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Abstract

While mycorrhizae have been studied for decades, little is known about fungi that do not establish
symbiotic structures, but have the ability to colonize roots of asymptomatic plants in nature. The
non-mycorrhizal model plant Arabidopsis thaliana hosts in its roots diverse fungal communities,
that were previously reported to negatively impact its health in absence of protection from bacte-
rial commensals and innate immune responses. With this thesis, I aimed to better characterize this
detrimental mycobiota, focusing on its function, evolution and genomic signatures. While multi-
ple pieces of evidence pointed to the endophytism of A. thaliana mycobiota members, predicted
evolutionary histories revealed that most of these fungi derived from pathogenic ancestors. Re-
colonization experiments with individual strains highlighted diverse fungal effects on plant perfor-
mance, spanning along the mutualist-pathogenic continuum. This gradient of effects was correlated
to fungal root colonization efficiency, highlighting that fungi with detrimental effects dominate in
natural root samples. We showed that pectin-degrading enzymes from family PL.1_7 contribute in
the aggressiveness of endophytic colonization. While further genomic and transcriptomic analy-
ses corroborated the major role of carbohydrate-active enzymes in root endophytic colonization,
intra-species comparative genomics of highly prevalent mycobiota member Plectosphaerella cu-
cumerina revealed a genomic architecture favoring the fast evolution of effector-encoding genes.
We notably identified in this species a candidate genomic region predicted to be involved in fungal
adaptation to A. thaliana. Taken together, the results compiled in this thesis offer a better under-
standing of the fine line between endophytism and parasitism in the root mycobiota. They show
that fungi robustly colonizing A. thaliana roots in nature rely on carbohydrate-active enzymes to

degrade host cell walls, and likely on effectors to overcome innate immune responses.



1 Introduction

1.1 Plant-associated microorganisms

In nature, a wide diversity of micro-organisms inhabit above- and belowground plant tissues,
thereby influencing the growth, health and resilience of their hosts [1]. This community - re-
ferred to as the plant microbiota - comprises prokaryotes (i.e. bacteria, archaea) and eukaryotes
(i.e. fungi and protists), that mostly rely on plant-derived carbon compounds for nutrition. A the-
ory is, that these microorganisms co-evolved with their host, consequently driving the system to
an equilibrium (the holobiont) that may eventually benefit the plant [2]. While this concept re-
mains to be conclusively demonstrated, complex plant-microbe and microbe-microbe interactions,
together with environmental cues, have been shown to structure the plant microbiota and influence

its composition.

1.2 Factors influencing the structure and composition of plant microbiota

1.2.1 Availability of carbon compounds

Comparison of microbiota composition across multiple hosts highlighted that different plant species
host different microbial taxa [3]. Indeed, the composition of both the leaf and root microbiota of
sugarcane (Saccharum sp.), poplar trees (genus Populus) and the model plant Arabidopsis thaliana
differ substantially. One of the main factors driving microbiota differentiation is certainly host cell
wall composition, which varies extensively between monocots like sugarcane (cell walls rich in
xylans [4]), Brassicaceae like A. thaliana (rich in pectin [5]) and poplar trees (highly lignified tis-
sues [6]). Plant microbiota members are believed to be metabolically adapted to the utilization of
specific plant-derived one-carbon compounds and cell wall components [7]. Microbes encode ar-
senals of carbohydrate-degrading enzymes and metabolic pathways that define their ability to feed
on such compounds, and likely contribute in their host preference. Genetic modification of rice
plants could actually show that accumulation of cellulose in leaves reduced the abundance of spe-
cific microbial taxa, causing a shift in community composition [8]. The identity and availability of
carbon compounds also modulate the community composition in different niches. For instance, the
microbiota of different plants consistently differs between the rhizosphere containing soil-derived
carbon compounds and secreted plant metabolites, and the root endosphere, where microbes can

access plant cell walls and intracellular metabolites [2].



1.2.2 Host immunity

Plant microbiota structure and composition are also influenced by the host innate immune system.
Evasion or suppression of immune outputs is essential for microorganisms to colonize plant tissues
[2]. It has been proposed that plants use their immune system as a microbial management system
to control microbiota assembly and host-microbe homeostasis [9].

The plant immune system is constituted by two layers [9]. In a first layer of defence, plasma
membrane receptors perceive the presence of generally conserved microbial extracellular molecules
such as bacterial lipopolysaccharides or fungal chitin, referred to as Microbe-Associated Molecu-
lar Patterns (MAMPs). Recognition of MAMPs leads to the activation of a broad set of immune
responses (MAMP-triggered immunity; MTI) limiting microbial proliferation. However, adapted
microbes have evolved strategies to evade and suppress MTI, notably through the secretion of
effector molecules. To face such effector-based strategies, plants deploy a second layer of recep-
tors, belonging to the Nucleotide-binding domain Leucine-rich Repeat containing (NLR) family.
Recognition of specific effector proteins by NLR receptors activates the Effector-Triggered Im-
munity (ETI): a robust response that often includes localized host cell death and systemic defense
signaling.

While this general organization of the plant immune system has been deciphered in the context
of pathogen infection, there is now evidence for the participation of plant immunity in microbiota
assembly. Some commensal and beneficial microbes were reported to evade MTI, by modifying the
epitopes of MAMP-containing molecules, repressing their biosynthesis, or altering their cell wall
composition [10]. However, some microbiota members still activate this first layer of the plant im-
mune system. Different studies highlighted that MTI responses are necessary to control microbial
growth, thereby preventing detrimental over-proliferation of microbiota members and maintaining
plant health [11, 12]. Additionally, phytohormone-mediated immunity was shown to significantly
shape plant microbiota composition. Indeed, A. thaliana mutants impaired in signaling pathways
mediated by salicylic acid (SA) - and to a lesser extent by jasmonic acid (JA) and ethylene (ET)
- showed abnormal root-associated microbial communities [13]. Unexpectedly, several bacterial
taxa were actually depleted in the roots of immunocompromised plants, revealing that some mi-
crobes use SA as a carbon source or growth signal. Beneficial bacteria Bacillus velezensis were
also shown to counteract MTI, as reactive oxygen species produced during A. thaliana root col-
onization stimulate bacterial production of auxin, promoting bacterial survival and efficient root
colonization, but also plant defense against fungal pathogens [14]. Plants can therefore positively
or negatively modulate the growth of specific microbiota members, using notably phytohormones
and reactive oxygen species.

As pathogens, commensal microbiota members evolved strategies to suppress MTI responses,

involving notably the secretion of effector molecules [9]. While such strategies were first iden-
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tified by studies of individual microbes [9, 15, 16], an A. thaliana root-associated community of
commensal bacteria was recently shown to comprise taxonomically diverse MTI suppressor strains
with efficient root colonization abilities [17]. In this context, bacterial type 2 secretion systems were
demonstrated to be essential for MTI suppression, pointing to extracellular mechanisms likely in-
volving effector molecules. Recent studies linking natural genetic variation of barley and sorghum
to their rhizosphere microbiota could significantly associate community structure to the presence
of specific NLR-encoding genes [18, 19]. While these candidates remain to be functionally val-
idated, these results suggest an involvement of host ETI in microbiota assembly, and a possible

NLR-mediated selection of community members.

1.2.3 Environmental conditions

Soil represents the main inoculum source of root microbiota. In contrast, aboveground commu-
nities show high variability, as they also acquire microbes from aerosols, insects, pollen and/or
migration via other plant tissues [2]. Soil properties (including nutrient availability), climate con-
ditions and surrounding biodiversity therefore constitute three important environmental parameters,
that influence microbiota establishment and composition.

Soil properties influence the assembly of both above- and below-ground plant microbiota. pH
is considered the master soil variable and shapes nutrient availability by influencing soil physi-
cal properties as well as biological and chemical processes [20]. The availability of macronutri-
ents is critical for plant health, and was shown to influence microbiota structure. Nitrogen avail-
ability in soil was linked to changes in the microbiota composition of different plant species [7].
Soil phosphorus content also influences leaf and root microbiota composition, but this impact was
demonstrated to be more importantly due to plant response to nutrient stress (phosphate starvation
response) than to phosphorous deficiency itself [21]. Availability of micronutrients in soil also in-
fluences plant microbiota composition. For instance, under limiting iron concentration, A. thaliana
was shown to reshape its root microbiota by secreting coumarins that recruit beneficial microbes to
alleviate iron stress [22].

While soil properties constitute the main factor driving bacterial community differentiation in
A. thaliana roots across Europe, climate also plays a major role, influencing mainly but not ex-
clusively the composition in filamentous eukaryotes [23]. Temperature is well-known to influence
microbial growth, and diverse strains can show very different optimal growth temperatures. A re-
cent study demonstrated that under high temperatures, Sphagnum peatmosses host a different set of
microbes with better thermotolerance, that can provide them with thermal preconditioning, notably
by activating their heat shock responses [24]. In the context of the current global change, increase
of temperatures are concomitant to other environmental changes that were shown to impact micro-

biota composition, such as increased soil salinity [25] and reduced water availability (drought) [26,
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27].

Another environmental parameter that was shown to influence the microbiota composition of
a plant is its ecological context. The identity of neighbouring plants was shown to significantly
shape leaf and root microbiota structures [28, 29]. Moreover, herbivores may influence community
composition and play a role in plant microbiota assembly [7]. Insects also play a similar role, by

importing bacteria to flowers during pollination, that are then transmitted to seeds [30].

1.2.4 Microbe-microbe interactions

Microbe-microbe interactions constitute important selective forces sculpting plant-associated mi-
crobial communities [31]. In theory, two microorganisms in a community can either interact pos-
itively, negatively or not interact. Microbes showing the highest number of interactions are re-
ferred to as hubs and are thought to be keystones of the general community structure. In the A.
thaliana phyllosphere, environmental conditions and host genotypic factors were shown to directly
impact the presence of two eukaryotic hub microbes (the oomycete Albugo laibachii and the fungus
Dioszegia sp.), with cascading consequences on bacterial colonization capabilities, and therefore
on general community composition [32].

Considering negative interactions in the plant microbiota, multiple studies highlighted mecha-
nisms underlying microbial antagonism, relying notably on the use of antimicrobials. For instance,
a yeast in the A. thaliana phyllosphere secretes a hydrolase with lysozyme activity to prevent one
of the hub microbes, Albugo laibachii, to over-colonize host leaves and be detrimental for the plant
[33]. In the tomato root microbiota, the fungal pathogen Verticillium dahliae was shown to secrete
antimicrobial proteins and selectively inhibit the growth of bacteria and fungi that act as antagonists
of its growth [34].

While the interaction processes favoring co-existence in plant microbiota remain poorly under-
stood [31], microbial inter-metabolic dependencies in community have been dissected in synthetic
systems [35], and general assembly principles can certainly be extended to plant-associated micro-
bial consortia. When artificially feeding a community with a single carbohydrate polymer (a plant
cell wall component, for instance), three groups of microbes can be distinguished: (1) degraders
that are able to digest and acquire nutrients from the polymer; (2) exploiters that can only feed on
the resulting digestion products and are therefore dependent on the presence of degraders; (3) scav-
engers that rely exclusively on metabolites produced by degraders and exploiters and thus depend
on their presence for growth. This simplified hierarchical structure of a community illustrates that
microbial inter-dependency consists essentially of cross-feeding and relies on different metabolic
capabilities. It has been proposed that fungi represent hubs in plant microbiota, influencing bac-
terial community composition but also feeding a broad diversity of bacteria with their exsudates

[31]. Since the ability to degrade plant cell wall components is a key trait of fungi [36], they may
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actually represent essential degraders in plant microbiota.

1.3 Plant-associated fungi, their lifestyles and genomic signatures

Plant microbiota include a wide diversity of fungi, that importantly shape plant fitness and distribu-
tion worldwide [37]. Since the fungal kingdom diverged from other clades between 1500 and 900
million years ago [38], it can be described as phylogenetically and physiologically hyperdiverse.
Fungal association with plants is described as ancestral, and may have facilitated the colonization
of land by plants 500 million years ago [39]. As heterotrophs, most fungi acquire nutrients from
plant material, either as saprotrophs, pathogens or mutualists [36]. Fungi have indeed evolved di-
verse strategies to associate with plant hosts, dead or alive, and acquire the nutrients necessary to

their growth.

1.3.1 Saprotrophs

Saprotrophic fungi acquire nutrients from dead organic matter, and notably include free-living
litter-decomposers and wood-decay fungi [40]. By hydrolytically degrading complex cell wall
polymers from dead plant tissues, they reintroduce fixed carbon into soil and play a fundamental
role in carbon cycling [39]. They act as regulators of carbon fluxes between the biosphere and the
atmosphere and are estimated to contribute up to 90% of total heterotrophic respiration in woodland
ecosystems [41].

To contribute in carbon cycling and acquire the nitrogen and carbon necessary to their growth,
saprotrophic fungi produce and secrete highly diverse arsenals of carbohydrate-active enzymes
(CAZymes), that include plant cell wall-degrading enzymes (PCWDEs). These CAZymes consti-
tute important determinants underlying the saprotrophic lifestyle [36].

Litter-decomposing species living in forests and grasslands were reported to encode large reper-
toires of PCWDE:s acting on the lignin and polysaccharide fractions of plant debris [42].

Wood-decay fungi are highly diverse and have evolved different strategies to degrade wood
components [36]. A commonly adopted classification of these species is based on phenotype after
fungal colonization: white, brown and soft rot. While white rot fungi degrade the cellulose, hemi-
cellulose, and lignin components of plant cell walls, soft and brown rot fungi only degrade cel-
lulosic and hemicellulosic compounds, leaving lignin oxidized and only partially affected. Genes
encoding lignin degradation enzymes are overrepresented and highly diverse in the genomes of
white rot fungi. They likely played an essential role in fungal adaptation to wood substrates and
wood decay capabilities.

While PCWDE repertoires are key determinants of saprophytism and fungal abilities to grow

on dead plant organic matter, other cellular pathways are likely as important for the utilization of
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dead plant materials (e.g. pathways responsible for the detoxification and transport of carbohydrate
degradation products) [36]. However, such pathways remain to be identified and characterized, to

gain further insights in the functioning of saprotrophic fungi.

1.3.2 Plant-pathogenic fungi

Plant-pathogenic fungi are phylogenetically diverse and employ plethora of different strategies to
colonize a host and cause disease. While necrotrophs kill their hosts to feed on dead material,
biotrophs colonize living plant tissues exclusively [43]. Hemibiotrophs have both biotrophic and
necrotrophic phases in their life cycle.

PCWDEs constitute essential determinants of plant pathogenicity [43]. Disruption of genes
encoding cellulases, xylanases and pectinases was shown to reduce or abolish fungal virulence of
phylogenetically distant species. PCWDEs are actually important for initial fungal colonization of
plant tissues, prior to the activation of virulence mechanisms. Reduced expression of genes en-
coding cellulases was correlated to decreased tissue invasion capabilities of the rice blast fungus
Magnaporthe oryzae [44]. Similarly, a recent study of the vascular wilt fungus Fusarium oxyspo-
rum identified carbohydrate-active enzymes secreted in the apoplast during early tomato root colo-
nization that are necessary to later disease establishment [45]. However, since some plants evolved
the ability to sense the presence of specific fungal PCWDEs and activate immune responses upon
their perception, PCWDEs can also constitute virulence factors [43]. It is notably the case of sev-
eral endopolygalacturonases from necrotrophic fungus Botrytis cinerea, that induce plant immune
responses after being recognized as MAMPs by the A. thaliana receptor-like protein AtRLP42 [46].

Small secreted proteins, typically referred to as effector proteins, are produced by plant pathogenic
fungi to support their invasion of host tissues [47]. Some effectors, such as the Tin2 protein se-
creted by the maize smut fungus Ustilago maydis, were shown to indirectly trigger changes in the
structure and composition of plant cell walls, allowing consequently a better fungal colonization
[48]. Another function of effectors is contributing in fungal evasion from host MTI. The tomato
leaf mould fungus Cladosporium fulvum has been shown to secrete lysin motif (LysM) effectors,
that bind chitin oligomers with high affinity and sequester them from host immune receptors [49].
Pathogenic fungi also developed effectors to subvert MTI responses that are mediated by phytohor-
mones, such as JA, SA and ET [50]. For instance, U. maydis secretes high amounts of the effector
Cmul (chorismate mutase) to reduce cytoplasmic levels of chorismate, a precursor for the synthe-
sis of SA in plastids [51]. Finally, fungi also produce effectors targeting MTI terminal products.
For instance, C. fulvum was shown to secrete effectors that act as inhibitors of plant antimicrobials,
including chitinases [52], cysteine proteases [53] and glycoalkaloids [54].

Mycotoxins also play an important role in fungal pathogenicity, and constitute essential deter-

minants of necrotrophy. They represent either secondary metabolites or secretory proteinaceous
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toxins, with the main function of inducing plant cell death [43]. It is the case of oxalic acid, a
secondary metabolite essential for the virulence of the necrotrophic fungus Sclerotinia sclerotium;
it rapidly kills host plants, chelates calcium ions and reduces pH to activate fungal PCWDEs [55].
Wheat pathogens Pyrenophora tritici-repentis and Stagonospora nodorum secrete ToxA, a pro-
teinaceous toxin that localizes in host chloroplasts and disrupts the photosystem activity to induce
plant cell death [56]. Interestingly, while oxalic acid is a general mycotoxin affecting a broad range
of plant hosts, ToxA was demonstrated to have a host-specific toxicity, genomically encoded in
wheat by the sensitivity gene Tsnl [57].

While CAZymes, effectors and toxins often act in concert to induce disease on plant hosts [43],
it is important to mention that exogenous factors are also determinant for fungal pathogenicity.
Environmental variables such as temperature, humidity and atmospheric concentration in carbon
dioxide are believed to modulate both pathogen and plant physiological statuses, and therefore to
influence disease outcomes [58]. The extent to which variation in these environmental parameters

impacts fungal pathogenicity is still poorly understood, and remains to be deciphered.

1.3.3 Mycorrhizae

Mycorrhizae represent different root-fungi mutualistic associations in which the fungus and plant
exchange commodities required for their growth and survival [59]. These associations have the
property to produce fungal colonization structures with specific morphologies. The two main types
of mycorrhizae can be easily distinguished by visual analysis of these morphologies. While the
hyphae of arbuscular mycorrhizal fungi (AMF) form arbuscule structures inside their host root
cells, ectomycorrhizal fungi form an intercellular labyrinthine structure called Hartig net.
Arbuscular mycorrhiza (AM) is a widespread symbiosis between most land plants and fungi
from the Glomeromycotina subphylum [16]. AMEF are obligate symbionts producing extended
extraradical hyphal networks that can explore soils more efficiently than plant roots. Their hyphae
take up mineral phosphate, ammonium, nitrate, sulphate, potassium and water, and provide them
to the plant in exchange for carbohydrates and lipids [16, 60]. The symbiosis relies therefore
on plethora of plant and fungal nutrient-specific transporters [61]. For instance, plant phosphate
transporters from family PHT1 contribute to an essential pathway for the establishment of the
symbiosis and AMF-mediated mineral phosphate uptake [62, 63]. Importantly, AMF nutrition in
carbon seems to rely essentially on plant-encoded molecular mechanisms. Comparative genomics
identified that the most recent common ancestor to Glomeromycotina lost substantial amounts of
genes encoding PCWDEs or involved in fatty acid metabolism [64]. In the roots, plant invertases
hydrolyse sucrose into glucose and fructose, that are then transferred to the fungal symbiont via
monosaccharides transporters [61]. Fatty acids are produced and metabolized in root cells hosting

arbuscules, using an AM-specific pathway [65]. Glucose and acetate are metabolized into lauric
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and palmitic acids in plastids, then used as substrates by cytoplasmic enzyme RAM?2 to produce
B-monoacyl glycerols, that can be transported through the periarbuscular membrane for fungal
uptake. Plants were actually shown to employ reward mechanisms, modulating carbon allocation
to reward the most collaborative symbionts [66].

Ectomycorrhiza (ECM) is a symbiosis taking place in the roots of about 6,000 tree species, that
can involve different fungi from multiple lineages of Ascomycota and Basidiomycota [67]. Ecto-
mycorrhizal fungi mediate the uptake of soil nitrogen and phosphorus for their host, in exchange
of carbon resources [68]. They were shown to derive from saprotrophic ancestors. As for AM, the
emergence of symbiosis was concomitant to a large-scale loss of fungal PCWDEs, especially of
lignin and cellulose degrading enzymes [69]. Although mechanisms remain to be characterized, it
can be hypothesized that similarly to AME, the nutrition of ectomycorrhizal fungi relies importantly
on plant carbohydrate metabolism and transport. Interestingly, fungal modulation of host immunity
using effector proteins (called mycorrhiza-induced small secreted proteins; MiSSPs) was reported
to be a key factor in the establishment of the symbiosis. For instance, the effector MiSSP7 secreted
by Laccaria bicolor prevents the proteasomal degradation of the transcriptional repressor JAZ6 of

Populus spp., thereby maintaining the repression of JA-induced genes [15].

1.3.4 Fungal endophytes

Although endophytism can be referred to as a fungal lifestyle contrasting with mycorrhizae and
saprotrophy, the definition behind this concept has been disputed for decades. An increasingly
accepted definition suggests to describe as endophyte any microorganism spending all or part of
its lifetime colonizing internal plant tissues, above- and/or below-ground [70]. This definition is
descriptive of a habitat (the endosphere) and considers that endophytes can have different modes
of nutrition and effects on plant health, spanning from pathogenic to beneficial. While this endo-
phytic continuum concept was first introduced in 2005 [71], it is presently still controversial. A
recent review claimed the importance of drawing a distinction between so-called true endophytes
representing either commensals or mutualists, and pathogens causing detriments to the host plant
[72]. In this thesis, the term endophyte will be used to describe any non-mycorrhizal fungus col-
onizing the endosphere of healthy plants in nature, independent of its individual effect on plant
performance.

