rechenche 3450, Matelonre
Irarie, Pele de Bptachimckogie Voo ke, 31326 Castaned-Tokisan, France,
I sewancine Boologie ef Bskagie des rneractions, LIWR CHRG 7267,
Linhaersine e Podtiors, Paitior, Framce, “Labomegie Evolurion, Génomes,
Comporierent, Ecolooe CHRS Linkersins Pars-Su UMA 9197, RD 247, G
Sur ‘Yme, Frore “Univarsity of Fioride, LIFAFAS, ndion Fiver Resesrch and
Behucarion Center IRREC, 21495 South Rock Rood, Form Plerce, FL 34845, LISA,
SCnmimissaniar & MEnargie Atmique (CER), Instn de Bokgie
Feanguis-laob, Gandsoope, F-R057 Evy, France "Commissaran b MEnesgie
A a2 (CEAY, sttt che Biarboagie Frangiob-Tacol, Gersoops, CHRG LIV
BH), Liriksersind dEary, Eury, France, “HRA, US 1426, GeT-MaGe, Geronmd,
Casmaner-Tedosan, France, "HAA, URATS, Planefonme Bicimfometioue
e, Castret-Tokean, France, | AeckiFesss: PLan ECopwailody,
Irvstinme: of Environimmntal Bk, Lnacht Uriversity, Utnechs, The
Heaherancs,

Facetved: 34 Janwiary 2018 Acceptid 20 March 201§
FPublished online: |8 April 2018

Fabee ncas

1. Bk GV, Glocling 51 Sakimotn 5 The el inisnany phylogong of fhe
COfRoes “Turgi®. Pronopligma, 2001811315

2 Raftaede 5, Kamoin 5, (e eaolugasn in Mameniogs plant palogens:
why biggar can be Damer. Mat Ry Microbicl, 200 Z1NS-17-31

3 dedson HS, Dynamics and inrovarions withi conmmpoems genomes: nsights
i Rl parhoicay, and ewikirion, Eukaseor Cell HINEN0 TE 30412

4 [y 5 Raffosba 5, Kamoum 5. The Ted-speed Qemomes of §Lemanios.
pahogens walt2 with plams Cue Opin Genar Dey, 115355765

5 Raflaele 5 Famver R4, Con LM, Snadhalme Do Maclean O Thines &, liong
AH, Tody MC, Kt 50, Donafiio M, o1l Genome sychion fllieing
TS, g i) Wheee WS orand Bamning parhodgen lineage, Soeroa, 2071053
1540-3.

6 Dy 5 Swen B Cora LM, Song ), Shdanar | Yoshida K, Boglan TO, Oliva R
Liud Z, Wi A, a1 ol ETenor Speacial madion in o limeage of the Iiish potans
Tamirs pathagan, Soence 20104343 k1 RS 52-5.

7 Amano TW, Thilliez G Mogon GB, Huitema E 4 pespecive on CRN
ercrie s i Thee gesnoim ics age- evoluion, dassiicanion, delivery and TurTion
rerdiginad. Fron Pland 500 20075849,

B Whisson S0 Boevink PC Wang 5. Binds PR The oad bickogy of Lana Diight
diseasa, Curr Opin Wecnetiel 201634727-35

0 Scwomack 5 van Dannme b, Bk TO, Cane LW, Sockar b, Thines. M,
Gaulin E Kamnoan 5, Huimerma £ Arcient dass of ransiocaied aompoers
eiTacHs R Fens: thie Mot nusdie s, Pras Mol Aoad 5o LD A, 20110540
118215

10, Ergelhardn 5 Boesdnk PC Armseneg MR, Fomos B, Haim | Binds PR
Feeboazalization Of e BEQNT resirance peosesn F3a W endoscmal
O A TETHENES. B pehoociared with elacrr regagnition and recuired For the
i ne respisa. Pland Call. 200 2240 25 142-56,

1N, Dh Y, Beng L, Geoveers F, Boumrnsester KL | mifmune acTivation medared by tha
barpe EXRGIE resismancl proten A recpines mackess IOCRITRIG0N of R and tha
eifacr AVR, Maw Phynol, 2015200 T35-47,

12, Heir |, Giloy EM, Armrarong MR, Biech PRL The Jg-2ag-25) in comyoese-
plard inperacTions. Mol Flant Pachol 2008 1ET5E7-6E

13, Diogpae- | ribesornds |, Gondia A, Coreniug L Ensubibovg E Balkenans |
Wirddels O Weeiland | Kanor H, Sockarhall K, Morsin WP, Pheplogerstic
relaonchips among plant and aniral parcines, and sapeasophs in
Aphanonmoes IDomyCeesl Fungal Gened Biol, 200545535076,

93



Gaulin ef o BMC Mology [2018] 1643

14,
13

-8

17,

18
15,

2k,

BH

Ganiliny E, Joocuan O, Bontin A, Dumas B RoOT o7 disease of Baguames. (aissed
by Aphanemyees coszhes. Mol Aant Pathol M07AHS5I0-4.

Jones FR, Crecheler C. Root ot of pees. inthe Linkied Stries. csed by
Aphannmyees sutenben | Agric Re. 1925 30093105,

Gaulin E, Bottin A, lacquet €, Dumas B Ashonompoes suisiches and
legumes in: Lamour ¥, Kamoun £, e, edior Oomyretes genetics and
genomics: dhersiy, inteactions, and ressach tonok. Hoboler: 'ley; 2008
Makick O, Grau C Chamctarkiics and faquancy of Aphanomyoes asieiches
rc | andd 2 agsnckried with alila in the Midwestam Uniad Stanes. Plant
[, 20011 E5:7404,

Wiicker E Rouss] F,HUlE M, Pathadgenic chinbaienitis and equendy of
Aphanamyees suteches om pea in Fanoe. Pam Pathel. 2001 509342
Seoit W, A monograph of the genus Asharomyoes Vigink Agr Bp Sta
Tech Bull. 1260;131:0-55

Borhomere W, Andd 0, Radk ¥, Ronfort ), Bumgarella £, Chaniret K,
Pesperl S, Briskire R, Mudge |, Debdllé F, ot 2 Higndensty gerome-
wide moorlaton mapping Implicries an Fboos encoding gene in Medicgn
fruncaiiea resisiance bo Aphonomoes auisches. New Fhiytol 20032004
138-4T.

Paer-Mayel ML Mushl bauer FJ, Moee R Eraft W, Baangar A, Coyre TL
Duangisive Tait kad for pania | redisiance o AphanormEss: Mogr o in P
Thaecr Sped Ganet, 20071 0RI6-39,

. Swobods | Mragals &, Knoubikova-Balcanow E Fouba &, Dieguis-Urbeardn

J, Petrusek A, Resitance 1o the crapfsh plague pathogen, Aphonomes
sl in e Freshnaabis shrirmge, | iverteb Pathel 200412080104

. Svobods | Mnugala A, Knsubikova-Balcarov E, Petnusek & Hosts and

traramissian of the creyfish plague prthagen Aphanomyres astact a e
1 Fish Dis. 2 Pk 27401

Sourty-Groeset C, Holdkch DR, Moal P, Reynalds 0. Halfrar P, deds) Atk of
n‘lj‘d"lln Evirope. Musim Mational dHimcin Maturelle, Paris. 2005
Dhagrsz-Lrkwoaridy | Huang T5 Cerenius L Soderhall K. Physiological
Bfepratarn Of an Aphanomyces amod srain kobied Trm Thi freshmaler
renfish Peariondeins chaned, Myood Res 109500574-8

Becking T, Mougala &, Delpunay C, Svoboda §, Raimond M, VijamaeDide 5,
Petrusek &, Grondjean F, Broguart-smier O Efect of eqeimenial egponiee
o differenihy winaent Aphenommpoes srisd sraing on e mmune epome
of the noble crawfith Asorus arfoces. | Ireerbebr Pathall, 215132 115-24,
Global inweshe Spacies. Catahawe frirfanswciucngisdongpic W0 _worstphp
Gaulin E, Macoul MA, Battin &, boguat C, Mathé C, Coulowe: &, Winclar P,
pathogenidry famors ard mesabolic paitraays. PloS One, 200830061723,
Rararez-Garces O Camborde L Pl b, Jeunesa &, Martnez T, Neant |,
Lechee: C, Masesus M, Dumes B, Geulin B ORN13 canchidate effecons frem
plare and animal eukanatic pathogenm aee Dh-binding peteins which
Trigge itk DA darmage response. New Piotol He2 60217,
Combasde L, Jounesu 8, Brigre ©, Deslarades L, Dumes B, Gauln E Detertion
of nudelc acd-peotein | meractions in plant lexves. using Auonesenoe
fetime time i hvture: Pacicool. 20071 2154153050,
Jang AH, de Bnufin | Haos B, Belmanee A, Lobach L, Christie J, van den
Ackerspken G, Bottir &, Bulore W, Dlas-Wonens 59, et al. Oitinctive
eyprsion of potentll viulence genes In the gerome of the comyteie fish
pathogen Saorokgnia possiicr. PLS Genet. 201 3545 I03I72

Haas B Kamoun 5, 20dy ML, Jiang FH, Handsaker RE, Cand L, Gabher M,
Kok (T, Raffaele: 5, Tom-Alale T, &1 3L Gerome seouence and anabsh
o the Irish poat- faming pehagan Prtonbmons festons, Nanire, 2008
AETIRNE-E

. Kernen E, Goediney 8, Schultz-Larien T, Karnen AC, Balmuth AL Robert-

Sedanientz A, Baley K, Holub B Shadhalme Do), Saclesn O, et o Gene gain

il I8 churing evibation of ohigate passtim in the whit s pathagen

of Avabidops aldng, PLGS Biol. 207151001064

Shawa A, X ¥, Cano L, Evangelist E Kemen £, Judebon H, Come §, Sambles

L. wan den Hoogen G, Hiner M, et al Genorme anslys=s of the smflower
ke prowide insights inin effertor evolution In

dowmy midews and Phytophthom BMC Genomics. 2518011741

. Warprhouse M, S4ppey M, Sman FA, Wannl i, loannidis P, Micuichnikow

G, Krtwenisgva BV, 2dcknoy Bl BLSCD applications froms quality
sasawsTNE 1o gene predicion and phylogenamics, Mol Bol Bwol, 2017
| 3o43-1

Wi L AnY, G L Li X Zhang ', Dy LW H, Lu L Gendme saquence of
PRGN wikeks o INSkoht i The pehodenic mechanim. 50 Rep.
ARG

v

4N

E18

Bage 19 of 21

Mg M, Gauln £ Mathe C Clermeiie H, Coultie A, Wincker P, Dumes. B
fphanoDB:  gencmic resounce for Apfaoamres pathogens, BAMC
Enomics, NFEAT

Matari W, Blair £ & mubiioos timescale for conmpeete ssolution
estimaied under three disinct maleculsr dock modely. B Bwol Bol 1M
1440,

. Tyler 8 Tripathy %, Zhang X, Dehal P, liang A, Aars &, Amedord F, Baer

Benerman O, Beynon J, et al Phwopbthonr genome sequences uncoer
el ooigins and rmechanisme of pathogenssk. Sceroe. 2005
ANASTIIEI ]G

Lizewsause CA, Browvesr H, Cane L, Hamitton JF, Holt C, Huitama E, Raffasde 5.
Robickeas GF, Thines M, AN J ot al. Genome sagquence of the recrimrphic
phant pathagen Purhaim wimm sk orgingl pehogenicy mechanims
wnif effecior mparioin, Gancima Bl 2000, 11[7AT3,

Li Ly Srvacket ) v, Riosers, 05, OrthabhCL- icberwification. of anhalog geoups
Tt eyl eronne, Gencrre Ris, 2003 30902 7659,
Sperchnsider |, Gadiner DM, Dodds P, Tini F, Coeareil L, Singh 18,
Manners JM, Taykor W Effectod®: predicting fungal effectar

probeins fram =ecretomes wsing machine leaming. Hew Phytol 2016,
210[Lr4d-41.

Bruar H, Cotinhio PR, Herri el B, da Wies AP, Carbolwelane-ratated
araymas of impoemant Phyrophihon plt parhogens. Fungal Garat Bol
2014 F 152300,

Larwsar O, Bearmct P, Tobor M Meik V vianas b, Wermann T, Munch K Rossel
K. Kahrrann, A Plant sudaoe oues prime Dhiaga e for Bicmophic
dessiopiment, PLEG FRtg, 201417 2T

. Yajima W, Liang ¥, Ky Mh. Gene dinuption of an smbinofusnmsidassbees-

komichys peeursor degreaes Soboinio srlenohionm vinleno= on cenala
tiemuee, Pl Plard-flicrobee inberact. 2008207 THI-0.
die 'sries R, Kester HE, Poulsen CH, Beren W, 'viser | Serengy between
eraymes from Ajpergifus imeoked in the degrdation of plant ol wal
Carbobrydr Res. 00327p45a00=10
Serecey F, Lennarl G, Fichaeks TA, The el of horzonisl gene v sl inthe
maghymion of the conmoenes, PLOS Pashog, 200 51 1[50 1 D085,
Fichards T8, Saanes DM, Jorey MDD, Vesieva O, Levnand G, Paebimaicr
Fedter PG, Hall M, Tkt M) Hoimsatel gene rarefer faclionsd the
pdution oF plant paraiitie machanBn in the cofrmostey, Froc Nal Aced
S LS & 200 7; 0BT 525663

. Lamocue M, Bariat R, Bottin A, Bame A, Rougé P, Dumas B, Gaulin E. The

unigue architecture and furction of cellulbse-intemcting Eateire. in
pomycetes revealed by genamic and structural aralyses. BWC Genomics.

F.EPaEL Y

Garclr-Gonzainz E. Poppinga L. Funffews &, Herdlein G, Hecke K,
Jabubcwska A, Genersch E. Paanihastls kmvae chitiedegeading praiein
PICBP4R 1 3 hey viin kence factor in American Foubrood of oney haes.
Plos Pathog. 3004 M7 004384,

S D L T, W W, L L L P WY, Wang v, Dou D Gene dupicaton
ol Traggment recomiinarion ditee funcrional diverilicaion of 3 supertanmily
of epksmic effedorn in Fnteatio soise, PLOS Dne, 201 3THer036
Adhieri BH, Hamiiton P, Zerilo W, Timerat W, Lévesque CA, Buell (R
Comparative genomics reveals insight into vinulenos strbegies of plant
pathogenic oomytees. Plos Ore. 201 L8 R=T 30T

A5l F, Camere 5, Sonrued ) Hourber T, Renged D, Le Pasher MC, Borcat A,
Boriface ML, Brunel O, Gouzy J, e al Tenscriptomic anaksk of the
Interaction hetween Hefinotfius amnuos and its obligee parmihe Alomopans
fuasten¥ shows dngle nucleotide poymosphiare In CRH sequences. BWC
Genamics. 2011;12493.

&4, Galin E Efiecer mediaied communicaion of Smemos plant pathagens

wTh T hosrs. Advarces Bitanical Reseaech, 201782 160-85

. S A Juges I, Hiomaden A, ko U8, Busssirk PC Headley PE, Huitema £

Ierwication and charactedsaion CRN effecton in Phyioghabos dipic shies
frachulerity 80 Fuscticenad heersity, PLOG O 201 380255517,

Song T, Ma Z, Shen O, L QL LW, Su L, Ye T, Shang M, Wang ¥, Dou [ 40
pomrcete (R effecior reprog rems espression of plant HEP genes by
trgeting their promaters. PLoS Pathog. 20855101 = 005348

. 5un G, Yang Z, Kosch T, Summas K, Huang J. Evidence for acquisiion of

virderca effectors in pathagenic chwirids, BMC Evol Bol 201 1;1 1195
A-Fong AM, KM K, bedetson HS, AkA-see of e stages of the Qomyoate
Piytophithon Mlsnass seveaks dynamic changes in metsbols, sigral
DEEOUCTaN, B DAChOOENESE: Jeres ol & apar ok R Cakaim
Sapnaling i dewskopment. BMC Gonamics 201 T IE1xHE.

