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ABSTRACT

The plant microbiome consists of the combined microbial communities that reside on and within
the plant; these communities have an intrinsic relationship with their hosts, and some confer
benefits to the plant host. The plant microbiome is recognised as an extension of the plantimmune
response and agents that abet stress. Although the role of stress in influencing the plant
microbiome is well documented, a comprehensive understanding of successional patterns and
prevailing assembly processes of soybean-associated microbes is still lacking. This thesis aimed
to investigate different soybean microbial communities' spatial and temporal colonisation patterns
and their overall ecological assembly processes. This thesis's overarching hypothesis was that
there are spatial and temporal microbial niches spaces within the soybean microbiome, and these
niche spaces are under strict plant-mediated selection. The second chapter focused on discerning
bacterial and fungal successional patterns across all plant compartments and tested for niche
differentiation along spatial and temporal axes. It highlighted that interactions between spatial and
temporal dynamics influenced microbiome diversity patterns. Moreover, it emphasised the
existence of a strong temporal dependence of communities. The third chapter focused on
elucidating the prevailing assembly processes across spatial and temporal axes. Using
complementary community assembly models, | highlighted that the plant compartment and
developmental stage modulated the balance between niche-based and neutral processes. Also,
it showed the importance of dispersal limitations in structuring plant microbiomes. The fourth
chapter contrasted the different colonisation patterns of seed and soil microbiomes. Using a
reductionist approach, | used near-axenic seedlings, which were inoculated with varying
microbiome sources. It highlighted that the seed microbiome colonised the shoot compartment
during early developmental stages, whilst the soil microbiome colonised the rhizosphere. The
seed microbiome was capable of outcompeting members of the rhizosphere to colonise the
endophytic space quickly. Different microbiome sources also influenced the abundance of N-
cycling genes across all plant compartments, with an increased abundance of N-cycling genes in
the soil treatment. Overall, this thesis shows that the soybean microbiome is temporally nested,
and microbiome sources influenced colonisation patterns. Lastly, plant-mediated selection along
with dispersal limitation played a role in their assembly. This adds to ongoing efforts to manipulate

plant microbiomes for increased beneficial services and more sustainable agriculture.






RESUME

Le microbiome de la plante est composé des communautés microbiennes qui résident sur et dans
la plante et qui entrent en relation avec la plante héte. Le microbiome de la plante est reconnu
comme une prolongation du systéme immunitaire de la plante et contient des organismes pouvant
réduire le stress éprouvé par la plante. Quoique l'influence du stress sur le microbiome de la
plante est bien documenté, la compréhension détaillée de la succession et des processus
d’assemblage des communautés microbiennes du soya est encore rudimentaire. L’hypothése
principale de cette thése est qu’il existe des niches microbiennes spatiales et temporelles dans
le soya, et que ces niches sont strictement sous le contréle sélectif de la plante. Le deuxieme
chapitre compare les successions bactériennes et fongiques pour tous les compartiments de la
plante et examine les preuves quant a I'existence de niches spatiales et temporelles. J'y démontre
que la diversité microbienne est influencée par I'interaction entre les dynamiques temporelles et
spatiales, en plus de la forte dépendance temporelle des communautés. Le troisi€me chapitre
décortique les processus d’assemblage des communautés a travers le temps et I'espace. Je
démontre, en utilisant des modéles d’assemblage des communautés complémentaires, que
l'influence relative des processus neutres et de niches dépendent du compartiment et du stade
de développement de la plante. De plus, I'importance des limitations de la dispersion sur la
structure du microbiome y est démontré. Le chapitre 4 compare la colonisation microbienne de
plantules de soya par le microbiome de la semence et du sol. Pour ce faire, j'ai utilisé une
approche réductionniste ou des semences pratiquement axéniques ont été inoculées avec des
microbiome de différentes sources. Le microbiome des semences a colonisé les parties
aériennes de la plante tandis que le microbiome du sol a colonisé la rhizosphére. Le microbiome
des semences a été plus efficace pour coloniser I'intérieur des plantes que le microbiome du sol,
méme lorsque ces deux étaient mis en compétition. La source du microbiome a aussi influencé
'abondance des genes du cycle de l'azote, ceux-ci ayant une plus forte abondance dans les
plantules inoculées avec le microbiome du sol. Cette thése démontre que le microbiome du soya
est imbriqué temporellement, que la provenance du microbiome influence la colonisation de la
plantule et que 'assemblage des communautés est influencé par la sélection de la plante et la
limitation de la dispersion. Ces connaissances joueront un réle critique dans les efforts en cours
pour manipuler les microbiome des plantes afin d’augmenter les services bénéfiques des

microbes pour une agriculture plus durable.
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SYNOPSIS