Such endophytes span a broad phylogenetic diversity, predominantly in phyla Ascomycetes
and Basidiomycetes. Fungal community composition in root endosphere was demonstrated to be
shaped by the local environment (climate and soil properties) [73] and host identity, but also fungal
effects on plant performance [74]. The combination of these factors, together with the local com-
petition with other microorganisms, defines whether facultative endophytic fungi inhabit the root

endosphere of a healthy plant [75].
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Over the last decade, functional studies of endophytism have mostly focused on specific fungal
isolates and their interaction with model plant species in gnotobiotic system [76]. For instance, fun-
gal endophytes Colletotrichum toffeldiae and Serendipita indica were well studied for promoting
the growth of A. thaliana. Interestingly, an intact host immune system is essential for the beneficial
effects of these two fungi [77, 78]. The specific effect of C. foffeldiae concerns plant phospho-
rous stress, which is alleviated by fungal solubilization and uptake of plant-inaccessible phosphate
[78]. Such studies of specific fungal processes demonstrated that diverse factors modulate the ef-
fects of fungal endophytes on plants, including host identity and its physiological status, nutrient
availability, environmental conditions and microbe-microbe interactions [76].

Since only a restricted number of genome sequences are available for fungal endophytes, only
few genomic signatures of endophytism have yet been identified. In planta transcriptomics of
diverse fungal endophytes reported PCWDE-encoding genes to be overexpressed during root col-
onization of different plants [77, 79, 80]. Comparison of genomes in the phylogenetic order Helo-
tiales identified that endophytes (and ericoid mycorrhizal fungi) are enriched in CAZymes, in-
cluding PCWDE families acting on hemicellulose and lignocellulosic compounds [81]. Similarly,
genomes of the dark-septate endophytes Cadophora sp. and Periconia macrospinosa were shown
to be enriched in genes encoding PCWDEs (but also aquaporins, secreted peptidases, and lipases) in
comparison to closely related fungi with other lifestyles [82]. In the phylogenetically distant family
Sebacinales, genomes of beneficial endophytes are also significantly richer in PCWDE-encoding
genes than the ones of mycorrhizal fungi, with xylanases being among the most overexpressed
ones in planta [77]. Additionally, in this clade, transcriptomic data suggested an importance of
fungal transporters in the interaction of endophytes with A. thaliana roots. While PCWDE may
therefore play an important role in endophytic colonization, their role in endophytism remains to
be deciphered, and other genetic determinants need to be identified.

Multiple phylogenetically distant evolutionary trajectories to endophytism have been described,
from pathogenic or saprotrophic ancestors [76]. In contrast with mycorrhizae, no substantial loss
of PCWDE-encoding genes occurred during transitions to endophytism [77, 79, 81], reinforcing
the hypothesis of their importance for the endophytic colonization of plant tissues. Genetic sig-
natures underlying transitions from pathogenicity to asymptomatic or beneficial endophytism have
been identified [72], and provide insights on molecular mechanisms substantiating the endophytic
continuum concept. For instance, key virulence factor genes of rapeseed pathogen Sclerotinia
sclerotiorum (encoding some PCWDE, effectors and factors involved in compound appressoria
formation) were shown to be downregulated upon infection by the DNA mycovirus SSHADV-1,
turning the fungus into a beneficial endophyte capable of promoting plant growth and enhancing
disease resistance [83]. Another example concerns the beneficial species C. foffeldiae which derives

from pathogenic ancestors. It encodes less effector proteins than the closely related pathogen C. in-
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canum and exhibited a lower expression in planta of genes encoding effectors, proteases, secondary
metabolism key enzymes and transporters [79]. A single C. foffeldiae isolate was recently shown
to cause disease on A. thaliana, by overexpressing a fungal secondary metabolism gene cluster
related to sesquiterpene abscisic acid and botrydial biosynthesis, suggested to affect host nitrogen
and iron uptake [84]. Taken together, these findings revealed that subtle genomic and/or transcrip-
tomic changes affecting virulence factors may be sufficient to operate a switch from pathogenic to

non-detrimental endophytism.

1.4 The Arabidopsis thaliana root mycobiota

The term mycobiota (or mycobiome) refers to the fungal component of a microbiota, and generally
consists of the total set of fungal taxa detected by amplicon sequencing or isolated in culture from a
sample. The model plant species A. thaliana is as other Brassicaceae, a non-mycorrhizal host which
roots are colonized by a broad diversity of fungi that do not establish symbiotic structures [85].
While the physiological relevance of these fungi remain unclear, both the ecology and functioning
of the A. thaliana root mycobiota have been studied over the last years.

The root microbiota of natural A. thaliana populations was profiled in compartments rhizo-
sphere, rhizoplane and root endosphere at 17 European sites along a latitudinal gradient [23]. Al-
pha diversity indices revealed a gradual decrease of fungal, bacterial, and oomycetal diversity from
the soil to the root endosphere. However, sampling site showed far greater effect than root com-
partment on community composition in fungi and oomycetes (but not bacteria). Phylogenetic anal-
ysis of detected fungal taxa identified that the A. thaliana root-associated fungi mostly belong to
phyla Ascomycetes and Basidiomycetes, and most represented classes were Sordariomycetes, Leo-
tiomycetes, Dothideomycetes and Agaricomycetes. Classes Leotiomycetes and Dothideomycetes
were reported to be significantly enriched in roots in comparison to surrounding soil. Compari-
son of A. thaliana root-associated communities with those of co-occurring grass species identified
that only part of the mycobiota has the capacity to colonize the roots of these phylogenetically
distant plants, suggesting some fungi may not have the ability to degrade and feed on monocotyle-
donous cell walls components. Finally, a reciprocal transplant experiment aiming at disentangling
the factors behind continental-scale variation in the A. thaliana root microbiota (namely soil prop-
erties, climate and host genotype) highlighted that climate is the strongest parameter influencing
fungal and oomycetal communities, while bacterial consortia are more impacted by soil properties.
Consistent with this result, a recent study also identified a strong effect of climate conditions on
root mycobiota structure in A. thaliana (and barley) [86]. While nutrient availability did not affect
community assembly, it was suggested to influence individual fungal effects on plant growth.

The effect of the root mycobiota on plant performance was previously investigated with mi-

crobiota reconstitution experiments [87]. Culture collections of fungi, bacteria and oomycetes
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recovered from healthy A. thaliana plants sampled in nature were assembled. Three synthetic mi-
crobial communities recapitulating the intra-kingdom phylogenetic diversity profiled in natural mi-
crobiota were designed. Plants were then grown in a soil-like substrate inoculated with these three
kingdom-specific communities, individually and combined. After four weeks of culture in gnotobi-
otic system, plants colonized exclusively by fungi exhibited a null survival rate, revealing a strong
detrimental effect of the A. thaliana mycobiota on plant growth and health. Interestingly, plant sur-
vival was rescued in presence of the bacterial synthetic community. Fungal alpha diversity along the
soil-root continuum was shown to be reduced in presence of bacteria, suggesting that bacteria pro-
tect their host against mycobiota detrimental effects by restricting fungal growth. Importantly, only
about half of the mycobiota members composing the synthetic community used in this experiment
(18/34) showed significant detrimental effects on A. thaliana growth in mono-association, while
other strains did not impact plant performance. The fungal root endophyte Serendipita vermifera
(from phylogenetic class Sebacinales, robustly represented in the A. thaliana root mycobiota across
Europe) was shown to protect plants synergistically with root-associated bacteria, from soil-borne
fungal pathogen Bipolaris sorokiniana [88]. Therefore, while the A. thaliana mycobiota is highly
detrimental as a community, it seems to comprise fungi with diverse individual effects on plants,
including detrimental, neutral and protective ones. Additionally to microbial protection, plants rely
on an intact immune system to survive and grow, when colonized by a detrimental mycobiota [12].
Plant genotypes impaired in different immune components were inoculated with a multi-kingdom
synthetic community and showed contrasted resistance to fungal detrimental effects. While bac-
terial commensals are sufficient for wild-type plants to overcome these effects, plants impaired
in tryptophan-derived metabolites (cyp79b2/b3 mutants) were considerably affected, due to an in-
creased fungal load in their roots. Both protective root microbiota members and host tryptophan

metabolism are thus crucial to control fungal load and promote A. thaliana survival and growth.
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2 Thesis aims

While mycorrhizal fungi have been studied for decades, little is known about root mycobiota mem-
bers that do not establish symbiotic structures, but have the ability to colonize roots of asymp-
tomatic plants in nature. Endophytes especially, remain to be broadly inspected from the genomic
perspective, so determinants of endophytism can be identified.

Recent studies of the non-mycorrhizal plant A. thaliana initiated the characterization of root
mycobiota assembly rules, and pointed to the influence of climate, microbe-microbe interactions
and host immune system on fungal community structure [12, 23, 87]. They also highlighted clear
detrimental effects of these fungi on their host, although the genetics behind this pathogenicity re-
main to be deciphered. During my PhD, I wished to further dissect and characterize this detrimental
A. thaliana root mycobiota, focusing on its function, evolution and genomic signatures.

Thus, in the first chapter of this thesis, I focused on a representative set of fungi that could be
isolated from the roots of healthy A. thaliana plants, sampled in nature. After genome sequencing
of these isolates, I undertook a general characterization of the A. thaliana root mycobiota, ques-
tioning (1) the evolutionary history of its members; (2) their lifestyle; (3) their individual effects
on plant growth; and (4) their genomic signatures. As multiple pieces of evidence pointed to the
endophytism of mycobiota members, our data set offered the opportunity to characterize genomic
determinants underlying root colonization by fungal endophytes. After observing a gradient of fun-
gal effects on plant growth, ranging from beneficial to detrimental (as described by the endophytic
continuum concept [71, 76]), a gene family linking fungal colonization efficiency to plant health
could be identified.

Following the discovery of broadly conserved genetic determinants, I focused in a second chap-
ter, on a single fungal species: the prevalent A. thaliana mycobiota member and ubiquitous soil-
borne fungus Plectosphaerella cucumerina. 1 aimed to identify more specific signatures behind
its robust root colonization ability and detrimental effects on plant growth. After sequencing the
genomes of 69 strains isolated from diverse plant hosts, intra-species evolutionary patterns could
be deciphered. Genomic signatures of host adaptation have previously been identified in closely-
related pathogenic fungi [89, 90]. When questioning their existence in P. cucumerina, 1 could
identify a candidate genomic region predicted to be involved in adaptation to A. thaliana.

Taken together, the results compiled in this thesis contribute to a better understanding of the
fine line separating commensal and pathogenic interactions in the A. thaliana root mycobiota, and

offer new genomic insights into fungal endophytism.
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3 Genetic determinants of endophytism in the A. thaliana root

mycobiome
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This chapter presents the main study of this PhD thesis and has been published in Nature Com-
munications in December 2021 [91]. This project was initiated, coordinated and supervised by
Stéphane Hacquard and Francis M. Martin. The manuscript presented here was written by my-
self and Stéphane Hacquard, with inputs from Francis M. Martin, Annegret Kohler and Shingo
Miyauchi. The selection of 41 representative A. thaliana mycobiota members to be further
characterized and the analysis of their ecology (see 3.2.1) were performed by Stéphane Hac-
quard and Thorsten Thiergart. Genome sequencing, assembly and annotation of these fungi
was performed at the Joint Genome Institute (Walnut Creek, USA) by Igor V. Grigoriev, Kerrie
W. Barry, Sajeet Haridas, Cindy Chen, Diane Bauer, William Andreopoulos, Jasmyn Pangili-
nan, Kurt LaButti, Robert Riley, Anna Lipzen and Alicia Clum. Additional functional anno-
tations of the genomes were performed by Shingo Miyauchi (secretome, proteases, lipases),
Elodie Drula and Bernard Henrissat (CAZymes). Except for several descriptive figures pre-
sented in Supplementary Information (Supplementary figures 4, 5, 6b, 7 and 14c) assembled
by Shingo Miyauchi, all the genomic analyses presented in paragraphs 3.2.2, 3.2.3 and 3.2.4
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were conducted by myself. Plant recolonization experiments in gnotobiotic system and fungal
colonization assays discussed in paragraph 3.2.5 were performed by myself, with technical as-
sistance from Brigitte Pickel. I also conducted the experiments of paragraph 3.2.6 and analysed
the transcriptomic data sequenced at Max Planck Genome Center by Bruno Hiittel. Finally, I
carried out the association analyses described in paragraph 3.2.7, and used fungal strains pro-
vided by Lea Atanasova and Magnus Karlsson to perform gnotobiotic experiments validating

a candidate gene for fungal colonization ability.

3.1 Introduction

Roots of healthy plants are colonized by a rich and diverse community of microbes (i.e. bacteria
and fungi) that can modulate plant physiology and development [87, 92-95]. Root colonization
by arbuscular mycorrhizal, ectomycorrhizal and ericoid mycorrhizal fungi play fundamental roles
in shaping plant evolution, distribution, and fitness worldwide [36, 37, 96-99]. In contrast, the
physiological relevance of root mycobiota members that do not establish symbiotic structures, but
have the ability to colonize roots of asymptomatic plants in nature remains unclear. These fungal
endophytes are predominantly Ascomycetes [2, 100], which can either represent stochastic en-
counters or engage in stable associations with plant roots [23, 73, 75, 101, 102]. Multiple factors
driving the assembly of endophytic fungal communities have been identified, including climatic
conditions, soil properties, species identities of the host and surrounding plants and abiotic stresses
[2, 23, 29, 73, 100, 101, 103—-105]. Re-colonization experiments with individual fungal isolates
and germ-free Brassicaceae plants—non-mycorrhizal and previously reported as hosting root en-
dophytes colonizing a broad range of hosts [106]—revealed various effects of mycobiota members
on plant performance, ranging along the parasitism-to-mutualism continuum [74, 76, 87, 107]. Im-
portantly, the outcome of the interaction on plant health can be modulated by host genetics, host
nutritional status, and local environmental conditions [77-79, 81].

While the ectomycorrhizal lifestyle was shown to have arisen independently multiple times
from saprotrophic ancestors—by convergent transposon-mediated genomic expansions and simul-
taneous losses of plant cell wall-degrading enzymes (PCWDEs) [69, 108], some phylogenetically
distant evolutionary trajectories to root endophytism have been described, from pathogenic [79,
109, 110] or saprotrophic ancestors [111]. Although genomic signatures of endophytism remain
to be identified, these studies pinpointed that no contraction of PCWDE arsenals occurred during
transitions to endophytism [76]. Genomes of dark-septate endophytes were shown to be enriched
in genes encoding PCWDEs—but also aquaporins, secreted peptidases, and lipases—, in com-
parison to closely related fungi with other lifestyles [82]. Importantly, PCWDE-encoding genes
were reported to be over-expressed during root colonization by diverse fungal endophytes [77, 79,

80], suggesting they might be key determinants of endophytism. Genetic factors underlying the
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endophytic lifestyle could however be multiple, and also niche- and host-dependent.

Here, we aim at better characterizing the evolution and function of the root mycobiota, by study-
ing a diverse set of 41 cultured fungi that colonize roots of the non-mycorrhizal plant A. thaliana.
Using comparative genomics and transcriptomics in combination with plant recolonization experi-
ments, we identified genomic determinants underlying the endophytic lifestyle. Our results suggest
that repertoires of PCWDEs of the A. thaliana root mycobiota are key determinants of endophytism,

shaping fungal endosphere assemblages and modulating host fitness.

3.2 Results

3.2.1 Cultured isolates are representative of wild A. thaliana root mycobiomes

Fungi isolated from roots of healthy A. thaliana represent either stochastic encounters or robust
endosphere colonizers. From a previously established fungal culture collection obtained from
surface-sterilized root fragments of A. thaliana and relative Brassicaceae species [87], we iden-
tified 41 isolates that could be distinguished based on their rDNA internal transcribed spacer 1
(ITS1) sequences, representing 3 phyla, 26 genera, and 38 species of the fungal root microbiota
(Fig. la). We first tested whether these phylogenetically diverse isolates were representative of
naturally occurring root-colonizing fungi. Direct comparison with rDNA ITS1 sequence tags from
a continental-scale survey of the A. thaliana root mycobiota [23] revealed that most of the matching
sequences were abundant (mean relative abundance, mean RA > 0.1%, 30 out of 41 strains), preva-
lent (sample coverage > 50%, 22 out of 41), and enriched (root vs. soil, log2FC, Mann—Whitney
U test, FDR < 0.05, 26 out of 41) in A. thaliana root endosphere samples at a continental scale
(Fig. 1a). Quantitatively similar results were obtained using sequence data from the independent
rDNA ITS2 locus (Spearman; Sample coverage: rho = 0.65, P < 0.01; RA: rho = 0.59, P < 0.01;
Fig. 1b). The cumulative RA of the sequence tags corresponding to these 41 fungi accounted for
35% of the total RA measured in root endosphere samples across European sites [23], despite the
under-representation of abundant Agaricomycetes and Dothideomycetes taxa (Fig. 1c). We next
assessed the worldwide distribution and prevalence of these fungal taxa across 3,582 root samples
from diverse plants retrieved from the GlobalFungi database [112]. Continent-wide analysis re-
vealed that the proportion of samples with positive hits was greater in Europe (sample coverage: up
to 30%, median = 4%) than in North America (sample coverage: up to 10%, median = 0.5%), and
largely insignificant in samples from other continents (Fig. 1a). Interestingly, only a few of these 41
isolates were detected in leaves of A. thaliana at two locations in Germany (data re-analyzed from
[32], n =51 samples ), as well as in 2,647 leaf samples retrieved from the GlobalFungi database
[112] (Supplementary Fig. 1). Results indicate that most of the cultured A. thaliana root coloniz-

ing fungi reproducibly and predominantly colonize plant roots across geographically distant sites
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irrespective of differences in soil conditions and climates.
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Figure 1: Prevalence and abundance profiles of 41 root-colonizing fungi across naturally occurring
A. thaliana root mycobiomes. a Species names and phylogenetic relationships among the 41 selected
fungi. Estimated prevalence (i.e., root sample coverage, bar-plots), relative abundance (RA, log2 trans-
formed, box-plots), and enrichment signatures (log2FC, circles) were calculated for each fungus based on
data from a previously published continental-scale survey of the A. thaliana root mycobiota [23]. ITS1 tags

from natural site samples were directly mapped against the reference ITS1 sequences of the selected fungi.
Sample coverage in roots was computed based on n=169 root samples and estimated RA were calculated for
root samples having a positive hit only. On the RA boxplot, boxes are delimited by first and third quartiles
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and whiskers extend to show the rest of the distribution. Log2Fold-Change (1og2FC) in RA between root
(n=169) and soil samples (n=223) is shown based on the mean RA measured across samples and significant
differences are indicated by circle sizes (two-sided Mann—Whitney U test, FDR < 0.05, see detailed values
in Supplementary Data 1). ITS1 sequence coverage measured across 3582 root samples retrieved from
the GlobalFungi database [112]. Note that samples were analyzed separately by continent. b Correlation
between root sample coverage (left panel) measured in ITS1 (n=169) and ITS2 (n=158) datasets for each
of the 41 fungi (n=41, Spearman’s rank correlation). Right panel: same correlation but based on log2 RA
values (n=41, Spearman’s rank correlation). ¢ RA profiles of naturally occurring fungi (class level) detected
in A. thaliana roots across 17 European sites18 (“all ASVs”, left) and the corresponding distribution of the
ITS1 sequences of the 41 selected fungi (“41 fungi”, right). Note that the cumulative RA of the 41 fungi
accounts for 35% of all sequencing reads detected in A. thaliana roots across European sites.

3.2.2 Root mycobiota members evolved from ancestors with diverse lifestyles

Given the broad taxonomic diversity of A. thaliana root mycobiota members, endosphere coloniza-
tion capabilities may have evolved multiple times independently across distinct fungal lineages.
We sequenced the above-mentioned 41 fungal genomes using PacBio long-read sequencing and
annotated them with the support of transcriptome data (Methods), resulting in high-quality genome
drafts (number of contigs: 9-919, median = 63; L50: 0.2-9.1 Mbp, median = 2.3Mbp; Supple-
mentary Data 1). Genome size varied between 33.3 and 121 Mb (median = 45Mbp) and was sig-
nificantly correlated with the number of predicted genes (number of genes: 10,414-25,647, median
= 14,777, Spearman rho = 0.92, P = 3.82¢ — 17) and the number of transposable elements (Spear-
man rho = 0.86, P = 4.13e¢ — 13) (Supplementary Fig. 2). A comparative genome analysis was
conducted with 79 additional representative plant-associated fungi with previously well-described
lifestyles [113], selected in the same or closely related phylogenetic classes as the strains we se-
quenced. Since classifying species into unique lifestyle categories is restrictive and can introduce
bias [114], both the isolation of strains and previous knowledge about their species were considered
to select plant pathogens, soil/wood saprotrophs, ectomycorrhizal symbionts, ericoid mycorrhizal
symbionts, orchid mycorrhizal symbionts and endophytes [79, 81, 82, 110, 115-118] (Fig. 2a,
Supplementary Fig. 3 and 4, Supplementary Data 2). Arbuscular mycorrhizal fungi were excluded
from the study, as they are phylogenetically distant to the strains we isolated. To decipher potential
evolutionary trajectories within this large fungal set, we first defined copy numbers of gene fam-
ilies in the 120 fungal genomes based on orthology prediction (n = 41,612; OrthoFinder [119])
and subsequently predicted the ancestral genome content using the Wagner parsimony method
(Count[120]). Next, we trained a Random Forest classification model linking gene family copy
numbers to lifestyles, resulting in a lifestyle prediction accuracy of R* = 0.70 (Methods). Al-
though this classifier cannot confidently assign a single lifestyle to one genome content, it can
be used to estimate lifestyle probabilities, and can reveal potential evolutionary trajectories when

applied to Wagner-predicted ancestral genomic compositions (see pie charts, Fig. 2a). This proba-
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bilistic approach corroborated that recent ancestors of the beneficial root endophyte Colletotrichum
tofieldiae were likely pathogenic [79], whereas those of beneficial Sebacinales—Ilike those of ec-
tomycorrhizal Agaricomycetes—were predicted to be saprotrophs [76, 121] (see arrows numbered
1 and 2 on Fig. 2a). According to the classifier’s predictions, Agaricomycetes and Mortierel-
lomycetes in A. thaliana mycobiota likely derived from soil saprotrophs, while those belonging to
Dothideomycetes and Sordariomycetes were predicted to have evolved from pathogenic ancestors.
The ancestral lifestyle of Leotiomycete mycobiota members remains uncertain and could be mul-
tiple (Fig. 2a). Although the composition of our data set might influence these ancestral lifestyle
predictions, our results nonetheless suggest that in planta accommodation of A. thaliana root my-
cobiota members occurred multiple times independently during evolution, as these fungi evolved

from ancestors with diverse lifestyles.