94



Gaulin ef o). BMC Sology  [(2018] 1643

67,

T

Fis L, 2 C, D X, W] 3, Morvis DF, Tylor B, Zhaing X0,
Charamerizanion Of Jell daath-ind ucing members of The pecians hease gene
Tamily in Phyaopbiois capsi and their oonmitaadone oo infizcrion of pepper,
Mol Plani-Microbe Interact. 2015287 E56-74.
Galin E, Drame B, Lefitie C, Torto-Alslba T, Martinez ¥, dmeline-Tomegroea
L, khatih i, Mazamuil H, ¥iblba-fateos F, Kamoun 5, et al Celliiose
birding domaira of 2 Pytophthem ool wall protein ae novel pathogen-
msocated mokeruly pattere, Plant Cell, 2006180700 TiS-17.
Gaulin E, funead &, \Wilaka F, fidauer M, Esquens-Tugese M, Bottin A The
CHEL ghaoprobedn of Akyfophthom passiinr var. niomianae i invobed in
rell wal depostion and adhesdon to celulogic subsirmes. | Cel 5d. 2000;
1152505 =75,
Herpeird 5, EFpmnd M, Heyeran F, Funck kersan [, Katson 8, Decipherng
common and specilc ranscripiicnal immune esponees in pea Twands. e
noTRoRte [athogens Aphancrpoes eusiches and Pyrophshosa phil BMC
enomics HIVEMRGIT,
St B, Howedén A, Diedgaco-Ceern W, Armar TW MR, Motion GE, Pham
1, Huinerna E Chamcterdeation of cel desth indudng Phwtophthars capsici
CRH election suggests diverse scthoties in the hidt radeus. Front Pant 54,
20 BT
Metnn B Cal ¥, Nebenfubr A A muliroloned <=t of in vivo omgan=ie
markers for corlocalizrtion studbes. in Arabidapik and ather plants. Plant 1L
007519 G-
L 5, Cail ¥, Tes WE, Wandg ), Lawt AH, Fimngd F, Chan HY, Xia J, Jarg L
BEd-nccRd comparmmants from the Goigi appasns and mansGolgi
ety endocomg a diing in plan oeds. Plni L 2008S05HE5-51,
Dpina-Giealcks MO, Griffith JG, Laird B, Mingos, C The CAZyome of
Fgtophithoe 3p. & comprhenshn anakss of the ane omnplenent
coding For corbolhydmie-actie antyme in spacies of the geme
Phytophithoea, BMC Genormics MIM0H1525
Zeribo WM, Adhikari B, Hamiton . Buel (R, Lésesgue CA_ Timent ML
Corbobrpdmiz-acthe enzymes in tfuum and their role in jplant ool wall
and mirage pobsarcheride degradation. PLoS One. 101 38Efe TR TL
Dupkesds 5, Cuamo CA, Lin 'V, Aaris A, Ticpsant E, Vensaul-Foumey ©, Joly
DO, Hacuad &, Aeregtem: | Canfanal BL, ot al. Chigaie bigirphy fastums
ureavelend by the genomic aralysts of st fungi. Proc Katl fcad 50 LS A
201171 DT 5671,
FConned RE Thon MR, Haoquand 5 Arsome 55, Kleemnann J Tomes MF,
Darver U, Busane: B8, Epsein L Alkan W, o1 ol Lifestyls trarsiione in plant
parhagenic Colerechum Rundi dagiphered by gendme and rareoipions
anayses, Mo ot 201 2Tk 0605,
Meerupeti T, Sndermon B, Friman E, Kumer D, Tunlid A, sheens [k, Genarmic
mechanisms accounting for the sdeptation (o pereitsm in nematode-
fungi. PLeS Genet. 2013501 Dbl 03909,
Hu ¥, ¥aniG Fheng P, Sharg ¥, Su ¥, Thang X, Liu X, 2han §, StLeger A
Viang C Trajectory and geromic detemminants of funga
and host adaptaton, Peoc Matl Acad S U & A 20081 11471 EPRG-ETL

72, Wanin F, Selipsze W, The LOC0oTia Qendime; 3 Sembiont bluapiing dacodad,

Meew Pheytol, 08| SCTEAS-310,

7. Kamel L Targ N, Malbrel 5, San Clamenie H, e Masper M, fous C Fesd

xS

Dt Foey M. The corrpision of expresgied candidabe sacreterd prote e from
b erbssculer mrycorhizal fungl urrvels cormmen snd gecific moleoudar
teok o irvade difement host plants. Front Plant Sei HIER&: 24
Shindo T, Knschan! F, Yang F. Kovacs U, Tan F, Kourdk | Hong TN, Cobs T,
Shabeb M, Chawda R, et al Screen of non-annotaied small semeied profeins
of Pascomonas syingoes seveals 3 virulence factar that inhibits tomaio
Immune proteres. FLoS Pathog. 500512 Bleimsara
Congon B Leng ¥, W Dy Bushigy KE, Dhm RA, Crillar R, Martin )
Schackyity W, Grimsyend | MohdZanugin M, ot &, Compaative ganome
stnucTung, secondary manabaiin, and affector coding capaciy s
Cochiioboks pathogens. ALOS Gargt. 20131 110031,
K KT, Jeon J, Chii § Cheandg K, Song H Ohol G, Keng 5 Lee TH.

Byt OF fangal small secrated proteing (5P nieals Thei
patential rbe in hest assaciation. From Pear 56 21IE186
fury 1Y, (s C, Barbe W, Rogler O Mangenat £, Samaon G, Poulain ),
Anthousd W, Scarpell C, Artiguenave F, et . High qualty drft sequences
for proarnyotic genames using & mis of new sequencing echnokoghes. BMC
Genamics. A0S0

Lun R, Lis B, 0 ¥, Li 7, Huang W, Yuan J, He G, Chen ¥, Pan Q, Lia ¥, et al
SDWPdenerenl: an empincaly improved memonp-eifident shori-rad de
neren assarmbler, Glgeacienog. J0IZ1[1HIE

Bage 30 of 21

7o Hunr M, Rilaichi T, Sarteders M, hawvokt C, Berman M, O TOU REAPR: 3
unbersal ogd For Qenane ssem by evluation, Cenome Bicd 200 3140547,

Bl Wariette §, Esoudie F, Alles N, Salin G, Mot C Thomas 5, Klopp £ HGE
Integrabed rest gEneation seguending Hooge and procesing envrmonment
B Gnormics. X0 213462

BN, Zimin A, Marcals O, Puls O Rokerts &, Sabrheng 51, Yorke 14 The
MatuRCA genome aswsmbler. Biolnforratics. 2013290 8977,

AL Sorip oo calicu ke basic sat of matrics fiom. a genome asembly. titps
kvl it el VismmblathondBasic_metrics’
aspamiblarhen_stas.pl

A3, Searke M, Waack 5 Gane pradcrion with a hiddier Markoy moded and a
sy innin submecdel, Biinfemancs. 2005 1%5uppl 2921525

M. Pipeline for trining and nning the gene finder ALGLSTLS autometically.
hitpofiesieorginus’agu

B5.  Haas B, Diebdher AL, Mount S, Worsman 1R, Smith BX r, Hannick LI, Main
R, Bonning CM, Rusch DB, Town €0, et &l improsing the Asiidopas
genoime anoiaton Lsing maskmal rarecript akgnment assemblies. Mucke
Acids e 20033019k Sa58=6E.

5, Graldher MG, Haas B Yagour M, Lesin JZ, Thompeon 0, Amit | Adiconks
¥, Fan L Raychodhury B, Zeng G, ot al. Flengih Tanecripiome asemby
frivm RrA-Gag date without 3 mefasence genome. Nt Botechnol 2011205
-5

7. Li H, Durbirs R Fast andd accusate lng-sead alignment with Burows-
Whesler tnsfiin. Bicifoimatics. 7

B Aheched 5 Madden T, Schaffer & Zhang 1 Zhang Z, Willer ', Lipman DL
Gapped BAST and PSHBLAST: 2 new geremtion of protein drtsbese sewch
programs Kuclelc Acids. Res. 1950251 alae—4n.

B2, Jones ', Binns O, Chang HY, Frasger M, L 'W, Mchnul C, MoAliam H,
Mazen |, Mitchall A, Nuka G, etal InferProScan 5 genome-scale probein
function chymRcation Bioinformatics. 2014300611 226.40.

W Finn FL: Coggil P Eoerhanch RY, Edcly SR, Wiy X Misched AL, Pomer 5C,
Punda i, Qureshi M, Sangraccor-Weges A, &t 3, Tha Fam protein Gamilies
daakee: Tt & mose susEnabk fusr, Nudec Acds Res, 2016MDIE
DEPe-g5

Q0. mdorfyn I, o A, Okuda 5, Yoshinoes & Karehiss M ST a0 automatic
(ertanig arndlaton and patfawry IEcongliuction sener, Nudise Adds R,
2007 MR-,

4}, Taneow AL Fedorowa WO, backsan D, Jaoobs AR, Kinartin B, Kaonin EY,
Faylows WA, Wemumnder B, Mekhedioe 9, Mikokkays 84, et o The G006
datnbere 2n upcied verson inchdes eukarpobes. BWC Bioinformatics
Azl

93, A server to predict the presence and location of sigral peptice cheavage
sites In aming ackd sequences fiom different onganisma. hitps!fwesw.chrchs,
diiarnicesSional Py

B i Y, W X Yareg ), Chen 6, Man F, X ¥, dbCAN: 3 wal sesounce for
aspmated carhokyorate-acive engyme arniaion Muckic Acids Res. AN
AN Sarer ISSEENME-51,

95, A pipeling bo enalvee geromics data. hitpebbnc oulouse mnf hub g
hubueggi

% A de-nova repeat fimily idenitficetion and madeling padiage. hitrrfihwsrs
repesimaskerom’.

w7, wickar T, Sabot F, Huaan &, Bennetzan JL, Cagy F, Crathoub B, Fiavel 2,
Liwcry P, Wiormante i, Fanaud O, of al A unified chesificrtion gatem for
euaryiic ramsposable clemernis. kot Rov Genet. 20078{1 2573-82.

B ki@ | Kapionow W, Pavlicek &, Eloroeshi P, Kobary O ‘Walichievicz L
Genome Res, HIOGN 1144627,

O Lewis 5, Searke S, Hami W, Giteon W, Lyer ¥, Richter | Wil C,
Rprakirogiu L, Bimey £, Crodtr M8, & ol Spolio: 4 dequence nndlation
echiny, Gendrre Bol M0%H 1 X Rsmancho(az

108 A, genomic datsbess decieaied 10 Ashammeyres gems. hitpefvasspolebio.
lesvupe-the faphenoDRY.

101, Boigsen-Damier £, Chabaud M, Garda F. Becard G, Rosenberg C, Barler DG
Agoharmaim thengenes-ansiomad roes of Matcago sz for te
stucky of ritmgen-faing and andomyromhizal symibionc asncirions Mol
Plant-ficrobe Inieract, 20011 45605700

102, Dhetali W, Jelinesin & Ameine-Tomeagersa C Charton F, aulnea V, Mathe
C, Bortminy &, Cirmain M, Filei-hlpel WL Batanger &, & o, Paimial sesiranie of
b MUnCORs 10 Aphaniompes pursicher |s associated with pronacion
o the road srebe and i5 oomiralled by & magor QTL rich in pRYBESSDMe-
refpnad genes, Mol Pland-Micnobe WnDesL 2052 (4335

95



Gaulin o al. BAMC Blology [2018) 16:43

105, Badeeddire | Lafime C, Heus: |, Skandalis B, Spanci Z, Maminag Y, Escpuersg-
Tuagass W, Bulone ¥, Dusnes B, Bomies &, Cell weall chirssacchanicas are
essential compones and exposed patens of The i
HTRAORDE AORINON0ER Auteintes, Eula vt Call 2006711 E230-03.

10, Badis ¥, Bonharnme 8, Lafime O, Huguen 5, Balzargua & Dumas B Jaoguer
. Tiarescripanme anabysi s highlighis. prefonmmed delences. and Sgnaling
s Commrobed by the potel quantiiive TRt koo KITLL comkering
parial ssEiance ¥ Achonompces auteiches in Medfoagn s, Mol
Pl Parhal, 3005 MGTES73-36,

105, Robircen WO, MoCamhy D, SipTh GF, edoeRt 3 Boconducer packags ke
dierential sepression analysk of digisal gens exprescion dala
Bl mnatics. 201 A1 39-40

106, Robircon WO Oshilack & A scaling nonmalizslon method for difisrental
epragcion oralyss of BHA-seq dam Gerome Bicl. 2010:11{THR2S,

107, Benjarmini ¥, Hoohbeng v, Conmroling the Bke csoowery e a practical
and poreerful Sppncach to maliphe neasting | R STAGET SoC 19955k
280300

108, MoCantry DU, Chen W, Srth O, Diflerantial epresion anabyss of
e ARGy eqariments with respect w0 Biokogical varagion
Mucheic Ak Ries, 200 24001 Te4-236-07.

108, Alesa &, Rabwsanfishier J; ropE0x: Enschiment aralyses. kor Gond Onnokody. R
packzge wercion 20, M,

WL Weames G, Boler B, Borelobier |, Gerderman R, Liaw W, Lumbsy T, Moachbr
ML Wagriisson A, Mosler 5, Sotwartz kY e al, gplans: varicus B
progEmming Hals ke ploming dat. A package wersizn 2070 2015,
s rn r-projecLon ey package st plorsirdies aml,

107, Guinckon 5 Dutayeed JF, Lekorn V, Ankimoss M, Hord B W, Gasusl O ke
agerithms s retheds. 10 esirmone mieed mum-ieliood phglogen s
Easessing e perfoimnance of Pretl 30 Sys1 Bol 00059EE00-21,

102 Dhurmandnd A Suchand &, Xe O, Rambaut &, Beetian phlogenssics with
BEALR arwcl the BEAST 1.7, ol Biol Bval. 201 2204811 26071,

103 & crecs-platfoim progran for Beesian anahysis of molaculer sequendes,
i ST T

Eage 21 of 21

Subymit your next manuscript to Bioded Central
anel we will help you at every stepe

* W et pre-subriission inguiries

# Qur selectar taal belps you ta find the mast relevant journal

e provade raund the dodk cstomer support

» Comenient online Sibmisian

= Thorough peer review

# Irchusion in Pubbded and ol major indexing serides

* Ml visibiliy far wour research

SubsmiL Yo TPl &L
wwn bigmed oeroral eam submit f_} fiim el Cantr’

96






Chapter V

A DEAD-Box RNA helicase from Medicago
truncatula is hijacked by an RNA-binding effector
from the root pathogen Aphanomyces euteiches

to facilitate host infection
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(Camborde et al., submitted and available at BioXiv: doi: https://doi.org/10.1101/2020.06.17.157404)

In a previous study we identified among a cluster composed of six SSP that AeSSP1256
enhances oomycete infection and harbour a nuclear-localisation when transiently express in
Nicotiana benthamiana cells (Gaulin et al., 2018). We then undertake a functional
characterization of AeSSP1256 to decipher its activity by using M. truncatula. Sequence
analyses predict that AeSSP1256 sequence contains RNA binding motifs (Figure 1 from this
Chapter). By using FRET-FLIM analyses based on a method that | developed in collaboration
with the Imagery Platform Tri-IBlsa Genotoul (Camborde et al., 2017; Escouboué et al., 2019),
we showed that AeSSP1256 binds plant RNA (Figure 1 from this Chapter).

When expressed in M. truncatula roots, AeSSP1256 is localized around the nucleolus
of the host cells and induces a strong delay in root development (Figure 2 from this Chapter).
Furthermore, the presence of AeSSP1256 enhances the susceptibility to A. euteiches infection

(Figure 2 from this Chapter).

Transcriptomic analyses revealed that expression of AeSSP1256 in M. truncatula roots
leads to a downregulation of genes implicated in ribosome biogenesis pathway (Figure 3 from
this Chapter), suggesting that the effector provokes ribosomal stress when present in the host.
A vyeast-two hybrid approach using cDNA library obtained from A. euteiches-infected
Medicago roots allows the identification of host targets (Supplemental Table 2 from this

Chapter) and A. euteiches targets (complementary results of this Chapter).

Among Medicago targets, we confirmed that AeSSP1256 associates with a nucleolar
L7 ribosomal protein and a M. truncatula RNA helicase (MtRH10) orthologous to the
Arabidopsis RNA helicase RH10 (Figure 4 from this Chapter).
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Whereas MtRH10 is able to interact with nucleic acids, this association is abolished in

the presence of AeSSP1256 (Figure 5 from this Chapter).

Promoter:GUS composite plants revealed that MtRH10 is expressed preferentially in

the meristematic root cells (Figure 6 from this Chapter).

Missense MtRH10 plants displayed similar phenotype than overexpressing AeSSP1256
plants, leading to shorter roots with developmental delay and are more susceptible to A.

euteiches infection (Figure 7 from this Chapter).

These results show that the effector AeSSP1256 facilitates pathogen infection by
causing stress on plant ribosome biogenesis and by hijacking a host RNA helicase involved in

root development and resistance to root pathogens.
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Abstract

Microbial effectors from plant pathogens are molecules that target host components to
facilitate colonization. While eukaryotic pathogens are virtually able to produce hundreds of
effectors, the underlying molecular mechanisms allowing effectors to promote infection are
still largely unexplored. In this study, we show that the effector AeSSP1256 from the soilborne
oomycete pathogen Aphanomyces euteiches is a RGG/RG protein able to interact with nuclear
RNA in vivo. Heterologous expression of AeSSP1256 delays Medicago truncatula root
development and facilitates pathogen colonization. We found by transcriptomic analyses of
AeSSP1256 expressing roots that AeSSP1256 downregulated genes implicated in ribosome
biogenesis pathway. Transcriptomic analyses of AeSSP1256-expressing roots show a
downregulation of genes implicated in ribosome biogenesis pathway. A yeast-two hybrid
approach reveals that AeSSP1256 associates with a nucleolar L7 ribosomal protein and a M.
truncatula RNA helicase (MtRH10) orthologous to the Arabidopsis RNA helicase RH10.
Association of AeSSP1256 with MtRH10 impaired the capacity of MtRH10 to bind nucleic acids.
Promoter:GUS composite plants revealed that MtRH10 is expressed preferentially in the
meristematic root cells. Missense MtRH10 plants displayed shorter roots with developmental
delay and are more susceptible to A. euteiches infection. These results show that the effector
AeSSP1256 facilitates pathogen infection by causing stress on plant ribosome biogenesis and
by hijacking a host RNA helicase involved in root development and resistance to root

pathogens.
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Introduction

Plant pathogens divert host cellular physiology to promote their own proliferation by
producing effector proteins that interact with molecular targets (Gaulin et al.,, 2018).
Numerous studies indicate large variation in the effector repertoire of plant pathogens

suggesting that a large number of molecular mechanisms are targeted.

Oomycetes constitute a large phylum that includes important eukaryotic pathogens,
and many of which are destructive plant or animal pathogens (Kamoun et al., 2015; van West
and Beakes, 2014). They share common morphological characteristics with true fungi as
filamentous growth, osmotrophic feeding or the presence of a cell wall, but they evolved
independently (Judelson, 2017). Oomycetes are included in the Stramenopile lineage and
have diatoms and brown algae as closest cousins. These filamentous microorganisms have the
capacity to adapt to different environment as illustrated by their capacity to develop
resistance to anti-oomycete chemicals or quickly overcome plant resistance (Rodenburg et al.,

2020).

Comprehensive identification of oomycete proteins that act as effectors is challenging.
Up to now, computational predictions of effector proteins have provide a fast approach to
identify putative candidate effectors in oomycetes (Haas et al., 2009; Tabima and Griinwald,
2019). Based on their predictive subcellular localization within the host cells they are classified
as extracellular (apoplasmic) or intracellular (cytoplasmic) effectors. As example, RxLR and
Crinklers (CRNs) constitute the two largest family of oomycetes intracellular effectors that
contain hundreds of members per family (McGowan and Fitzpatrick, 2017). While oomycete
effector proteins have probably different mechanism of action, what they have in common
might be the ability to facilitate pathogen development. Nonetheless, computational
predictions do not give any clues regarding the putative role of theses effectors since
numerous effectors are devoid of any functional domains. Therefore, biochemical and
molecular studies are used to discover and confirm the functional activity of these proteins.
To promote infection oomycete intracellular effectors interfere with many host routes which
include for example signaling such as MAPKinase cascades (King et al., 2014), phytohormone-
mediated immunity (Boevink et al. 2016; Liu et al. 2014), trafficking vesicles secretion (Du et
al., 2015) or autophagosome formation (Dagdas et al., 2016). Growing evidences point to plant

nucleus as an important compartment within these interactions thanks to the large portfolio
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of putative nucleus-targeted effectors predicted in oomycete genomes. The study of
subcellular localization of fifty-two Phytophthora infestans RxLR effectors upregulated during
the early stage of host infection show that nucleocytoplasmic distribution is the most common
pattern, with 25% effectors that display a strong nuclear association (Wang et al. 2019). The
CRN family was firstly reported as a class of nuclear effector from P. infestans (Schornack et
al., 2010), around 50% of predicted NLS-containing CRN effectors from P. capsici showed
nuclear localization (Stam et al., 2013b) and numerous CRNs effectors from P. sojae such as
PsCRN108, PsCRN63 or PsCRN115 harbor a nuclear localization (Song et al., 2015; Zhang et al.,
2015). In agreement with this, different mechanisms of action at the nuclear level have been
reported for oomycete effectors such as the alteration of genes transcription (Wirthmueller
et al., 2018; Song et al., 2015; He et al., 2019), the mislocalisation of transcription factor
(Mclellan et al., 2013), the suppression of RNA silencing by inhibition of siRNA accumulation
(Qiao et al., 2015; Xiong et al., 2014) or the induction of plant DNA-damage (Camborde et al.
2019; Ramirez-Garcés et al. 2016). However specific function has been assigned to very few

effectors.