Les écosystémes agricoles sont des systémes uniques ou les cultures et les microbes sont
intrinséquement liés et sélectionnés pour promouvoir la santé des cultures et augmenter la
productivité. Les progrés en seélection végétale ainsi qu’une meilleure compréhension de
I'écologie des communautés microbiennes associées aux plantes ont permis d'améliorer les
pratiques de gestion de ces écosystémes dynamiques. Le microbiome végétal est constitué de
I'ensemble des communautés microbiennes qui résident sur et dans la plante ; ces communautés
entretiennent une relation innée avec leurs hétes et leur conferent des avantages. Ce microbiome
est constitué d'espéces de mycorhizes bénéfiques, c'est-a-dire d'ectomycorhizes, comme la
mycorhize arbutoide, et d'endomycorhizes, comme la mycorhize arbusculaire, la mycorhize
éricoide, la mycorhize d’orchidée et la mycorhize monotropoide, qui facilitent I'acquisition de
nutriments en canalisant activement les nutriments du milieu environnant vers le cortex racinaire
interne. Dans certains cas, ces communautés fongiques bénéfiques forment un réseau d'hyphes
fongiques qui relie des plantes conspécifiques ou hétérospécifiques et transfére les nutriments
dans ce réseau souterrain. De méme, plusieurs bactéries favorisant la croissance des plantes
influencent le développement et la croissance de leur héte végétal en augmentant la production
d'hormones spécifiques et en régulant les interactions avec les micro-organismes pathogénes.
En outre, le microbiome végétal est reconnu comme une extension de la réponse immunitaire

des plantes et contribue a atténuer le stress abiotique et biotique qu’elles subissent.

Dans les écosystemes agricoles, le role et la fonction du microbiome végétal sont
considérablement renforcés car ils influencent directement la performance et le rendement des
plantes. Des efforts considérables ont été déployés pour identifier et documenter les microbes
bénéfiques et pathogénes de plusieurs espéces de cultures. Plus précisément, les recherches se
sont concentrées dans le passé sur les principales cultures mondiales, a savoir le riz, le mais, le
soja, le blé et la canne a sucre. Parmi celles-ci, le soja est la seule Iégumineuse et des efforts
considérables ont été déployés pour comprendre et déméler la dynamique de l'interaction du soja
avec ses rhizobactéries. Le soja est capable de former une relation symbiotique avec des
souches spécifiques de rhizobia pour former des nodules racinaires capables de convertir I'azote
atmosphérique en ammoniac qui est ensuite utilisé par la plante. Cette relation intrinséque ne se
limite pas a la fixation de l'azote. En fait, il a été démontré que les bactéries rhizobiennes

augmentent la solubilisation des phosphates, la production de phytohormones et la régulation de
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la production de métabolites secondaires qui améliorent I'immunité des plantes en amorcant leur

résistance systemique.

Par conséquent, une grande importance a été accordée a la composition, a la dynamique et aux
réles de ces communautés microbiennes associées aux racines. Le microbiome de la rhizosphére
du soja ne favorise pas seulement la santé des plantes, mais il est directement influencé par les
métabolites végétaux sécrétés, par exemple les isoflavones et les saponines, et cette sécrétion
est liée aux stades de développement des plantes et a leur état nutritionnel. Les interactions entre
le soja et le microbiome associé aux racines sont fortement modulées par la qualité et la diversité
des exsudats racinaires, et ces exsudats semblent varier selon les stades de développement de
la plante, a savoir I'émergence, la croissance végétative, la floraison, le remplissage des gousses
et la maturation. On sait peu de choses sur I'étendue de I'influence des métabolites sécrétés par
le soja sur le microbiome de surface. Cependant, il a ét¢ démontré qu'en cas de dysbiose
microbienne, c'est-a-dire en cas de perturbation de I'homéostasie du microbiote causée par un
micro-organisme pathogéne, la composition de la communauté du microbiome du soja en surface
tend a changer radicalement. En outre, peu d'études ont mis en évidence le fait que le microbiome
de la phyllosphére du soja est considérablement influencé par le développement ; dans les
premiers stades, la composition et la structure ressemblent a celles du sol, mais deviennent
progressivement plus divergentes au fur et a mesure que la plante se développe. Il semble en
partie que le stress tant abiotique que biotique joue un réle important dans la régulation du
microbiome du soja dans les compartiments aériens et souterrains de la plante. Bien que le réle
du stress dans l'influence du microbiome de la plante soit bien documenté, il manque encore une
compréhension globale des schémas de succession et des processus d'assemblage
prédominants des microbes associés au soja. A ce jour, les études qui ont cherché a étudier et &
déméler la succession se sont concentrées uniquement sur la rhizosphére ou la phyllosphére, et
ces études sont limitées a quelques stades de développement, soit I'émergence et la floraison.
De plus, ces études se concentrent sur la documentation de la composition et de la structure du
microbiome sans explorer le rble et l'influence des processus d'assemblage qui interviennent

dans la dynamique de cette communauté.

Les communautés microbiennes sont intrinséquement limitées par les mémes processus
écologiques qui modulent l'influence de toutes les communautés écologiques, c'est-a-dire les
processus basés sur la niche ou les processus neutres. En bref, la théorie de la niche suppose
que les espéces d'une communauté occupent des espaces de niche uniques, tandis que la

théorie neutre suppose que les espéces d'une communauté ont des espaces de niche qui se