Figure 2: Ancestral relationships and trait convergence across root-colonizing fungal endophytes.
a Lifestyle-annotated whole-genome phylogeny of the 41 selected mycobiota members (MyM, black) and
79 published fungal genomes (SAP saprotrophs, EF endophytic fungi, PPF plant pathogenic fungi, ECM ec-
tomycorrhiza, ERM ericoid mycorrhiza, OMF orchid mycorrhizal fungi). Pie charts on ancestor nodes show
lifestyle probabilities of each ancestor, as identified by a Random Forest model trained on 79 non-mycobiota
genome compositions in gene families (R = 0.70). Two arrows highlight ancestral lifestyle predictions
which corroborate previous reports: (1) the pathogenic ancestor of the endophyte Colletotrichum tofieldiae
(2) the saprotrophic ancestor of ectomycorrhizal fungi and Sebacinales. Branch width is proportional to
the gene family gains-losses difference (Ngains — Nlosses). Line is dotted when this difference is nega-
tive. b Genomic counts (n = 120) of genes involved in fungal-host/environment associations (CAZymes
carbohydrate-active enzymes, PCWDEs plant cell wall-degrading enzyme, FCWDESs fungal cell-wall de-
grading enzyme, SSPs small secreted proteins; PCWDEs and FCWDEs are CAZyme subsets). Boxes are
grouped according to UPGMA hierarchical clustering on mean counts over the different categories. They
are delimited by first and third quartiles, central bars show median values, whiskers extend to show the
rest of the distribution, but without covering outlier data points (further than 1.5 interquartile range from
the quartiles, and marked by lozenges). ANOVA-statistical testing (Counts ~ PhylogenyPCs + Lifestyle,
Methods) identified both phylogeny and lifestyles as having an effect on genomic contents. The letters
highlight the result of a two-sided post hoc TukeyHSD test that compares count differences exclusively
due to the lifestyle. ¢ Networks showing the results of a PERMANOVA-based comparison of gene reper-
toires (JaccardDistances ~ Phylogeny + Lifestyle, see Supplementary Data 3 for detailed R and P-values).
Networks for each category are labeled with Lifestyle R> values. ***P< 0.001 (Supplementary Fig. 6).
Lifestyles are connected if their gene compositions are not significantly different. Node size is proportional
to the area of one lifestyle’s ordination ellipse on a Jaccard-derived dbRDA plot constrained by lifestyles,
and reflects the intra-lifestyle variability. Edge weights and widths are inversely proportional to the distance
between ordination ellipse centroids.
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3.2.3 Functional overlap in genomes of root mycobiota members and endophytes

Isolation of mycobiota members from roots of healthy plants prompted us to test whether their gene
repertoires more extensively resemble those of mycorrhizal symbionts, known endophytes, sapro-
trophs, or pathogens. While the genomes of ectomycorrhizal fungi were shown to be enriched
in transposable elements [69, 108], the percentage of these elements remained low in genomes
of root mycobiota members (0.69-28.43%, median = 5.44%, Supplementary Fig. 5). We anno-
tated genes known to play a role in fungus-host interactions (Methods), including those encoding
carbohydrate-active enzymes (CAZymes), proteases, lipases, and effector-like small secreted pro-
teins (SSPs [122]), and then assessed differences in repertoire diversity across lifestyles (Fig. 2b).
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Unlike ectomycorrhizal fungi [69, 108], but similarly to endophytes [77, 79, 81, 82, 110], the
genomes of root mycobiota members retained large repertoires of genes encoding PCWDEs, SSPs,
and proteases (ANOVA-TukeyHSD, P < 0.05, Fig. 2b). Using permutational multivariate analysis
of variance (PERMANOVA) and distance-based redundancy analyses (dbRDA)—based on Jaccard
dissimilarity indices between genomes calculated on the copy numbers of genes in each family—,
we distinguished lifestyle from phylogenetic signals in gene repertoire composition (Fig. 2c, Sup-
plementary Fig. 6a). This revealed that “lifestyle” significantly contributes to the variation in gene
repertoire composition (phylogeny: R?: 0.17-0.46, P < 0.05; lifestyle: R?: 0.07-0.15, P < 0.05,
Supplementary Data 3). Interestingly, the factor “lifestyle” explained the highest percentage of vari-
ance for PCWDE repertoires (phylogeny: R*> = 0.26; lifestyle: R?> = 0.15, Supplementary Data 3),
suggesting that these CAZymes play an important role in lifestyle differentiation. Further pairwise
comparisons between lifestyle groups revealed that gene repertoire composition of root mycobiota
members could not be differentiated from those of endophytes (post hoc pairwise PERMANOVA,
P > 0.05, Fig. 2¢). Therefore, gene repertoires of A. thaliana root-colonizing fungi resemble those
of endophytes more than saprotrophs, pathogens or mycorrhizal symbionts. Across the tested gene
groups, the families which contribute the most in segregating genomes by lifestyles (Supplemen-
tary Fig. 6b, Methods) include two xylan esterases (CE1, CES), two pectate lyases (PL3_2, PL1_4),
one pectin methyltransferase (CE8), and one serine protease (SO8A). Further analysis focusing on
total predicted secretomes (Supplementary Fig. 7, Supplementary Fig. 8a) and CAZyme sub-
families (Supplementary Fig. 8b) confirmed strong genomic similarities between A. thaliana root

mycobiota members and known endophytic fungi.

Figure 3: Minimal set of 84 gene families discriminating mycobiota members and endophytes
from other lifestyles. a Scatterplot showing the mean per-genome copy number of each orthogroup in
mycobiota members and endophytes, in comparison to other lifestyles. Light gray: all 41,612 orthogroups.
The 84 discriminant orthogroups identified by SVM-RFE (R? = 0.8) are highlighted in a gradient of red or
blue colors reflecting, respectively, enrichment or depletion in A. thaliana mycobiota members and endo-
phytes (MyM+EF) compared to the other fungal lifestyles. b Functional descriptions of the 84 discriminant
orthogroups. This gene set is enriched in CAZymes (Fisher, P < 0.05, labeled C) and also contains pepti-
dases (labeled P), transporters (labeled T) and proteins involved in amino-acid metabolism (labeled A). The
outer circle shows orthogroup enrichment/depletion as described in panel a (see Supplementary Data 4a for
associated ANOVA P-values). The inner circle depicts the SVM coefficients, reflecting the contribution of
each orthogroup to lifestyle differentiation. In the center, links between orthogroups indicate coexpression
of associated COG families in fungi (STRING database [123]). ¢ Coexpression network of gene families
across published fungal transcriptomic datasets, built on discriminant orthogroups enriched in endophytes
and mycobiota members and clustered with the MCL method.
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3.2.4 Genomic traits of the endophytic lifestyle

To identify unique genetic determinants characterizing both known endophytes and A. thaliana root
mycobiota members, the 120 genomes were mined for gene families whose copy numbers allow

efficient segregation of these fungi (n = 50) from those with other lifestyles (n = 70). We trained
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a Support Vector Machines classifier with Recursive Feature Elimination (SVM-RFE) on the gene
counts of orthogroups significantly enriched or depleted between these two groups (ANOVA, FDR <
0.05). A minimal set of 84 gene families that best segregated the two lifestyle groups was retained
in the final SVM-RFE classifier (R> = 0.80, Fig. 3a and Supplementary Data 4a). These or-
thogroups can explain lifestyle differentiation independently from phylogenetic signal (PhyloGLM
[124] — 83/84, FDR < 0.05) and were significantly enriched in enzymes (i.e., GO catalytic activ-
ity, GOATOOLS [125] FDR = 0.002, Supplementary Data 4b) and in CAZymes (one-sided Fisher
Exact Test, oddsratio = 7.45, P = 0.03). Notably, genes encoding PCWDEs acting on pectin
(CE12, GH145, PL11), cellulose (AA9), and hemicellulose (i.e., xylan: GH10, GH16, CE1) were
identified, together with others encoding peptidases, transporters and proteins involved in amino
acid metabolism (Fig. 3b and Supplementary Data 4a). These 84 gene families were analyzed for
co-expression in published fungal transcriptomic datasets gathered in the database STRING [123].
An MCL-clustered co-expression network built on families enriched in known endophytes and A.
thaliana mycobiota members revealed six clusters of co-expressed genes (Fig. 3c), including carbo-
hydrate membrane transporters, and genes involved in carbohydrate metabolism (e.g., GH10) and

amino acid metabolism. These functions are likely to be essential for endophytic root colonization.

Figure 4: Linking fungal outcome on host performance with root colonization patterns. a Perfor-
mance indices (shoot fresh weights of 4-week-old plants normalized by germination rate) of A. thaliana
plants recolonized with each of the 41 fungal strains on media containing low and high concentrations of
orthophosphate (Pi). At least three independent biological replicates resulting in 2—4 values each were per-
formed for each fungus (n = 6-18). Boxes are delimited by first and third quartiles, central bars show median
values, whiskers extend to show the rest of the distribution, but without covering outlier data points (further
than 1.5 interquartile range from the quartiles, and marked by lozenges). Differential fungal effects on plant
performance were tested on both media with Kruskal-Wallis (at high and low Pi: P < 2.2¢ — 16) and bene-
ficial and pathogenic strains were identified by a two-sided Dunn test against mock-treated plants (first row
in boxplots). Vertical dash lines indicate the mean performance of mock-treated plants. Left to the boxplots
is displayed the strain phylogeny, together with lifestyle probabilities predicted by the Random Forest clas-
sifier trained for ancestral lifestyle prediction in Fig. 2a. b Spearman’s rank correlation of relative fungal
abundances in root samples from natural populations (log2 RA, Fig. 1a, [23]) with fungal effects on plant
performance at low Pi (left) and high Pi (right) (Hedges standard effect sizes standardizing all phenotypes to
the ones of mock-treated plants). ¢ Spearman rank correlation of relative fungal abundances in root samples
from natural populations (log2 RA, Fig. 1a, [23]) with fungal colonization indices measured by quantitative
PCR in our plant recolonization experiments at low Pi (left) and high Pi (right).
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3.2.5 Root colonization capabilities explain fungal outcome on plant growth

Root-colonizing fungi can span along the endophytism-parasitism continuum [71, 76]. Consis-

tently, our previously trained Random Forest lifestyle classifier (R> = 0.70, Fig. 2a) predicted our

41 mycobiota members to be either plant pathogens, endophytes or saprotrophs (Fig. 4a). We

tested the extent to which the 41 fungi can modulate host physiology by performing binary in-

teraction experiments with germ-free A. thaliana plants grown in two nutrient conditions under

laboratory conditions (inorganic orthophosphate, Pi: 100uM and 625uM KH,PO,, Fig. 4a). We

identified that seed inoculation with the independent isolates influenced both germination rate (GR,

Supplementary Fig. 9) and shoot fresh weight (SFW) of four-week-old plants (n = 7127), and
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therefore calculated a plant performance index (PPl = SFW x GR, Methods). Under Pi-sufficient
conditions, 39% of the isolates (16/41) negatively affected host performance compared to germ-
free control plants, whereas 61% (25/41) had no significant effect on PPI (Kruskal-Wallis—Dunn
Test, adj. P < 0.05, Fig. 4a). Fungal-induced change in PPI was significantly modulated by the
nutritional status of the host, as depletion of bioavailable Pi in the medium was associated with a
reduction in the number of fungi with pathogenic activities (20%, 8/41) and an increase of those
with beneficial activities (12%, 5/41) (Kruskal-Wallis—Dunn Test, adj. P < 0.05, Fig. 4a). No-
tably, PPI measured for low and high Pi conditions was negatively correlated with strain RA in
roots of European A. thaliana populations (Spearman, High Pi: rho = —0.33, P = 0.033; Low Pi:
rho = —0.49, P = 0.0014, Fig. 4b), suggesting a potential link between the ability of a fungus to
efficiently colonize roots and the observed negative effect on plant performance. Consistent with
this hypothesis, fungal load measured by quantitative PCR in roots of four-week-old A. thaliana
colonized by individual fungal isolates (Supplementary Fig. 10ab), was positively correlated with
fungal RA in roots of natural populations (Spearman, High Pi: rho = 0.57, P = 0.0002; Low Pi:
rho = 0.52, P = 0.0008, Fig. 4c), and was also negatively linked with PPI outcome (Spearman,
High Pi: rho = —0.44, P = 0.005, Low Pi: rho = —0.30, P = 0.057) (Supplementary Fig. 10cd).
Furthermore, a co-occurrence matrix based on the RA of ASVs corresponding to these isolates in
naturally occurring root mycobiomes indicated that most taxa with neutral and detrimental effects
often co-occurred in roots of European A. thaliana populations [23], whereas those with beneficial
activities were rarely detected (Supplementary Fig. 11). Taken together, our results suggest that
robust root colonizers have a high pathogenic potential, and that their colonization must be tightly
controlled not to affect plant health.

3.2.6 A conserved set of CAZyme-encoding genes is induced in planta by diverse root my-
cobiota members

We tested whether putative genomic determinants of endophytism defined above by a machine
learning approach were part of a core response activated in planta by root mycobiota members.
Six representative fungi from three different phylogenetic classes were selected for in planta tran-
scriptomics on low Pi sugar-free medium: Chaetomium sp. 0009 (Cs), Macrophomina phaseolina
0080 (Mp), Paraphoma chrysantemicola 0034 (Pc), Phaeosphaeria sp. 0046¢ (Ps), Truncatella
angustata 0073 (Ta), Halenospora varia 0135 (Hv). Confocal microscopy of roots grown in mono-
association with these fungi highlighted similar colonization of root surfaces and local penetrations
of hyphae in epidermal cells (Supplementary Fig. 12). After mapping of RNA-seq reads on genome
assemblies (Hisat2 [126]) and differential expression analysis (in planta vs. on medium, DE-
Seq2 [127]), significant log2 fold-change (1og2FC) values were summed by orthogroups, allowing

between-strain transcriptome comparisons (Methods). Transcriptome similarity did not fully reflect
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phylogenetic relationships since Cs and 7a (Sordariomycetes) clustered with Hyv (Leotiomycete),
whereas Mp, Pc and Ps (Dothideomycetes) showed substantial transcriptome differentiation (Fig.
5a). Although in planta transcriptional reprogramming was largely strain-specific, we identified a
core set of 26 gene families that were consistently over-expressed by these distantly related fungi
in A. thaliana roots (Fig. 5b). We observed a remarkable over-representation of genes coding for
CAZymes acting on different plant cell wall components (i.e., 19/26, 73%), including cellulose, xy-
lan and pectin (Fig. 5c¢). This set was also significantly enriched in families previously identified as
putative determinants of endophytism by our SVM-RFE classifier (Fisher exact test, P < 0.05), in-
cluding AA9 (lytic cellulose monooxygenase) and GH10 (xylanase) CAZyme families. Inspection
of fungal genes over-expressed in planta by each strain (Supplementary Data 5), followed by inde-
pendent GO enrichment analyses, corroborated that carbohydrate metabolic processes and xylanase
activities were the most common fungal responses activated in planta (GOATOOLS, FDR < 0.05,
Fig. 5d). Notably, we also observed important percentages of genes encoding effector-like SSPs
induced in planta (9.8-42.4%, median = 21.6%). Together, these enzymes and SSPs are likely
to constitute an essential toolbox for A. thaliana root colonization and for fungal acquisition of
carbon compounds from plant material. Analysis of corresponding A. thaliana root transcriptomes
revealed that different responses were activated by the host as a result of its interaction with these
six phylogenetically distant mycobiota members (Supplementary Fig. 13, Supplementary Data 6).
Our data suggest that phylogenetically distant mycobiota members colonize A. thaliana roots using

a conserved set of PCWDEs and have markedly different impacts on their host.

Figure 5: Comparative transcriptomics identified a core set of PCWDE-encoding genes induced
in A. thaliana roots by diverse mycobiota members. a PCoA plot of Bray-Curtis distances calculated
on gene family read counts from fungal transcriptome data on medium and in planta. Cs=Chaetomium sp.
0009, Mp=Macrophomina phaseolina 0080, Pc=Paraphoma chrysantemicola 0034, Ps=Phaeosphaeria sp.
0046¢, Ta=Truncatella angustata 0073, Hv=Halenospora varia 0135. b Venn diagram showing the number
of fungal gene families over-expressed in planta. It highlights 26 families commonly over-expressed by all
six fungi (n/d: non-displayed interactions). ¢ Commonly over-expressed gene families in planta (n=26),
which include 19 plant cell-wall degrading CAZymes (octagons) linked to their substrates, as described in
literature [69, 128]. The two CAZyme families highlighted in bold were identified as potential determinants
of endophytism (SVM-RFE, Fig. 3a). The seven remaining (non-CAZyme) families are shown below the
network. d Individual GO enrichment analyses performed on the genes over-expressed in planta vs. on
medium by each fungal strain (GOATOOLS [125], FDR < 0.05).
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3.2.7 Polysaccharide lyase family PLL1 7 as a key component linking colonization aggres-
siveness to plant health

We reported above a potential link between aggressiveness in root colonization and detrimental ef-
fect of fungi on PPI. To identify underlying genomic signatures explaining this link, we employed
three different methods. First, inspection of diverse gene categories across genomes of beneficial,
neutral, and detrimental fungi revealed significant enrichments in CAZymes (especially polysac-
charide/pectate lyases, PLs) and proteases in the genomes of detrimental fungi (Low Pi conditions,
Kruskal-Wallis P < 0.05, and Dunn tests, Supplementary Fig. 14a, b). In these categories, three
pectate lyases (PL1_4, PL.1_7, PL3_2) and three peptidases (SO8A, AO1A, S10) contributed the most
in segregating genomes by effect on plants (see the count in gene copy in Supplementary Fig. 14c).
Second, multiple testing of association between secreted CAZyme counts (n = 199 families in total)
and fungal effect on PPI identified the PL1_7 family as the only family significantly linked to detri-
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mental effects (ANOVA, Bonferroni; Low Pi: P = 0.026; High Pi: not significant; Fig. 6a). Finally,
an SVM-REFE classifier was trained on the gene counts of all orthogroups that were significantly
enriched or depleted in genomes of detrimental vs. non-detrimental fungi (ANOVA, FDR < 0.05).
While this method failed at building a classifier to predict detrimental effects at high Pi (no fam-
ilies significantly enriched/depleted), it successfully predicted detrimental effects at low Pi with
very high accuracy (R* = 0.88). A minimal set of 11 orthogroups discriminating detrimental from
non-detrimental fungi was identified (Fig. 6b, Supplementary Data 7), and includes gene families
encoding membrane transporters, zinc-finger domain-containing proteins, a salicylate monooxyge-
nase and a PL1 orthogroup containing the aforementioned PL1_7 CAZyme subfamily and related
PL1.9 and PL1_10 subfamilies. Further phylogenetic instability analysis based on duplication and
mutation rates (MIPhy [129]) identified PL1_9 and PL1_10 as slow-evolving clades in the gene
family tree (instability = 30.94 and 18.86 respectively, Fig. 6¢), contrasting with most PL.1_7 genes
that were located in two rapidly evolving clades (index = 85.30 and 66.12). Of note, genomic counts
of PL1_7, but not PL.1_9/10, remained significantly associated to detrimental host phenotypes after
correction for the phylogenetic signal in our dataset (PhyloGLM [124], FDR = 0.03). PL1_7 was
also part of the core transcriptional response activated in planta by six non-detrimental fungi (Fig.
5c¢) and was enriched in mycobiota members and endophytes in comparison to saprotrophs and
mycorrhizal fungi (Supplementary Fig. 14d). Therefore, degradation of pectin by root mycobiota
members is likely crucial for penetration of—and accommodation in—pectin-rich A. thaliana cell
walls. However, the remarkable expansion of this gene family in detrimental compared to non-
detrimental fungi predicts a possible negative link between colonization aggressiveness and plant
performance. To test this hypothesis, we took advantage of the Trichoderma reesei QM9414 strain
(WT, PL1_7-free background) and its corresponding heterologous mutant lines over-expressing
pell2, a gene from Clonostachys rosea encoding a PL1_7 pectate lyase with direct enzymatic in-
volvement in utilization of pectin [130]. By performing plant recolonization experiments at low Pi
with these lines, we observed that 7. reesei pell20FE lines negatively affected PPI with respect to
their parental strain (ANOVA and TukeyHSD test, P < 0.05 for two out of three independent over-
expressing lines, Fig. 6d), and this phenotype was associated with a significant increase in fungal
load in plant roots (Kruskal-Wallis and Dunn test, P < 0.05, Fig. 6e). Taken together, our data
indicate that pectin-degrading enzymes belonging to the PL.1_7 family are key fungal determinants

linking colonization aggressiveness to plant health.
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Figure 6: Genomic content in polysaccharide lyase PL1_7 links colonization aggressiveness to
plant health. a Spearman’s rank correlation between the number of genes encoding secreted PL1_7 in
fungal genomes and the plant performance index at low Pi in recolonization experiments. b Minimal set of
11 gene families discriminating detrimental from non-detrimental fungi at low Pi (SVM-RFE R? = 0.88).
The first heatmap on the left shows the SVM coefficients, reflecting the contribution of each orthogroup
to the separation of the two groups, whereas the heatmap on the right shows the enrichment of these gene
families in fungi identified as detrimental in recolonization experiments at low Pi. Gene family sizes and
representation in the different lifestyles are shown on the barplots in the context of the whole fungal dataset
(n = 120). NA: no functional annotation. ¢ Protein family tree of the polysaccharide lyase orthogroup
identified as essential for segregating detrimental from non-detrimental fungi in our SVM-RFE classification
model. The tree was reconciled with fungal phylogeny and clustered into minimum instability groups by
MIPhy [129]. Each group is labeled with its CAZyme annotation. The outer circle (black barplot) depicts
the relative instabilities of these groups, suggesting two rapidly evolving PL1_7 groups in Sordariomycetes
and Agaricomycetes. d Plant performance indices resulting from plant recolonization experiments at low
Pi (three independent biological replicates), conducted with Trichoderma reesei QM9414 (WT) and three
independent heterologous mutant lines (D1, R1, B1) overexpressing pell2 from Clonostachys rosea (PL1_7
family, [130]). Asterisks indicate significant difference to WT, according to ANOVA (P = 1.45¢ —12) and a
two-sided TukeyHSD test (WT vs. D1: adjusted P = 0.28; WT vs. B1: adjusted P = 3.75¢ —2; WT vs. R1:
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adjusted P = 1.19¢ —2). e Fungal colonization measured by qPCR in colonized roots at low Pi, conducted
with 7. reesei WT and three pell2 overexpression mutant lines. Asterisks indicate significant difference to
T. reesei WT, according to Kruskal-Wallis (P = 6.25¢ — 4) and a two-sided Dunn test (WT vs. D1: adjusted
P=24e—3; WT vs. Bl: adjusted P = 1.6¢ — 3; WT vs. R1: adjusted P = 1.5¢ — 2). For both d and e, three
independent biological replicates were performed resulting in n» = 15 data points per condition. Boxes are
delimited by first and third quartiles, central bars show median values, whiskers extend to show the rest of the
distribution, but without covering outlier data points (further than 1.5 interquartile range from the quartiles,
and marked by lozenges). Asterisks highlight the results of post hoc tests: **adjusted P < 0.01, *adjusted
P <0.05.