We previously use comparative genomics and predictive approaches on the
Aphanomyces genus to identify putative effectors and characterized a large family of small
secreted proteins (SSPs) (Gaulin et al., 2018). SSPs harbor a predicted N secretion signal, are
less than 300 residues in size and devoid of any functional annotation. More than 290 SSPs
are predicted in the legume pathogen A. euteiches (AeSSP) while 138 members with no
obvious similarity to AeSSP members are reported in the crustacean parasite A. astaci (Gaulin
et al., 2018). This specific SSP repertoire suggests its role in adaption of Aphanomyces species
to divergent hosts. We have previously identified one AeSSP (AeSSP1256) based on a screen
aiming to identify SSP able to promote infection of Nicotiana benthamiana plants by the leaf
pathogen Phytophthora capsici. AeSSP1256 harbors a nuclear localization signal indicating its
putative translocation to host nucleus. However, the function of this protein remained to be

identified.

Here we report on the functional analysis of AeSSP1256 and the characterization of its
plant molecular target. We show that AeSSP1256 binds RNA in planta, induces developmental
defects when expressed in M. truncatula roots and promotes A. euteiches infection. This

phenotype is correlated with a downregulation of a set of ribosomal protein genes. A yeast
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two hybrid approach identified a host RNA helicase (MtRH10) and a L7 ribosomal protein as
interactors of AeSSP1256. By FRET-FLIM analyses we reveal that AeSSP1256 co-opts MtRH10
to abolish its nucleic acid binding capacity. We provide a mechanistic explanation of this
observation by demonstrating the implication of MtRH10 in roots development by generating
missense and overexpressing Medicago lines. Finally we observed that silenced-MtRH10 roots
are highly susceptible to A. euteiches infection like AeSSP1256-expressing roots, showing that
MtRH10 as AeSSP1256 activities modify the outcome of the infection. We now present results
supporting effector-mediated manipulation of a nuclear RNA helicase as a virulence

mechanism during plant-eukaryotic pathogens interactions.
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Figure 1: AeSSP1256 is a RNA-binding protein

(A) AeSSP1256 protein sequence that shows the signal peptide (underlined), GGRGG boxes (red), RGG domains
(bolt, underlined and linked), RG motifs (bolts with asterisks) predicted with Eukaryotic Linear Motif Prediction
(Gouw et al., 2018). (B) One day after agroinfection of N. benthamiana leaves with a AeSSP1256:GFP construct,
infiltrated area are collected for FRET-FLIM analysis to detect protein/nucleic acid interactions as described by
Camborde et al., 2018. Without RNAse treatment and in presence of nucleic acids dye Sytox Orange, the
AeSSP1256:GFP lifetime decreases to shorter values, indicating that the proteins bounded to nucleic acids (top
panel). After RNase treatment, no significant decrease in the GFP lifetime was observed in presence of Sytox
Orange, indicating that AeSSP1256:GFP proteins were bounded specifically to RNA (bottom panel). Histograms
show the distribution of nuclei (%) according to classes of AeSSP1256:GFP lifetime in the absence (blue bars) or

presence (orange bars) of the nucleic acids dye Sytox Orange. Arrows represent GFP lifetime distribution range.



Results

AeSSP1256 contains RGG/RG domains and binds RNA in planta

AeSSP1256 is a member of a large family of A. euteiches effectors devoid of any predicted
functional domain, except the presence a peptide signal at the Nterminus (Gaulin et al., 2018).
As showed in Figure 1A, AeSSP1256 protein is enriched in glycine (30% of the amino acid
sequence), residues. Analysis using the Eukaryotic Linear Motif database (Gouw et al., 2018)
revealed 3 GGRGG motifs (positions 81-85; 95-99 and 99-103). These motifs are variant
arginine methylation site from arginine-glycine(-glycine) (RGG/RG) domains, presents in many
ribonucleoproteins and involved in RNA binding (Thandapani et al., 2013; Bourgeois et al.,
2020).. We then noticed the presence of two di-RGG domains (RGG(Xo-5s)RGG) (position 75-85
and 97-103) and one di-RG domains (RG(Xo-5)RG) (position 123-126) corresponding to RGG or
RG motifs that are spaced less than 5 residues (Chong et al., 2018). According to RGG/RG
definition, those repeats occur in low-complexity region of the protein (position 60-180)
(Chongetal., 2018) and are associated with di-glycine motifs and GR or GGR sequences (Figure
1A), which are also common in RGG/RG-containing proteins (Chong et al., 2018). Considering
that RGG/RG domains are conserved from yeast to humans (Rajyaguru and Parker, 2012) and
represent the second most common RNA binding domain in the human genome (Ozdilek et

al., 2017), we thereby investigated the RNA binding ability of AeSSP1256.

To test this, we performed a FRET-FLIM assay on N. benthamiana agroinfiltrated leaves with
AeSSP1256:GFP fusion protein in presence or absence of Sytox Orange to check its capacity to
bind nucleic acids (Camborde et al. 2017). Briefly AeSSP1256:GFP construct is transiently
express in N. benthamiana leaves where it accumulates in the nucleus (Gaulin et al., 2018).
Samples are collected 24h after treatment and nucleic acids labeled with the Sytox Orange
dye. In presence of Sytox, if the GFP fusion protein is in close proximity (<10nm) with nucleic
acids, the GFP lifetime of the GFP tagged protein will significantly decrease, due to energy
transfer between the donor (GFP) and the acceptor (Sytox). To distinguish RNA interactions
from DNA interactions, an RNase treatment can be performed. In the case of a specific RNA-
protein interaction, no FRET acceptor will be available due to RNA degradation and the

lifetime of the GFP tagged protein will then return at basal values. It appeared that GFP
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Figure 2: AeSSP1256 pertubs M. truncatula root development and enhances A. euteiches

susceptibility

M. truncatula A17 plants were transformed using Agrobacterium rhizogenes-mediated transformation system to
produce GFP or AeSSP1256:GFP composite plants. (A) Confocal analysis of M. truncatula transformed roots 21
days after transformation (d.a.t). The GFP control protein presents a nucleocytoplasmic localisation (upper
panel), while AeSSP1256 effector is localized as a ring around the nucleolus (bottom panel). Scale bars: 10 um.
(B) Total proteins were extracted from transformed M. truncatula roots at 21 d.a.t and subjected to western-

blot analysis using anti-GFP antibodies. A representative blot shows a band around 28 kDa that represents the



GFP protein and a band corresponding to the AeSSP1256:GFP protein (expected size 46.5 kDa). (C)
Representative photographs of AeSSP1256:GFP plants and GFP control plants at 21 d.a.t. Note the reduction in
the growth of roots expressing the AeSSP1256 effector as compared to GFP control plants. Scale bar: 1cm. (D)
Diagram depicting the total root number per plant (upper panel) and primary root length (in cm) per plant
(bottom panel) of transformed M. truncatula plants at 21 d.a.t. n= 126 plants for GFP and n=79 plants for
AeSSP1256:GFP. (E) gPCR results showing relative quantification of the A. euteiches tubulin gene in M. truncatula
GFP or AeSSP1256:GFP infected roots at 7, 14 and 21 days post inoculation (d.p.i). For each time point, 45 to 75
plants per construct were used. Asterisks indicate significant differences (Student’s t-test; *: P < 0.05; **:

P<0.001).

lifetime of AeSSP1256:GFP decreased significantly in presence of Sytox Orange as reported in
table 1 and in Figure 1B, decreasing from 2.06 +/- 0.02 ns to 1.84 +/- 0.03 ns. This indicates
that AeSSP1256 is able to bind nucleic acids. After an RNase treatment, no significant
difference on GFP lifetime was observed in absence (2.01 ns +/- 0.02) or in presence (1.96 ns
+/- 0.02) of Sytox Orange, meaning that the FRET was not due to DNA interaction but was
specific to RNA (table 1 and Figure 1B). These results indicate that AeSSP1256 is able to bind

nuclear RNA in plant cells.

Table 1: FRET-FLIM measurements for AeSSP1256:GFP with or without Sytox Orange

Donor Acceptor 1@ sem® N© E (@ () p-value
AeSSP1256:GFP - 2.06 0.020 78 - -
AeSSP1256:GFP Sytox 1.84 0.026 77 11 1.34E%°
AeSSP1256:GFP 2.01 0.026 50 - -

(+ RNase)
Sytox
AeSSP1256:GFP 1.96 0.027 50 2.6 0.17
(+ RNase)

7 : mean life-time in nanoseconds (ns). ® s.e.m.: standard error of the mean. © N: total number of measured
nuclei. @ E: FRET efficiency in %: E=1-(tDA/tD). © p-value (Student’s t test) of the difference between the donor

lifetimes in the presence or absence of acceptor.

105






AeSSP1256 impairs M. truncatula root development and susceptibility to A. euteiches

To check whether expression of AeSSP1256 may have an effect on the host plant, we
transformed M. truncatula (Mt) roots, with a native version of GFP tagged AeSSP1256. As
previously observed (Gaulin et al., 2018), confocal analyses confirmed the nuclear localization
of the protein in root cells, with accumulation around the nucleolus as a perinucleolar ring
(Figure 2A) despite the presence of signal peptide (Gaulin et al., 2018). Anti-GFP western blot
analysis on total proteins extracted from transformed roots confirmed the presence of GFP-
tagged AeSSP1256 (46.7 kDa expected size) (Figure 2B). We noticed the presence of a second
band around 28 kDa, which is probably free GFP due to the cleavage of the tagged protein.
AeSSP1256:GFP transformed plants showed delayed development (Figure 2C), with total
number of roots and primary root length per plant being significantly lower than values
obtained with GFP control plants (Figure 2D). As previously observed in N. benthamiana, when
a KDEL-endoplasmic reticulum (ER) retention signal is added to the native AeSSP1256
construct (Gaulin et al., 2018), AeSSP1256:KDEL:GFP proteins mainly accumulates in the ER
(Supplemental Figure 1A-C) and roots showed no significant differences in development as
compared to GFP control roots (Supplemental Figure 1D and E). In contrast a construct devoid
of native signal peptide (SP) shows that the proteins accumulated in root cell nuclei
(Supplemental Figure 1B), leading to abnormal root development, with symptoms similar to
those observed in presence of the AeSSP1256:GFP construct, including shorter primary root
and lower number of roots (Supplemental Figure 1D and E). Altogether these data show that
within the host, AeSSP1256 triggers roots developmental defects thanks to its nuclear

localization.

To investigate whether AeSSP1256 modifies the outcome of the infection, AeSSP1256-
transformed roots were inoculated with A. euteiches zoospores. RT-gPCR analyses at 7, 14 and
21 days post inoculation were performed to follow pathogen development. At each time of
the kinetic, A. euteiches is more abundant in M. truncatula roots expressing the effector than
in GFP control roots (respectively 1.5, 3 and 5 times more) (Figure 2E). This indicates that roots
are more susceptible to A. euteiches in presence of AeSSP1256. Transversal sections of A17-
transformed roots followed by Wheat-Germ-Agglutinin (WGA) staining to detect the presence

of A. euteiches, showed that the pathogen is still restricted to the root cortex either in the
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Figure 3: Transcriptomic analyses reveal downregulation of genes related to ribosome

biogenesis in both AeSSP1256 roots or A. euteiches-infected root

(A) Venn diagram on downregulated genes (number of genes) of two RNASeq experiments: F83 (M. truncatula
F83005.5 susceptible roots infected by A.euteiches at 9 dpi), AeSSP1256 (M. truncatula Jemalong A17 transiently
expressing AeSSP1256:GFP). (B) The most represented GO-terms common between F83-infected line and
AeSSP1256-expressing roots of downregulated genes are related to ‘translation and ribosome-biogenesis’. Only
GO terms containing more than 10 genes are represented on the pie chart. Numbers on the graph indicate
percent of genes with a GO term. (C) Comparison of RNASeq (n=4) and gRT-PCR (n=5) on selected ribosome

biogenesis-related genes.



presence or absence of AeSSP1256 (Supplemental Figure 2). This phenotype is similar to the
one observed in the natural A17 M. truncatula tolerant line infected by A. euteiches (Djébali
et al., 2009). This data suggests that defence mechanisms like protection of the central

cylinder (Djébali et al., 2009) are still active in AeSSP1256-expressing roots.

AeSSP1256 affects the expression of genes related to ribosome biogenesis

To understand how AeSSP1256 affects M. truncatula roots development and facilitates A.
euteiches infection, we performed expression analyses by RNASeq using AeSSP1256-
expressing roots and GFP controls roots. 4391 genes were differentially express (DE) between
the two conditions (p adjusted-value <10-5) (Supplemental Table 1a). Enrichment analysis of
‘Biological process’ GO-terms showed the presence of ‘ribosome biogenesis’ and
‘organonitrogen compound biosynthetic, cellular amide metabolic’ processes terms among
the most enriched in AeSSP1256 roots as compared to GFP-expressing roots (Supplemental
Table 1b). We noticed that over 90% of DE-genes from ‘ribosome biogenesis’ and ‘translation’
categories are downregulated in AeSSP1256-expressing roots, suggesting that expression of
the effector within the roots affects ribosome biogenesis pathway (Supplemental Table 1a).
To evaluate whether expression of AeSSP1256 mimics infection of M. truncatula by A.
euteiches infection through downregulation of genes related to ribosome biogenesis, we
analyzed RNASeq data previously generated on the susceptible F83005.5 M. truncatula line
nine days after root infection (Gaulin et al., 2018). As shown on the Venn diagram depicting
the M. truncatula downregulated genes in the different conditions (Figure 3A, Supplemental
Tablelc), among the 270 common downregulated genes between AeSSP1256-expressing
roots and susceptible F83-infected lines, 58 genes (>20%) are categorized in the ‘ribosome
biogenesis’ and ‘translation’ GO term (Figure 3B). We next selected seventeen M. truncatula
genes to confirm the effect via gRT-PCR. First, we selected ten A. thaliana genes related to
plant developmental control (i,e mutants with shorter roots phenotype) (Supplemental Table
1d) by Blast searches (>80% identity) in A17 line r5.0 genome portal (Pecrix et al., 2018). In
addition, seven nucleolar genes coding for ribosomal and ribonucleotides proteins and related
to the ‘ribosome biogenesis’ in M. truncatula were selected for expression analysis based on
KEGG pathway map (https://www.genome.jp/kegg-bin/show_pathway?ko03008)

(Supplemental Table 1d). As shown on Figure 3C, all of the selected genes from M. truncatula
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are downregulated in presence of AeSSP1256, supporting the RNAseq data. Altogether, these
expression data show that the effector by itself mimics some effects induced by pathogen
infection of the susceptible F83 line. At this stage of the study, results point to a perturbation

of the ribosome biogenesis pathway of the host plant by the AeSSP1256 effector.

AeSSP1256 targets a DEAD-box RNA helicase and a L7 ribosomal protein

To decipher how AeSSP1256 can affect ribosome biogenesis pathway of the host plant and
knowing that numerous RNA-binding proteins interact with protein partners, we searched for
AeSSP1256 host protein targets. For this, a Yeast two hybrid (Y2H) library composed of cDNA
from M. truncatula roots infected with A. euteiches was screened with the mature form of the
effector. Eight M. truncatula coding genes were identified as potential protein targets
(Supplemental Table 2a), all these genes but one (a lecithin retinol acyltransferase gene)
correspond to putative nuclear proteins in accordance with the observed subcellular

localization of AeSSP1256.

To confirm the Y2H results, we first expressed AeSSP1256 and candidates in N. benthamiana
cells to observe their subcellular localization and performed FRET-FLIM experiments to
validate protein-protein interactions. Only two candidates showed co-localization with
AeSSP1256, a L7 ribosomal protein (RPL7, MtrunA17_Chr4g0002321) and a predicted RNA
helicase (MtrunAl17_Chr5g0429221). CFP-tagged version of RPL7 displays a nucleolar
localization, with partial co-localization areas in presence of AeSSP1256 (Supplemental Figure
3, Table 2b). FRET-FLIM measurements confirmed the interaction of RPL7:CFP protein with
AeSSP1256:YFP effector (Supplemental Figure 3, Table 2b), with a mean CFP lifetime of 2.83
ns +/- 0.03 in absence of the SSP protein, leading to 2.46 ns +/- 0.03 in presence of
AeSSP1256:YFP (Supplemental Table 2b).

The second candidate is a predicted DEAD-box ATP-dependent RNA helicase
(MtrunA17_Chr5g0429221), related to the human DDX47 RNA helicase and the RRP3 RH in
yeast. Blast analysis revealed that the closest plant orthologs were AtRH10 in Arabidopsis
thaliana and OsRH10 in Oryza sativa. Consequently the M. truncatula protein target of
AeSSP1256 was named MtRH10. The conserved domains of DEAD-box RNA helicase are
depicted in the alignment of MtRH10 with DDX47, RRP3, AtRH10, OsRH10 proteins
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Figure 4: AeSSP1256 interacts and re-localizes the nuclear MtRH10 RNA Helicase around the

nucleolus

(A) Confocal analyses on N. benthamiana agroinfiltrated leaves. The CFP:MtRH10 candidate presents a
nucleocytoplasmic localization when expressed alone (Left panel), and is re-localized in the nucleus, mostly
around nucleolus, in the presence of AeSSP1256:YFP proteins (Right panels). Pictures were taken at 24h post
agroinfection. Scale bars: 10um. (B) FRET-FLIM experiments indicate that CFP:MtRH10 and AeSSP1256:YFP
proteins are in close association when co-expressed in N. benthamiana cells. Histograms show the distribution
of nuclei (%) according to classes of CFP:MtRH10 lifetime in the absence (blue bars) or presence (green bars) of

AeSSP1256:YFP. Arrows represent CFP lifetime distribution range. (C) Co-immunoprecipitation experiments



confirm the direct association of the two proteins. Upper panel: anti-GFP and anti-HA blots confirm the presence
of recombinant proteins in the input fractions. Lower panel: anti-GFP and anti-HA blots on output fractions after
GFP immunoprecipitation. Arrows indicate the corresponding proteins. (D) anti-GFP and anti-HA blots on N.
benthamiana leaf extracts expressing the GFP:MtRH10 alone or in combination with AeSSP1256:HA protein after
24, 48 or 72h post agroinfection. Arrows indicate the corresponding proteins. GFP:MtRH10 is degraded faster in
presence of AeSSP1256:HA.