chevauchent. Les processus basés sur les niches délimitent I'espace de niche des espéces en
régulant I'environnement, exercant ainsi une pression sélective qui contraint les espéces dans
leurs espaces de niche (sélection). D'autre part, les processus neutres précisent que l'espace de
niche occupé est di a la capacité de l'espéce a se disperser efficacement et avec succés dans
un nouvel environnement (limitation de la dispersion), aux fluctuations aléatoires de I'abondance
des espéces qui accroissent les différences entre des communautés par ailleurs équivalentes
(dérive écologique) et a I'évolution de caractéristiques divergentes au sein d'une lignée
(spéciation). Ces processus agissent sur les microbiomes végétaux pour créer des communautés
divergentes dans l'espace (différents compartiments végétaux) et dans le temps (différents
stades de développement). Dans les environnements du sol, il a été démontré que ces processus
agissent sur les communautés en tandem: tandis que I'un d'entre eux prévaudra comme principal
axe discriminant, 'autre aura un impact secondaire non négligeable. Chez les plantes, le role de
la sélection médiée par la plante a été démontré comme étant le processus d'assemblage
prédominant, cependant ces études se sont principalement concentrées sur les microbiomes
rhizosphériques. L'environnement rhizosphérique est notoirement et infailliblement caractérisé
par des modifications de I'environnement dues aux fluctuations de la diversité et de la qualité des
exsudats racinaires. Cela dit, des preuves émergentes suggérent que l'influence de la limitation
de la dispersion contribue également aux différences observées dans la composition et la
structure du microbiome de la rhizosphére du soja. La compréhension du role de ces processus

est essentielle pour débloquer le réel potentiel de I'ingénierie du microbiome végétal.

L'hypothése générale de cette thése est qu'il existe des niches microbiennes spatiales et
temporelles dans le microbiome des plantes, et que ces niches sont soumises a des sélections
strictes qui sont médiées par les plantes. A cette fin, le soja (Glycine max) a été un modéle
d'étude, et les communautés bactériennes et fongiques associées ont été étudiées dans tous les
compartiments de la plante (rhizosphére, racine, tige, feuilles et gousses) et a tous les stades de
développement (émergence, croissance, floraison et maturation). Les objectifs primordiaux de
cette thése sont : 1) de déterminer le schéma de succession des communautés microbiennes du
soja, 2) d’élucider l'importance des processus neutres et basés sur la niche dans le microbiome
du soja, et 3) de discerner l'importance relative des différentes sources microbiennes et leurs

schémas de colonisation dans les premiers stades de développement du soja.

Le deuxieme chapitre se concentre sur la vérification des preuves de différenciation de niche au
sein du microbiome du soja le long des axes spatiaux et temporels. La composition et la structure

du microbiome du soja sont influencées par le type de sol, les stades de développement et, dans
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une moindre mesure, le génotype de la plante. Cependant, l'influence de la dynamique spatiale
et temporelle dans la modulation de la composition, de la structure et de la succession du
microbiome fait défaut. La preuve de la différenciation des niches dans la création d'un
environnement spatialement hétérogéne, puis la création d'une communauté diversifiée
d'archées, de bactéries et d'eucaryotes est bien documentée a l'interface racine-sol du systéme
de plantes modéles. Cependant, par rapport a linterface racine-sol, la présence d'une
différenciation de niche distincte d'autres organes végétaux et d'espéces végétales non modeéles
et leur impact sur I'héritage et la diversité de la flore microbienne sont mal compris. Des études
récentes ont révélé l'existence d'une différenciation de niche au sein de I'endosphére des
peupliers, et commencent @ montrer comment les organes végétaux et la biogéographie
influencent fortement la niche microbienne des cultures. Dans les systémes agricoles, la
saisonnalité et l'interaction au sein des communautés microbiennes et entre elles constituent un
facteur majeur influengant la succession et la diversité microbienne des feuilles. Les niches
créées par les changements du métabolisme des plantes ont un effet profond sur la diversité et
la structure de la flore microbienne, et la dynamique temporelle semble étre un axe important de
différenciation sur lequel ces communautés sont distribuées. Bien que largement acceptée, la
sélection de la flore microbienne par les plantes n'explique pas entierement I'énorme diversité ni

la composition observée pour ces communautés.

A cette fin, les plantes ont été cultivées dans une chambre environnementale avec une
photopériode de 18 heures a 25°C suivie d'une période d'obscurité de 6 heures a 20°C jusqu'a la
maturation des graines. Cing plantes ont été échantillonnées de maniére destructive a différents
stades de développement, a savoir I'émergence (VE), la croissance (V3), la floraison (R1) et la
maturation des graines (R6). Pour chaque plante, 'ADN génomique total a été extrait de la
rhizosphére, du rhizoplane, de I'endosphére des racines, de I'espace endophytique et épiphytique
de la tige (entre le premier et le deuxiéeme entre-nceuds), et des feuilles pour l'espace
endophytique et épiphytique (la plus jeune et la plus ancienne ftrifoliée). La composition et la
structure de la communauté du microbiome ont été évaluées a l'aide du séquengage du géne de
I'ARNr 16S bactérien/archaéen et de la région ITS fongique. Pour les deux communautés, en
utilisant des analyses complémentaires d'autocorrélation temporelle, c'est-a-dire I'ADF
(Augmented Dickey-Fuller) et le KPSS (Kwiatkowski-Phillips-Schmidt-Shin), les deux tests ont
indiqué que la richesse microbienne (OTUs observées) et la diversité (indice de Shannon) étaient
autocorrélées dans le temps. Les deux tests sont arrivés indépendamment a la méme conclusion,

c'est-a-dire qu'il existe une unité racine, soulignant la présence d'une forte tendance saisonniére
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(p>0,05). Le stade de développement a influencé de maniéere significative I'abondance et la
diversité de la communauté bactérienne/archéenne, alors que seule la diversité fongique a été
notoirement influencée. De plus, les interactions entre le compartiment végétal et les stades de
développement ont influencé de maniére significative I'abondance et la diversité des

communautés bactériennes/archéennes et fongiques.