3.3 Discussion

We report here that genomes of fungi isolated from roots of healthy A. thaliana harbor a remark-
able diversity of genes encoding secreted proteins and CAZymes. Consistent with the fact that
these fungi were (1) isolated from surface-sterilized root fragments [87], (2) enriched in plant roots
vs. surrounding soil samples at a continental scale [23] (Fig. 1), and (3) able to recolonize roots of
germ-free plants (Supplementary Figs. 10 and 12), both the diversity and the composition of their
gene repertoires resemble those of previously described endophytes [79, 81, 115] (Fig. 2). Unlike
the remarkable loss in PCWDE-encoding genes in the genomes of most ectomycorrhizal fungi [69,
108], endophytism in root mycobiota members is therefore not associated with genome reduction
in saprotrophic traits, as previously suggested [77]. Using a machine learning approach, together
with in planta transcriptomic experiments, we identified genes encoding CAZyme families AA9
(copper-dependent lytic polysaccharide monooxygenases, acting on cellulose chains) and GH10
(xylanase) as potential determinants of endophytism (Figs. 3 and 5). Interestingly, these same fam-
ilies were strongly expanded in genomes of beneficial root mutualists belonging to Serendipitaceae
[77, 111] compared to mycorrhizal mutualists [108] and might therefore represent key genetic com-
ponents explaining adaptation to — and accommodation in — A. thaliana roots. It is important to
note that although the 41 isolates are representative of naturally occurring A. thaliana root my-
cobiomes, a large fraction of fungi could not be included in this comparative analysis, including
isolates that cannot be cultured. Therefore, it remains to test whether the genomic signatures ob-
served here for this restricted, yet diverse set of cultured fungi, are retained across a broader range
of taxonomically diverse root endophytes.

Although the 41 A. thaliana root mycobiota members were isolated from roots of healthy-
looking plants, experiments in mono-associations with the host revealed a diversity of effects on
plant performance, ranging from highly pathogenic to highly beneficial phenotypes (Fig. 4). These
results are consistent with the previous reports [74, 87, 107, 131] and suggest that the pathogenic
potential of detrimental fungal endophytes identified based on mono-association experiments with
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the host, is largely kept at bay in a community context by the combined action of microbiota-
induced host defenses and microbe-microbe competition at the soil-root interface [3, 12, 31, 87,
132]. However, we observed that robust and abundant fungal colonizers of A. thaliana roots defined
from a continental-scale survey of the root microbiota [23] were dominated by detrimental fungi
defined based on mono-association experiments with the host (Fig. 4). Based on quantitative PCR
data, we also observed that fungi with beneficial activities on plant health were colonizing roots
less aggressively than those with detrimental activities—as previously reported [74], suggesting a
potential link between fungal colonization capabilities, abundance in natural plant populations, and
plant health. A potential limitation of our qPCR-based amplification approach with the general
ITS1F-ITS2 primers is linked to the fact that there is copy number variation in rDNA ITS across
fungal genomes and that primer bias might distort relative fungal load measurements, thereby mak-
ing direct comparisons between fungal isolates difficult [133]. Irrespective of this limitation, our
results support the idea that maintenance of fungal load in plant roots is critical for plant health,
and that controlled fungal accommodation in plant tissues is key for the maintenance of homeo-
static plant-fungal relationships. This conclusion is indirectly supported by the fact that an intact
innate immune system is needed for the beneficial activities of fungal root endophytes [12, 77, 78].
Our results, therefore, suggest that the most beneficial root mycobiota members are not necessarily
the most abundant in roots of natural plant populations. In contrast, understanding how potential
pathogens can dominate the endospheric microbiome of healthy plants is key for predicting disease
emergence in natural plant populations [134, 135].

To identify genetic determinants explaining the link between colonization aggressiveness and
detrimental effect on plant performance, we used different association methods that all converged
into the identification of the CAZyme subfamily PLL1_7 as one of the potential underlying deter-
minants of this trait. Proteins from the PLL1_7 family were previously characterized in different
Aspergillus species as metabolizing pectate by eliminative cleavage of (1 — 4)-a-D-galacturonan
(EC 4.2.2.2) [136, 137]. Furthermore, primary cell walls of A. thaliana are enriched with pectin
compared to those of monocotyledonous plants, which contain more hemicellulose and phenolics
[4, 5]. Therefore, repertoire diversity in pectin-degradation capabilities is likely key for penetration
and accommodation in pectin-rich A. thaliana cell walls. This is corroborated by the observation
that non-detrimental fungal endophytes were also shown to consistently induce expression of this
gene family in planta during colonization of A. thaliana roots (Fig. 5). However, re-inspection of
previously published transcriptomic data indicated that genes encoding PL1_7 were induced more
extensively in planta by the fungal root pathogen Colletotrichum incanum compared to that of its
closely relative beneficial root endophyte Colletotrichum tofieldiae [79]. Therefore, differences in
expression and diversification of this gene family are potential contributors to the differentiation be-

tween detrimental and non-detrimental fungi in the A. thaliana root mycobiome, especially since A.
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thaliana cell-wall composition is a determinant factor for disease resistance [138, 139]. Notably,
expansion of the PL1_7 gene family was observed in plant pathogens but also in the biocontrol
fungus C. rosea (Sordariomycetes, Hypocreales), a fungal species with mycoparasitic and plant
endophytic capacity [140, 141] that is phylogenetically closely related to multiple isolates selected
in this study. Genetic manipulation of the C. rosea pell2 gene revealed a direct involvement of the
protein in pectin degradation, but not in C. rosea biocontrol towards the phytopathogen Botrytis
cinerea [130]. Here, we showed that heterologous overexpression of C. rosea pell2 in T. reesei
does not only increase its root colonization capabilities, but also modulates fungal impact on plant
performance. We, therefore, conclude that a direct link exists between expression/diversification
of PL1_7-encoding genes in fungal genomes, root colonization aggressiveness, and altered plant
performance. Our results suggest that the evolution of fungal CAZyme repertoires modulates root

mycobiota assemblages and host health in nature.

3.4 Methods

3.4.1 Selection of 41 representative fungal strains

The 41 A. thaliana root mycobiota members were previously isolated from surface-sterilized root
segments of A. thaliana and the closely related Brassicaceae species Arabis alpina and Cardamine
hirsuta, as previously described [87]. Notably, this culture collection derived from fungi isolated
from the roots of plants grown in the Cologne Agricultural Soil under greenhouse conditions, or
from natural A. thaliana populations from two sites in Germany (Pulheim and Geyen) and one site

in France (Saint-Dié des Vosges) [87] (Supplementary Data 1).

3.4.2 ITS sequence comparison with naturally occurring root mycobiome

Comparison of fungal ITS1 and ITS2 sequences with corresponding sequence tags from a European-
scale survey of the A. thaliana mycobiota (17 European sites [23]) was carried out. For all 41 Fungi,
sequences of the internal transcribed spacer 1 and 2 (ITS1/ITS2) were retrieved from genomes
(https://github.com/fantin-mesny/Extract-ITS-sequences-from-a-fungal-genome)

or, in the cases where no sequences could be found, via Sanger sequencing (4 of 41). All ITS
sequence variants were directly aligned to the demultiplexed and quality filtered reads from pre-
viously published datasets [23] using USEARCH [142] v10.0.240 at a 97% similarity cut-off. A
count table across all samples was constructed using the results from this mapping and an additional
row representing all the reads that did not match any of the reference sequences was added. This
additional row was based on the count data from the amplicon sequence variant (ASV) analysis
from the original study, whereas the read counts from the new mapping were subtracted sample

wise. To have coverage-independent information on the RA of each fungus, we calculated RA only
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for the root samples where the respective fungi were found (RA > 0.01%). The sample coverage
was calculated across all root samples (>1000 reads, n = 169). Enrichment in roots was calculated
for all root and soil samples (>1000 reads, n = 169 / n = 223) using the Mann—Whitney U test
(FDR < 0.05). In the same way the RA and coverage across leaf samples from two A. thaliana
populations [32] was calculated (two locations in Germany, samples n = 51). For this specific anal-
ysis of leaf samples, only ITS2 sequences were used and no fold change was calculated. In order
to estimate the presence of the 41 fungi across worldwide collected samples, we used the Glob-
alFungi database [112] (https://globalfungi.com, version August 2020). The most prevalent
ITS1 sequences from each genome were used to conduct a BLAST search on the website. Sample
metadata for the best matching representative species hypothesis sequences were then used to de-
termine the global sample coverage. Appearance across samples from type root/shoot was counted

for each fungus and compared to the total number of root/shoot samples for each continent.

3.4.3 Whole-genome sequencing and annotation

Forty-one fungal isolates from a previously assembled culture collection2 were revived from 30%
glycerol stocks stored at -80°C. Genomic DNA extractions were carried out from mycelium sam-
ples grown on Potato extract Glucose Agar (PGA) medium, with a previously described modified
cetyltrimethylammonium bromide protocol [108]. Genomic DNA was sequenced using PacBio
systems. Genomic DNA was sheared to 3kb, > 10kb, or 30kb using Covaris LE220 or g-Tubes
or Megaruptor3 (Diagenode). The sheared DNA was treated with exonuclease to remove single-
stranded ends and DNA damage repair mix followed by end repair and ligation of blunt adapters
using SMRTbell Template Prep Kit 1.0 (Pacific Biosciences). The library was purified with AM-
Pure PB beads and size selected with BluePippin (Sage Science) at > 10kb cutoff size. Sequenc-
ing was done on PacBio RSII or SEQUEL machines. For RSII sequencing, PacBio Sequencing
primer was annealed to the SMRTbell template library and sequencing polymerase was bound to
them. The prepared SMRTbell template libraries were sequenced on a Pacific Biosciences RSII
or Sequel sequencers using Version C4 or Version 2.1 chemistry and 1 %240 or 1 * 600 sequencing
movie run times, respectively. The genome assembly was generated using Falcon [143] v0.7.3 with
mitochondria-filtered reads. The resulting assembly was improved with finisherSC, and polished
with either Quiver or Arrow. Transcriptomes were sequenced using Illumina Truseq Stranded RNA
protocols with polyA selection (http://support.illumina.com/sequencing/sequencing_
kits/truseq_stranded_mrna_ht_sample_prep_kit.html)on HiSeq2500 using HiSeq TruSeq
SBS sequencing kits v4 or NovaSeq6000 using NovaSeq XP v1 reagent kits, S4 flow cell, following
a 2x 150 indexed run recipe. After sequencing, the raw fastq file reads were filtered and trimmed
for quality (Q6), artifacts, spike-in, and PhiX reads and assembled into consensus sequences using
Trinity [144] v2.1.1.
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The genomes were annotated using the JGI Annotation pipeline [145]. Species assignment was
conducted by extracting ITS1 and ITS2 sequences from genome assemblies, performing a simi-
larity search against the UNITE database [146] (https://unite.ut.ee, version February 2021)
and a phylogenetic comparison to fungal genomes on MycoCosm [145] (https://mycocosm.

jgi.doe.gov).

3.4.4 Comparative genomics dataset

In addition to our 41 fungal isolates from A. thaliana roots, we used 79 previously published fungal
genomes in a comparative genomics analysis (Supplementary Data 2). While 77 genomes and an-
notations were downloaded from MycoCosm, the genome assemblies of fungal strains Harpophora
oryzae R5-6-134 and Helotiales sp. F22930 were downloaded from NCBI (GenBank assembly ac-
cessions GCA_000733355.1 and GCA_002554605.1 respectively) and annotated with FGENESH
[147] v8.8.0. Lifestyles were associated to each single strain by referring to the original publica-
tions describing their isolation, and consulting the FunGuild [113] database with the species and
genus names associated to each strain. Orthology prediction was performed on this data set of 120
genomes by running OrthoFinder [119] v2.2.7 with default parameters. From this prediction, we
used the generated orthogroups data, the species tree, and gene trees. OrthoFinder was also run on

our 41 newly sequenced fungi to obtain a second species tree, for this subset.

3.4.5 Predicting ancestral lifestyles

To identify gene family gains and losses events, GLOOME [148] gainloss.VR01.266 was run
using the species tree and presence/absence of each orthogroup in the 120 genomes. To obtain
reconstruction of ancestral genomes using the Wagner parsimony approach, Count [120] v10.04
was run using these same inputs. To associate a lifestyle to each reconstructed ancestral genome, a
Random Forest classifier was trained on the copy numbers of each orthogroup in the comparative
genomics data set excluding A. thaliana mycobiota members, and the fungal lifestyles associated
to these 79 genomes. This was performed using the RandomForestClassifier() function of the
Python library sklearn [149] v0.20.3. The accuracy of the model was estimated by a leave-one-out
cross-validation approach, computed using the function cross_val_score(cv=KFold(n_splits=120))
in sklearn. Finally, the probabilities of ancestors to belong in each lifestyle category were retrieved

using function predict_proba().

3.4.6 Genomic feature analyses

Statistics of genome assemblies (i.e., N50, number of genes and scaffolds and genome size) were

obtained from JGI MycoCosm [145], and assembly-stats (https://github.com/sanger-pathogens/
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assembly-stats). Genome completeness with single copy orthologues was calculated using
BUSCO v3.0.2 with default parameters [150]. The coverage of transposable elements in genomes
was calculated and visualized using a custom pipeline Transposon Identification Nominative Genome
Overview (TINGO[151]). The secretome was predicted as described previously [122]. We calcu-
lated, visualized, and compared the count and ratio of total (present in the genomes) and predicted
secreted CAZymes [128], proteases [152], lipases [153], and small secreted proteins [122] (SSPs)
(;300 amino acid) as a subcategory. We calculated the total count of the followings using total and
predicted secreted plant cell-wall degrading enzymes (PCWDEs) and fungal cell-wall degrading
enzymes (FCWDEs). Output files generated above were combined and visualized with a custom
pipeline, Proteomic Information Navigated Genomic Outlook (PRINGO [69]). To compare the
genomic compositions of the different lifestyle categories while taking into account phylogenetic
signal, we first generated a matrix of pairwise phylogenetic distances between genomes (i.e. sum of
branch lengths) using the function tree.distance() from package biopython Phylo [154], then com-
puted a principal component analysis using the PCA(n_components=4) function of sklearn [149]
v0.20.3. Components PC1, PC2, PC3 and PC4 (Supplementary Fig. 3) were then used to compare
the per-genome numbers of CAZymes, proteases, lipases, SSPs, PCWDEs, and FCWDEs in the
different lifestyles with an ANOVA test and a TukeyHSD post hoc test. R function aov() was used

with the following formula specifying the model:

GeneCount ~ PC1 + PC2+ PC3+ PC4+ Lifestyle
+PC1 : Lifestyle4+ PC2 : Lifestyle4+ PC3 : Lifestyle 4+ PC4 : Lifestyle

Differences in subfamily composition of the groups of genes of interest were then carried
out using a PERMANOVA-based approach (https://github.com/fantin-mesny/Effect-0f-
Biological-Categories-0On-Genomes-Composition). This approach relies on Jaccard dis-
tances calculation (best suited for discrete variables such as copy numbers) then a PERMANOVA
testing with function adonis2() from R package Vegan v2.5-7 (https://github.com/jarioksa/

vegan), with the model specified by the following formula:

JaccardDistanceMatrix ~ PC1 4+ PC2 + PC3 + PC4 + Lifestyle
+PC1 : Lifestyle+PC2 : Lifestyle+ PC3 : Lifestyle + PC4 : Lifestyle

Post hoc testing with function pairwise.perm.manova() from package RVAideMemoire v0.9-77
(https://cran.r-project.org/web/packages/RVAideMemoire) was then performed to com-
pare pairs of lifestyles.

For each Jaccard matrix, we used the function dbRDA() from the R package Vegan, to cal-
culate two distance-based redundancy analyses (dbRDA), respectively constrained by phyloge-
netic variables (formula Jaccard ~ Condition(Lifestyle) + PCs) and by lifestyle groups (formula
Jaccard ~ Condition(PCs) + Lifestyle).
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We determined genes discriminating groups based on the principal coordinates of a regularized
discriminant analysis calculated from the count of genes coding for CAZymes, proteases, lipases,
and SSPs, with R function rda(). We then used Vegan function scores() on the three first principal

coordinates, and kept for each coordinate the top five high-loading gene discriminating groups.

3.4.7 Determinants of endophytism

To identify a small set of orthogroups that best segregate endophytes and mycobiota members
from fungi with other lifestyles, we standardized the orthogroup gene counts with function Stan-
dardScaler() from sklearn [149] v0.20.3. Then, orthogroups that are enriched or depleted in the
fungi of interest were selected with function SelectFdr(f_classif, alpha=0.05) from sklearn. On
this subset of orthogroups, we trained a Support Vector Machine classifier with Recursive Feature
Elimination (SVM-RFE). This was performed with functions from sklearn SVC(kernel="‘linear’)
and RFECV(step=10, cv=KFold(n_splits=120, min_features_to_select=10)), which implement a
leave-one-out cross-validation allowing the estimation of the classifier accuracy at each step of
the recursive orthogroup elimination. PhyloGLM models [124] were built with R package phy-
lolm v.2.6.2 on the two groups of interest and orthogroup gene counts, with parameters btol = 45
and log.alpha.bound = 7, and the logistic. MPLE method. Further analysis of the gene families
segregating fungi of interest from others (n = 84) was carried out by identifying a representative
sequence of each orthogroup in our SVM-RFE model, and studying both its annotation and coex-
pression data in databases. To identify representative sequences, all protein sequences composing
an orthogroup were aligned with FAMSA [155] v1.6.1. Using HMMER [156] v3.2.1, we then
built a Hidden Markov Model (HMM) from this alignment with function hmmbuild, then ran func-
tion hmmsearch looking for the best hit matching this HMM within the proteins composing our
orthogroup. We then considered this best hit as a representative sequence of the orthogroup and
analyzed its annotation. GO enrichment analysis was performed by running GOATOOLS [125]
v1.0.3 using the GO annotations associated to the representative sequences. To obtain coexpres-
sion data linking the orthogroups retained in our SVM-RFE model, we searched the String-db [123]
website (https://string-db.org, version August 2020) for COG protein families matching our
set of representative protein sequences in fungi. Each protein was associated to one COG (Sup-
plementary Data 4a), and coexpression data were downloaded. A coexpression network was then
built on the families enriched in endophytes and mycobiota members (n = 73) and clustered with
algorithm MCL (granularity = 5) using Cytoscape [157] v3.7.2 and clusterMaker2 [158] v1.3.1.
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3.4.8 Plant recolonization experiments assessing the effect of each fungal strain on plant
growth

A. thaliana seeds were sterilized 15min in 70% ethanol, then Smin in 8% sodium hypochlorite.
After six washes in sterile double-distilled water and one wash in 10mM MgCl,, they were strati-
fied 5-7 days at 4°C in the dark. Seed inoculation with fungal strains was carried out by crushing
50mg of mycelium grown for 10 days on Potato extract Glucose Agar medium (PGA) in Iml
of 10mM MgCl, with two metal beads in a tissue lyser, then adding 10uM of this inoculum in
250ul of seed solution for Smin. Seeds were then washed twice with MgCl, before seven were
deposited on each medium-filled square Petri plate. Mock-inoculated seeds were also prepared by
simple washes in MgCl,. The two media used in this study — 625 and 100uM Pi — were previ-
ously described [159]. They were prepared by mixing 750uM MgSOy4, 625uM/100uM KH> POy,
10,300uM NH4N O3, 9400uM KN O3, 1500uM CaCl,, 0.055uM CoCl,, 0.053uM CuCl,, 50uM
H3BO3, 2.5uM KI, 50uM MnCl,, 0.52uM Na;MoOy4, 15uM ZnCl,, 75uM Na-Fe-EDTA, and
1000uM MES pHS.5, OuM/525uM KClI, then adding Difco Agar (ref. 214530, 1% final concen-
tration), and finally adapting the pH to 5.5 prior to autoclaving. Plants were grown for 28 days
at 21°C, for 10h with light (intensity 4) at 19°C and 14h in the dark in growth chambers. While
roots were harvested and flash-frozen, SFW was measured for each plant. To distinguish seeds that
did not germinate from plants that could not develop because of a fungal effect, we introduced a
per-plate PPI corresponding to the average SFW of grown plants multiplied by the proportion of
grown plants. In further correlation analyses, we used plant-performance indexes normalized to

mock controls (standard effect sizes) using the Hedges’ g method [160].