(Supplemental Figure 4A) (Schiitz et al., 2010; Gilman et al., 2017). MtRH10 CFP-tagged fusion
protein harbors nucleocytoplasmic localization when transiently express in N. benthamiana
cells (Figure 4A), in accordance with the presence of both putative nuclear export signals
(NESs) (position 7-37; 87-103; 261-271) and nuclear localization signal (NLS) sequences
(position 384-416). When MtRH10 is co-expressed with YFP-tagged version of AeSSP1256, the
fluorescence is mainly detected as a ring around the nucleolus, indicating a partial
relocalisation of MtRH10 to the AeSSP1256 sites (Figure 4A). FRET-FLIM measurements on
these nuclei confirm the interaction between AeSSP1256 and the Medicago RNA helicase
(Figure 4B), with a mean CFP lifetime of 2.86 ns +/- 0.02 in absence of the effector protein, to
2.53 ns +/- 0.03 in presence of AeSSP1256:YFP (Table 2).

Table 2: FRET-FLIM measurements of CFP:MtRH10 in presence or absence of AeSSP1256:YFP

Donor Acceptor t@®  sem® N© E () () p-value
CFP:MtRH10 - 2.86 0.023 50 - -
CFP:MtRH10 AeSSP1256:YFP 2.53 0.031 31 11.1 2.56E12

7 : mean life-time in nanoseconds (ns). ® s.e.m.: standard error of the mean. © N: total number of measured
nuclei. @ E: FRET efficiency in % : E=1-(tDA/tD). ® p-value (Student’s t test) of the difference between the

donor lifetimes in the presence or absence of acceptor.

To confirm this result, co-immunoprecipitation assays were carried out. A GFP:MtRH10
construct was co-transformed with AeSSP1256:HA construct in N. benthamiana leaves. As
expected, the localization of GFP:MtRH10 protein in absence of AeSSP1256 was

nucleocytoplasmic while it located around the nucleolus in the presence of the effector
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Figure 5: AeSSP1256 inhibits RNA binding activity of MtRH10

(A) FRET-FLIM experiments on N. benthamiana cells expressing GFP:MtRH10 in presence or absence of nucleic
acids dye Sytox Orange. In presence of Sytox Orange, the GFP:MtRH10 lifetime decreases to shorter values,
indicating that the proteins bounded to nucleic acids. (B) In presence of AeSSP1256:HA, when GFP:MtRH10 is re-
localized around the nucleolus and interacts with AeSSP1256, no significant decrease in the GFP lifetime was
observed in presence of Sytox Orange, meaning that the re-localized GFP:MtRH10 proteins were not able to
interact with nucleic acids. Histograms show the distribution of nuclei (%) according to classes of GFP:MtRH10
lifetime in the absence (blue bars) or presence (orange bars) of the nucleic acids dye Sytox Orange. Arrows

represent GFP lifetime distribution range.



(Supplemental Figure 4B). Imnmunoblotting experiments using total proteins extracted from
infiltrated leaves (24 hpi) showed that AeSSP1256:HA proteins were co-immunoprecipitated
with GFP:MtRH10, but not with the GFP alone (Figure 4C). These data indicate that AeSSP1256
associates with MtRH10 in the nucleus. To go further we checked the stability of the two
proteins when expressed alone or in combination in N. benthamiana cells during 72 hours.
While GFP:MtRH10 was still detected at 72h after agroinfiltration, it started to be degraded
48hpi (Figure 4D). Expression of the effector alone is stable along the time. In contrast, when
the two proteins are co-expressed, GFP:MtRH10 is almost entirely processed at 48h, and no
more detectable at 72h (Figure 4D), suggesting that the effector enhance instability of its host
target. Taken together, these results strongly suggest an interaction between AeSSP1256 and

two type of components, a ribosomal protein and a nuclear RNA helicase from M. truncatula.

AeSSP1256 alters the RNA binding activity of MtRH10

DEAD-box RNA helicases are RNA binding proteins involved in various RNA-related processes
including pre-rRNA maturation, translation, splicing, and ribosome assembly (Jarmoskaite and
Russell, 2011). These processes are dependent to the RNA binding ability of the proteins.
Therefore we checked whether MtRH10 is able to bind nucleic acids in planta using FRET-FLIM
assays as described previously. As reported in Table 3 and in Figure 5A, GFP lifetime of
GFP:MtRH10 decreased in presence of the acceptor, from 2.32 ns +/- 0.02 to 2.08 ns +/- 0.03
due to FRET between GFP and Sytox, confirming as expected that MtRH10 protein is bounded

to nucleic acids.

Table 3: FRET-FLIM measurements for GFP:MtRH10 with or without Sytox Orange, in presence
or in absence of AeSSP1256:HA

Donor Acceptor 1@ sem® NO©O© E@  ©pyalue
GFP:MtRH10 - 2.32 0.020 60 - -
GFP:MtRH10 Sytox Orange 2.08 0.027 60 10.3 1.30E1°
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GFP:MtRH10 -
(relocalized) (+ AeSSP1256:HA)

2.30 0.023 60 24 -

GFP:MtRH10 Sytox Orange
(relocalized) (+ AeSSP1256:HA)

2.30 0.020 60 0 0.789

7 : mean life-time in nanoseconds (ns). ® s.e.m.: standard error of the mean. © N: total number of measured
nuclei. @ E: FRET efficiency in % : E=1-(tDA/tD). ® p-value (Student’s t test) of the difference between the

donor lifetimes in the presence or absence of acceptor.

To evaluate the role of AeSSP1256 on the function of MtRH10 we reasoned that the effector
may perturb its binding capacity since it is required for the activity of numerous RH protein
family (Jankowsky, 2011). We then co-expressed the GFP:MtRH10 construct with
AeSSP1256:HA in N. benthamiana leaves and performed FRET-FLIM assays. Measurements
made in nuclei where both proteins are detected due to the re-localization of MtRH10
indicated that GFP lifetime of GFP:MtRH10 remained unchanged with or without Sytox (2.3 ns
in both conditions) showing that MtRH10 was not able to bind nucleic acids in the presence
of the effector (Table 3 and Figure 5B). These data reveal that AeSSP1256 hijacks MtRH10
binding to RNA, probably by interacting with MtRH10.

MtRH10 is expressed in meristematic root cells and its deregulation in M. truncatula impacts

root architecture and susceptibility to A. euteiches infection

To characterize the function of MtRH10, we firstly consider the expression of the gene by
mining public transcriptomic databases including Legoo (https://lipm-
browsers.toulouse.inra.fr/k/legoo/), Phytozome
(https://phytozome.jgi.doe.gov/pz/portal.html) and MedicagoEFP browser on Bar Toronto
(http://bar.utoronto.ca/efpmedicago/cgi-bin/efpWeb.cgi). No variability was detected
among the conditions tested in the databases and we do not detect modification of MtRH10
expression upon A. euteiches inoculation in our RNAseq data. To go further in the expression
of the MtRH10 gene, transgenic roots expressing an MtRH10 promoter-driven GUS (@-
glucuronidase) chimeric gene were generated. GUS activity was mainly detectable in
meristematic cells, at the root tip or in lateral emerging roots (Figure 6A) suggesting a role in

meristematic cell division. To assess the effect of MtRH10 on root physiology and resistance
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Figure 6: MtRH10 is expressed in meristematic cells of Medicago truncatula and its

deregulation impacts root architecture



Figure 6: MtRH10 is expressed in meristematic cells of Medicago truncatula and its

deregulation impacts root architecture

(A) GUS staining of MtRH10 promoter:GUS plants 21 d.a.t. Top panel: Root tip, bottom panel: emerging lateral
root. Arrows indicate blue cells. Scale bars: 100um. (B) Representative longitudinal section of M. truncatula root
tips expressing GFP or RNAi MtRH10 construct. Root apical meristem (RAM) size is determined from quiescent
center (dot line) till the elongation/differentiation zone (EDZ), defined by the first elongated cortex cell of second
cortical layer (arrowhead). Scale bars: 100um. (C) Histograms of total RAM size and mean RAM cortical cell size.
RAM of RNAi MtRH10 roots are smaller than in GFP control, but average cell size of cortical cells in RAM is not
significantly different. Bars represent mean values and error bars are standard deviation. Asterisks indicate a
significant p-value (t-test P < 0,0001, ns: not significant). (D) Confocal pictures of M. truncatula roots transformed
with GFP (top) or GFP:MtRH10 construct (bottom). GFP:MtRH10 proteins harbor a nucleocytoplasmic localization
with some fluorescence dots in the nucleolus (arrows). Bottom panels represent nucleus enlargements. n:
nucleus, c: cytoplasm. Scale bars: 10um. Left panel : 488nm, right panel: overlay (488nm + bright field) (E)
Representative pictures of M. truncatula plants expressing either a GFP, a GFP:MtRH10 or RNAi MtRH10
construct 21 d.a.t. No particular phenotype was observed in the overexpressing MtRH10 plants. At the opposite,
developmental delay appeared in missense MtRH10 plants. Scale bar: 1cm. (F) Total root number per plant (left
panel) and primary root length per plant (right panel) in cm. Letters a and b indicate Student’s t-test classes

(different classes if P < 0,01).

to A. euteiches, a pK7GWiWG2:RNAi MtRH10 vector was design to specifically silence the gene
in Medicago roots. RNA helicase gene expression was evaluated by gPCR 21 days after
transformation. Analyses confirmed a reduced expression (from 3 to 5 times) compared to
roots transformed with a GFP control vector (Supplemental Figure 5). The silenced roots
displayed a delay in development, which starts with a shorter root apical meristem (RAM)
(Figure 6B and C). This reduction in not due to smaller RAM cortical cell size (Figure 6C)
suggesting a decrease in cell number. We also observed a reduced number of roots coupled
with shorter primary roots (Figure 6E and F). In contrast, no developmental defects were
detected in roots overexpressing MtRH10 (Figure 6E and F). Longitudinal sections of roots
expressing either RNAi MtRH10 or AeSSP1256 performed in elongation/differentiation zone
(EDZ) revealed comparative defects in cortical cell shape or cell size (Supplemental Figure 6A).
Cell area in missense MtRH10 or in AeSSP1256 roots is approximately reduced 2 times
compared to GFP control roots (Supplemental Figure 6B) but proportionally the perimeter of

those cells is longer than GFP cells, indicating a difference in cell shape (Supplemental Figure
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Figure 7: Deregulation of MtRH10 helicase gene expression in Medicago truncatula impacts

Aphanomyces euteiches susceptibility

Expression values (Log2 fold change) for A. euteiches tubulin or MtRH10 genes in M. truncatula infected plants
at 7, 14 and 21 d.p.i. in overexpressing GFP:MtRH10 plants (OE MtRH10) or in RNAi MtRH10 expressing plants
compared to GFP control plants. Plants overexpressing MtRH10 gene are less susceptible to A. euteiches
infection. In contrast, reduced expression of MtRH10 by RNAi enhances plant susceptibility to A. euteiches.
Asterisks indicate significant differences (Student’s t-test; *: P < 0,05, **: p <0,01). Bars and error bars represent
respectively means and standard errors from three independent experiments. In total, N: 91 plants for GFP, 50

plants for GFP:MtRH10 and 50 plants for RNAi MtRH10 construct.



6C). We noticed that most of EDZ cells in GFP roots present a rectangular shape, which seem
impaired in missense MtRH10 and AeSSP1256 expressing roots. Thus we measured the
perimeter-bounding rectangle (PBR) which calculates the smallest rectangle possible to draw
with a given cell. A perimeter/PBR ratio of 1 indicates that the cell is rectangular. As presented
in Supplemental Figure 6D, the perimeter/PBR ratio in GFP roots is close to 1 and significantly
different than those observed in RNAi MtRH10 and AeSSP1256 roots. This analysis reveals that
the reduction of MtRH10 expression or the expression of the effector AeSSP1256 in Medicago
roots, impairs the cortical cell shape. The similar phenotypic changes observed on MtRH10-
silenced roots and AeSSP1256-expressing roots, suggest that the effector may affect MtRH10

activity in cell division regions.

Having shown that MtRH10 is implicated in M. truncatula roots development, we test whether
this biological function is related to pathogen colonisation. We therefore investigate by gPCR
the presence of A. euteiches in silenced and overexpressed MtRH10 roots infected by the
pathogen. As shown on Figure 7, overexpression of MtRH10 reduce the amount of mycelium
in roots after 7, 14 and 21 dpi (1.8, 3.3 and 1.6 times less, respectively). We note by western-
blot analyses a slight decrease in MtRH10 amount upon the time probably due to the
accumulation of the AeSSP1256 effector (Supplemental Figure 7). As expected in roots where
MtRH10 is silenced to 2 to 3 times as compared to GFP control roots, gPCR analyses revealed
approximately 5 to 10 times more of the pathogen at 7, 14 and 21 dpi (Figure 7). Taken
together these infection assays show that MtRH10 is involved in conferring basal resistance

to A. euteiches at the root level.
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Discussion

Protein effectors from filamentous plant pathogens such as fungi and oomycetes facilitate
host colonization by targeting host components. However, the molecular mechanisms that
enhance plant susceptibility to the pathogen are still poorly understood. Here we report that
the A. euteiches AeSSP1256 RNA-binding effector facilitate host infection by downregulating
expression of plant ribosome-related genes and by hijacking from its nucleic target MtRH10,
a Medicago nuclear RNA-helicase (RH). Thus, the current study unravels a new strategy in

which pathogenic oomycete triggers plant nucleolar stress to promote infection.

AeSSP1256 is an effector from the oomycete root pathogen A. euteiches previously shown to
enhance oomycete infection (Gaulin et al., 2018). Despite the absence of any functional
domain, in silico RGG/RG RNA-binding motif prediction (see for review (Thandapani et al.,
2013)) prompt us to show by FRET/FLIM analysis that the secreted AeSSP1256 effector is an
RNA-binding protein (RBP). RNAs play essential role in cell physiology and it is not surprising
that filamentous plant pathogens may rely on RNA-dependent process to control host
infection (for review see (Gohre et al., 2013; Pedersen et al., 2012). Moreover RBPs are key
players in the regulation of the post-transcriptional processing and transport of RNA
molecules (Yang et al., 2018b). However, to our knowledge only three examples of RBPs acting
as virulence factor of plant pathogens are known. This includes the glycine-rich protein
MoGrpl from the rice pathogen Magnaporthe oryzae (Gao et al., 2019), the UmRrm75 of
Ustilago maydis (Rodriguez-Kessler et al.,, 2012) and the secreted ribonuclease effector
CSEP0064/BEC1054 of the fungal pathogen Blumeria graminis which probably interferes with
degradation of host ribosomal RNA (Pennington et al., 2019). This situation is probably due to
the absence of conventional RNA-binding domain which render this type of RBP undetectable
by prediction algorithms. The future studies that will aim to unravel the atlas of RNA-binding
effectors in phytopathogens should not only rely on computational analysis but will have to
use functional approaches such as crystallization of the protein to validate function as
performed with CSEP0064/BEC1054 effector (Pennington et al., 2019) or screening method

like the RNA interactome capture (RIC) assay develops in mammals (Castello et al., 2012).
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We observed that when expressed inside roots of the partially resistant Jemalong A17 M.
truncatula line, AeSSP1256 triggers developmental defects such as shorter primary roots and
delay in roots development. In addition, those composite plants promote infection of A.
euteiches. This modification in the output of the infection is highly relevant since we previously
observed that M. truncatula quantitative resistance to A. euteiches is correlated to the
development of secondary roots (Rey et al., 2016). Defects in roots development and retarded
growth are typical characteristics of auxin-related and ribosomal proteins mutants reported

in Arabidopsis (Ohbayashi et al., 2017; Wieckowski and Schiefelbein, 2012).

This activity is dependent on the nucleolar rim localization of AeSSP1256, closed to the
nucleolus. The nucleolus is a membrane-free subnuclear compartment essential for the highly
complex process of ribosome biogenesis (reviewed in (Shaw and Brown, 2012). Ribosome
biogenesis is linked to cell growth and required coordinated production of processed
ribosomal RNA (rRNA), ribosomal biogenesis factors and ribosomal proteins (RP). In the
nucleolus, ribosome biogenesis starts with the transcription of pre-rRNAs from rRNA genes,
followed by their processing and assembly with RPs into two ribosome subunits (ie small and
large subunit). In animals, perturbation of any steps of ribosome biogenesis in the nucleolus
can cause a nucleolar stress or ribosomal stress which stimulates specific signaling pathway
leading for example to arrest of cell growth (Pfister, 2019). The nucleolar rim localization of
AeSSP1256 within the host cells suggested that this effector could interfere with ribosome
biogenesis pathway to facilitate infection. This speculation was further strengthened by
RNAseq experiments, which showed that within Al7-roots, AeSSP1256 downregulated
numerous genes implicated in ribosome biogenesis pathway, notably ribosomal protein
genes. This effect was also detected in susceptible F83 M. truncatula lines infected by A.

euteiches indicating that AeSSP1256, mimics some A.euteiches effects during roots invasion.