Il y avait des différences entre les modéles de diversité alpha de la surface (feuille et tige) et du
sous-sol (rhizosphere, rhizoplane et endosphéere des racines). Par exemple, la rhizosphére
présentait systématiquement une abondance et une diversité plus élevées pour les deux
communautés a tous les stades du développement. De méme, le renouvellement des
communautés a été modulé par les interactions des dynamiques spatiales et temporelles. Le
renouvellement de la communauté a été évalué en utilisant la dissimilarité de Bray-Curtis, et
I'analyse des coordonnées principales (PCoA) a été utilisée pour discerner l'influence relative du
compartiment végétal et du stade de développement. Pour les deux communautés, la dynamique
des communautés a été modulée par l'interaction entre le compartiment végétal et le stade de
développement. Il y avait une séparation claire des niches le long de I'axe spatial et temporel pour
les deux communautés dans les compartiments aérien et souterrain. A l'interface racine-sol,
l'influence de l'interaction entre le compartiment végétal et le développement était plus
prononcée. En particulier, ces communautés, c'est-a-dire la rhizosphére, le rhizoplane et
I'endosphére racinaire, étaient différentes les unes des autres; mais également au sein de chaque
communauté, il y avait une distinction claire en fonction du stade de développement. Ce fort effet
a l'interface racine-sol est probablement dii a une sélection médiée par les plantes a travers la
rhizodéposition. Comme les demandes et les besoins métaboliques des plantes changent avec
chaque stade de développement, la plante sécréte différents métabolites dans la rhizosphére, qui
agissent comme un puissant filtre sélectif du microbiome. Bien que linteraction entre le
compartiment végétal et le stade de développement ait eu un effet significatif dans le
compartiment aérien, 'importance de I'effet n'était pas aussi importante que dans le compartiment
souterrain. Une grande partie de la variation de la structure de la communauté n'était expliquée
ni par le compartiment végétal ni par le stade de développement. Cela s'explique en partie par la
plus faible abondance et diversité des microbes dans ces compartiments végétaux. Les
communautés écologiques dont I'abondance et la diversité des espéces sont plus faibles sont
beaucoup plus influencées par des forces externes (variation de I'environnement, limitations de
la dispersion) que par la dynamique interne de la communauté (compétition inter et

intraspécifique, taux de natalité et de mortalité). La faible diversité dans le compartiment aérien
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et la forte tendance saisonniére suggérent que : 1) il y a une influence accrue de la dérive
écologique et 2) cette influence accrue de la dérive, a son tour, est un filtre stabilisateur qui crée
des espaces de niche temporels. Ici, en échantillonnant tous les compartiments de la plante dans
la méme expérience, il a été possible de détecter une tendance saisonniére dans les données
qui a influencé I'abondance et la diversité des communautés microbiennes. L'abondance et la
composition des exsudats végétaux libérés a chaque stade de développement influencent les
modéles de succession microbienne au sein de la rhizosphére et du compartiment racinaire.
Cette sélection imposée par la rhizodéposition était plus prononcée chez la communauté fongique
que chez la communauté de bactéries et d’archées. Par conséquent, la composition des
microbiomes végétaux s'emboite a partir de la base: 1a ou les communautés rhizosphériques
démontrent leur plus grande diversité. Le stade de développement explique une proportion plus
importante de la variation observée dans les compartiments souterrains que chez les
compartiments aériens. Cependant, la grande quantité de variation résiduelle au sein des
communautés aériennes apparait souvent dans les communautés pauvres en diversité et
implique une forte influence de la dérive écologique. Dans le cas présent, les communautés
microbiennes de surface étaient moins abondantes et le stade de développement influencait plus
fortement la diversité globale. Les variations temporelles de la taille des communautés
écologiques dues a des facteurs extrinséques, tels que le stade de développement des plantes,
amplifient I'influence de la dérive écologique. En outre, ces variations temporelles de I'abondance
et de la diversité des communautés agissent comme des filtres écologiques stabilisants, créant
différentes niches temporelles occupées par différents taxons. Dans les communautés
écologiques, la dérive provoque des fluctuations stochastiques des abondances, réduisant la
diversité et conduisant a la divergence des structures communautaires. Dans ce cas, la variabilité
observée dans la communauté du microbiome végétal est le résultat de la dérive écologique, et
l'interaction entre le stade de développement et I'emplacement de I'échantillon peut créer une
niche microbienne particuliére. Par exemple, différents taxons fongiques peuvent présenter des
niveaux similaires de colonisation de I'héte, mais il existe de nettes différences dans I'étendue et
les modéles de développement de l'infection médiée par les réponses métaboliques des plantes.
Par conséquent, les communautés fongiques végétales ont tendance a présenter des topologies
d'imbrication et des structures communautaires discordantes. Cependant, la composition et la
diversité des communautés bactériennes sont principalement influencées par des réponses
spécifiques localisées de I'ndte, telles que la production de métabolites spécifiques, de
métabolites secondaires qui régulent les interactions biotiques, et la communication plante-