3.4.9 Fungal colonization of roots assay

Frozen root samples (one per plate) were crushed and total DNA was extracted from them us-
ing a QIAGEN Plant DNEasy Kit. Fungal colonization of these root samples was then mea-
sured by quantitative PCR. For each sample, two reactions were conducted with primers ITS1F
(5-CTTGGTCATTTAGAGGAAGTAA-3) and ITS2 (5-GCTGCGTTCTTCATCGATGC-3) which
target the fungal ITS1 sequence, and two with primers UBQ10F (5-TGTTTCCGTTCCTGTTATCT-
3) and UBQIOR (5-ATGTTCAAGCCATCCTTAGA-3) that target the Ubiquitinl0 A. thaliana
gene. Each reaction was performed by mixing Sul of iQ™ SYBR® Green Supermix with 2ul
of 10uM forward primer, 2ul of 10uM reverse primer and 1ul of water containing Ing tem-
plate DNA. A BioRad CFX Connect Real-Time system was used with the following programme:
3min of denaturation at 95°C, followed by 39 cycles of 15sec at 95°C, 30s at 60°C and 30s at

72°C. We then calculated a single colonization index for each sample using the following formula:
Index = 2~ (CalTS1)/Cq(UBQ10)),
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3.4.10 Confocal microscopy of root colonization by fungi

Roots of plants grown for 28 days in mono-association with fungi were harvested and conserved in
70% ethanol. They were then rinsed in ddH2O, and stained with propidium iodide (PI) and wheat
germ agglutinin conjugated to fluorophore Biotium CF®488 (WGA-CF488). This was carried out
by dipping the root samples for 15min in a solution of 20ug/ml PI and 10ug/ml WGA-CF488
buffered at pH 7.4 in phosphate-buffered saline (PBS). Samples were then washed in PBS and
imaged with a Zeiss LSM700 microscope and the associated software ZEN v2.3 SP1.

3.4.11 Plant-fungi interaction transcriptomics

Dual RNAseq of six different plant-fungi interactions was carried out by performing three inde-
pendent plant recolonization experiments on our low Pi medium, as described above. Total roots
per plates were harvested after 28 days in culture, flash frozen, and crushed in a tissue lyser, and
then total RNA was extracted with a QIAGEN RNeasy Plant Mini kit. As a control condition,
sterile Nucleopore Track-Etched polyester membranes were deposited on low Pi medium, then
10ul1 drops of fungal inoculum (50mg/ml of mycelium in 10mM MgCl2) were placed on each one.
The membranes were collected and processed as the root samples of our test condition. PolyA-
enrichment was carried out on the RNA extracts, then an RNAseq library was prepared with the
NEBNext Ultra™ II Directional RNA Library Prep Kit for Illumina (New England Biolabs). Se-
quencing was then performed in single read mode on a HiSeq 3000 system. RNAseq reads were
trimmed using Trimmomatic [161] v0.38 and parameters TRAILING:20 AVGQUAL:20 HEAD-
CROP:10 MINLEN:100. We then used HiSat2 [126] v2.2.0 to map the trimmed reads onto ref-
erence genomes. Six independent HiSat2 indexes were prepared, each based on the TAIR10 A.
thaliana genome and one of the six fungal genome assemblies of interest. We then performed six
mappings, and counted the mapped reads using featureCounts [162] v2.0.0. RPKM (Reads Per
Kilobase Million) values were computed from the featureCounts output. Differential gene expres-
sion analyses were then carried out on these counts using DESeq2 [127] v1.24.0. 1og2FC values
were corrected by shrinkage with the algorithm apeglm [163] v1.6.0. To compare the transcrip-
tomes of the six different fungi, significant log2FC values were summed per orthogroup. For each
orthogroup, we used annotation of the most representative sequence, as previously described. GO
enrichment analyses were carried out with GOATOOLS [125] v1.0.3, using the MycoCosm [145]

GO annotation for fungi, and the TAIR annotation for A. thaliana.

3.4.12 Determinants of detrimental effects on plants and analysis of pectate lyases

Determinants of detrimental effects at low Pi were identified with the same method as previously

described for determinants of endophytism/mycobiota: standard scaling of the orthogroup gene
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counts, then training of an SVM classifier with RFE and leave-one-out cross validation. Instability
analysis was carried out by submitting the species tree generated by OrthoFinder [119] to MIPhy
[129] (http://miphy.wasmuthlab.org, version October 2020), together with the gene tree of
our orthogroup of interest, with default parameters. PhyloGLM [124] models were built with R
library phylolm v.2.6.2 on the two groups detrimental/non-detrimental and CAZyme gene counts,
using our 41-genome species tree with default parameters and the logistic MPLE method. 7 reesei
strain QM9414 and three heterologous overexpression lines of pell2 generated previously [130],
were revived on PGA medium and then inoculated into seeds for plant recolonization experiments

on low Pi medium as previously described.

3.4.13 Statistics

Except for statistical methods described in the previous paragraphs, statistical testing was per-
formed in R v3.5.1. Function aov() was used for ANOVA tests. Two-sided TukeyHSD post hoc test-
ing was performed using function TukeyHSD(), which compares values associated to the different
categories of one factor, respective of the variance that was attributed to this factor by the previous
ANOVA test. When data were abnormally distributed, the non-parametric Kruskal-Wallis test was
used by running function kruskal.test(), and the two-sided Dunn post hoc test was performed with
function DunnTest() from package DescTools v0.99.28 (https://github. com/AndriSignorell/
DescTools/).

3.5 Data availability

The genomic data generated in this study have been deposited in the GenBank database under
the following BioProject accession codes: PRINA371205 (assembly JAHBNJ000000000), PR-
JNA347188 (assembly JAHBNIO00000000), PRINA441695 (assembly JAHBNHO000000000), PR-
JNA370201 (assembly JAGIXA000000000), PRINAS571620 (assembly JAGIZQ000000000), PR-
JNA370120 (assembly JAHBOE000000000), PRINA347200 (assembly JAHBOF000000000), PR-
JNA371203 (assembly JAGPYMO000000000), PRINA370196 (assembly JAGMUU000000000), PR-
JNA500112 (assembly JAGMUV000000000), PRINA370194 (assembly JAGMWT000000000),
PRJNA455444 (assembly JAHBOGO000000000), PRINA370199 (assembly JAHBOO000000000),
PRINA347190 (assembly JAHEWL000000000), PRINA455442 (assembly JAHEVIO00000000),
PRINA347185 (assembly JAGMUX000000000), PRINA370198 (assembly JAGTIS000000000),
PRJINA347189 (assembly JAGPXF000000000), PRINA455443 (assembly JAGMVH000000000),
PRINAS500113 (assembly JAGMVIO00000000), PRINA347186 (assembly JAGPNQO00000000),
PRINA347191 (assembly JAHLEZ000000000), PRINA370195 (assembly JAGTJR000000000),
PRINA370119 (assembly JAGTIQO000000000), PRINA347187 (assembly JAGSXKO000000000),
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PRINAS00111 (assembly JAHEWKO000000000), PRINA347192 (assembly JAGTJP0O00000000),
PRINA347193 (assembly JAGMWG000000000), PRINA538399 (assembly JAGM VJ000000000),
PRINA459235 (assembly JAGTIN0O0O0000000), PRINA347194 (assembly JAGMVK000000000),
PRINA371204 (assembly JAGPXD000000000), PRINA570880 (assembly JAGSXJ000000000),
PRINA347196 (assembly JAGTIMO000000000), PRINA347195 (assembly JAGTJIL0O00000000),
PRINA371202 (assembly JAGTJO000000000), PRINA370118 (assembly JAGPNKO000000000),
PRINA370200 (assembly JAGPNJ000000000), PRINA347197 (assembly JAGPXC000000000),
PRINAS519173 (assembly JAHEWJ000000000), and PRINA370197 (assembly JAHEWHO000000000).
The transcriptomic data generated in this study have been deposited in the Gene Expression Om-
nibus database under accession code GSE169629. The processed transcriptomic data are also avail-
able in this GEO entry. We referred to three online databases for analysis: UNITE (https://
unite.ut.ee, version February 2021), GlobalFungi (https://globalfungi.com, version Au-
gust 2020) and String-db (https://string-db.org, version August 2020). The plant phenotypic
data and fungal colonization values are provided in the Source Data file. Source data are provided
with this paper.

3.6 Code availability

All the scripts used for data processing and analysis were written in Python v3.7.3 and R v3.5.1
(except for transcriptomic analyses in which R v3.6.1 was used). Scripts are available at GitHub

(https://github.com/fantin-mesny/Scripts-from-Mesny-et-al.-2021).
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4.1 Introduction

Both the above- and belowground tissues of plants are inhabited by a broad diversity of fungi,
collectively forming their mycobiota [3, 74, 86, 91]. Recent characterization of the Arabidopsis
thaliana root mycobiota suggested that Brassicaceae (non-mycorrhizal plants) are essentially col-
onized by endophytes, spanning along the mutualist-pathogen continuum [85, 86, 91]. As a com-
munity, this endophytic mycobiota is highly detrimental for its host, which growth and survival
depend on a fully functional immune system and protective bacterial root commensals [12, 87]. A
link between fungal negative effects on host performance and root colonization efficiency was iden-
tified, and could be associated to a conserved plant cell wall-degrading enzyme (PCWDE) family:
the pectate lyase PL1_7 [91]. However, we can expect that besides the use of conserved PCWDE:s,
phylogenetically distant mycobiota members have evolved different strategies to accommodate in
A. thaliana tissues.

Genome architecture was demonstrated to play an important role in the adaptation of fungal
pathogens to novel environments, hosts and niches [164]. A well-known example concerns acces-
sory chromosomes, first shown to confer virulence towards pea to specific strains of Nectria haema-
tococca [165], then identified to be lineage-specific and determining host-specificity of infection
in Fusarium oxysporum [166]. Besides from these chromosomes, specific genomic compartments
identified in fungal pathogens showed important plasticity, with remarkably high mutation and/or
recombination rates; sometimes under the pressure of transposable elements [164, 167-171]. Both
these genomic regions and accessory chromosomes are enriched in effector-encoding genes playing
a key role in fungal fitness, through the evasion of host immune responses, virulence and/or antimi-
crobial activity against bacterial and fungal competitors [47, 164, 172]. The rapid evolution of
effector sequences and repertoires constitutes a major force driving fungal adaptation to hosts and
environment, notably keeping pathogens undetectable by constantly co-evolving plant surveillance
systems [47, 164, 170, 173].

While the genomes of fungal endophytes remain poorly studied, their compartmentalization and
the existence of accessory regions enriched in effector-encoding genes were demonstrated [174].
As pathogens, endophytes are exposed to plant immune receptors in planta, and may depend on
rapidly evolving effectors to grow and survive in plant endospheres. Interestingly, the widespread
endophytic species Plectosphaerella cucumerina (also described as an emergent pathogen) was
shown to express numerous effector-encoding genes after inoculation on A. thaliana leaves, con-
trasting with its epiphytic relative Plectosphaerella plurivora [175]. Effectors may therefore con-
stitute major determinants of endophytism, supporting fungal colonization of plant tissues with
various strategies. In the endophytic species Epichloé typhinia, five effectors were identified as pu-

tative determinants of host adaptation [176], after demonstrating subspecies host preference with
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reciprocal infection experiments [177]. While the importance of effectors for host-specific fun-
gal pathogenicity is well documented [89, 90], it remains to be investigated how widespread host
specialization is among endophytes, and what are the mechanisms supporting it. As host prefer-
ence was previously demonstrated for A. thaliana root-associated bacteria [178], we wondered if
genomic signatures of host adaptation could be found in the root mycobiota of the model Brassi-
caceae plant.

Here, we studied the genomics of fungal endophyte P. cucumerina, that represents a highly
prevalent member of the A. thaliana root mycobiota in Europe [23, 91]. First, we characterized its
effect on plant growth, and assessed the intra-species conservation of this effect. After sequenc-
ing the genomes of 69 P. cucumerina strains isolated from different hosts around the world, we
profiled their architecture and observed highly plastic genomic compartments enriched in effector-
encoding genes. Then, we aimed at deciphering potential genomic signatures of adaptation to A.
thaliana. Using statistical testing and with support from transcriptomic data, we could identify a

single genomic region significantly associated to A. thaliana-isolation, that is expressed in planta.

4.2 Results

4.2.1 Ubiquitous soil-borne species P. cucumerina is highly prevalent in the A. thaliana my-
cobiota

Given the reported high variability of the A. thaliana root mycobiota composition [23, 86], we
re-analysed previously published data [23, 87] to identify fungal taxa that robustly colonize the
roots of the model plant across Europe. Relative abundance in surface-sterilized roots and preva-
lence across 18 sampling sites were calculated for each rDNA ITS1 sequence variant, highlighting
five core taxa (Fig. 7ab), belonging to three different genera in class Sordariomycetes: Fusarium
(n=3), Plectosphaerella (n=1) and Ilyonectria (n=1). The second most prevalent taxa could be
confidently assigned to species Plectosphaerella cucumerina [179, 180]. We inspected the Global
Soil Mycobiome data set [181] to assess the worldwide prevalence of P. cucumerina in soils. Cu-
rated rDNA ITS|1 variants of the species [180] could be detected in 780/3194 soil samples (sample
coverage= 24.4%), originating from all continents except Antarctica (Fig. 7c). While P. cucume-
rina is significantly depleted in soils sampled in tropical environments and coniferous forests (Fig.
7d), it is particularly enriched in anthropogenic biomes as well as in temperate grasslands and
broadleaf forests (Fisher’s exact test, FDR < 0.05 - see Methods). Taken together, our results re-
vealed that P. cucumerina is a widespread soil-borne fungus that has the ability to robustly colonize

the roots of A. thaliana, and shows preference for specific biomes.
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Figure 7: Core A. thaliana root mycobiota members and ecology of Plectosphaerella cucumerina.
a Amplicon sequence variants (ASVs) sequenced from European root samples of A. thaliana (data: [23, 87])
are plotted according to their log-transformed relative abundance in root samples, relative to their prevalence
across all 18 European sites. Relative abundance values are only calculated across samples where ASVs
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The five most prevalent ASVs are highlighted in black, and labelled with their
taxonomic affiliation identified by Warcup [179]. b Maximum-likelihood phylogenetic tree reconstructed
from the ITS1 sequences of all 338 ASVs detected in roots of A. thaliana sampled across Europe (data: [23,
87]). Clades are colored accoring to taxonomic affiliaton. Clades including more than one unclassified ASVs

considered for analysis.

52



were collapsed. The barplot depicts average site prevalence. The five most prevalent ASVs are highlighted in
black, as on panel a. ¢ Detection of species Plectospharella cucumerina (presence of curated ITS1 sequences
[180]) in soil samples originating from all continents (n=3194) (Global Soil Mycobiome data set [181]). d
Soil biome enrichment/depletion in samples containing Plectosphaerella cucumerina, as tested by Fisher’s
exact test (see Methods) using the Global Soil Mycobiome data set.

4.2.2 Detrimental effect of P. cucumerina on A. thaliana growth

We aimed to better understand the effect of prevalent A. thaliana root mycobiota member P. cuc-
umerina on host growth. We previously reported the detrimental effect on plant performance (i.e.
growth and germination rate) of a P. cucumerina strain (P16) isolated from A. thaliana roots [91].
We could confirm this result in an agar-based system, by inoculating the roots of 10-day-old ster-
ile seedlings with 500 and 1000 spores of this same isolate. Shoot fresh weight (SFW) values
measured 28 days after inoculation revealed a clear detrimental effect of P. cucumerina on host
growth (ANOVA P = 4.54e¢ — 12, Tukey Honest Significant Difference P = le — 7, Supplementary
Fig. 15a). Although no significant difference between plants inoculated with 500 and 1000 spores
was detected (Tukey Honest Significant Difference P = 0.55), we observed a lower mean SFW
for plants inoculated with 1000 spores. This suggests a potential dose-effect of P. cucumerina, in
line with the previously reported correlation between fungal load in roots and detrimental effects
on A. thaliana growth [91]. While plant health was significantly affected by P. cucumerina in our
agar-based system (Supplementary Fig. 15b), the strain we used was isolated from the roots of
healthy-looking plants. We suspect that in nature, bacterial root commensals protect plants from
the detrimental effects of P. cucumerina, as previously shown at the microbiota scale [87]. A broad
variety of A. thaliana root-isolated bacteria (including Pseudomonadaceae, Comamonadaceae and
Rhizobiaceae) were actually shown to antagonize the growth of P. cucumerina strains, in binary
competition assays [87]. We then aimed to identify whether the observed detrimental effects are
conserved in the P. cucumerina species. We assembled a collection of 72 Plectosphaerella iso-
lates, including 69 from species P. cucumerina. These strains were isolated from diverse hosts and
environments, on five different continents (Supplementary Table, Fig. 8a). Eleven strains were
isolated from the tissues of healthy-looking A. thaliana plants: 8 from roots (harvested at 5 distinct
European sites or grown in Cologne Agricultural Soil [87]) and 3 from leaves. We sequenced the
genomes of Plectosphaerella isolates using PacBio long-read sequencing, resulting in high-quality
assemblies (sizes: 35.5 —40.5 Mbp, median=36.4 Mbp; number of contigs: 9—188, median= 27.5;
N50: 0.77-7.66 Mbp, median= 2.69 Mbp; Supplementary Fig. 16). After gene prediction in these
assemblies, we used four different methods to reconstruct the phylogeny of our fungal collection
(see Methods) and identified that P. cucumerina is essentially divided into two subspecies (Fig.
8a, Supplementary Fig. 17). We inoculated independently the 72 isolates in the roots of sterile A.

thaliana seedlings. SFW values 28 days after inoculation revealed detrimental effects of most P.
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cucumerina strains (ANOVA P = 2e¢ — 16, Dunnett’s post-hoc test vs. mock P < 0.05 for 44/69
P. cucumerina strains), contrasting with neighbouring species P. plurivora and P. delsorboi (Sup-
plementary Fig. 18a). While intra-species variation of detrimental effects was identified, it did
not exhibit any clear phylogenetic patterns, and seemed independent from isolation source. We
specifically tested whether strains retrieved from A. thaliana tissues are more pathogenic on this
plant species than strains isolated from other hosts (Supplementary Fig. 18b). Our results showed
that effects on A. thaliana performance are not linked to hosts of isolation. However, we cannot ex-
clude the possibility that strains isolated from A. thaliana colonize the tissues of this plant species
more efficiently than others. Such observation would suggest host adaptation in P. cucumerina, and
could explain the remarkable prevalence and abundance of the species in the roots of European A.
thaliana populations (Fig. 7ab).