Y2H approach led to the identification of putative AeSSP1256 plant targets and all but one
correspond to predicted nuclear M. truncatula proteins. By a combination of multiple
experiments as FRET-FLIM to detect protein/protein interactions, a L7 ribosomal protein
(MtrunA17_Chr4g0002321) and a DExD/H box RNA helicase ATP-dependent
(MtrunA17_Chr5g0429221) were confirmed as AeSSP1256-interacting proteins. The DExD/H
(where x can be any amino acid) box protein family include the largest family of RNA-helicase

(RH). Rather than being processive RH, several DExD/H box proteins may act as ‘RNA
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chaperone’ promoting the formation of optimal RNA structures by unwinding locally the RNA
(for review see (Fuller-Pace, 2006)). These proteins are of major interest due to their
participation to all the aspects of RNA processes such as RNA export and translation, splicing
but the most common function of these proteins is in ribosome biogenesis including assembly
(Jarmoskaite and Russell, 2011). Specific function of RH is probably due to the presence of a
variable C-terminal ‘DEAD’ domain in contrast to the well conserved N-terminal ‘helicase core’
domain (for review see (Fuller-Pace, 2006)). This structural organization was detected in the
MtRH10. This M. truncatula protein corresponds to the ortholog of the nucleolar human
DDX47 (Sekiguchi et al., 2006), the nuclear yeast RRP3 (O’Day, 1996) and the nucleolar
Arabidopsis AtRH10 RNA-helicases, all involved in ribosome biogenesis (Liu and Imai 2018;
Matsumura et al. 2016), and the nucleolar rice OsRH10 (TOGR1) involved in rRNA homeostasis

(Wang et al. 2016).

Like its human ortholog DDX47 (Sekiguchi et al., 2006), MtRH10 possesses a bipartite nuclear
transport domain which can function as a nuclear localization signal (NLS) and two nuclear
export signal (NES), and thereby it probably shuttles between the cytoplasm and the nucleus
as reported for many others RNA helicases involved in rRNA biogenesis and splicing function
(Sekiguchi et al. 2006; Wang et al. 2009). Fluorescence analysis showed a relocalization of the
nucleocytoplasmic MtRH10 in the nucleoli periphery, when it is transiently co-express with
AeSSP1256 in N. benthamiana cells. The change in MtRH10 distribution suggests that the
interaction between the two proteins caused a mislocation of MtRH10 that can probably
affect its activity. We thereby check the nucleic acid binding capacity of MtRH10 by FRET-FLIM
approach. The decrease in the lifetime of GFP revealed the ability of MtRH10 to bind nucleic
acids. Knowing that both proteins display the same properties, we further evidenced that the
presence of AeSSP1256 effector inhibits the nucleic binding capacity of MtRH10. This
mechanism was also reported for the RNA-binding HopU1 effector from the plant bacterial
pathogen Pseudomonas syringae which associate to the glycin-rich RNA binding 7 protein
(GRP7) of Arabidopsis to abolish GRP7 binding to immune gene transcripts (ie FLS2 receptor,
(Nicaise et al., 2013)). Here we cannot exclude that AeSSP1256 also blocks the putative
helicase activity of MtRH10, but we favored an inhibitory mechanism of AeSSP1256 on
MtRH10 activity as complex and at least in part due to both protein-protein interaction and

nucleic acid interaction with the two proteins. Interestingly, we also noticed that co-
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expression of both proteins led to decrease in MtRH10 probably due to degradation of the
protein. While this observation warrants further analyses, this effect is reminiscent of other

effector activities which destabilize their targets (for review see (Langin et al., 2020)).

Plant genomes encode a large variety of DExD/H RH family in comparison to other organisms
and numerous studies have shown that several are associated through their activity with plant
development, hormone signaling or responses to abiotic stresses (for review see (Liu and Imai
2018)). Very few studies reported that DExD/H RH could also be involved in biotic stresses,
like responses to pathogens. One example is the DExD/H RH OsBIRH1 from rice that enhanced
disease resistance against Alternaria brassicicola and Pseudomonas syringae through
activation of defense-related genes (Li et al. 2008). A recent study on oomycete reports the
binding of the Phytophthora sojae RXLR PSR1 effector to a putative nuclear DExD/H RH.
Although the affinity for nucleic acids was not evaluated for the RH, association of both
partners promote pathogen infection by suppressing small RNA biogenesis of the plant (Qiao
et al., 2015). Here we showed that MtRH10 knockdown tolerant A17 lines supported higher-
level accumulation of A. euteiches in contrast to overexpressed MtRH10 lines, indicating the

importance of MtRH10 for M. truncatula roots defense against soil-borne pathogens.

This works reveals that MtRH10 expression is restricted at the root apical meristematic zone
(RAM) where cells divide (ie, primary and lateral roots). Missense MtRH10 roots harbor
defects in the primary root growth and reduced number of roots. Longitudinal sections in
elongation zone (EDZ) of these composite roots show a significant reduction in the size and
shape modification of cortical cells indicating that MtRH10 is required for normal cell division.
Defect in primary roots elongation is also detected in silenced AtRH10 and OsRH10 mutant
(Matsumura et al. 2016; Wang et al. 2016). Thus MtRH10 plays a role on Medicago root
development as its orthologs OsRH10 and AtRH10. At the cellular level we also observed in
AeSSP1256-expressing roots, reduction in cell size in elongation zone, with defects in cell
shape and in adhesion between cells of the cortex, maybe due to a modification of the middle
lamella (Zamil and Geitmann, 2017). Thus AeSSP1256 triggers similar or enhanced effect on
host roots development as the one detected in defective MtRH10 composite plants,
supporting the concept that the activity of the effector on MtRH10 consequently leads to
developmental roots defects. Several reports have indicated that Arabidopsis knockout of

genes involved in rRNA biogenesis or in ribosome assembly cause abnormal plant
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development including restriction and retardation in roots growth (Ohtani et al., 2013; Huang
et al., 2016, 2010). These common features suggest the existence of a common mechanism
that regulate growth in response to insults of the ribosome biogenesis pathway, known as
nucleolar stress response (for review see (Ohbayashi and Sugiyama, 2018)). How plant cells
sense perturbed ribosome biogenesis and nucleolar problems is still an opening question
(Sdez-Vasquez and Delseny, 2019), but the ANACO082 transcription factor from Arabidopsis can
be a ribosomal stress response mediator (Ohbayashi et al., 2017). In addition the recent report
on the activity of the nucleolar OsRH10 (TOGR1, MtRH10 ortholog) implicated in plant primary
metabolism through is activity on rRNA biogenesis, suggests that metabolites may play a role
in this process. Finally our current study indicates that nuclear RNA-binding effector like
AeSSP1256, by interacting with MtRH10, can act as a stimulus of the ribosomal stress

response.

This work established a connection between the ribosome biogenesis pathway, a nuclear
DExD/H RH, root development and resistance against oomycetes. Our data document that the
RNA binding AeSSP1256 oomycete effector that the parasite expresses during infection
downregulated expression of ribosome-related genes and hijacked MtRH10, a nuclear DExD/H
RH involved in root development, to promote host infection. This work not only provides
insights into plant-root oomycete interactions but also reveals the requirement of fine-tuning

of plant ribosome biogenesis pathways for infection success.
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Supplemental Figure 1: The nuclear localization of AeSSP1256 is required for biological activity in
M. truncatula roots.

(A) Schematic representation of constructs used in this assay. Endoplasmic reticulum (ER) retention motif KDEL
was added at the C-terminus of the AeSSP1256:GFP construct, in presence or absence of the native signal peptide
(SP). (B) Confocal analyses on M. truncatula-agrotransformed roots confirmed the nucleocytoplasmic localization
of the GFP alone (Left panel), the nuclear and perinucleolar localization of the —SP:AeSSP1256:GFP:KDEL (Middle
panel), and the ER-localization of the AeSSP1256:GFP:KDEL (Right panel), where proteins followed ER secretion
pathway thanks to the signal peptide but are trapped in the ER due to KDEL retention motif. Pictures were taken
at 21 d.p.t. Scale bar: 10um. (C) Representative anti-GFP blot control. Bands represent GFP proteins (28.4 kDa),
-SP:AeSSP1256:GFP:KDEL (52 kDa) or AeSSP1256:GFP:KDEL (54 kDa expected for complete protein). Samples
were harvested at 21 d.p.t. (D) Representative picture of M. truncatula plants expressing GFP, -
SP:AeSSP1256:GFP:KDEL or AeSSP1256:GFP:KDEL, at 21 d.p.t. Scale bar: 1cm. (E) Total root number per plant
(Left panel) and primary root length (in cm) per plant (Right panel). Asterisks indicate significant differences

(Student’s t-test; *, P<0.05). N: 40 plants for GFP and for AeSSP1256:GFP:KDEL and 35 plants for —
SP:AeSSP1256:GFP:KDEL



GFP AeSSP1256:GFP

Supplemental Figure 2: Invasion of M. truncatula roots by the pathogen is unchanged in

AeSSP1256 effector-expressing roots.

Cross-section of tolerant A17 M. truncatula lines expressing either the GFP control vector (left) or the
effector AeSSP1256:GFP (right) construct and infected by A. euteiches, 21 days after infection.
Mycelium was stained by Wheat Germ Agglutinin (Red) assay. Green fluorescence indicate GFP alone
or the GFP-tagged effector. Accumulation of phenolic compounds due to the presence of the pathogen
is visualized in blue (Djebali et al., 2009). No notable modification in the infection process is detected
and the pathogen is still restricted to the root cortex in the effector-transformed roots as in wild type

tolerant A17 line. CC: cortical cells. Scale bars: 100 um
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Supplemental Figure 3: CFP:L7RP candidate and AeSSP1256:YFP are in close association.

Confocal and FRET-FLIM experiments indicate that CFP:L7RP and AeSSP1256:YFP proteins are in close
association when co-expressed in N. benthamiana cells. (A) Confocal analysis revealed partial
colocalization of CFP:L7RP and AeSSP1256:YFP. White dashes represent nucleus membrane. Pictures
were taken at 24h. Scale bars: 10 um. (B) FRET-FLIM measurements. Histograms show the distribution
of nuclei (%) according to classes of CFP:L7RP lifetime in the absence (blue bars) or presence (red bars)

of AeSSP1256:YFP. Arrows represent CFP lifetime distribution range.
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Supplemental Figure 4: AeSSP1256 drives the re-localisation of the nuclear MtRH10 RNA
helicase, around the nucleolus in N. benthamiana cells.

(A) Multiple sequence alignment of DEAD-box RNA Helicases (RH) from Medicago truncatula (MtRH10,
MtrunA17_Chr5g0429221), Homo sapiens (DDX47, UniprotkKb: Q9HO0S4), Saccharomyces cerevisiae (RRP3, UniprotKB:
P38712), Arabidopsis thaliana (AtRH10, UniprotkB: Q8GY84) and Oryza sativa (OsRH10, UniprotKb: A2XKG2) which display
>50% similarity. Colored boxes indicate conserved DEAD-box RH domains. Black boxes indicate putative NES and NLS
sequences for MtRH10 protein. Alignment was performed with Multalin (http://multalin.toulouse.inra.fr/multalin/). Red:
identical aligned residues, Blue: similar aligned residues (B) Transient expression in N. benthamiana leaves of GFP:MtRH10
alone or in combination with AeSSP1256:HA. White dashes represent nucleus membrane. Pictures were taken by confocal
24h after infiltration. Note the re-localisation of MtRH10 in presence of the effector, as a ring around the nucleolus. Right

pictures are zooms of nucleus of the left panel. Scale bars: 10 um.
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Supplemental Figure 5: Expression of MtRH10 is reduced in M. truncatula silenced-roots.

gPCR analyses of MtRH10 gene expression level in M. truncatula RNAi MtRH10 transformed plants.
Each sample represents a mix of five RNAi MtRH10 plants or GFP control plants. Bars and error bars
represent mean and standard deviation. Asterisks indicate t-test significant difference (***: p<0,0001).

Samples were harvested 21 days post transformation.
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Supplemental Figure 6: M. truncatula cell morphology is affected in RNAi MtRH10 and
AeSSP1256:GFP expressing roots.

Host cell shape and size are affected by the expression of AeSSP1256:GFP construct or by the downregulation of
MtRH10 (A) Representative longitudinal sections of GFP, AeSSP1256:GFP or RNAi MtRH10 roots. Rectangles
show enlarged areas. CC: cortical cells. Arrow shows example of cells with shape or size perturbations. Samples
were harvested 21 days post transformation. Scale bars: 200 um. (B) Histograms of cortical cells area. RNAi
MtRH10 or AeSSP1256 cells are smaller than GFP control cells. (C) Histograms of normalized cell perimeter of
cortical cells. Each cell perimeter is proportionally recalculated for a of 500 um? area standard cell. Normalized
cell perimeter is longer in missense MtRH10 and AeSSP1256 samples due to proportionally longer perimeters,
indicating a different shape compare to GFP control cells. (D) Histograms showing perimeter / perimeter
bounding rectangle ratio. The perimeter bounding rectangle (PBR) calculates the smallest rectangle possible to
draw with a given cell. A ratio perimeter / PBR of 1 indicates that the cell is rectangular. This graph shows that
missense MtRH10 and AeSSP1256 cells are less rectangular than GFP cells (perimeter / PBR ratio closer to 1 in
GFP cells). Letters a and b represent statistical different classes (t-test, different letters if p<0,001). Bars represent
mean values and error bars are standard deviation. Three roots from three independent experiments were used
and measurements were performed in the elongation/differentiation zone (EDZ) of the roots, using approx.
300x600 um selection.
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Supplemental Figure 7: Western blot on MtRH10-overexpressed roots infected by A.

euteiches.

Representative anti-GFP blot on transformed plants infected by A. euteiches after 7, 14 or 21 days post
inoculation. Note a slight decrease of MtRH10 protein accumulation during A. euteiches infection. Each
sample represents a mix of five GFP:MtRH10 overexpressing plants or GFP control plants. Roots were

inoculated 21 days post transformation. Arrowhead indicates GFP:MtRH10 fusion proteins (68 kDa).



Material and Methods

Plant material, microbial strains, and growth conditions

M. truncatula Al17 seeds were in vitro-cultured and transformed as previously described
(Boisson-Dernier et al., 2001; Djébali et al., 2009). A. euteiches (ATCC 201684) zoospore
inoculum were prepared as in (Badreddine et al., 2008). For root infections, each plant was
inoculated with a total of 10 pl of zoospores suspension at 10° cells.ml ™. Plates were placed
in growth chambers with a 16h/8h light/dark and 22/20°C temperature regime. N.
benthamiana plants were grown from seeds in growth chambers at 70% of humidity with a
16h/8h light/dark and 24/20°C temperature regime. E.coli strains (DH5a, DB3.5), A.
tumefaciens (GV3101::pMP90) and A. rhizogenes (ARQUA-1) strains were grown on LB

medium with the appropriate antibiotics.

Construction of plasmid vectors and Agrobacterium-mediated transformation

GFP control plasmid (pK7WGF2), +SPAeSSP1256:GFP and +SPAeSSP1256:YFP (named
AeSSP1256:GFP and AeSSP1256:YFP in this study for convenience) and minus or plus signal
peptide AeSSP1256:GFP:KDEL constructs were described in (Gaulin et al., 2018). Primers used
in this study are listed in Supplemental Table 3. M. truncatula candidates sorted by Y2H assay
(MtrunA17_Chr7g0275931, MtrunAl17_Chr2g0330141, MtrunAl17_Chr5g0407561,
MtrunAl17_Chr5g0429221, MtrunAl17_Chrl1g0154251, MtrunAl17_Chr3g0107021,
MtrunA17_Chr7g0221561, MtrunA17_Chr4g0002321) were amplified by Pfx Accuprime
polymerase (Thermo Fisher; 12344024) and introduced in pENTR/ D-TOPO vector by means
of TOPO cloning (Thermo Fisher; K240020) and then transferred to pK7WGF2, pK7FWG2
(http://gateway.psb.ugent.be/), pAM-PAT-35s::GTW:CFP or pAM-PAT-35s::CFP:GTW binary
vectors.

Using pENTR/ D-TOPO:AeSSP1256, described in (Gaulin et al., 2018), AeSSP1256 was
transferred by LR recombination in pAM-PAT-35s::GTW:3HA for co-immunoprecipitation and
western blot experiments to create a AeSSP1256:HA construct and in pUBC-RFP-DEST (Grefen
et al., 2010) to obtain a AeSSP1256:RFP construct for FRET FLIM analysis. For RNAi of MtRH10
(MtrunA17_Chr5g0429221), a 328 nucleotides sequence in the 3’'UTR was amplified by PCR
(see Supplemental Table 3), introduced in pENTR/D-TOPO vector and LR cloned in
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pK7GWiWG2(Il)-RedRoot binary vector (http://gateway.psb.ugent.be/) to obtain RNAi
MtRH10 construct. This vector allows hairpin RNA expression and contains the red fluorescent
marker DsRED under the constitutive Arabidopsis  Ubiquitinl0  promoter
(http://gateway.psb.ugent.be/), to facilitate screening of transformed roots. For MtRH10
promoter expression analyses, a 1441nt region downstream of the start codon of MtRH10
gene was amplified by PCR (see Supplemental Table 3), fused to B-glucuronidase gene (using
pICH75111 vector (Engler et al.,, 2014)) and inserted into pCambia2200:DsRED derivative
plasmid (Fliegmann et al., 2013) by Golden Gate cloning to generate PromoterMtRH10:GUS
vector.

Generation of M. truncatula composite plants was performed as described by (Boisson-
Dernier et al., 2001) using ARQUA-1 A. rhizogenes strain. For leaf infiltration, GV3101 A.

tumefaciens transformed strains were syringe-infiltrated as described by (Gaulin et al., 2002).

Cross-section sample preparation for confocal microscopy

M. truncatula A17 plants expressing GFP or AeSSP1256:GFP constructs were inoculated with
A. euteiches zoospores 21 days after transformation as indicated previously. Roots were
harvested 21 days post inoculation, embedded in 5% low-melting point agarose and cutted
using a vibratome (VT1000S; Leica, Rueil-Malmaison, France) as described in (Djébali et al.,
2009). Cross-sections were stained using Wheat Germ Agglutin (WGA)-Alexa Fluor 555
conjugate (Thermo Fischer; W32464), diluted at 50 pg/ml in PBS for 30min to label A.

euteiches.