microbe.
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J’ai constaté une diminution de I'abondance relative de la plupart des phyla bactériens sur tous
les sites, a I'exception des Firmicutes et des Bacteroidetes, qui ont montré une augmentation
dans tous les échantillons rhizosphériques et épiphytiques. De méme, la plupart des taxons
fongiques ont montré une diminution significative de leur abondance relative, a I'exception des
Ascomycota et des Zygomycota. Le premier n'a augmenté que dans la communauté épiphyte et
endophyte, tandis que le second n'a augmenté que dans la rhizosphére. Dans tous les
échantillons, il y avait un enrichissement détectable des taxons tout au long du développement
de la plante. Le compartiment de la plante et le stade de développement ont tous deux influencé
I'abondance relative des microbes bénéfiques connus pour les plantes ; toutefois, I'influence du
compartiment de la plante était plus prononcée. Par exemple, a l'interface sol-racine, I'abondance
relative de Bradyrhizobium et Pseudomonas était plus influencée par le compartiment végétal.
En revanche, I'abondance relative de Streptomyces a été fortement influencée par le stade de
développement. Pseudomonas et Streptomyces sont connus pour se coordonner avec
Bradyrhizobium pour améliorer I'acquisition des nutriments et modifier I'architecture des racines.
Les algorithmes de forét aléatoires ont prédit un changement dans I'abondance de ces taxons
dans différents compartiments. Par exemple, dans I'endosphére racinaire, I'abondance relative
des Streptomyces était censée étre la plus élevée pendant le stade de la floraison. Dans ce

compartiment, I'abondance relative de Bradyrhizobium était la plus élevée a I'émergence.

Dans des espaces de niche spatiaux contraints, les taxons microbiens se diversifient rapidement
sous l'effet d'une radiation adaptative visant a réduire la compétition inter-espéces innée.
Cependant, en présence d'espaces de niches temporelles claires, les communautés
microbiennes ont tendance a maintenir leurs niveaux élevés de biodiversité au fil du temps. De
méme, il y a eu une séparation claire des niches et une spécialisation des taxons fongiques a

travers les compartiments et les stades de développement des plantes.

Ce chapitre a réussi a mettre en évidence que les niches microbiennes sont influencées par les
dynamiques spatiales et temporelles. Par exemple, bien qu'il n'y ait pas de signes visibles de
nodulation a chaque période de récolte, il y a eu une augmentation significative de I'abondance
relative du partenaire bénéfique du soja, Bradyrhizobium, au stade de développement le plus
précoce. Bradyrhizobium était le moins abondant des autres taxons influencés par le stade de
développement. Les besoins métaboliques des plantes varient en fonction des stades de
développement et, pour compenser, la plante investit de la biomasse dans la production de
racines pour augmenter l'acquisition de nutriments. Bradyrhizobium et Pseudomonas sont des

partenaires microbiens du soja qui coordonnent et modifient I'architecture des racines pour
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augmenter l'acquisition des nutriments. De méme, Streptomyces coopére avec Bradyrhizobium
pour améliorer I'acquisition des nutriments. Cette étude a montré que I'abondance relative de
Bradyrhizobium et de Pseudomonas est influencée par I'endroit ou les microbes se localisent ;
de plus, le stade de développement influence I'abondance relative de Pseudomonas. |l est alors
possible de spéculer que, bien que la dynamique spatiale et temporelle influence I'abondance
relative de Bradyrhizobium, de Pseudomonas et de Streptomyces a des degrés divers, ces taxons
occupent des niches spatiales et temporelles complémentaires. Par exemple, I'abondance
relative de Pseudomonas était prévue et atteignait son maximum au stade de la floraison dans
'endosphére des racines, dans le méme compartiment ou I'abondance relative de
Bradyrhizobium était la plus élevée au stade de I'émergence. Les communautés de bactéries et
d’archées contraintes a une seule niche spatiale ont tendance a se diversifier rapidement sous
l'effet du rayonnement adaptatif, cependant, en présence de niches temporelles, les
communautés sont plus susceptibles de contourner la dynamique de dépassement du
rayonnement adaptatif et de maintenir des niveaux élevés de biodiversité dans le temps. Ainsi,
nous suggerons que l'immense abondance et la diversité des taxons de bactéries et d’archées
est maintenue grace a ces cloisonnements de niche spatiaux et temporels. De plus, les taxons
prédits par les algorithmes de forét aléatoire se sont révélés, dans des études dépendantes de

la culture, trés bénéfiques pour la croissance et le développement du soja.

Enfin, les données ont mis en évidence que la dynamique spatiale et temporelle modulait
I'abondance relative des genres de champignons dominants. Par exemple, les algorithmes de
forét aléatoire ont prédit que les OTUs de I'un de ces genres dominants étaient fortement associés
au stade de la floraison. L'abondance relative du genre Mortierella a augmenté au stade de la
floraison a l'interface racine-sol. Les membres de ce genre utilisant I'enzyme xylanase pour
métaboliser les sucres d'origine végétale, sont chitinolytiques et antagonistes des champignons
pathogénes des plantes tels que ceux du genre Fusarium. Nos données montrent que la
dynamique spatiale et temporelle influence I'abondance relative de la plupart des genres de
champignons, mais cela contraste avec les prédictions des algorithmes de forét aléatoire. Dans
I'ensemble, les OTUs du genre Fusarium ont été prédits spatialement pour dominer a l'interface
racine-sol; cependant, les OTUs de Mortierella ont dominé au stade de la floraison. La forte
augmentation de l'abondance relative de Mortierella et I'appauvrissement de Fusarium a
l'interface racine-sol peuvent en partie étre expliqués par la nature antagoniste de Mortierella.