Figure 8: Comparative genomics of P. cucumerina isolates identifies core and variable genomic
compartments. a Phylogeny of the 73 Plectosphaerella isolates, annotated with their continent of isola-
tion (inner circle of color strips) and the phylogenetic group of their host (outer circle). The phylogenetic
tree was reconstructed from the concatenated alignments of 5,466 single copy orthologues (see Methods).
In the P. cucumerina species, two subspecies can be distinguished and are depicted in two shades of blue.
b Hierarchical clustering (UPGMA method) of gene families by their presence/absence, presented across
the data set phylogeny. For simplification, single copy orthologues present in all strains were excluded
from this analysis. Four major clusters were defined (flat clustering of the UPGMA hierarchy with distance
threshold= 5) and are depicted in different colors under the clustermap. Results of Fisher’s exact tests ana-
lyzing the enrichment/depletion in CAZymes, proteases and CSEPs in each of these clusters are summarized
on the left (*: FDR< 0.05, red: Odd’s ratio< 1, green: Odd’s ratio> 1). ¢ Similarity network of contigs in
our genome collection, built from pairwise genome mapping data. Each node consists of a contig, and one
contig is connected with another if at least 10% of its sequence could be mapped on it. Edges are weighted
by mapped sequence lengths, and node positions were defined by the edge-weighted spring-embedded lay-
out of Cytoscape [157]. Different colors highlight major clusters of contigs identified by MCL clustering
(granularity=5) with clusterMaker2 [158]. All the defined clusters (n=35) and their sizes are depicted on
panel d. e Functional analysis of the 35 contig clusters, showing from left to right: the number of genes
annotated in the total contig cluster, clusters of orthogroups these genes belong to (same colors as panel
b), gene annotation in COG categories, and the results of an enrichment/depletion analysis in CAZymes,
proteases and CSEPs with Fisher’s exact test (red: Odd’s ratio< 1, green: Odd’s ratio> 1; *: FDR < 0.05,
**: FDR < 0.01, ***: FDR < 0.001).
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4.2.3 Genomes of P. cucumerina isolates are composed of core and variable regions

We aimed to better understand intra-species genome evolution of prevalent A. thaliana root my-
cobiota member P. cucumerina. After performing an orthology prediction in our data set of 72
Plectosphaerella genomes defining gene families (OrthoFinder [119], n=15,269 orthogroups), hi-
erarchical clustering was conducted on their presence/absence in each strain, revealing two major
clusters and two smaller subspecies-specific ones (Fig. 8b). A major cluster was composed of
gene families conserved across the P. cucumerina species, and was significantly enriched in genes
encoding CAZymes (Fisher’s exact test: Odds Ratio= 1.85, FDR = 3e — 13) and proteases (Odds
Ratio=1.77, FDR = 1e —4). In contrast, another major cluster composed of highly-variable gene
families occurring generally in a low number of strains was found to be enriched in genes encoding
candidate secreted effector proteins (CSEPs; Odds Ratio=1.51, FDR = 1e — 14). Consistently with
these results, we identified a lower intra-species variation in numbers of genes encoding CAZymes
and proteases than of those encoding CSEPs (Supplementary Fig. 19). We hypothesized that the
genomic architecture of P. cucumerina drives the conservation of specific genes and the contrasting
high polymorphy of CSEP repertoires. By performing pairwise genome alignments then building
a weighted similarity network of contigs, we could observe different genomic compartments (Fig.
8c), that we defined precisely using Markov clustering (MCL; Fig. 8d). While such clusters of
contigs could correspond to chromosomes, in absence of experimental evidence, we will refer to
them as genomic compartments. Due to its low percentage in G/C, we can notably expect cluster
#7 to correspond to the mitochondrial chromosome (Supplementary Fig. 20). While seven of the
35 genome compartments are conserved across the P. cucumerina species, the others show a sparse
representation in our genome collection (Supplementary Fig. 20). An analysis of genes contained
in the different compartments revealed that the majority of core gene families (observed on Fig.
8b) are located on the conserved genomic compartments #1 to #6 (Fig. 8e). On the contrary,
most of the highly variable gene families are found in the other compartments. While most of the
CAZyme-encoding genes are located on genomic compartments #1 and #2 (significant enrichment
- Fisher’s exact test: Odds Ratio= 1.21 and 1.10, FDR = 7e —40 and 6e — 22 respectively), 10 less-
conserved compartments show an enrichment in CSEP-encoding genes (together with conserved
compartments #4 and #6). Thus, both the analyses of orthology data and contig similarity high-
lighted core and an variable genomic regions. Our results are in line with the two-speed genome
evolution model [170, 171], which describes the localization of effector-encoding genes in highly
polymorphic and unstable genomic compartments, permitting the rapid adaptation of fungi to new

hosts and environments.

56



Contig clusters

a

ORALOMNONMT
OO T NN

Orthogroups

v
kkkkk

Specific to At-isolated
PhyloGLM

p47
4
4

=TT

§
3
@

2
AN N

YUY YUY U Yy UY YUY YU U Uy U Uy U Uy YU UT YU UUYUIUUYYUUTUTIIID

{100 AN NN
il

10hpi

16hpi

#12829
#12833
#12828
#12296
#12647
#12836
#12837
#12838
#11850
#12667
#12355
#12855
#12668
#11850
#12830
#12835
#12194

10hpi

16hpi

Genes KW WK | IF RIWNI
At-associated OGs

CSEP-encoding genes | || |

hhkhkkhkkkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkkhkk*®

I | I DL ] e

| |
| #2187
#12400
#12528
#12840
#12841
#12839
#11499
#12834
B #12189
#12819
#12189
#12354
B | #12353
#12741
#12354
#12817
I #12832
#12746
#11499
#12294
W B #12353
#12827
#12294
M #12673

5“101 |

Tree Scale
0.25

Host phylogeny

[ Brassicaceae
Cucurbitaceae

¥ Solanaceae
Fabaceae
Rosaceae
Other dicots
Monocots

¥ Marchantiaceae
Not plant-isolated
Unknown

Isolated from
Arabidopsis tissues

M Yes
No

Isolation site
Toulouse, France
® Cologne, Germany
® Pulheim, Germany

@ Coca, Spain
©® Gronsvik, Sweden
® Switzerland

Cluster / orthogroup

H Presence
Absence

In contig
cluster
I #08
#09
#15
m#7
W #23

CSEP

M Yes
No

In contig
cluster
#03

W #04
W #08

[ #09
#15
#17
#21
W #23

CSEP

M Yes
No

" peg

genome annotation

P68
Annotation tracks

I Expressed P18

in planta P19

I Not expressed
P612

[ 73.5Kbp-region
including 10/15  P421

expressed
P143

At-associated
OGs
—— At-isolated strain P29 1
— Other isolate 0.0
Syntenic regions

1 1
200.0 300.0

Contig position (in Kbp)

|
100.0

i i
400.0 500.0

Figure 9: A candidate genomic region of P. cucumerina significantly associates to A. thaliana-
isolation. a Genomic compartments (contig clusters, left) and orthogroups (right) which presence/absence
in the different P. cucumerina strains significantly associates to the isolation from A. thaliana, independently
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from strain phylogeny (according to PhyloGLM [124] and Benjamini-Hochberg’s correction). Contig clus-
ters that are exclusively present in the genomes of A. thaliana-isolated strains without any significant asso-
ciation to this host (#22,#23,#34), are also shown. A single orthogroup (highlighted in red) was found to
negatively associate to the host. b Previously-published transcriptomic data from strain P68 [175] reveal
which genes from genomic compartments associated to fungal isolation from A. thaliana (see panel a) are
expressed in planta. RPKM=Reads Per Kilobase of transcript per Million mapped reads. hpi=hours post-
inoculation. ¢ In planta expression of P68 genes which orthogroups are significantly associated to strain
isolation from A. thaliana (see panel a). Most of these candidate genes for adaptation to A. thaliana are
located in genomic compartments #9. d Genomic conservation within contig cluster #9, focusing on contig
29 from P68 that includes majority of genes expressed in planta and of genes from orthogroups associated to
A. thaliana-isolation (At-associated OGs). A syntenic block of candidate genes for adaptation to A. thaliana
can be distinguished in 6 strains isolated from this host. Strains P16, P32 and P33 that have contigs in ge-
nomic compartment #9 were excluded from the analysis, as they revealed very low (or no) similarity with
the contig 29 of P68. Genome annotation at the top of the panel is from strain P68.

4.2.4 Genomic signatures of adaptation to A. thaliana in P. cucumerina

In our collection, ten P. cucumerina strains were isolated from A. thaliana plants. We tested
whether these isolates comprise specific genomic features, underlying potential host adaptation.
By performing statistical testing with PhyloGLM [124], we identified 5 genomic compartments
and 36 gene families that are significantly associated to A. thaliana-isolation, independently from
phylogenetic signal (Fig. 9a). To estimate whether these genomic features include genes impor-
tant for A. thaliana tissue colonization, we re-analyzed a previously published RNA-Seq data set
[175], profiling the transcriptome of strain PcCBMM (P68) in the leaves of A. thaliana at 10 and
16 hours post-inoculation. First, we focused on genes located in genomic compartments that sig-
nificantly associate with A. thaliana-isolation (Fig. 9b), and identified that most genes detected
as expressed in planta are located in contig cluster #9 (52/66, 79%). Then, we inspected the gene
families significantly associated to A. thaliana-isolation (Fig. 9c), and found that they include 15
genes expressed by PcBMM during plant colonization. While similarity-based annotation of these
genes (EggNog [182]) was poorly informative (Table), it revealed that one gene encodes a putative
transcription factor with sequence similarity to CON7, previously described as a master regulator
of virulence-related morphogenesis in rice-blast fungus Magnaporthe grisea [183] and in tomato-
infecting strains of F. oxysporum [184]. Of note, seven of the 15 genes encode CSEPs (Fig. 9c¢),
with no sequence similarity to previously characterized effectors. Consistently with the results of
our previous approach, we found that 11 of these 15 genes are located in genomic compartment
#9. We further analyzed the genomic position of these genes, and identified a genomic region of
about 73.5kbp in compartment #9 comprising 10 of these 15 genes, that includes in total 14 genes
from orthogroups significantly associated to A. thaliana-isolation (Fig. 9d). This region constitutes

a syntenic block conserved in 6 of our 10 A. thaliana-isolated strains, and may represent a genomic
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feature underlying host adaptation. Molecular biology techniques will be employed to functionally

validate this genomic region and assess its role in the interaction of P. cucumerina with A. thaliana.

Gene ID Contig cluster | RPKM 10hpi | RPKM 16hpi | CSEP | Functional description (curated from EggNog annotations)
contig_29_gene 66 | 9 442.24 235.57 No CON?7-like transcription factor (K21455)

contig 29 _gene 73 | 9 273.45 372.55 No Methyltransferase domain (PF13489)

contig_29_gene 65 | 9 131.64 337.98 No -

contig_32_gene_105 | 4 56.12 395.14 Yes Tetratricopeptide repeat

contig_29_gene_83 | 9 274.84 0.00 Yes -

contig_29_gene 77 | 9 186.50 82.95 No -

. Ankyrin repeat (PF00023), NACHT domain (PF05729),
contig 29 gene 82 | 9 172.68 0.00 Yes phosi)horyllzse superfamily (PF01048)
contig 29 _gene 84 | 9 113.50 22.54 No -
contig_39_gene_15 | 15 77.77 30.62 No -

. Putative DNA-binding domain in centromere protein B (PF04218),
contig-29-gene 88 | 9 81.94 0.00 Yes Tc5 transposase DNAg—binding domain (PF03§2 1)
contig_29_gene 52 | 9 38.62 34.29 Yes -
contig_2_gene_19 3 0.00 58.81 Yes -
contig_29_gene 79 | 9 0.00 19.44 Yes Basic region leucin zipper (PF07716)
contig_13_gene_13 | 21 0.00 13.20 No -
contig_29_gene 68 | 9 0.00 5.88 No -

Table: In planta expression and functional annotation of PcCBMM genes in orthogroups significantly
linked to A. thaliana-isolation

4.3 Discussion

We report here the assembly of a large culture collection of isolates from soil-borne species P.
cucumerina and its sequencing. We showed that this species represents a core member of the endo-
phytic A. thaliana root mycobiota across Europe, while being highly prevalent in soils worldwide
(Fig. 7). Although frequently colonizing healthy A. thaliana plants in nature, P. cucumerina shows
detrimental effects on plant growth in binary interaction, after both root (Supplementary Fig. 15
and 18a, [87, 91]) and shoot inoculation [175]. Also described as an emergent pathogen [175],
diverse crops were reported to be affected by P. cucumerina infections in the last decade, including
notably Brassicaceae [185-187], Cucurbitaceae [188, 189], Solanaceae [190-192] and Fabaceae
[193, 194]. While strains isolated from hosts of these families are overrepresented in the culture
collection we assembled, we also imported four strains isolated from monocotyledonous plants,
and one from a Marchantia livewort. With this broad diversity of hosts, P. cucumerina constitutes
an adequate species to study host adaptation in endophytes. Besides from one clade constituted ex-
clusively of Brassicaceae-isolated strains, the phylogeny of our strain collection did not reveal any
clear clustering by host phylogeny (Fig. 8a), contrary to other species like F. oxysporum in which
lineages have defined host-specificity [164, 195]. After performing recolonization experiments of
sterile A. thaliana plants with individual P. cucumerina strains from our collection, we could not

identify any significant difference between detrimental effects of A. thaliana-isolated strains and
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the ones of other isolates (Supplementary Fig. 18). However, an important variation between bi-
ological replicates was observed, possibly inherent to the agar-based gnotobiotic system we used.
While differences in the phenotypes of inoculated plants may be observed in a different experimen-
tal setup, we will also consider to measure in planta fungal burden, to test if A. thaliana-isolated
strains are better than others at colonizing their host.

We used the PacBio long-read technology to sequence the genomes of our P. cucumerina iso-
lates and obtained overall high assembly quality (Supplementary Fig. 16). With a median contig
number per assembly of 27.5, we however did not reach chromosomal resolution. To study genome
architecture in absence of chromosome-resolved genomes, we developed an approach consisting in
building a similarity network of total contigs in our dataset, then clustering it. Resulting clusters
may represent chromosomes, as corroborated by the clustering of highly-similar contigs with low
percentages in guanine and cytosine, likely corresponding to mitochondrial chromosomes (cluster
#7, Supplementary Fig. 20). Clustering-defined genomic compartments were found to be either
well conserved, or sparsely distributed across the phylogeny of our strain collection. These re-
sults are to a certain extent consistent with the rwo-speed genome model, previously described
in other fungal species (including Verticillium dahliae, a close relative of P. cucumerina) [171].
This concept can be criticized for providing a simplified and biased vision of genome evolution,
and generalizing specific observations [170]. In our specific case, we could clearly identify an en-
richment of effector-encoding genes in the most variable genomic compartments of P. cucumerina
(Fig. 8e). The high inter-connectivity of these compartments on our similarity network (Fig. 8c)
suggests that recombination events may occur frequently in these genomic regions, as stated by
the model. During a synteny analysis focusing on a region of interest (Fig. 9d), we could iden-
tify a clear recombination event that occurred in a poorly conserved genomic compartment (#9).
However, contrary to previously reported in other species [168, 169], contigs in variable genomic
compartments of P. cucumerina do not show any clear enrichment in transposable elements, in
comparison to conserved ones (Supplementary Fig. 20). In the future, we aim to better character-
ize the physical position of variable genomic compartments in the P. cucumerina genome. Taking
into consideration that our approach encompasses clustering biases, we wish to understand if the
variable genomic compartments we defined represent highly plastic regions of conserved chromo-
somes, or correspond to small supernumerary chromosomes. Additionally, to further investigate
genome evolution and signatures of P. cucumerina adaptation, we will calculate across the ge-
nomic compartments we identified, nucleotide diversity indices (), allele frequencies (Tajima’s
D) and ratios of non-synonymous to synonymous substitutions (dN/dS). Such approach will allow
us to identify genomic regions under positive selection, and previously permitted to distinguish
candidate genes for host adaptation in host-specialized subspecies of fungal endophyte Epichloé
typhinia [176].
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Host preference patterns have previously been identified in the bacterial root microbiota of A.
thaliana [178]. We questioned the existence of such properties in its root mycobiota, knowing
that it includes taxa in which adaptation to other hosts was demonstrated (e.g. the F. oxysporum
species [89, 90]) and considering previous demonstration of host specialization in non-pathogenic
endophytes [177]. We used our collection of Plectosphaerella genomes and identified candidate
regions underlying putative host adaptation. In nature, P. cucumerina colonizes a broad diversity
of plant hosts, with different plant cell wall compositions. We therefore expected that it relies
on a diverse set of CAZymes to degrade these cell walls and colonize hosts. While the species
encodes a large number of PCWDESs in comparison to some close relatives [91], we identified
low intra-species variability of CAZyme repertoires (Supplementary Fig. 19). We observed that
CAZymes are essentially encoded by well-conserved gene families, contrasting with CSEPs which
numbers and repertoires vary extensively intra-species (Fig. 8; Supplementary Fig. 19). From the
genomic perspective, we could therefore expect effectors rather than CAZymes, to mediate poten-
tial host specialization of P. cucumerina strains. However, the colonization of different hosts was
shown to trigger differential expression of both CAZymes and CSEPs in various fungi [196]. It can
therefore not be excluded that P. cucumerina strains evolved different host-specialized transcrip-
tomes, in which CAZymes play an important role. Nevertheless, multiple effectors were previously
demonstrated to contribute in host adaptation of diverse fungi [89, 90]. In P. cucumerina, our anal-
yses pointed to a set of closely located genes (syntenic block) that are significantly associated to
A. thaliana-isolation and expressed in plant leaves (Fig. 9). This region notably encodes seven
CSEPs, and was found in the genomes of six A. thaliana-isolated strains from our collection: five
closely related ones in the Brassicaceae-specific clade, and one phylogenetically distant isolate.
Of note, these six strains were collected from four different European sites, located in Sweden,
Germany, Switzerland and Spain (Fig. 9, Supplementary Table). Although recombination events
were identified, the contigs carrying this region showed good conservation in length and sequences
across multiple strains (Fig. 9d), suggesting they may correspond to a supernumerary chromosome.
In the future, we will karyotype multiple P. cucumerina strains to test this hypothesis. We also aim
to investigate next whether the genes encoded in this 73.5Kbp-region confer a fitness advantage to
P. cucumerina for endophytic root and/or shoot colonization of A. thaliana. Since depleting such a
large genomic region by molecular methods is to our knowledge very challenging, we will knock-
out individual genes in this region, starting with the transcription factor from the CON7 family and
the four effectors expressed in planta (Table, Fig. 9d). Alternatively, we may use a P. cucumerina
strain that does not carry the region of interest in its genome to produce heterologous expression
lines. With this technically less challenging approach, we could test whether fungal colonization of
A. thaliana tissues is improved upon addition of individual genes (i.e. the eleven expressed genes

from the genomic region of interest) in the genome of the chosen strain.
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4.4 Methods

4.4.1 Re-analysis of A. thaliana mycobiota profiling data

Data from a European transect study profiling the root mycobiota of A. thaliana at 17 sites [23]
were re-analysed, together with profiling data of A. thaliana roots grown in Cologne agricultural
soil [87]. Paired sequencing reads were joined and demultiplexed using QIIME and its scripts
join_paired_reads and split_libraries_fastq [197]. Quality filtering step was performed with phred
score of 30 or higher. For fungal reads that could not be merged, the respective forward reads
were kept for further processing. Filtered and demultiplexed reads were trimmed to an equal length
of 220bp using USEARCH with option -fastx_truncate [142]. Those reads were dereplicated and
forwarded to the UNOISE3 pipeline [198]. Amplicon sequence variants (ASVs) were determined
using the USEARCH -unoise3 command, where reads with sequencing errors are corrected and
possible chimeras are removed, leaving a set of correct amplicon sequences. ASVs reads were
checked against an ITS sequences database (full-length ITS sequences from the National Center
for Biotechnology Information (NCBI)) to remove non-fungal reads. Fungal ASVs were classified
using the Warcup database [179]. To receive count-tables, ASV sequences were then mapped back

against the whole read dataset at a 97% similarity cut-off (using USEARCH -usearch_global).

4.4.2 Analysis of P. cucumerina prevalence in soils worldwide

Previously curated ITS1-5.8S-ITS2 rDNA sequences of species P. cucumerina [180] were down-
loaded and ITS1 sequences were extracted from them using ITSx [199]. We then linked these
ITS1 sequences to ASVs from the Global Mycobiome Global Mycobiome data set using blastn
with a percentage of identity threshold of 100% [181]. These ASVs were detected in 780/3194
soil samples (relative abundance > 0). Metadata of sites at which ASVs were detected were then
analysed, focusing on latitude, longitude and biome types. We tested the enrichment of specific
biomes in soils containing P. cucumerina using a random sampling approach. We randomly sam-
pled 780 soil samples 99,999 times, and each time counted the number of soil samples associated
to each biome. We used a Fisher’s exact test to compare whether the set of soils in which P. cuc-
umerina was detected contains significantly more/less samples associated to each biome than the
randomly sampled sets of soils. Statistical testing was performed with Scipy 1.5.3 and the function

stats.fisher_exact(alternative="two-sided’) [200].

4.4.3 Plant recolonization experiments with fungal spores

We performed plant recolonization experiments with individual Plectosphaerella strains in an agar-

based system. First, to prepare fungal spore stock solutions, fungi were grown on oatmeal medium.

62



This medium was prepared by crushing 5g of oatmeal in liquid nitrogen with a mortar and pestle
until obtaining a powder. This power was boiled for 30min in 200mL of water on a heating plate at
180°C. Then, 4g of Difco Agar (ref. 214530) was added to the mixture prior to autoclaving. Fungi
were revived from 30% glycerol stocks and grown on this medium for 10-14 days. Sterile water was
poured on the grown mycelium, pipeted then filtered on Miracloth, then centrifugated at 4000xg
for 10min to concentrate spores. Spores were counted on a Malassez cell, and their concentration
was adjusted to 107 spores/ml in 25% glycerol. These stock solutions were flash-frozen in liquid
nitrogen, then kept at -80°C.