RNA-Seq experiments

Roots of composite M. truncatula A17 plants expressing GFP or AeSSP1256:GFP constructs
were harvested one week later after first root emergence. Before harvest, roots were checked
for GFP-fluorescence by live macroimaging (Axiozoom, Carl Zeiss Microscopy, Marly le Roi,
France) and GFP-positive roots were excised from plants by scalpel and immediately frozen in
liquid nitrogen. Four biological replicates per condition were performed (GFP vs AeSSP1256-
expressing roots), for each biological replicate 20-40 transformed plants were used. Total RNA
was extracted using E.Z.N.A.® total RNA kit (Omega bio-tek) and then purified using Monarch®
RNA Cleanup Kit (NEB). cDNA library was produced using MultiScribe™ Reverse Transcriptase

kit using mix of random and poly-T primers under standard conditions for RT-PCR program.
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Libraries preparation was processed in GeT-PlaGe genomic platform
(https://get.genotoul.fr/en/; Toulouse, France) and sequenced using lllumina HiSeq3000
sequencer. The raw data was trimmed with trmigalore (version 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 (Pecrix et al., 2018) using
Hisat2 (version 2.1.0) (Kim et al.,, 2019). Samtools (version 1.9) algorithms fixmate and
markdup (Li et al., 2009) were used to clean alignments from duplicated sequences. Reads
were counted by HTseq (version 0.9.1) (Anders et al., 2015) using reference GFF file. The count
files were normalized and different expression were quantified using DESeq?2 algorithm (Love
et al., 2014), false-positive hits were filtered using HTS filter (Rau et al., 2013). GO enrichment
were done using Ermine) (Lee et al., 2005) and topGO (Alexa and Rahnenfuhrer 2020)
software. RNASeq experiments on F83005.5 (F83) susceptible plants infected by A. euteiches

and collected nine days after infection are described in (Gaulin et al., 2018).

RNA extraction and qRT-PCR

RNA was extracted using the E.Z.N.A° Plant RNA kit (Omega Bio-tek). For reverse transcription,
1ug of total RNA were used and reactions were performed with the High-Capacity cDNA
Reverse Transcription Kit from Applied Biosystems and cDNAs obtained were diluted 10 fold.
gPCR reactions were performed as described in (Ramirez-Garcés et al., 2016) and conducted
on a QuantStudio 6 (Applied Biosystems) device using the following conditions: 10min at 95°C,
followed by 40 cycles of 15s at 95°C and 1min at 60°C. All reactions were conducted in
triplicates.

To evaluate A. euteiches’s infection level, expression of Ae a-tubulin coding gene
(Ae_22AL7226, (Gaulin et al., 2008)) was analyzed and histone 3-like gene and EFla gene of
M. truncatula (Rey et al., 2013) were used to normalize plant abundance during infection. For
Aphanomyces infection in plant over-expressing GFP, AeSSP1256:GFP or GFP:MtRH10, cDNAs
from five biological samples were analyzed, given that a sample was a pool of 3 to 5 plants,
for each time point, on three independent experiments, representing 45 to 75 transformed
plants per construct. M. truncatula roots were harvested 7, 14 and 21 dpi. For missense
MtRH10 experiments, downregulation of MtRH10 gene was first verified using cDNAs from
five biological samples, given that a sample was a pool of 5 plants, harvested 21 days post

transformation. For A. euteiches inoculation, three biological samples were analyzed, given
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that a sample was a pool of 3 plants, for each time point, on two independent experiments,
representing around 50 transformed missense MtRH10 plants. Relative expression of Ae a-
tubulin or MtRH10 helicase genes were calculated using the 222 method (Livak and
Schmittgen, 2001). For gPCR validation of RNAseq experiment, cDNAs from five biological
replicates (pool of three plants) of AeSSP1256-expressing roots were extracted 21 days post

transformation. Primers used for gPCR are listed in Supplemental Table 3.

Yeast Two Hybrid assays

An ULTImate Y2H™ was carried out by Hybrigenics-services (https://www.hybrigenics-
services.com) using the native form of AeSSP1256 (20-208 aa) as bait against a library
prepared from M. truncatula roots infected by A. euteiches. The library was prepared by
Hybrigenics-services using a mixture of RNA isolated from uninfected M. truncatula F83005.5
(+/- 12%), M. truncatula infected with A. euteiches ATCC201684 harvested one day post
infection (+/- 46%) and M. truncatula infected with A. euteiches harvested six days post
infection (+/- 42%). This library is now available to others customers on Hybrigenics-services.
For each interaction identified during the screen performed by Hybrigenics (65 millions
interaction tested), a ‘Predicted Biological Score (PBS)’ was given which indicates the reliability
of the identified interaction. The PBS ranges from A (very high confidence of the interaction)
to F (experimentally proven technical artifacts). In this study we kept eight candidates with a

PBS value from ‘A and C’ for validation.

Analysis of amino acid sequence of MtRH10

Conserved motifs and domains of DEAD-box RNA helicase were found using ScanProsite tool
on ExPASy web site (https://prosite.expasy.org/scanprosite/). MtRH10 putative NLS motif
was predicted by cNLS Mapper with a cut-off score of 4.0 (Kosugi et al., 2009), and the putative
NES motifs were predicted by NES Finder 0.2 (http://research.nki.nl/fornerodlab/NES-
Finder.htm) and the NetNES 1.1 Server (la Cour et al., 2004).

Immunoblot analysis

N. benthamiana leaves, infected M. truncatula roots or roots of M. truncatula composite
plants were ground in GTEN buffer (10% glycerol, 25 mM Tris pH 7.5, 1 mM EDTA, 150 mM
NaCl) with 0.2% NP-40, 10 mM DTT and protease inhibitor cocktail 1X (Merck; 11697498001).
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Supernatants were separated by SDS-PAGE and blotted to nitrocellulose membranes. For GFP
and GFP variant fusion proteins detection, anti-GFP from mouse IgG1k (clones 7.1 and 13.1)
(Merck; 11814460001) were used when monoclonal Anti-HA antibodies produced in mouse
(Merck; H9658) were chosen to detect HA recombinant proteins. After incubation with anti-
mouse secondary antibodies coupled to horseradish peroxidase (BioRad; 170-6516), blots

were revealed using ECL Clarity kit (BioRad; 170-5060).

Co-immunoprecipitation assay

Co-immunoprecipitation was performed on N. benthamiana infiltrated leaves expressing GFP,
GFP:MtRH10 or AeSSP1256:HA tagged proteins. Total proteins were extracted with GTEN
buffer and quantified by Bradford assay. 50 ug of total proteins were incubated 3H at 4°C with
30 ul of GFP-Trap Agarose beads (Chromotek; gta-20) under gentle agitation for GFP-tagged
protein purification. After four washing steps with GTEN buffer containing 0,05 % Tween-20,

beads were boiled in SDS loading buffer.

Confocal microscopy

Scanning was performed on a Leica TCS SP8 confocal microscope. For GFP and GFP variant
recombinant proteins, excitation wavelengths were 488 nm (GFP) whereas 543 nm were used
for RFP variant proteins. Images were acquired with a 40x water immersion lens or a 20x water
immersion lens and correspond to Z projections of scanned tissues. All confocal images were

analyzed and processed using the Image J software.

Cytological observations of transformed roots

Roots of composite plants expressing GFP, AeSSP1256:GFP, GFP:MtRH10 or RNAi MtRH10
were fixed, polymerized and cutted as described in (Ramirez-Garcés et al., 2016). NDPview?2
software was used to observe longitudinal root sections of GFP or missense MtRH10 plants
and to measure RAM size. Image J software was used for all others measurements. Average
RAM cells size were estimated by measuring all the cells from a same layer from the quiescent
center to the RAM boundary. Mean values were then calculated from more than 200 cells. In
the elongation zone (EDZ) of GFP, AeSSP1256:GFP or missense MtRH10 roots, cell area and
cell perimeter were measured in rectangular selection of approximately 300x600 um (two

selections per root). To obtain a normalized cell perimeter, each cell perimeter is
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proportionally recalculated for a of 500 um? area standard cell. To estimate cell shape
differences, considering that cortical cells in EDZ of GFP control roots are mostly rectangular,
we measured the perimeter bounding rectangle (PBR), which represent the smallest rectangle
enclosing the cell. Then we calculated the ratio perimeter / PBR. Rectangular cells have a
perimeter / PBR ratio close to 1. Three roots per construct from three independent

experiments were used.

FRET / FLIM measurements

For protein-protein interactions, N. benthamiana agroinfiltrated leaves were analysed as
described in (Tasset et al., 2010). For protein-nucleic acid interactions, samples were treated
as described in (Camborde et al., 2017; Escouboué et al., 2019). Briefly, 24 h agroinfiltrated
leaf discs were fixed with a 4% (w/v) paraformaldehyde solution. After a permeabilization step
of 10 min at 37°C using 200 pg/ml of proteinase K (Thermo Fisher; 25530049), nucleic acid
staining was performed by vaccum-infiltrating a 5 uM of Sytox Orange (Thermo Fisher;
S$11368) solution. For RNase treatment, foliar discs were incubated 15 min at room
temperature with 0.5 mg/ml of RNAse A (Merck; R6513) before nucleic acid staining. Then
fluorescence lifetime measurements were performed in time domain using a streak camera
as described in (Camborde et al., 2017). For each nucleus, fluorescence lifetime of the donor
(GFP recombinant protein) was experimentally measured in the presence and absence of the
acceptor (Sytox Orange). FRET efficiency (E) was calculated by comparing the lifetime of the
donor in the presence (tpa) or absence (tp) of the acceptor: E=1-(tpa) / (tp). Statistical
comparisons between control (donor) and assay (donor + acceptor) lifetime values were
performed by Student t-test. For each experiment, nine leaf discs collected from three

agroinfiltrated leaves were used.

Accession Numbers

Transcriptomic data are available at the National Center for Biotechnology Information (NCBI),
on Gene Expression Omnibus (GEO) under accession number [GEO:GSE109500] for RNAseq
corresponding to M. truncatula roots (F83005.5 line) infected by A. euteiches (9 dpi) and
Sequence Read Archive (SRA) under accession number PRINA631662 for RNASeq samples
corresponding to M. truncatula roots (A17) expressing either a GFP construct or a native

AeSSP1256:GFP construct. SRA data will be release upon acceptation of the manuscript.
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Supplemental Data

The following supplemental data are available:

Supplemental Figure 1: the nuclear localization of AeSSP1256 is required for biological activity

in M. truncatula roots

Supplemental Figure 2: invasion of M. truncatula roots by the pathogen is unchanged in

AeSSP1256 effector-expressing roots
Supplemental Figure 3: CFP:L7RP candidate and AeSSP1256:YFP are in close association

Supplemental Figure 4: AeSSP1256 drives the re-localisation of the nuclear MtRH10 RNA

helicase, around the nucleolus in N. benthamiana cells
Supplemental Figure 5: Expression of MtRH10 is reduced in M. truncatula silenced-roots

Supplemental Figure 6: M. truncatula cell morphology is affected in RNAi MtRH10 and
AeSSP1256:GFP expressing roots

Supplemental Figure 7: Western blot and confocal analyses on MtRH10-overexpressed roots

infected by A. euteiches

Supplemental Table 1: RNASeq data of M. truncatula roots (A17) expressing either GFP
construct or AeSSP1256:GFP construct. STla. Differentially expressed genes (DE),
padj<0,0001. ST1b. Top10 GO of DE. ST1c. Venn diagram. ST1d. gRT-PCR.

Supplemental Table 2: Yeast two-hybrid screening. STE2a. List of putative AeSSP1256
interactors after Y2H screening of M. truncatula roots infected by the pathogen. ST2b. FRET-
FLIM validation of CFP:L7RP candidate

Supplemental Table 3: List of primers used in this study
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Complementary results: Aphanomyces euteiches effectors from
two different families interact and modulate their activity.

As previously reported in Chapter V, in order to find proteins targeted by AeSSP1256,
we submitted the mature form (without signal peptide) of the AeSSP1256 protein as a bait for
yeast two-hybrid screening (Y2H) using a cDNA library generated from A. euteiches infected
Medicago roots (see Chapter V). Results are listed in table 1. Eight Medicago truncatula genes
were reported as potential protein targets and we revealed that two of them, a DEAD-box
RNA helicase named MtRH10 and a L7 ribosomal protein physically interact with AeSSP1256.
We then characterized the interaction between MtRH10 helicase and AeSSP1256 to decipher

their role on plant resistance during A. euteiches infection (see Chapter V).

Interestingly one gene from A. euteiches was also found as a putative partner of
AeSSP1256. Surprisingly, this gene encodes a CRN13 Crinkler effector, composed by two
subdomains (known as DFA and DDC) in the C-terminal part of the protein (see Chapter I-4.3
Figure 9). All the positive clones sequenced in the Y2H screen hit with the DFA subdomain of
AeCRN13. We already have functionally characterized this AeCRN13 effector (Ramirez-Garcés
et al., 2016), which is known to enhance N. benthamiana susceptibility to P. capsici infection
and has genotoxic effects when transiently expressed in plant cells. Even without predicted
NLS, AeCRN13 accumulates in host cell nuclei, binds plant DNA thanks to an HNH-nuclease like
domain (part of the DFA subdomain) when transiently expressed in N. benthamiana leaves.
AeCRN13 triggers H2Ax phosphorylation of a marker of DNA-Damage Repair pathway (DDR),

and upregulated the expression of numerous genes of the DDR pathway.
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Name Gene number Pfam domains Potential function

lecithin retinol

Medtr7g117750.1 LRAT Involved in Vitamin A metabolism
acyltransferase

acts as histone chaperones, may be
nucleosome assembly

. Medtr2g099940.1 NAP involved in regulating gene
protein .
expression
binds to DNA, involved in various
AT rich interactive d i biological lik
rich interac .|ve omain Medtr5g024920.1 ARID; HSP20 io oglt':a processe's, .| e gene '
protein regulation, transcriptional regulation

and chromatin structure

possess ATP-dependent helicase

DEAD-box ATP-dependent activity and RNA-binding property,

Medtr5g069330.1 DEAD; Helicase C

RNA helicase involved in RNA biogenesis
pllan't-specific'B3-DNAf- Medtr1g021500.2 B3 (2x) DNA bihding domain, transcriptional
binding domain protein regulation

endo/excinuclease amino nucleotide excision repair
Medtr3g466410.1 GIY-YIG R
terminal domain protein = endonuclease activity
. . involved in the control of the
carboxy-terminal domain transcription machinery b
phosphatase-like protein, Medtr7g021190.1 NIF; BRCT ) . p' y by
. inactivation of RNA polymerase-II by
putative .
dephosphorylation
DNA and RNA binding d in,
thaliana 60S ribosomal Ribosomal_L30 an .|n e omaln.
. Medtr4g008160.1 regulatory role in the translation
protein L7 (2x) .
machinery
CRN13-Like Ae9AL5664 DFA binds DNA, triggers DNA damage

Table 1: List of candidate proteins for interaction with AeSSP1256.

A Yeast-Two Hybrid screening was performed by Hybrigenics Services from cDNA library obtained with M.
truncatula roots infected or not with A. euteiches. This table lists the more confident protein candidates, ranked
from A to D. Two proteins have been evidenced to physically interact with AeSSP1256 and are in bolt (see Chapter
V). AeCRN13 is indicated in bolt and red and represents the only gene from A. euteiches ranked as a putative

partner for AeSSP1256.
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Figure 11: AeCRN13 interacts with AeSSP1256 and is relocalized by the SSP.



Figure 11: AeCRN13 interacts with AeSSP1256 and is relocalized by the SSP.

(A) Confocal analyses of CFP:AeCRN13 reveal homogenous nuclear localisation when expressed alone in N.
benthamiana cells, while it is partially relocalized in presence of AeSSP1256:YFP. Pictures were taken 24h post
agroinoculation. Scale bars: 10um. (B) Histograms represent FRET-FLIM results and show the distribution of
nuclei (%) according to classes of CFP:AeCRN13 lifetime in absence (blue bars) or presence (orange bars) of
AeSSP1256:YFP in nuclei where CFP:AeCRN13 was relocalized. Arrows represent CFP lifetime distribution range.
(C) Same experiment than in (B) but in nuclei where CFP:AeCRN13 was not relocalized by AeSSP1256:YFP. In that
cases, no significant decrease in CFP lifetime is observed in presence of the acceptor AeSSP1256:YFP. (D) Confocal
pictures of N. benthamiana leaves expressing GFP:AeCRN13 in presence or absence of AeSSP1256:HA, 24h after
agroinoculation. In presence of AeSSP1256:HA, GFP:AeCRN13 is strongly relocalized around nucleolus and in
subnuclear compartments. Scale bars: 10 um. (E) Co-immunoprecipitation assay on agroinoculated N.
benthamiana leaves expressing GFP:AeCRN13 in presence or absence of AeSSP1256:HA. GFP was used as a
negative control. Total protein extract were loaded on GFP beads to trap GFP tagged proteins. After washes and
elution, samples were immunoblotted against GFP and HA antibodies. HA blots reveal that AeSSP1256:HA was
co-purified with GFP:AeCRN13.

Homodimers of effectors have been reported for CRN family from Phytophthora sojae and
Rhizophagus irregularis (VoR et al., 2018), but the role of this process for infection is still
unknown. Therefore we investigated whether AeSSP1256 makes a heterodimer with the
genotoxic AeCRN13 effector, the consequence on the DNA damage activity of AeCRN13 and

finally on the outcome of an infection.

First, to observe effectors subcellular localization, we co-expressed AeSSP1256:YFP and
CFP:AeCRN13 tagged proteins in N. benthamiana leaves. One day after agroinfiltration,
confocal analyses confirmed the nuclear localization of CFP:AeCRN13 when expressed alone.
In contrast, the presence of AeSSP1256:YFP contributes to a partial relocalization around the
nucleolus of CFP:AeCRN13, in the area where AeSSP1256 is detected, notably around the
nucleolus (Figure 11A) in most nuclei analysed (around 65% of nuclei analysed). The partial
relocalization of a protein target to the perinucleolar space where AeSS1256 is present was
also observed for the MtRH10 target. The reason why not all CFP:AeCRN13 proteins are
relocalized is not known. We suspect that Fluorescent tags could disturb the interaction, or

the expression level and/or timing of expression of both partners could play a role.
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To confirm the protein-protein interaction we performed a FRET-FLIM assay in order to
measure the fluorescence lifetime of the CFP:AeCRN13 proteins in the nucleus, in absence or
in presence of AeSSP1256:YFP. In presence of AeSSP1256:YFP, analysis was conducted on
nuclei where CFP:AeCRN13 was relocalized. In these nuclei, the CFP lifetime significantly
decreases due to FRET effect with AeSSP1256:YFP acceptor, from 2.82 +/- 0.016 ns to 2.14 +/-
0.031 ns, indicating a close association between the two proteins (Table 2). The distribution
of all the measurements is plotted on Figure 11B and clearly shows the shift into shorter CFP
lifetime. Moreover, no significant difference in CFP lifetime was observed in nuclei where
AeCRN13 is not relocalized in presence of AeSSP1256. Value from 2.82 +/- 0.016 ns in mean
when CFP:AeCRN13 is expressed alone and 2.75 +/- 0.02 ns in presence of AeSSP1256:YFP are
reported (see Table 2). This result is illustrate by the Figure 11C. Altogether, these data

indicate that the relocalization of AeCRN13 is probably due to its interaction with AeSSP1256.