Ainsi, cette étude apporte la preuve que :
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1. au sein des communautés fongiques végeétales, les spécialisations de niche évoluent
indépendamment le long d'axes spatiaux et temporels,
seuls des taxons adaptés peuvent habiter ces niches spécialisées, et
les compétitions de niche a l'interface racine-sol sont le moteur de I'assemblage et de la

colonisation fongiques.

Dans I'ensemble, ce chapitre a trouvé des preuves pour soutenir que : 1) la spécialisation des
niches au sein des communautés fongiques végétales évolue indépendamment selon des axes
spatiaux et temporels, 2) des taxons adaptés occupent ces niches spécialisées, et 3) la
compétition a l'interface racine-sol délimite I'assemblage et la colonisation des communautés
fongiques. De plus, ce chapitre a mis en évidence l'importance relative de l'interaction entre les
dynamiques spatiales et temporelles dans la modulation des modéles de succession du
microbiome du soja et a fourni des preuves a l'existence de niches spatiales et temporelles au

sein du microbiome du soja.

Le troisiéeme chapitre visait a élucider l'importance relative des processus neutres et de niche
dans la délimitation du microbiome végétal du soja. La sélection médiée par la plante module
strictement la composition et la structure du microbiome végétal - le recrutement et 'assemblage
actifs des microbes par le biais de facteurs stimulants (apport de nutriments, de facteurs nodaux)
et de facteurs inhibiteurs (antimicrobiens, composés organiques volatils). Des preuves qui
mettent en évidence l'influence des processus neutres dans la structuration des communautés
microbiennes associées aux plantes émergent lentement. Il y a un intérét investi pour déméler le
mécanisme qui médiatise I'équilibre entre la sélection basée sur la niche et les processus neutres;
pour cette raison, ce chapitre élucide I'importance relative des processus d'assemblage a travers
les compartiments des plantes et leurs stades de développement. Les processus d'assemblage
de la communauté ont été modélisés a l'aide de deux approches complémentaires : l'une qui
associe des modéles nuls a des données phylogénétiques et des pools d'espéces pour estimer
le renouvellement phylogénétique de la communauté entre les assemblages, tandis que les
modéles nuls quantifient la déviation par rapport aux attentes nulles, ainsi que les modéles de
distribution des espéces qui adaptent les modéles neutres ou basés sur la niche aux données
d'abondance des espéces pour décrire I'abondance et la distribution des taxons en fonction de

I'espace de niche disponible.

Les plantes ont été cultivées dans une chambre de croissance Conviron (Winnipeg, Canada), et

ont été échantillonnées de maniére destructive aux stades de développement suivants : V1
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(émergence), V3 (croissance), R1 (floraison) et R3 (maturation). Le sol a été récolté a I'automne
2017 dans un champ expérimental qui n'avait aucun antécédent de pratique agricole, passeé a
travers un tamis de 40 mm, et homogénéisé avant la mise en pot. Les plantes ont été suppléées
avec une solution nutritive pour plantes de Hoagland modifiée chaque semaine. Un total de cinq
plantes a été échantillonné de maniére destructive a chaque stade de développement, et
I'extraction de I'ADN a été effectuée juste aprés I'échantillonnage. Les échantillons ont été
prélevés dans la rhizosphere, les racines, les tiges et les feuilles. Jusqu'a présent, les études qui
ont élucidé les processus d'assemblage des communautés au sein des microbiomes végétaux
ont utilisé I'une ou l'autre de ces approches et se sont principalement concentrées sur un seul
compartiment végétal ou stade de développement. Ici, j’ai voulu utiliser a la fois des modéles
phylogénétiques nuls et des modéles de distribution des espéces pour quantifier les processus
d'assemblage des microbiomes du soja a des échelles spatiales (compartiments de la plante) et
temporelles (stades de développement). Je me suis concentré sur I'élucidation des processus
d'assemblage dans les plantes de soja poussant en pots dans des conditions expérimentales de
chambre de croissance contrélée. En utilisant les régions phylogénétiquement conservées du
géne marqueur de I'ARNr 16S, j'ai cherché a 1) élucider la dominance relative des processus
neutres et de niche dans I'assemblage de la communauté bactérienne végétale le long des axes
spatiaux et temporels, et 2) comparer différentes approches complémentaires pour modéliser les

processus d'assemblage.

Dans I'ensemble, I'abondance microbienne (richesse d’'OTU et phylogénétique observée) a varié
de maniere significative dans tous les compartiments des plantes et a tous les stades de
développement. De méme, la diversité béta et I'abondance relative des taxons dominants ont
varié le long des axes spatiaux et temporels. Les deux ensembles de modéles, ceux basés sur
la phylogénétique et ceux basés sur la distribution des espéces, ont indiqué que ces variations
dans les modéles de diversité sont modulées par le compartiment végétal et le stade de
développement. Plus précisément, chaque compartiment végétal et chaque stade de
développement modulent I'équilibre entre la dominance des processus basés sur la niche et celle
des processus neutres. Cependant, la sélection médiée par les plantes et les limitations de
dispersion étaient les processus d'assemblage prédominants dans tous les compartiments
végétaux et stades de développement. Les deux ensembles de modéles indiquent la
prédominance de la sélection basée sur la niche a tous les stades de développement du
compartiment de la rhizosphére, la limitation de la dispersion jouant un réle marginal. Au premier