A. thaliana Col-0 seeds were sterilized 15 min in 70% ethanol, then 5 min in 8% sodium
hypochlorite. They were then washed six times in sterile double-distilled water and one time in
10 mM MgCl2. They were kept 5 days at 4°C in the dark for stratification. Culture medium was
prepared by mixing 2.2g Murashige Skooge (Duchefa Biochemie, ref. M0222) and 0.5g MES
buffer (Roth, ref. 4256.5) powders in 1L of double-distilled water. Then, pH was adjusted to
5.7, and 10g of Difco Agar (ref. 214530, 1% final concentration) was added. After autoclaving,
120x120mm petri dishes were filled each with 65mL of medium. The top 2cm of agar were cut
out, and 7 seeds were deposited where the cut was made. Plates were sealed with micropore tape
and their bottoms were wrapped (up to the seeds level) in paper to hide roots from the light. Plants
were grown for 10 days at 21°C (10h with light intensity 4 at 19°C, and 14 h in the dark) in growth
chambers.

After 10 days, culture plates were re-opened and only the four biggest plants in each plate were
kept. To prepare a spore inoculum, 5 u/ of defrosted spore stock solution was pipeted and mixed
with 995 ul of sterile water. This mixture was centrifugated at 9,000xg for 10min. The top 950u!
in the tube were replaced with fresh sterile water. With this procedure, glycerol was removed and
the concentration of spores in the tube was set to 500 spores/10u/. Ten-days old seedlings were
inoculated by pipeting down 10 !/ of inoculum (500 spores) on their primary roots. Plates were
then re-sealed and put back in growth chambers, with settings mentioned above. After 28 more

days in culture, plants were phenotyped by measuring their shoot fresh weight.

4.4.4 Assembly of a culture collection of Plectosphaerella isolates

We previously isolated 7 strains of P. cucumerina and 1 strain of P. plurivora from surface-sterilized
A. thaliana roots sampled across Europe [87]. We imported from 17 collaborators or culture col-
lections 64 additional strains, sampled from different hosts (or the environment) on different conti-

nents. See Supplementary Table for details.
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4.4.5 Genome sequencing

Two strains in our collection (P16 and P117) were previously sequenced with the PacBio tech-
nology and assembled [91]. Their genomes made available on database GenBank: bioprojects
PRINA371204 and PRJINA570880. While we used previously published genome assembly JAG-
PXD000000000 for P16, we used an improved version of JAGSXJ000000000 for P117, which was
downloaded from the Mycocosm portal with the identifier Plecucu2 [145]. For P30, we used a
genome assembled from Illumina short reads made available on the Mycocosm portal with identi-
fier Plecul.

Other genomes used in this study were newly sequenced with PacBio sequencing. Individual
strains were revived on Potato Growth Agar medium (Roth, ref. CP74.1), and cultured for 7 days.

Six strains (P43, P143, P340, P421, P455, P612) were sequenced with PacBio CLR technology.
Their gDNA was extracted according to a previously introduced cetyltrimethylammonium bromide
protocol [108]. RNA of these strains was sequenced with Illumina short reads to support gene
prediction in the assemblies.

All the other strains (n=63) were sequenced with PacBio CCS technology (HiFi reads). Their
gDNA was extracted according to a previously introduced cetyltrimethylammonium bromide pro-
tocol [108], without the described purification step of the DNA extracts. Native fungal DNA was
found in many cases to be recalcitrant to sequencing. Therefore, PacBio barcoded ultra-low li-
braries were prepared according to the protocol "Procedure Checklist - Preparing HiFi SMRTbell®
Libraries from Ultra-Low DNA Input” starting with DNA fragmentation using g-Tubes (Covaris).
Typically, five libraries were pooled and then sequenced on a Sequel Ile SMRT cell with 8 mio.
ZMW:s with Binding kit 2.0 or Binding kit 2.2 and the Sequel II Sequencing Kit 2.0 for 30 h. If
necessary gDNA or final libraries were additionally size-selected on a Blue Pippin (Sage Sciences)
device to remove smaller DNA fragments. After sequencing, the HiFi data was demultiplexed with

SMRTlIink10.0, and adapter sequences were trimmed away with cutadapt v3.5 [201].

4.4.6 Genome assembly and gene prediction

Genomes were assembled and polished from PacBio reads using Flye v2.9-b1768 with parameter
—genome-size 40m, decided based on the size of previously sequenced P. cucumerina genomes [91,
175]. Parameter —pacbio-hifi was used for genomes sequenced with PacBio CCS and —pacbhio-raw
was used for genomes sequenced with PacBio CLR.

Gene prediction was carried out in all the genome assemblies except for P16 and P117, for
which we used the gene predictions from the JGI annotation pipeline [145]. We used FGE-
NESH v8.0.0 with similarity matrix Torrubiella hemipterigena and parameters -skip_bad_prom -

skip_bad_term.
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4.4.7 Gene functional annotations

Gene functions were predicted with emapper v2.1.5 [182] based on eggNOG orthology data [202],
using DIAMOND as a similarity search algorithm [203]. CAZymes were annotated using dbCAN
v3.0.6 with default parameters [204]. Proteins annotated as CAZymes by any of the three databases
implemented in dbCAN were considered as such. Effectors (CSEPs) were predicted using Effec-
torP v3.0 in fungal mode (-f) [205]. We annotated as proteases all the proteins linked by emapper to
a PFAM identifier associated to a MEROPS family [152]. Transposons were annotated in genome
assemblies with reasonaTE v1.0 with parameters -mode annotate -tool all [206].

Principal components analyses (PCA) revealing similarities of CAZyme, protease and CSEP
catalogs were performed by counting the number of annotated genes per family (CAZy and MEROPS
families for CAZymes and proteases, orthogroups for CSEPs), then calculating pairwise Jaccard
distances between strains. Jaccard dissimilarity matrices were calculated with R package Vegan
v2.5-7 (https://github.com/jarioksa/vegan), using function vegdist(method="jaccard”). PCA

plots were then reconstructed from these matrices using function prcomp in R.

4.4.8 Orthology prediction

Orthology prediction was performed on the total set of proteins predicted in our data set us-
ing OrthoFinder v2.5.4 [119] with parameter -S blast. When analysing the results of this or-
thology prediction (Fig. 8b), we performed hierarchical clustering of the gene families that are
present in at least two genomes by their presence/absence. To do so, we used the function hierar-
chy.linkage(method="average’) implemented in Scipy [200], which consists in an unweighted pair
group method with arithmetic mean (UPGMA). We then performed flat clustering of the UPGMA
hierarchy using function hierarchy.fcluster(t=5,criterion="distance’), defining four major group of

orthogroups.

4.4.9 Phylogeny reconstruction

We used four different methods to reconstruct the phylogeny of our Plectosphaerella collection,
based on genome sequences. First two trees (Supplementary Fig. 17ab) were built from 5,466
single copy orthologues, identified in our data set by OrthoFinder [119]. Sequences of these 5,466
gene families were aligned independently using MAFFT v7.407 with parameter —auto [207], then
trimmed with Trimal v1.4.rev22 using default settings [208]. These trimmed alignments were
used as input for IQ-TREE v2.1.1 [209]. The algorithm ModelFinder [210] implemented in 1Q-
TREE identified maximum-likelihood model JTT+F+I+G#4 to be the most adapted one considering
the input data. We therefore reconstructed phylogenies with IQ-TREE and RAXML-NG v1.1.0

[211] using this model. While prior alignment concatenation using AMAS [212] was necessary
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in the case of RAXML-NG, the IQ-TREE programme carries out concatenation before phylogeny
reconstruction.

Additionally, we reconstructed phylogenies with two different coalescent approaches (Supple-
mentary Fig. 17cd). First, we used method STAG [213], as implemented in OrthoFinder [119].
STAG built individual gene family trees (n=13,694), then reconstructed a coalescent species tree
from them. Finally, we used Astral v5.7.1 [214] with default parameters, to reconstruct a coalescent
species tree from all the single copy orthologue gene trees generated by OrthoFinder (n=5,466).

The phylogenetic tree used as a reference in this study and presented on multiple figures is the
one generated by IQ-TREE.

4.4.10 Contig similarity network and genomic compartment analysis

To profile the different genomic compartments represented in our genomic data set, we built a con-
tig similarity network (Fig. 8c). First, we computed all pairwise alignments of the 69 P. cucumerina
genome assemblies, using minimap2 v2.24-r1122 with parameters -ax asm5 —egx [215]. We then
parsed the resulting alignment files and measured the length of mapping between each pair of con-
tigs. We then used Cytoscape v3.7.2 [157] to build a network in which each contig is a node. A
query contig was linked with an edge to a reference one, if at least 10% of its length was mapped.
The Edge-weighted spring embedded layout implemented in Cytoscape was used to group contigs
by length of mapping.

To define precise genomic compartments (Fig. 8d), we performed network clustering with
ClusterMaker2 [158]. We used Markov clustering (MCL) with a granularity parameter (inflation
value) of 5, using the length of mapping as an array source.

To analyse the gene functions represented in each cluster, we considered the annotations of
genes located in the clustered contigs (see Fig. 8e). We focused on COG categories annotated by
emapper [182], and performed enrichment/depletion analyses in CAZymes, Proteases and CSEPs.
To do so, we used a random sampling approach. We randomly sampled in our data set as many
genes as included in a cluster 99,999 times, then compared proportions of annotated CAZymes, pro-
teases and CSEPs in the random sets of genes with the actual gene set contained in a cluster using a
Fisher’s exact test. Statistical testing was performed with the function stats.fisher_exact(alternative="two-
sided’) of Scipy 1.5.3 [200].

4.4.11 Association of genomic features to strain hosts

To identify whether presence/absence of specific genomic compartments and gene families could be
significantly linked to strain isolation from A. thaliana, we used PhyloGLM [124] then Benjamini-
Hochberg p-value correction (with R function p.adjust(method="fdr”)). PhyloGLM models were
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built between the two binary variables with formula:
featurePresenceAbsence ~ isolationFromArabidopsis.

Method logistic MPLE was used, according to default parameters and our IQ-TREE phylogeny.

4.4.12 Transcriptomic analysis

Previously published RNA-Seq data of P68 (PcBMM) in A. thaliana Col-0 plant leaves [175]
were downloaded from the National Center for Biotechnology Information Sequence Read Archive
(SRA) (bioProject PRINA614936). Reads from the two biological replicates of conditions 10 and
16 hours post-inoculation were used for analysis. We built an index comprising both A. thaliana
TAIR10 genome and our newly sequenced assembly for P68, then mapped these sets of reads in-
dependently on the index using Hisat2 v2.2.0 [126]. Then we used featureCounts v2.0.0 [162]
to link mapped reads to genes, according to genome annotations. Finally, we calculated Reads
Per Kilobase of transcript, per Million mapped reads (RPKM) values which we used for graphical
represenation and to tell which genes were expressed in planta.

4.4.13 Conservation and synteny analysis of a genomic region linked A. thaliana-isolation

To analyse the conservation of our region of interest, located in contig_29 of the genome of P68, we
mapped all the contigs clustered in genomic compartment #9 on this specific contig using minimap2
v2.24-r1122 with parameters -ax asm5 —egx [215]. We then used SyRI v1.5.4 to characterize the
synteny between pairs of contigs that produced significant alignments [216], and used plotsr [217]
to represent the results graphically.

4.5 Data availability

Genomic data generated for this study will be deposited on public databases upon publication of

this chapter in a scientific journal.

4.6 Code availability

All the scripts used for data processing and analysis were written in Python v3.8.10 and R v3.5.1.
Scripts are available at GitHub (https://github.com/fantin-mesny/Genomic-signatures-

of-host-adaptation-in-a-ubiquitous-fungal-endophyte).
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5 General discussion

During my PhD, I aimed to better characterize the fungi that colonize the roots of the non-mycorrhizal
model plant A. thaliana in nature. I employed a variety of approaches - including plant recoloniza-
tion experiments in gnotobiotic system, in planta transcriptomics and genomic data mining - to
decipher the function, evolutionary properties and genomic signatures of A. thaliana mycobiota
members.

Both comparative genomics and confocal microscopy provided evidence that these fungi are en-
dophytes, colonizing the root epidermis of A. thaliana. While the definition of endophytism is still
disputed [70, 72], the first chapter of my PhD thesis is among the first studies to characterize such
a broad set of fungal endophytes, offering functional and genomic insights into endophytism. Al-
though isolated from healthy-looking plants in nature, A. thaliana root mycobiota members showed
diverse effects on host performance when cultivated in mono-association with their host, in line
with the endophytic continuum concept [71, 76]. Since the most robust colonizers in nature have
a detrimental effect on their host in mono-association, their qualification as endophytes is conflict-
ing with another accepted definition of endophytism, stating commensalism (or mutualism) as a
ground rule [72]. However, our study provides evidence that changes in nutrient concentration can
modulate fungal detrimental effects on host. More importantly, such detrimental effects did not
affect plants in nature, prior to fungal isolation, and we know that the presence of specific bacterial
root commensals can inhibit the detrimental effects of a fungus [87]. The A. thaliana immune sys-
tem was also shown to play a major role in preventing such fungal dysbiosis [12]. Taken together,
these results suggest that slight changes in environmental conditions (nutrient concentration), lo-
cal biodiversity (presence of competing microbes) and host status (capacity to activate immune
responses) influence the effect of an endophyte on its host. Considering this condition-dependent
pathogenicity of fungi isolated from A. thaliana root endosphere, it seems inappropriate to draw a
clear distinction between fungal endophytes and pathogens. I thus stand for a definition of endo-
phytism that is descriptive of a fungal habitat (the plant endospheres) and independent from fungal
effects on plants.

Using phylogenetic reconstruction and machine learning predictions, we identified that A. thaliana
mycobiota members took different evolutionary trajectories to endophytism, originating essentially
from pathogenic ancestors and in some cases, from saprotrophic ones. These predictions are in line
with previously identified transitions from pathogen to commensal/beneficial endophyte [79, 83],
revealing that such transitions might occur frequently in nature. Introduced in 2009, the waiting
room hypothesis suggests that root endophytes are in the wait for co-evolution with their host and
development into a mycorrhizal symbiosis [218, 219]. In some cases, endophytism may therefore

constitute an intermediate step in the evolution of a pathogen into a mutualist symbiont. We in-
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vestigated whether endophytes carry signatures of host adaptation in their genomes, as previously
identified in pathogenic and mycorrhizal fungi. We could identify in the widespread endophyte
P. cucumerina, one candidate genomic region for host adaptation, significantly associated to fun-
gal isolation from A. thaliana. Additionally, we noticed that the architecture of the P. cucumerina
genome might favor fungal adaptation to hosts and environment. With genomic compartments ex-
hibiting high plasticity and enrichment in effector-encoding genes, P. cucumerina likely has the
capacity to evolve quickly its effector catalog, and remain undetected by plant surveillance sys-
tems, as pathogens do [47, 164]. Since the universality of this genome architecture among fungal
pathogens is questioned [170], its representation among phylogenetically distant endophytes also
needs to be verified. Because of the broad phylogenetic diversity spanned by endophytes, we can
expect distinct evolutionary properties to shape fungal fitness in plant endospheres.

Contrary to the emergence of some mycorrhizae [69, 108], transitions to endophytic lifestyles
did not involve losses of plant cell wall-degrading enzymes [76]. When studying a broad set of A.
thaliana root mycobiota isolates, we actually identified genes encoding plant cell wall-degrading
enzymes to be enriched in endophytes and we predicted them to constitute genomic determinants
of endophytism. We also found them to be commonly over-expressed in planta by diverse myco-
biota members. In P. cucumerina, we could identify conservation of these genes, and localization
in slow-evolving core regions of the genome, contrasting notably with effector-encoding genes.
Taken together, these results highlight the importance of plant cell wall-degrading enzymes for en-
dophytes. Although their major role in endophytism was presumed [76], we could demonstrate the
involvement of a specific enzyme - the pectate lyase PL1_7 - in A. thaliana root colonization. Addi-
tionally, we showed that PL.1_7-mediated fungal colonization affects plant performance, revealing
a potential mechanism behind the endophytic continuum: plant cell wall-degradading enzymes are
necessary for fungi to colonize their host (and acquire the carbon they need to grow) but their action
can be detrimental for the plant if uncontrolled. PCWDEs have a broad diversity of targets, and
we can imagine that distinct subsets of enzymes are necessary to colonize plants with different cell
wall compositions. Therefore, pectate lyase PL1_7 may be especially important for fungi to colo-
nize pectin-rich dicotyledonous plants like A. thaliana. While the PL1_7 family is well represented
across the fungal kingdom, we can expect phylogenetically distant endophytes to have evolved ad-
ditional specific mechanisms to efficiently colonize a host. Genomic analyses of P. cucumerina
revealing high plasticity of effector sequences and catalogs support this idea. However, individual
effectors remain to be functionally validated in the context of endophytism.

Taken together, our results offer a better understanding of the fine line between endophytism
and parasitism in the root mycobiota. They show that fungi robustly colonizing A. thaliana roots
in nature are very well equipped to degrade its cell walls and to overcome innate immune re-

sponses. The growth of these endophytic colonizers is tightly controlled in planta by host-encoded
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and bacteria-mediated processes, which likely minimize their negative effects and promote their
beneficial activities. This work therefore predicts a key role of CAZymes and effector proteins as

determinants driving mycobiota assembly and host specificity.
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Supplementary data

Direct links to the supplementary data files are provided here with their descriptions. These files

can also be accessed via the Supplementary Material of the publication [91].

Supplementary Data 1

Description of the 41 newly-sequenced strains of Arabidopsis thaliana root mycobiota members. This ta-

ble provides information regarding the phylogeny of the 41 strains (phylum, class, order, species), as well

as information regarding the isolation of these strains (host, location) and statistics regarding the genome
assemblies (Assembly size, number of contigs, L50, N50), and number of predicted genes. Genbank biopro-

ject, biosample and accession IDs are provided in the last three columns of the table.
https://static-content.springer.com/esm/art’%3A10.1038%2Fs41467-021-27479-y/MedialObjects/
41467_2021_27479_MOESM4_ESM.x1sx

Supplementary Data 2

Description of the comparative genomics dataset, comprising our 41 newly-sequenced strains and 79 pub-

lished fungal genomes. This table provides information regarding the phylogeny of the 120 strains (phylum,

class, order, strain), as well as information regarding the isolation of these strains (host, location, niche),
statistics about the genome assemblies (Assembly size, number of contigs, L50, N50), together with publi-

cation IDs (PMID) and URL from which the genomes were downloaded. It also shows the lifestyle attributed

to each fungal strain (Assigned lifestyle) and the FunGuild [113] description of the associated strain or genus

(Guild FG, Trophic mode FG).
https://static-content.springer.com/esm/art’%3A10.1038%2Fs41467-021-27479-y/MedialObjects/
41467_2021_27479_MOESM5_ESM.x1sx

Supplementary Data 3

Results of PERMANOVA analyses testing the effect of phylogeny and lifestyle on genomic compositions in

gene repertoires. This table provides the detailed results of independent PERMANOVA analyses testing the

effect of phylogeny and lifestyle on Jaccard distance matrices reflecting the genomic compositions in each

gene category of interest. Tested factors are the first four Principal Components (PC) of a phylogenetic PCA,

fungal lifestyle, and the interaction of each phylogenetic PC with fungal lifestyle.
https://static-content.springer.com/esm/art’%3A10.1038%2Fs41467-021-27479-y/MedialObjects/
41467_2021_27479_MOESM6_ESM.x1sx
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Supplementary Data 4

Description of the 84 orthogroups segregating endophytes and mycobiota members from other fungi.

a) This table provides information regarding the 84 gene families that best segregate endophytes and myco-
biota members from others, according to our SVM-RFE classifier (R? = 0.8), including enrichment/depletion
scores in the fungi of interest (Enrichment in EF+MyM) and associated ANOVA P-values (FDR), support
vector coefficients in the classifier (SVM coefficients), representative sequence of the family, information
about functional annotation (curated description, curated group) and associated COG family used for co-
expression analysis.

b) This table provides the results of a GO enrichment analysis performed with GOATOOLS [125] on the 84
orthogroups determinant for endophytism. GOATOOLS performs a two-sided Fisher’s exact test.Correction
of p-values into FDR was performed using the Benjamini-Hochberg method.

c) Coexpression scores of the 84 gene families in fungal transcriptomic data sets, according to STRING-db
[123].
https://static-content.springer.com/esm/art%3A10.1038%2Fs41467-021-27479-y/MediaObjects/
41467_2021_27479_MOESM7_ESM.x1lsx

Supplementary Data 5

Differential fungal gene expression in planta vs. on medium. These tables provide read mapping statistics
(RPKM values in control samples and in planta test samples) differential expression statistics (baseMean,
log2FoldChange, 1fcSE, pvalue, padj) from DESeq?2 [127], together with functional annotation information
(SSP, CAZyme IDs and descriptions, MEROPS Protease IDs and descriptions, Lipase IDs, KOG IDs and
descriptions, EC IDs and descriptions, InterPro IDs and descriptions, GO IDs and descriptions. Statistical
testing for differential expression was performed by a two-sided Wald test as implemented in DESeq2. Cor-
rection of p-values into adjusted p-values (padj) was performed with the DESeq?2 built-in method.

5a) Chaetomium sp. MPI-CAGE-AT-0009 (Cs)

5b) Macrophomina phaseolina MPI-SDFR-AT-0080 (Mp)

5¢) Paraphoma chrysanthemicola MPI-GEGE-AT-0034 (Pc)

5d) Phaeosphaeria sp. MPI-PUGE-AT-0046¢ (Ps)

Se) Truncatella angustata MPI-SDFR-AT-0073 (Ta)

5f) Halenospora varia MPI-CAGE-AT-0135 (Hv).
https://static-content.springer.com/esm/art%3A10.1038%2Fs41467-021-27479-y/MedialObjects/
41467_2021_27479_MOESM8_ESM.x1sx
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Supplementary Data 6

Differential Arabidopsis thaliana gene expression inoculated with fungi vs. mocktreated. These tables pro-
vide read mapping statistics (RPKM values in control mock-treated samples and inoculated test samples)
differential expression statistics (baseMean, log2FoldChange, IfcSE, pvalue, padj) from DESeq2 [127], and
short gene descriptions from TAIR10. Statistical testing for differential expression was performed by a
two-sided Wald test as implemented in DESeq2. Correction of p-values into adjusted p-values (padj) was
performed with the DESeq2 built-in method.