Donor Acceptor 1@ sem ® N © E@ © p-value
CFP:AeCRN13 - 2.819 0.016 40 - -
CFP:AeCRN13 AeSSP1256:YFP 2.138 0.031 40 24 4.59E-32

CFP:AeCRN13 AeSSP125.6:YI_:P 2.750 0.020 40 2.3 0.07
NO relocalization

Table 2: FRET-FLIM measurements of CFP:AeCRN13 with or without AeSSP1256:YFP.

T : mean life-time in nanoseconds (ns). ) s.e.m.: standard error of the mean. © N: total number of measured
nuclei. @ E: FRET efficiency in % : E=1-(tDA/tD). ©® p-value (Student’s t test) of the difference between the donor

lifetimes in the presence or absence of acceptor.

To confirm the results and to decipher whether the fluorescent tag could perturb the
interaction, AeSSP1256 was fused to a triple HA tag, much smaller than the YFP tag (around 5
kDa for the triple HA against 27 kDa for YFP) (cloning is described in the paper from Chapter
V). Similar results were obtained when CFP:AeCRN13 was coexpressed with HA-tagged version
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of AeSSP1256 where approximately half of observed nuclei harbor a relocalized CFP:AeCRN13
around the nucleolus. Intriguingly, when a GFP:AeCRN13 construct is coexpressed with HA-
tagged version of AeSSP1256, more than 90% of observed nuclei harbor a relocalized
GFP:AeCRN13 around the nucleolus, and this relocalization appeared stronger than observed
with AeSSP1256:YFP (Figure 11D). This could be due to different spatial organization and
three-dimensional structure of GFP, CFP, YFP and HA tags.

To test whether the DNA binding ability of AeCRN13 could play a role in the interaction with
AeSSP1256, we coexpressed in N. benthamiana a mutated version of AeCRN13, named
AeCRN13**A (see Ramirez-Garcés et al. 2016), with AeSSP1256:HA. AeCRN13**A contains three
alanine in place of the corresponding Histidine, Asparagine and Histidine of the HNH domain
leading to a mutated protein unable to bind nucleic acids and to trigger DNA damage (see
(Ramirez-Garcés et al., 2016)). Confocal analyses confirm the strong relocalization of the
mutated GFP:AeCRN13*** in presence of AeSSP1256:HA, suggesting that the HNH domain of
AeCRN13 is not involved in the interaction with AeSSP1256 (Figure 11D).

To confirm the interaction between both effectors, we performed co-immunoprecipitation
(ColP) assays using total proteins extracted from N. benthamiana agroinfiltrated leaves with
AeSSP1256:HA and GFP:AeCRN13 constructs. As a control experiment, GFP construct was
coexpressed with an AeSSP1256:HA construct. After total protein extraction 24 hours after
treatment, samples were purified on GFP beads (protocol is described in the paper from
Chapter V), washed, and finally loaded on polyacrylamide gels for immunoblotting. As
expected, no AeSSP1256 was detected when only coexpressed with GFP, while GFP antibodies
confirmed the presence of the GFP:AeCRN13 proteins (around 65 kDa) and HA antibodies
revealed the presence of AeSSP1256:HA proteins (around 25 kDa) when both partners are
coexpressed. This data indicates that AeSSP1256:HA was pull down with GFP:AeCRN13 and

confirms their interaction (Figure 11E).

We then check whether AesSP1256 and AeCRN13 effectors may also interact in host cells. The
co-transformation of M. truncatula roots with AeSSP1256:HA and GFP:AeCRN13 constructs is
poorly efficient. Nevertheless three weeks after transformation of A17-Jemalong Medicago

roots, few roots where most nuclei displayed a GFP fluorescence in subnuclear compartments
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Figure 12: AeSSP1256 modulates the biological activity/cell death of AeCRN13.

(A) Representative N. benthamiana leaf agroinfiltrated with GFP:AeCRN13 alone or in combination with
AeSSP1256:HA, AeSSP1256:HA alone or in combination with INF1 (from P. infestans). No necrosis occur when
AeSSP1256:HA is expressed alone. In contrast, necrosis appear 3 days after infiltration in cells expressing
AeCRN13 or INF1+AeSSP1256:HA. Note that In presence of AeSSP1256:HA, cell death induced by AeCRN13 is
strongly reduced. Pictures were taken 5 days post agroinoculation. This experiment was repeated 5 times with
similar results. (B) Immunoblot showing induction of phosphorylated histone H2AX in N. benthamiana cells

expressing GFP:AeCRN13 alone or in combination with AeSSP1256:HA at 2, 3 and 4 days post agroinoculation.



Phosphorylated H2AX is strongly reduce in samples expressing both proteins. Bleomycin is a DNA damaging agent
and was used as a positive control as reported in (Ramirez-Garcés et al., 2016). Stain free stains total proteins
such as Ponceau staining. (C) Histograms represent the lesion size induced by P. capsici infection on N.
benthamiana agroinoculated with GFP, GFP:AeCRN13, AeSSP1256:HA, or GFP:AeCRN13 in combination with
AeSSP1256:HA. When expressed alone, both effectors are able to increase N. benthamiana susceptibility to P.
capsici but not when effectors are expressed together. One day post-agroinoculation, the infiltrated leaves were
inoculated with P. capsici zoospores and symptoms were observed 3 days after infection. Asterisks represent
significant differences (Student’s t-test; *, P < 0.05). Each leaf was infiltrated with GFP on the left side, and
another construct on the right side (GFP:AeCRN13, AeSSP1256:HA, or GFP:AeCRN13+AeSSP1256:HA). More than

30 leaves were used for each construct combination.

(around 75%) and showed the AeSSP1256-ring labelling around the nucleolus were detected,
suggesting that AeCRN13 is relocalized (Figure 11F). Although more transformation events
coupled with immunoblots are needed to confirm the presence of both proteins, those data
suggest that AeCRN13 is relocalized into the perinucleolar space in the presence of AeSSP1256

when expressed in Medicago roots.

To test the impact of the interaction between both effectors, we firstly evaluate
whether AeSSP1256 may modulate the genotoxic activity of AeCRN13, as reported for
Crinklers effectors from P. sojae (Zhang et al., 2015). Agroinfiltration of N. benthamiana leaves
indicate as we previously observed that AeSSP1256 do not induces necrosis in N. benthamiana
leaves, even after 10 days (not shown) (Figure 12A). In contrast, necrotic symptoms are clearly
visible 5 days after agroinfiltration of AeCRN13 C-ter domain in Nicotiana (Ramirez-Garcés et
al.,, 2016). In the co-infiltration assay, AeCRN13-induced necrosis is strongly delayed or
inhibited (Figure 12A). This inhibitory effect seems specific to AeCRN13 as necrosis induced
by another necrotic oomycete effector (i.e. INF1 from Phytophthora infestans) is not affected
by the presence of AeSSP1256 (Figure 12A). Then we check DNA damage activity in leaves that
co-express both effector by western-blot analysis. We previously observed that AeSSP1256 do
not induce the phosphorylation state of the DNA damages Histone2A marker (not shown). As
shown on Figure 12B the phosphorylation state of the Histone2A marker due to AeCRN13

activity seems to decreases over time in presence of AeSSP1256. Even if western-blot analyses
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are required to confirm the presence of both effector upon the time course, these data

suggest that AeSSP1256 may affect host DNA damages triggered by AeCRN13.

Since we previously reported that both proteins independently enhance susceptibility
to P. capsici infection when transiently expressed in Nicotiana leaves, we next wonder what
could be the effect of the interaction of these two effectors on the plant susceptibility against
this pathogen. When each protein is expressed separately in N. benthamiana leaves, larger
lesions due to P. capsici infection are observed than in the infected GFP control infiltrated
leaves ((Ramirez-Garcés et al., 2016; Gaulin et al., 2018) and Figure 12C). In contrast, when
AeSSP1256 and AeCRN13 are co-expressed, lesion size induced by P. capsici are not
significantly different than in GFP control leaves (Figure 12C). These data suggest that

AeSSP1256 strongly reduces the biological impact of AeCRN13 in plant.

Altogether, these preliminary results reveal that two effectors from different families, Crinkler
and SSPs, can physically interact when expressed in planta. Here, it seems that AeSSP1256
acts to reduce AeCRN13 biological effects. Such antagonism interaction was already observed

in P. infestans with two CRNs (PsCRN63 and PsCRN115) (Zhang et al., 2015).
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Figure 13: Main results of this PhD work.

(a) AeCRN13 is a DNA damaging effector that impacts root development and triggers cell death. (b) AeCRNS5 has
a functional translocation N-ter domain and targets RNA in nuclear bodies where it perturbs siRNA biogenesis. It
could potentially interfere with SE proteins in D-bodies and deregulate miRNA biogenesis. (c) After secretion
and translocation (unknown mechanism), AeSSP1256 targets nuclear RNA and downregulates genes involved in
ribosome biogenesis pathway. (d) AeSSP1256 also strongly interacts with a plant RNA helicase involved in
meristem development named MtRH10. This interaction inhibits the RNA-binding activity of the helicase. (e)
AeSSP1256 also interacts with the DNA damaging effector AeCRN13 leading to a decrease in DNA damages. It is
still unclear if this interaction occurs inside the pathogen, during translocation, or inside host cells. Straight lines
represent confirmed processes. Dotted lines indicate putative processes. Interrogation points indicate unknown
mechanisms or hypothetical process.



General discussion and perspectives

The aim of this PhD project is to develop a better understanding of the molecular mechanisms
underlying virulence and pathogenicity of the oomycete pathogen of legumes A. euteiches
that cause root rot diseases. The study was focus on microbial secreted proteins called
effectors that target host components to promote pathogen invasion. Knowing that numerous
fungal and oomycetes effectors target the nuclear compartment of the host plant we firstly
published in TIPS (Camborde et al., 2019) a review that reports on the activity of these
eukaryotic effectors (Chapter Il). Then we focused our work on AeCRN5, a crinkler effector
from A. euteiches previously reported as a cell-death inducing protein able to target plant
nucleus (Chapter Ill). Comparative analyses of Aphanomyces spp. reveal a large family of
small-secreted proteins (SSPs) never reported in oomycetes in contrast to fungal pathogens
(Chapter 1V). Using various technology an array of SSPs was tested for their effector activity
and AeSSP1256 has been selected for functional characterization. We decipher the activity of
AeSSP1256 against plant targets and identify that AeSSP1256 can interact with another
effector from A. euteiches, AeCRN13 previously reported as a DNA-damaging effector
(Chapter V). This PhD work showed the biological functions of two pivotal virulence factors of
A. euteiches. In this chapter, we reflect on the major findings of this study and discuss future

strategies to pursue our work on effectors functions.

CRNs and SSPs in oomycetes

The first aim of this work was to deepen knowledge in the repertoire and the mechanisms of
action of intracellular effectors from the root pathogenic oomycete Aphanomyces euteiches.
A. euteiches expression data from previous work suggested a large number of CRN coding
genes and in opposite the absence of RxLR protein effectors. This result was confirmed by
comparative analyses of A. euteiches, A. astaci and A. cladogamus genomes performed during
this PhD (Chapter IV). In the same time, a study using other bioinformatic criteria detected
between 16 to 25 RxLR-like genes in A. invadans and A. astaci respectively (McGowan and
Fitzpatrick, 2017). As expected, authors found that 87% of the predicted RxLR proteins are
located in Peronosporales species (McGowan and Fitzpatrick, 2017). They also confirm the
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large expansion of putative cytoplasmic genes predicted in Phytophthora species, with
approximately 600 RxLR genes and almost 200 CRNs genes for P. infestans, giving a huge
number of putative cytoplasmic effectors to achieve infection. In comparison, A. euteiches has
“only” around 160 CRNs genes. This observation raises question about the arsenal of
intracellular effectors secreted by Aphanomyces compared to other oomycetes, especially to
Phytophthora species. Only 2% of the CRN genes were upregulated at 3 and 9 days post
inoculation, and 13% upregulated in zoospores as compared to in vitro grown mycelium,
suggesting that a subset of AeCRN is present at the early stage of Medicago infection and that
another set of CRN genes seems to be produced at later stages. These results are in
accordance with the dynamic expression of CRN genes reported in Phytophthora (Stam et al.,
2013a), and underlines the relative low number of intracellular effector coding genes induced
during host infection to sustain A. euteiches development. The genomic and transcriptomic
analyses of A. euteiches also revealed a large repertoire of small-secreted protein (SSP)-
encoding genes that are highly induced during plant infection and not detected in other
oomycetes. SSPs are widely present in fungi and are involved in the interaction between host
and mutualistic or pathogenic microorganisms (Veneault-Fourrey and Martin, 2011; Lo Presti
et al., 2015). This finding paves the way to new research on this type of molecules potentially

secreted by others oomycetes like Phytophthora.

Host nucleic acids as a target: Let’s play with DNA

Despite the central role of nucleic acids in a living cell, few example of intracellular effectors
able to interact with nucleic acids have been described to date in filamentous eukaryotic
microorganisms. In a very recent review on intracellular effectors from filamentous
phytopathogens, He and colleagues collected data from the literature describing verified
targets of 41 intracellular oomycete effectors and 30 from fungi (He et al., 2020). Only three
of these effectors target DNA and among them, two are Crinkler/CRNs proteins. The
Phytophthora sojae effector CRN108 binds to heat-shock element (HSE) promoters to prevent
their expression (Song et al., 2015). This CRN contains an HhH DNA binding domain, widely
distributed in DNA repair or synthesis proteins and reported to have sequence-non-specific
DNA-binding activity (Pavlov et al., 2002). The other CRN protein, AeCRN13, binds plant DNA

thanks to its HNH motif (Ramirez-Garcés et al., 2016) found in more than 500 nucleases or in
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bacterial toxins such as colicins, produced by some E. coli strains. AeCRN13 trigger DNA-
damage of the host cell (Figure 13a). The third reported effector is CgEP1 from the fungus
Colletotrichum graminicola, presented as a double-stranded DNA-binding protein that

modulates transcriptional activity (Vargas et al., 2016).

DNA binding effectors from animal and plant pathogenic bacteria are also reported (see
Chapter Il). One of the most known example are the transcription activator-like effector (TALE)
proteins. TALE proteins derived from bacteria and are built from tandem repeat units that can
be linked to form a string-like structure, able to bind DNA. TALES are unstable proteins, able
to follow the shape of the double helix through a conformational heterogeneity that facilitates

macromolecular assembly (Schuller et al., 2019).

Another example of DNA binding effector has been described in root pathogenic cyst
nematodes. Cyst nematodes are root endoparasites that infect a wide range of crops. Then, it
was reported that GLAND4, an effector secreted by Heterodera glycines and H. schachtii
(parasites of soybean and sugar beet respectively), is a small DNA binding protein that
represses gene expression of defense related genes. The C-terminal domain of GLAND4
possesses acidic and hydrophobic amino acids structure similar to those found in TALE

proteins (Barnes et al., 2018).

Finally, in the fish oomycete pathogen Saprolegnia parasitica, SpHtp3 effector contains a
bifunctional nuclease domain and therefore degrades RNA and DNA in host cell nuclei (Trusch

et al,, 2018).

Then it seems that targeting host DNA could be a common strategy shared by various animal
and plant bacterial pathogens, but also nematodes and filamentous eukaryotic pathogens.
The role on the pathogenesis depends on the type of DNA-effector interactions. Some DNA
binding proteins, such as bacterial TALEs, CRN108 from Phytophthora or fungal CgEP1 protein,
interfere with transcriptional activity and defense gene expression to manipulate host
immunity. For DNA-damaging effectors, the consequences are less clear. Triggering DNA
damage perturbs the host cell cycle and subsequently favors the colonization of the tissues.
On the other hand, DNA damage can be sensed as a danger signal leading to the induction of
defense responses (see Chapter Il). Characterized DNA-damaging effectors are expressed at

the later stage of infection (such as AeCRN13 and SpHtp3) and could correspond to the switch
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to a necrophytic phase of the infection. Future studies on this type of effectors are needed to

precise the role of DNA-damaging effectors in the outcome of the infection.

Host nucleic acids as a target: Let’s play with RNA

Among the 71 described intracellular effectors from filamentous phytopathogens reported in
He et al., 2020, six of them (8%) target RNA trafficking or RNA processing (He et al., 2020).
Among them, two effectors from Phytophthora sp. stabilize host RNA-binding proteins to
regulate mRNA biogenesis and plant immunity (Huang et al., 2017; Wang et al., 2015). Two
fungal effectors have been reported to potentially interfere with mRNA processing. One is an
RxLR protein from Magnaporthe oryzae that interacts with a nucleoporin required for
accumulation of PR gene transcripts (Tang et al., 2017). The other is a candidate effector from
the wheat rust fungus Puccinia striiformis that accumulates in processing bodies where it
interacts with a protein involved in mRNA decapping (Petre et al., 2016). Finally, two RxLR
effectors from P. sojae (PSR1 and PSR2) suppress RNA silencing by interfering with small RNA
biogenesis (Qiao et al., 2015; Xiong et al., 2014; Hou et al., 2019). Based on obtained results
we can include AeCRN5 and AeSSP1256 in this list.

However, none of these effectors was described to bind directly to RNA. This PhD work
showed that AeCRN5 is an RNA-binding protein with modular architecture, comprising a
functional translocation N-terminal domain folded as Ubiquitin family proteins, then classified
as Ubil-Header domain according to Zhang et al. (2016). The C-ter domain comprises the
DN17 subdomain related to the usual classification based on P. infestans sequences (Haas et
al., 2009). Interestingly, even if AeCRN5 was not included in the study of Zhang et al. (2016),
the C-termini of the closest orthologs were described as REase5 domains, and we assumed
after sequence alignment that AeCRN5 is a member of this REase5 family. AeCRN5 C-ter is
nuclear localized and this localization is required to trigger necrosis in N. benthamiana leaves.
When expressed in host cells, AeCRN5 strongly affects root development (Figure 13b). In
addition to RNA binding ability, we found that it could interfere with PTGS mechanism, but
the effect on siRNA accumulation is still unclear and requires additional experiments. This role
was described in the oomycete P. sojae, with RXLR proteins PSR1 and PSR2. However, the

mechanism and the final impact seem different since PSR1 and PSR2 were not reported to
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bind RNA, but to interact with RNA binding proteins. PSR1 promotes infection by interacting
with PINP1, a DEAD-box RNA helicase, to repress siRNA biogenesis in the plant hosts. PSR2
interacts with dsRNA-binding protein 4 (DRB4), which associates with Dicer-like 4 (DCL4), to

inhibit secondary siRNA biogenesis to interfere with trans-kingdom RNAi (Hou et al., 2019).