coup d'ceil, les valeurs moyennes des modéles phylogénétiques nuls s'écartaient de maniére
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significative des attentes nulles, mais indiquaient entre autres la dominance des processus
neutres. En démélant l'influence relative des différents processus d'assemblage, la sélection
homogéne et la limitation de la dispersion étaient les processus d'assemblage prédominants pour
tous les compartiments végétaux. La sélection variable jouait un réle mineur dans tous les
compartiments végétaux. Les indices de diversité phylogénétique béta, tel le taxon le plus proche
béta, montrent une quantification probabiliste (la probabilité que des taxons étroitement
apparentés cooccurrent moins souvent que prévu par le hasard) plutét qu'absolue des
cooccurrences. Cette propriété des modeéles les rend idéaux pour détecter les influences du
filtrage environnemental plutét que les processus écologiques nuancés tels que la compétition
interspécifique, par exemple. De méme, tous les modeéles de distribution des espéces ont indiqué
que, pour l'abondance et la distribution des communautés, les modéles basés sur les niches
étaient toujours les meilleurs modéles. A linterface racine-sol, lorsque les nutriments sont
limitants, l'influence des processus basés sur la niche sera plus importante. Dans les essais en
champ de soja, lorsque les micronutriments deviennent limitants, on observe une augmentation
des taux de dispersion sur les axes temporels. Les deux modéles ont permis d'élucider la
dominance de la sélection basée sur la niche (homogéne) et I'augmentation de la dispersion a
I'interface racine-sol. Cette zone est un environnement treés sélectif, la rhizodéposition conduisant
a l'assemblage d'une communauté microbienne qui contraste fortement avec les communautés
du sol en vrac. |l est également possible que le montage expérimental réductionniste (c'est-a-dire
une chambre fermée) ait influencé de maniére significative la distribution et I'abondance de la
communauté bactérienne telle que détectée par les SDM et ait augmenté les taux de dispersion

au sein des communautés épiphytes.

En revanche, le modéle de distribution des espéces (modéle d'assemblage neutre) avait le
meilleur pouvoir explicatif pour I'assemblage des communautés microbiennes de certains
échantillons de feuilles et de racines, ce qui suggere que la rigueur de la sélection végétale de
ces environnements est relativement plus relachée. La colonisation réussie de nouvelles niches
bactériennes est principalement dominée par le tri des espéces (basé sur la niche) et la limitation
de la dispersion (neutre). La surface accrue des feuilles et des racines augmente les possibilités
de dispersion des microbes du sol, qu'ils soient aériens ou libres, pour occuper ces espaces de
niche, et la limitation de la dispersion renforce les processus actuels qui se sont produits lors de
la colonisation initiale. L'endosphére de la tige est un environnement relativement pauvre en
nutriments, ou du moins déséquilibré, avec une teneur en azote de la séve affectant directement

la diversité et I'abondance des microbes. En tant que tel, la sélection homogéne a dominé
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I'assemblage a des stades de développement ultérieurs tandis que la sélection variable a dominé
a l'émergence. Je suggere que pendant le stade végétatif plus court, lorsque la pression sélective
exercée par la plante change entre les stades de développement, cela produit une sélection

variable, alors qu'aux stades reproductifs plus longs, la sélection homogéne domine.

Ces résultats sont conformes aux enquétes de terrain qui ont mis en évidence l'influence de la
limitation de la dispersion dans I'assemblage de la rhizosphére du soja. En effet, au fur et a
mesure que les besoins et les demandes métaboliques de la plante évoluent au cours du stade
de développement, la composition des facteurs stimulants libérés change. Cette demande accrue
conduit a ce que davantage de taxons occupent de nouveaux espaces de niche. Il est intéressant
de noter qu'au stade de la floraison, les modéles prévoyaient une augmentation des taux de
dispersion dans la rhizosphére. Les taux de dispersion ont augmenté au stade de la maturation
pour la communauté épiphyte des racines, tandis que la communauté épiphyte des tiges et des
feuilles a connu une dispersion accrue au stade de la croissance végétative. L'augmentation des
taux de dispersion au cours de la croissance végétative s'explique en partie par le fait qu'au fur
et a mesure que la plante se développe, le nouveau développement offre des opportunités de
dispersion accrues pour les microbes aériens et libres qui occupent les nouvelles niches créées.
Les preuves suggérent que pendant les stades de développement les plus courts, c'est-a-dire
I'émergence et la floraison, la pression sélective exercée par la plante change rapidement d'une
période a l'autre. Au cours de ces courts stades de développement, différents taxons seront
sélectionnés au cours de différentes périodes tandis que, pendant le stade de croissance plus
prolongé, les mémes taxons seront continuellement sélectionnés. Dans tous les compartiments
végétaux, les modéles phylogénétiques nuls ont indiqué que ni le processus basé sur la niche ni
le processus neutre ne dominaient le stade de maturation. Cet état non dominé résulte d'un
changement dans la qualité et la quantité des métabolites libérés par la plante lorsqu'elle entre
en sénescence. Cependant, les modeéles de distribution des espéces ont prédit la dominance de
la sélection basée sur la niche. Ceci est imputable aux différences inhérentes au cadre de travail
des modéles ; les modeéles phylogénétiques nuls montrent la quantification probabiliste plutot
qu'absolue de la cooccurrence, tandis que les modéles de distribution des espéces prédisent
comment les taxons occupent des espaces de niche similaires et coexistent via le partitionnement
de la niche. Cela suggére que la dominance observée de I'assemblage basé sur la niche au stade
de la maturation par les modéles de distribution des espéces est une relique de sélections