6a) A. thaliana inoculated with Chaetomium sp. MPI-CAGE-AT-0009 (Cs)

6b) A. thaliana inoculated with Macrophomina phaseolina MPI-SDFR-AT-0080 (Mp)

6¢) A. thaliana inoculated with Paraphoma chrysanthemicola MPI-GEGE-AT-0034 (Pc)

6d) A. thaliana inoculated with Phaeosphaeria sp. MPI-PUGE-AT-0046¢ (Ps)

6e) A. thaliana inoculated with Truncatella angustata MPI-SDFR-AT-0073 (Ta)

6f) A. thaliana inoculated with Halenospora varia MPI-CAGE-AT-0135 (Hv).
https://static-content.springer.com/esm/art%3A10.1038%2Fs41467-021-27479-y/MediaObjects/
41467_2021_27479_MOESM9_ESM.x1sx

Supplementary Data 7

Description of the 11 orthogroups segregating detrimental mycobiota members from others. This table
provides information regarding the 11 gene families that best segregate detrimental mycobiota members

from neutral and beneficial ones, according to our SVM-RFE classifier (R*> = 0.88), including enrich-
ment/depletion scores in the fungi of interest (Enrichment in detrimental fungi) and associated ANOVA
P-values (FDR), support vector coefficients in the classifier (SVM coefficients), representative sequence of

the family and functional annotation (curated description).
https://static-content.springer.com/esm/art%3A10.1038%2Fs41467-021-27479-y/MedialObjects/
41467_2021_27479_MOESM10_ESM.x1sx
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Supplementary figures and tables
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Supplementary figure 1: Prevalence and abundance profiles of 41 root-colonizing
fungi across naturally occurring A. thaliana shoot mycobiomes.

Relative abundance and sample coverage across leaf samples taken from wild A. thaliana
plants harvested at two locations in Germany (Cologne and Tubingen [32]). Fungal rDNA
ITS2 sequences were directly mapped to raw sequencing reads with a 97% similarity
threshold. Leaf sample coverage refers to the percentage of leaf samples with relative
abundances superior to 0.01% (leaf samples n=51). On relative abundance boxplots, boxes
are delimited by first and third quartiles and whiskers extend to minimum and maximum
values. Unmapped reads were used to estimate relative abundance of other fungal species.
The coverage of global shoot samples was estimated by checking the occurrence of rDNA
ITS1 sequences in 2,647 shoot samples (Asia n=250, Europe n= 1759, North America n=
602, South America n=36) retrieved from the GlobalFungi database [112].
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Supplementary figure 2: Link between genome size, number of genes and number of
transposons across the 41 newly-sequenced fungal strains.

a, Genome assembly size, number of predicted genes and number of identified transposons
in the genomes of the 41 A. thaliana mycobiota members. b, Spearman’s rank correlation
(rho, P < 0.05) between genome size and number of predicted genes. ¢, Spearman’s rank
correlation (rho, P < 0.05) between genome size and number of predicted transposable
elements.
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Supplementary figure 3: Phylogeny of the 120-genome data set used for comparative
genomics.

a, Species tree describing the phylogeny of the 120 fungal genomes used for comparative
genomics. This tree was inferred from full sets of proteins by OrthoFinder [119] after
orthology prediction. Leaf tip colors represent fungal lifestyles, and color strips on the right
highlight the different phylogenetic classes. be, Principal component analysis (PCA)
calculated on phylogenetic pairwise distances extracted from the aforementioned species
tree. Panels b and c represent the same PCA plot with different colors representing either
the phylogenetic class (b) or the fungal lifestyle (c).

SAP: Saprotrophs, MyM: A. thaliana mycobiota members, EF: Endophytic Fungi, OMF:
Orchid Mycorrhizal Fungi, PPF: Plant Pathogenic Fungi, ECM: Ectomycorrhiza, ERM:
Ericoid Mycorrhiza.
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Supplementary figure 4: Genome sizes and properties of the 41 root mycobiota
members, along with 79 previously published genomes used for comparative
genomics.

Fungal lifestyle is depicted in color. Median values are marked with dotted line. Genome:
genome size. TE content: the coverage of transposable elements in the genomes. Genes:
the number of genes. Secreted: the number of predicted secreted proteins (Methods).
Scaffolds: the number of scaffolds. L50: N50 length. Coverage: sequencing depth in fold.
BUSCO: genome completeness. MyM: A. thaliana mycobiota members, ECM:
Ectomycorrhiza, EF: Endophytic Fungi, ERM: Ericoid Mycorrhiza, OMF: Orchid Mycorrhizal
Fungi, PPF: Plant Pathogenic Fungi, SAP: Saprotrophs.
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Supplementary figure 5: Compositions in transposable elements of the 120 fungal
genomes used for comparative genomics.

Coverage of transposable elements in the 120 fungal genome dataset. LTR: long-terminal
repeat retrotransposons. Non-LTR: non-long-terminal repeat retrotransposons. DNA: DNA
transposons. Repetitive/short: simple repeats. Unknown: unclassified repeated sequences.
The bubble size is proportional to the coverage of each of the transposable elements
(shown inside the bubbles). The barplot on the right shows the total transposon coverage
per genome. MyM: A. thaliana mycobiota members, ECM: Ectomycorrhiza, EF: Endophytic
Fungi, ERM: Ericoid Mycorrhiza, OMF: Orchid Mycorrhizal Fungi, PPF: Plant Pathogenic
Fungi, SAP: Saprotrophs.
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Supplementary figure 6: Differential composition in CAZyme, protease, lipase and
SSP repertoires according to fungal phylogeny and lifestyle.

a, Distance-based redundancy analyses (dbRDA) of Jaccard distances calculated on the
genomic compositions in subfamilies of CAZymes, proteases, lipases, small secreted
proteins (SSPs), plant cell wall degrading enzymes (PCWDEs) and fungal cell-wall
degrading enzymes (FCWDESs). The left column shows the result of a dbRDA constrained
by phylogeny, while the right one shows the results of dbRDA constrained by lifestyle. Both
of these factors significantly explain genomic compositions (dbRDA P < 0.05;
PERMANOVA JaccardMatrix~Phylogeny+Lifestyle, P < 0.05 - see Supplementary Data 3
for details). b, Double-clustering heatmap of high-loading genes annotated as CAZymes,
proteases, lipases or SSPs, which gene counts best segregate lifestyles. SO8A: a subfamily
S8A secreted serine proteases from proteinase K subfamily. CE: Carbohydrate esterases.
PL: Polysaccharide lyases. Colors indicate the fungal lifestyle. Principal components were
calculated on total gene counts. High-loading genes were determined based on the first
three principal components.

SAP: Saprotrophs, MyM: A. thaliana mycobiota members, EF: Endophytic Fungi, OMF:
Orchid Mycorrhizal Fungi, PPF: Plant Pathogenic Fungi, ECM: Ectomycorrhiza, ERM:
Ericoid Mycorrhiza.
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Supplementary figure 7: Descriptions and compositions of predicted fungal
secretomes.

The first bubble plot (on the left) shows the number of secreted genes for CAZymes,
lipases, proteases, and others (i.e., all secreted proteins not in these first three groups). The
group SSPs is a subcategory showing the number of secreted proteins < 300 aa. The size
of bubbles corresponds to the number of genes. The fungi are colored according to their
ecology. The first bar plots (in the middle) represent the ratio of CAZymes, lipases and
proteases, to all secreted proteins (left); and the ratio of SSPs among the entire secretome
(right). The second bubble plot (on the right) shows CAZymes grouped according to their
functions including plant cell-wall degrading enzymes (PCWDEs) and fungal cell wall
degrading enzymes (FCWDEsSs), peptidoglycans (i.e., bacterial membrane) degrading
enzymes (BMDESs), trehalose, starch, glycogen degrading enzymes (Storage), lytic
polysaccharide monooxygenase (LPMOs), substrate-specific enzymes for cellulose,
hemicellulose, lignin, and pectin (plant cell walls); chitin, glucan, mannan (fungal cell walls).
The second bar plots (far right) show the total count of genes including PCWDEs, FCWDEs,
and BMDEs (left); and the proportion of PCWDEs, FCWDEs, and BMDEs (right).

MyM: A. thaliana mycobiota members, ECM: Ectomycorrhiza, EF: Endophytic Fungi,

ERM: Ericoid Mycorrhiza, OMF: Orchid Mycorrhizal Fungi, PPF: Plant Pathogenic Fungi,
SAP: Saprotrophs.
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Supplementary figure 8: Genomic counts of secreted CAZymes (and subfamilies),
proteases and lipases across fungal lifestyles.

a, Genomic counts across our comparative genomics data set (n = 120) of total secreted
proteins, and secreted CAZymes, lipases and proteases. ANOVA-statistical testing
(Counts~PhylogenyPCs+Lifestyle, Methods) identified both phylogeny and lifestyles as
having an effect on genomic contents (P < 0.05 - see values on figure); letters result from
two-sided post-hoc TukeyHSD testing. b, Gene counts across our comparative genomics
data set (n = 120) of CAZyme families (AA: Auxiliary Activities, CBM: Carbohydrate-Binding
Modules, CE: Carbohydrate Esterases, GH: Glycoside Hydrolases, PL: Polysaccharide
Lyases), predicted as secreted (extracellular, left) and total (intra and extracellular, right).
Statistical testing with a Kruskal-Wallis test (Counts~Lifestyle, P < 0.05 - see values on
figure) identified lifestyle as having an effect on genome contents. Letters result from post-
hoc testing with a two-sided Dunn test.

ECM: Ectomycorrhiza, ERM: Ericoid Mycorrhiza, OMF: Orchid Mycorrhizal Fungi, SAP:
Saprotrophs, PPF: Plant Pathogenic Fungi, EF: Endophytic Fungi, MyM: A. thaliana
mycobiota members. Boxes are delimited by first and third quartiles, central bars show
median values, whiskers extend to show the rest of the distribution, but without covering
outlier data points (further than 1.5 interquartile range from the quartiles, and marked by
lozenges).
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Supplementary figure 9: Fungal effects on A. thaliana germination.

Germination rate — proportion of plants that developed over the total number of seeds
sowed on each culture plate (n = 6-18) — of A. thaliana plants which seeds were inoculated
with each of the 41 fungal strains on media containing low and high concentrations of
orthophosphate (Pi). Boxes are delimited by first and third quartiles, central bars show
median values, whiskers extend to show the rest of the distribution, but without covering
outlier data points (further than 1.5 interquartile range from the quartiles). Differential fungal
effects on germination rates were tested on both media with Kruskal-Wallis (P < 10™"°) and
beneficial and pathogenic strains were identified by a two-sided Dunn test against mock-
treated plants (first row in boxplots).
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Supplementary figure 10: Fungal colonization of A. thaliana roots after 28 days of
culture in mono-association.
a, Fungal colonization of plant roots mono-inoculated with different mycobiota members,
estimated by quantitative PCR (Methods). Boxes are delimited by first and third quartiles,
central bars show median values, whiskers extend to show the rest of the
distribution, but without covering outlier data points (further than 1.5 interquartile range from
the quartiles, and marked by lozenges). Statistical difference across treatments was
identified by ANOVA (Colonizationindex~Treatment, P < 1e-17), and two-sided post-hoc
testing was performed with TukeyHSD. Colonization was measured in n = 3 root samples
per condition. b, Pearson correlation (r, P < 0.05, n = 41) between mean colonization
indexes at low and high Pi concentrations. ¢, Differences in colonization indices between
neutral (n = 28), beneficial (n = 5), and detrimental (n = 8) fungi at low Pi. Boxes are
delimited by first and third quartiles, central bars show median values, whiskers extend
to show the rest of the distribution, but without covering outlier data points (further than 1.5
interquartile range from the quartiles, and marked by lozenges). Significant differences
across fungal groups were identified at high Pi, by ANOVA (P = 0.0343) and two-sided
TukeyHSD tests. (*: adjusted P = 0.0297). No significant difference was identified at low Pi



(ANOVA P = 0.2) d, Correlation between plant performance index and mean colonization
index at low Pi (left) and high Pi (right) (n = 41; Spearman’s rank correlation rho, P < 0.05).
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Supplementary figure 11: Correlation matrix comparing the relative abundance
profiles of the 41 root mycobiota members in naturally occurring root mycobiomes.
Correlation of the 41 fungal taxa relative abundance values across root samples from the
European transect data [23]. Spearman’s rank correlation (rho) was calculated for each
fungal pair if these are co-occurring in at least 10 root samples. Only the rho values of
significant correlations (P < 0.05) are plotted. Right to the heatmap, a color-strip indicates if
one fungal isolate was identified as having a beneficial, neutral or detrimental effect on plant
growth, in mono-association on low Pi agar medium (see Figure 4).
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Supplementary figure 12: Confocal imaging of A. thaliana root surface and epidermis
colonized by six different root mycobiota members.

Roots grown for 4 weeks in mono-association with six diverse fungi, double-stained with
Propidium lodide and Wheat Germ Agglutinin coupled to fluorophore CF®488A (WGA-
CF488; Biotium), imaged by confocal microscopy. Left and right picture belong to a single z-
stack, respectively focusing on the root surface and the root endosphere where colonization
of epidermal cells can be observed. 10pm-scale bars are shown on the left of each panel.
Arrows indicate penetration sites and asterisks infected root cells. Similar colonization
patterns were observed on 7 different plants in 3 biological replicates. a, Cs = Chaetomium
sp. 0009. b, Mp = Macrophomina phaseolina 0080. ¢, Pc= Paraphoma chrysanthemicola
0120. d, Ps = Phaeosphaeria sp. 0046c. e, Ta = Truncatella angustata 0073. f, Hv =
Halenospora varia 0135.
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Supplementary figure 13: A. thaliana transcriptional reprogramming upon
colonization by six different root mycobiota members.

a, Proportion of reads in RNA-Seq samples mapped on fungal genomes. Mean values are
shown by the bar plot. Error bars show standard deviation values. n=3 samples per
condition, from three independent biological replicates b, Principal Component Analysis of
Bray-Curtis distances calculated over A. thaliana gene read counts. ¢, Principal Component
Analysis of Bray-Curtis distances calculated over A. thaliana gene read counts, excluding
mock-treated samples to reveal sample differences due to the different fungi. Cs =
Chaetomium sp. 0009, Mp = Macrophomina phaseolina 0080, Pc = Paraphoma
chrysantemicola 0034, Ps = Phaeosphaeria sp. 0046¢, Ta = Truncatella angustata 0073, Hv
= Halenospora varia 0135. d, Venn diagram showing A. thaliana commonly over-expressed
genes in response to fungal inoculations. Below is the list of genes over-expressed in
response to all six fungi. e, Independent GO enrichment analyses performed on the A.
thaliana genes over-expressed in response to each fungus (GOATOOLS [125], FDR <
0.05). f, Venn diagram showing A. thaliana commonly under-expressed genes in response
to fungal inoculations. Below is the list of genes under-expressed in response to all six
fungi. g, Independent GO enrichment analyses performed on the A. thaliana genes under-
expressed in response to each fungus (GOATOOLS, FDR < 0.05).
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Supplementary figure 14: Genomic signatures in polysaccharide lyase repertoires
explain lifestyle differentiation among root mycobiota members.

a, Distribution of genes encoding secreted and total CAZymes, lipases, proteases and
SSPs, in the genomes of the 41 mycobiota members. b, Distribution of genes inside each
CAZyme family. In a and b, boxes are delimited by first and third quartiles, central bars
show median values, whiskers extend to show the rest of the distribution, but without
covering outlier data points (further than 1.5 interquartile range from the quartiles, and
marked by lozenges). The different letters indicate significant difference (FDR < 0.05;
Kruskal-Wallis and two-sided Dunn test). Beneficial (n = 5), neutral (n = 26), pathogenic (n =
10). ¢, Key secreted protein coding genes discriminating fungal lifestyles of 41 endophytic
fungi. Three fungal effects on plant growth (in mono-association on low Pi medium, see
Figure 4) are depicted in different colors (green: beneficial, red: detrimental, grey: neutral).
The selected genes coding for secreted polysaccharide lyases (PLs) and proteases
discriminate between pathogenic, neutral, and beneficial fungi. Fungal taxa are displayed
according to the phylogenetic order. Bubbles with numbers contain the number of genes. d,
Comparative genomics of the PL1_7 CAZyme subfamily, showing the number of PL1_7
genes in the genomes (n=120) associated to different lifestyles. Boxes are delimited by first
and third quartiles, central bars show median values, whiskers extend to show the rest of
the distribution, but without covering outlier data points (further than 1.5 interquartile range
from the quartiles). Statistics were performed using an ANOVA test (Counts~Lifestyle, P =
1.07e-06) and a two-sided TukeyHSD post-hoc test (adjusted P < 0.05).
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Supplementary figure 15: Effect of a P. cucumerina isolate on plant growth.

a, Shoot fresh weights of A. thaliana plants 28 days after root inoculation with

P. cucumerina (n=48 plants per condition, 2 independent biological replicates). ANOVA test
revealed a significant effect of fungal inoculation on plant growth (ANOVA P=4.54e-12).
Letters on the boxplot highlight significant pairwise differences identified by post-hoc test
TukeyHSD. Representative plant phenotypes resulting from this experiment can be
observed on panel b. Fungal isolate used in this experiment (here labeled Pc) corresponds

to previously described strain P. cucumerina MPI-CAGE-AT-0016 [91], also referred to as
P16.
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Supplementary figure 16: Statistics reflecting assembly sizes and quality for the 72
Plectosphaerella genomes used in this study.

a, For each genome of our genomic data set, the following values are represented:
assembly size, number of contigs in the assembly, N50 value (sequence length of the



shortest contig at 50% of the total genome length), L50 (number of longest contigs needed
to reach 50% of the genome), number of predicted genes/proteins in the assembly. These
values are represented along the collection phylogeny calculated with IQ-TREE [209]. b,
Distribution of the number of contigs in our genomic data set (n=72, one value per genome
assembly). ¢, Distribution of the L50 values in our genomic data set (n=72). d, N50 values
(top) and numbers of predicted genes/proteins (bottom), plotted related to assembly sizes.
The number of predicted proteins is significantly correlated to the assembly size according
to Spearman’s rank correlation (see rho and P values on graph).
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Supplementary figure 17: Phylogeny of the 72 Plectosphaerella strains,
reconstructed with four different methods.

a, Phylogenetic tree reconstructed with IQ-TREE [209] (model JTT+F+/+G4, as defined by
ModelFinder [210]) from the trimmed concatenated alignments of 5,466 single copy
orthologues identified by orthology prediction with OrthoFinder [119]. b, Phylogenetic tree
reconstructed with RAXML-NG [211] (model JTT+F+/+G4, as defined by ModelFinder) from
the trimmed concatenated alignments of 5,466 single copy orthologues identified by
orthology prediction with OrthoFinder. ¢, Coalescent phylogenetic tree reconstructed from
total gene family trees generated by OrthoFinder, with implemented method STAG [213]. d,
Coalescent phylogenetic tree reconstructed with ASTRAL [214] from the OrthoFinder-
reconstructed gene family trees of 5,466 single copy orthologues. See Methods for further
details.
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Supplementary figure 18: Fungal effects of each Plectosphaerella strain on A.
thaliana performance in binary interactions.



a, Shoot fresh weight (SFW) of plants which roots were inoculated with 500 spores of each
strain, after 28 days in culture in an agar-based gnotobiotic system (for each fungus: 4
independent biological replicates, 4 plants per replicate). These weight values reflect
individual fungal effects on plants. Boxes colored in red reveal a significantly different
between the fungal inoculum and mock-treated plants, according to ANOVA and Dunnett’s
test (P<0.05). Boxes are represented along the strain phylogeny, reconstructed with 1Q-
TREE [209]. b, Standard effect sizes (Hedges’ g) calculated against mock reference and
representing fungal effect on A. thaliana growth are plotted and show no difference between
A. thaliana isolated strains and other P. cucumerina isolates (Student t-test: £>0.05).
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Supplementary figure 19: Genome compositions in CAZymes, proteases and CSEPs.
a, Number of carbohydrate-active enzyme- (CAZyme), protease- and candidate secreted
effector protein (CSEP)-encoding genes annotated in each genome. These values are
represented along the phylogeny of the data set, reconstructed with IQ-TREE [209]. b,
Principal component analyses (PCA) calculated on pairwise Jaccard distances between
genomes reflecting differences of CAZyme, protease and CSEP repertoires. On the right of
each PCA plot are shown the ten most variable families in our data set, with their variance
values. While we used annotated CAZy and MEROPS [152] families for CAZymes and
proteases, the identifiers of CSEPs reflect orthogroups defined by OrthoFinder [119].
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Supplementary figure 20: Descriptive statistics of each genomic compartment and
representation across the Plectosphaerella phylogeny.

Each column in the heatmap corresponds to a genomic compartment, as defined by MCL
clustering. For each one are presented the cumulated size of contigs per genome (top bar-
chart), the percentage in guanine and cytosine (%GC) of each contig (second bar-chart),
the sequence coverage in transposons as annotated by reasonaTE [206] (third bar-chart),
and the number of contigs in the cluster for each Plectosphaerella strain, organized along
strain phylogeny reconstructed with IQ-TREE [209].
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