In addition, we reported preliminary results about the putative localization of AeCRN5 C-ter
in D-bodies, a direct or indirect interaction with the SERRATE protein, and then a perturbation
in miRNA biogenesis (Figure 13b). As discussed in Chapter Ill, we still need to precise the
subnuclear localization of AeCRN5 and to perform quantitative PCR on mature miR sequences
to confirm the role of AeCRN5 on miRNA maturation. Additionally, we will construct mutated
version of AeCRN5 C-ter domain, with substitution of the five catalytic residues conserved in
REase5 domain in alanine amino acid (Zhang et al., 2016). We will then tested its RNA-binding
capability, its localization in D-bodies, and expected to obtain a mutant no longer able to
interfere with miRNA biogenesis. Additionally, pri-miRNA or mature miRNA analyses (using
RT-gPCR) in M. truncatula plants infected by A. euteiches, or in AeCRN5 overexpressing M.t

plants could strengthen the role of AeCRN5 on miRNA biogenesis.

Effectors with RNAse-like activity and associated with Haustoria (RALPH) are largely detected
in barley powdery mildew Blumeria graminis, and constitute the so-called RALPH effectors
(Pedersen et al., 2012). This effector family contains around 120 candidate genes but few of
them have been characterized, and two (BEC1011 and BEC1054) were predicted to adopt a
ribonuclease structure but lack the key active amino acid sites necessary for ribonuclease
activity, suggesting that these proteins are non-functional ribonucleases (Pliego et al., 2013;
Spanu, 2015). Finally, a recent study evidenced the RNase-like fold of BEC1054 and reported
its RNA-binding activity. Authors suggest that the role of this effector could be to protect rRNA
by inhibiting the action of plant ribosome-inactivating proteins, repressing host cell death, an

unviable interaction for this biotrophic fungus (Pennington et al., 2019).

Functional analysis of AeSSP1256 indicates that this SSP is also an RNA-binding protein (RBP)
(Figure 13c). Like AeCRN5, AeSSP1256 has a subnuclear localization, but with clustered
accumulation around the nucleolus, and strongly perturbs the root development of host plant.
Additionally, AeSSP1256 interacts with a host ribosomal protein and a DEAD-box RNA helicase.
Transcriptomic analyses also indicate a downregulation of ribosomal protein genes implicated

in ribosome biogenesis pathway. Thus, ribosome biogenesis and activity seems to be a
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common target for various pathogens. For example, in addition to the role of the fungal RALPH
effector BEC1054 on plant ribosome-inactivating proteins, the Hs32E03 effector from the
nematode H. schachtii manipulates host ribosomal biogenesis to promote parasitism.
Hs32EO3 alters acetylation of histones involved in the transcription of rRNA, a major
component of ribosomes, leading to an increase in rRNA levels (Vijayapalani et al., 2018). The

additional ribosome synthesis is necessary for nematode-host interaction.

In our study, we reveal that the RNA-binding protein AeSSP1256 interferes with a DEAD-box
RNA helicase (named MtRH10) by inhibiting the RNA binding ability of the helicase (Figure
13d). DEAD-box RNA helicases are also targeted by another oomycete effector (PSR1 from P.
sojae) and represent a common target in mammal and plant-virus interactions, where DEAD-
box helicases contribute to innate immune signalling, or can block multiple steps in the viral
replication process (Taschuk and Cherry, 2020; Wu and Nagy, 2019). Although we do not know
the exact function of MtRH10 except its implication in Medicago roots development (Chapter
V), DEAD-box RNA helicases are known to be key players in ribosome assembly and/or in
ribosomal protein synthesis in eukaryotes, like in human or in plant, as well as in bacteria (lost
and Jain, 2019; Martin et al., 2013; Liu and Imai, 2018). Future studies will aim to decipher the
putative link between ribosomal biogenesis pathway and MtRH10 activity in Medicago.
Expression level of the ribosomal genes downregulated in M. truncatula expressing

AeSSP1256 will be evaluated in the MtRH10 RNAi plants.

AeSSP1256 is a member of a cluster, which contains 5 other SSP encoding genes. Among them,
AeSSP1251 and AeSSP1254 also harbor a NLS sequence and present the same expression
profile as AeSSP1256. Hence, it could be interesting to test whether those proteins can
interact together and observe their putative synergetic association. Progress in molecular
cloning, especially with Golden gate technology, allows to clone longer and multiple

sequences.

Target relocalization: “Come together right now over me...”

We reported in Chapter V that AeSSP1256 can strongly relocalize MtRH10 plant helicase.
Additionally, we presented complementary results about AeSSP1256, showing an interaction

and relocalization with AeCRN13 (Figure 13e).
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Target relocalization was already observed for several effectors. The fungal effector PstGSRE1
from P. striiformis inhibits the nuclear localization of the ROS-associated transcription factor
TalLOL2 in wheat (Qi et al., 2019). In oomycetes, P. sojae PsAvh52 recruits a host cytoplasmic
transacetylase into nuclear speckles to promote early colonization. In P. infestans and Bremia
lactucae, multiple effectors have been shown to interact with and prevent the nuclear
translocation of ER-associated tail-anchored transcription factors (McLellan et al., 2013;

Meisrimler et al., 2019).

In N. benthamiana leaves, the AeSSP1256-AeCRN13 association reduces AeCRN13 biological
effects. Such antagonism interaction was already observed in P. infestans with two CRNs
(PsCRN63 and PsCRN115) (Zhang et al., 2015). In the A. euteiches natural infection, AeSSP1256
and AeCRN13 genes show similar expression profiles, with higher level at later stages of the
infection, supporting the idea that both protein could be present at the same time in
Medicago roots. One role of the AeSSP1256 could be to moderate the effects of AeCRN13, for
instance to avoid early cell death. However, later stages of infection should correspond to the

switch in a necrotrophic phase, where cell death can occurs.

We can not rule out the possibility that AeSSP1256 / AeCRN13 interaction does not occur
inside the host cells, but only during the secretion process, for example to avoid CRN13 toxicity
against A. euteiches DNA. Such association is well described as Effector-Immunity pairs in

bacteria (Yang et al., 2018).

AeSSP1256 contains a signal peptide that should lead the secretion outside the microorganism
through the conventional pathway. In contrast, as many other CRNs, such signal peptide is
absentin AeCRN13, and it is suggested that RXLR or CRNs could be secreted via unconventional
secretory pathway (Wang et al., 2017; Amaro et al., 2017). One can suppose that both protein
could interact within secreted microbial vesicles that are released from the pathogen and then
address to the host cells. Here, both protein transit to reach the nucleus, where they can
interact with other components, such as RNA for AeSSP1256, releasing free AeCRN13 that
targets host DNA (Figure 13e). Such extracellular vesicles (EVs) have been reported in plant
microbe interactions, especially for fungi (for review see (Rizzo et al., 2020)). However, it is
still an open question whether mutualistic or parasitic fungi use EVs to deliver effector
molecules to plants during interaction. Since preliminary experiments using Transmission

Electron Microscopy on infected roots suggest the presence of EVs during A. euteiches / M.
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truncatula infection, one perspective of this study also resides in the identification of the

process that allow delivery of the effectors within the plant cells.

Looking for a needle in a haystack

One of the most challenging question about effector research is how to deal with hundreds
predicted genes. Although transcriptomic data help to distinguish genes induced during
infection and then potentially involved in host interaction, sequence analyses often failed to

detect conserved motif related to a biological function, especially for SSP genes.

In our study, AeSSP1256 putative RNA-binding motif was in silico identified and allowed us to
confirm its affinity for nucleic acids by FRET-FLIM assays, but numerous effectors are devoid
of predicted functional domain. Structure prediction of the effector can be an efficient tool to
overcome this limitation. A recent study challenged the classification of CRN proteins by
combining sequence analyses and structure prediction. Authors determined that most of the
CRN C-ter domains displayed two architectural types: an NTPase domain coupled with a
nuclease domain of the restriction endonuclease (REase) superfamily and a REase superfamily
domain combined with an eukaryote-type protein kinase domain (see Chapter | Figure 4 and
(Zhang et al., 2016)). Accordingly, we also predicted REase domain in the Cter of AeCRN5 and
then confirm its RNA-binding capacity (Chapter Ill). Zhang and collaborators proposed that C-
ter containing REase domains that primarily act on target cell DNA, could explain the cell-
death-causing capacity reported for numerous CRNs (Zhang et al., 2016). They also suggest
that some CRN with REases domain have evolved to target RNA (Zhang et al., 2016). Although
experimental data are needed to support their hypothesis, future studies on CRNs should

include experiments to detect nucleic acid-protein interactions.

The structural prediction of proteins, performed by dedicated server such as i-Tasser or
Phyre2, are frequently included in recent studies of effectors. Such prediction analyses were
successfully used on CRNs (VoR et al., 2018), RxLR proteins (Deb et al., 2018), bacterial
effectors (Dhroso et al., 2018; Borah and Jha, 2019) and fungal SSPs (Zhang et al., 2017; Gong
et al., 2020). In this study AeCRN5 structural prediction confirms the putative fold reported by
Zhang et al., 2016 for CRNs. Furthermore, some studies using crystallography reported the

conserved function of sequence-unrelated proteins. It is well illustrated with Magnaporthe
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oryzae avirulence and ToxB-like (MAX) effectors. This effector family was identified using NMR
spectroscopy to determine the three-dimensional structures of two sequence-unrelated M.
oryzae effectors (de Guillen et al., 2015). These analyses revealed that both proteins shared
highly similar six B-sandwich structures stabilized by a disulfide bridge. Finally, using structural
similarity searches, authors found that another effector from M. oryzae and an effector of the
wheat tan spot pathogen Pyrenophora tritici-repentis, named ToxB, harbored the same
structures, leading to the identification of the MAX effectors (de Guillen et al., 2015). Recently,
using crystallography experiments, structural analyses on MAX effector proteins alone or in
complex with their NLRs targets (leucine-rich repeat proteins) provided detailed insights into
their recognition mechanisms (Guo et al., 2018). Similarly, crystal structure of the effector
AvrLm4-7 of Leptosphaeria maculans, the causal agent of stem canker in Brassica napus
(oilseed rape), was resolved and validated to understand the specificity of recognition by two
plant R proteins (Blondeau et al., 2015). In oomycetes, crystal structure of an RxLR effector

from P. capsici was recently revealed (Zhao et al., 2018).

This PhD work also reveal that effector from distinct family (SSP/CRN) may interact together
probably to enhance/repress their activity. Structural modeling of microbial effector will help

to predict this protein-protein association that could be not detected by in silico data mining.

Several bioinformatics programs dedicated to effector prediction exist, such as EffectorP 2.0
(Sperschneider et al.,, 2018) or even more recently EffHunter, a tool for fungal effector
prediction (Carredn-Anguiano et al.,, 2020). However, the subcellular localization of the
predicted effector within the host cell is still uncertain using this software and functional
studies are required. It is experimentally challenging to monitor effector trafficking but
recently some studies reported the translocation of effectors from fungi or oomycetes into
host cells. In M. oryzae, using a long-term time-lapse imaging method, the translocation of a
GFP-tagged SSP from a particular infectious area, called Biotrophic Interfacial Complex (BIC),
into host cells was evidenced (Nishimura et al., 2016). In oomycetes, it was evidenced by live-
cell imaging that the RxLR effector Pi04314 from P. infestans was translocated from the
haustorium into plant cells (Wang et al., 2017). In Aphanomyces euteiches, this kind of
experiments is even more challenging since this pathogen doesn’t make haustorium or BIC

and is not yet transformable.
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Thus, another option will be to take advantage of progress in proteomic approaches in order
to detect microbial effectors inside the host cells. This approach was used successfully on
wheat infected by Fusarium graminearum (Fabre et al., 2019). One main limitation in this
approach is to distinguish plant compartments from the microorganism, nevertheless plant
cytoplasm or nuclei to identify intracellular effectors can be discriminate either by labeling the
compartment or by collecting samples using laser-microdissection experiments. Mass
spectrometry analysis of the proteins will give a short list of putative intracellular effectors

and host targets.

Concluding Remarks and Outlooks

Oomycete and fungal effectors acting as virulence factors are key players in plant-microbe
interactions. While in silico approaches allow prediction of effector repertoire in numerous
fungi and oomycetes, further investigations are required to characterize their activity during
host infection. Indeed the exact function of numerous effectors and how that is related to
host immunity are still unknown. This PhD study shows that the nuclear compartment of the
host plant is a major target for numerous oomycete effectors. While it was recently shown
that microbial effector can target different host proteins, this work also shows that effectors
from different family can associate and target plant nucleus. These results reveal a new layer
of complexity in the mode of action of eukaryotic effectors. More analyses to study the
structural relationship between effectors and between effectors and their targets are needed

to precise the consequences of these interactions.

However, in the coming years, the relevance of the choice of candidate effectors for functional
characterization will be crucial. Indeed, regarding the results provided by the extensive
research on effectors, it seems that every biological process is targeted by one or numerous
effectors. This includes sensing, signalling, defence reaction, transcription, RNA processes,
DNA integrity, cell development, etc. Hence, in an objective to increase crop plant resistance,
it seems difficult to block or regulate tens of molecules that target so many processes. Then,
understanding the mechanisms involved in the effector delivery could lead to the
development of molecules able to break the bridge between plant cells and pathogen hyphae,

preventing the release of those molecules in host cells.
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Another way to improve plant fitness is to understand the role and the interaction between
pathogens, plants and the other microorganisms present in root close proximity, named plant
microbiome (Song et al., 2020; Turner et al., 2013). This represents an emerging topic that

needs to go deeper in the molecular interactions between partners.

Since relative few numbers of effector genes are expressed during plant colonisation as AeCRN
or AeSSP effectors, numerous microbial effectors could play a role in other situation than host

infection, especially in microbe-microbe interactions that occur in the microbiome.

To conclude, one threat resides in the emergence of new diseases due to the acquisition of a
new host by an existing plant pathogen. Determining the mechanisms that govern host-
specificity is crucial to understand host-switching events and variation in virulence strains.
Effectors are part of the molecules involved in this host adaptation. In Aphanomyces, our
comparative genome analyses between different strains underline variation in their SSP

repertoire, suggesting that those molecules could play a role in host adaptation.

Future studies will aim to elucidate the crucial roles in pathogenicity and in microbiome

interactions of A. euteiches effectors to improve host tolerance against the pathogen.
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Résumé

Les oomycétes sont des microorganismes eucaryotes capables d'infecter des plantes ou des animaux.
Lors de l'interaction avec leur hote, les oomycetes produisent des molécules, appelées effecteurs,
capables d’interagir avec des composants moléculaires des cellules de I'h6te afin de perturber les
réponses de défense et ainsi favoriser le développement du microorganisme. Les Crinklers (CRNs) et
les protéines a domaine RxLR représentent les deux grandes familles d'effecteurs cytoplasmiques
décrites chez les oomycetes. La grande majorité de ces effecteurs ont cependant un mode d'action
encore inconnu. Chez I'oomycéte parasite racinaire des légumineuses Aphanomyces euteiches, il
apparait que seuls les CRNs sont présents. En se basant sur des travaux précédemment publiés par
notre équipe, nous proposons une revue sur le role de certains effecteurs engendrant des dommages
sur I’ADN des cellules hotes. De précédent travaux portant sur le Crinkler AeCRN5 ont démontré que
cet effecteur possédait un domaine fonctionnel de translocation dans la cellule végétale et impactait
fortement la croissance racinaire. Mes travaux révelent que cet effecteur se lie a I'ARN de la cellule
hote et perturbe la biogenése de petits ARN impliqués dans la défense ou dans la croissance de la
plante. De plus, nous avons pu mettre en évidence une nouvelle classe d’effecteurs potentiels
composée de petites protéines sécrétées appelées SSP, spécifiques d’Aphanomyces euteiches. Les
premieres analyses sur ces SSP ont montré que AeSSP1256 augmente la sensibilité de la plante hote.
L’analyse fonctionnelle de cet effecteur a révélé que AeSSP1256 est capable de se lier a I'ARN ainsi
gu'a une RNA helicase de la plante, perturbant son activité et engendrant un stress nucleolaire,
perturbant la biogénése des ribosomes.

Ces travaux mettent en évidence que les acides nucléiques peuvent étre la cible de différents types
d’effecteurs et démontrent que deux effecteurs de familles différentes sont capables de se lier aux
ARN afin de perturber des mécanismes de défense et de croissance de la plante, favorisant le
développement du microorganisme.

Abstract

Oomycetes are eukaryote pathogens able to infect plants and animals. During host interaction,
oomycetes secrete various molecules, named effectors, to counteract plant defence and modulate
plant immunity. Crinklers (CRNs) and RxLR proteins represent the two main classes of cytoplasmic
effectors described in oomycetes to date. Most of these effectors have not been yet characterized.

In the root rot pathogen of legumes Aphanomyces euteiches, only the CRNs are present. Based on a
previous study reported by our research group, we published an opinion paper focused on the
emergence of DNA damaging effectors and their role during infection.

Previous experiments indicated that one of these Crinklers, AeCRN5, harboured a functional
translocation domain and dramatically disturbed root development. Here we reveal that AeCRN5 binds
to RNA and interferes with biogenesis of various small RNAs, implicated in defence mechanisms or
plant development. Additionally, comparative genetic analyses revealed a new class of putative
effectors specific to Aphanomyces euteiches, composed by a large repertoire of small-secreted protein
coding genes (SSP). Preliminary results on these SSPs point out that AeSSP1256 enhances host
susceptibility. Functional characterisation of AeSSP1256 evidenced that this effector binds to RNA,
relocalizes a plant RNA helicase and interferes with its activity, causing stress on plant ribosome
biogenesis.

This work highlights that various effector target nucleic acids and reveals that two effectors from
distinct family are able to interact with plant RNA in order to interfere with RNA related defence
mechanisms and plant development to promote pathogen infection.