antérieures maintenues par les interactions microbes-microbes.
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En conclusion, jai pu démontrer que des approches apparemment complémentaires de la
quantification de I'assemblage révelent la prédominance des processus de niche sur les axes
spatiaux et temporels. Tout d'abord, les deux classes de modéles indiquent que le compartiment
végétal et le stade de développement modulent I'équilibre entre les processus basés sur la niche
et les processus neutres. Les limitations de dispersion ont eu une certaine influence a certains
stades de croissance spécifiques ou dans des compartiments définis. Ces stades et ces
compartiments pourraient se préter plus facilement a l'inoculation ou a d'autres approches de
manipulation du microbiome, car les communautés soumises a des processus d'assemblage
stricts basés sur la niche sont probablement difficiles a déplacer. Ces connaissances pourraient
orienter les efforts en cours pour manipuler les microbiomes des plantes afin d'accroitre leurs

services bénéfiques et de favoriser ainsi une agriculture plus durable.

L'objectif du quatrieme chapitre était de discerner comment différentes sources microbiennes
influencaient la colonisation et les modéles de succession dans différents compartiments de la
plante. On pense que les communautés microbiennes associées aux plantes sont recrutées dans
I'environnement immédiat de leurs hotes. Fondamentalement, les plantes échangent et recrutent
leurs partenaires microbiens par le biais de connexions physiques (c'est-a-dire le rhizome et les
hyphes mycorhiziens), d'interactions racine-racine conspécifiques et d'une transmission verticale
par les graines. Des preuves suggérent que le microbiome des graines joue un réle essentiel
dans la préservation de la graine et la promotion de la germination. Cependant, on ignore encore
quelle pourrait étre I'influence des effets de priorité sur les modéles de colonisation du microbiome
et comment différentes sources microbiennes modulent ces modéles. Ainsi, I'nypothése était que
le microbiome inné des graines serait le principal colonisateur des racines et des pousses de
soja. En revanche, le microbiome de la rhizosphére serait colonisé principalement par les

communautés microbiennes du sol.

Pour réduire les charges microbiennes innées et la teneur en matiére organique (teneur en C), le
sable a été trempé dans de I'hnypochlorite de sodium a 10,8 % pendant une nuit. Le sable blanchi
a été soigneusement rincé a I'eau d'osmose inverse pour éliminer toute trace de NaClO. Le sable
blanchi étant dépourvu de tout composé organique et d'oligo-éléments, le sable a été préchargé
en chlorure de fer (Ill) (FeCls). Le FeCls est un élément immobile dans les plantes, et sa carence
entraine une diminution de la capacité photosynthétique de la production car elle affecte la
production de chlorophylle. Pour ce sable, une solution nutritive modifiée pour plantes (sans
azote) a été passée a travers le sable jusqu'a ce que le pH du lavage soit de 5,5. Des tests

préliminaires ont indiqué que les plantes qui ont été cultivées dans le sable qui n'a pas été traité
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avec du FeCls présentent des symptdmes de chlorose comme cela a été rapporté précédemment.
Les graines de soja ont été imbibées d'eau stérile pendant 24 heures a 4°C avant d'étre stérilisées
en surface. Les graines stérilisées en surface ont ensuite été séchées a l'air dans une boite de
Pétri ouverte, et une fois modérément séches, les boites de Pétri ont été scellées. Tous les
travaux ont été réalisés dans des conditions stériles sous des hottes a flux laminaire. Une fois
que les graines stériles en surface ont rompu leur dormance, elles ont été exposées a une faible
dose d'irradiation aux rayons X a 40 Gy afin de réduire la charge microbienne des endophytes
des graines. Comme les graines de soja sont plus sensibles aux mutations causées par
I'exposition aux rayons X que les plantes matures ou les semis, seuls les semis (une fois que la
racine primaire a émergé/progressé) ont été exposés aux rayons X, et non les graines, a une
dose dont il avait été démontré qu'elle ne provoquait aucune anomalie phénotypique chez les
plantes. Dans I'ensemble, aucune anomalie n'a été observée dans toutes les plantules utilisées
pour tous les traitements. Ces graines de soja quasi-axéniques ont été inoculées avec des
sources microbiennes provenant de la graine et du sol. Au total, il y a eu quatre traitements, a
savoir : 1) positif (graines stériles et non irradiées en surface + inoculum du sol), 2) négatif
(graines stériles et irradiées en surface), graines (graines stériles et irradiées en surface +
inoculum endophytique des graines), et sol (graines stériles et irradiées en surface + inoculum

du sol).

Tous les traitements ont été cultivés dans des boites de culture de plantes stériles sur du sable
stérile et remplacés par une solution nutritive filtrée au début de I'expérience. Les plantes ont été
cultivées pendant 14 jours dans une chambre environnementale avec une photopériode de 18
heures a 25°C suivie d'une période d'obscurité de 6 heures a 20°C jusqu'au stade de
développement "V1". Des échantillons ont été prélevés dans les compartiments souterrains
(rhizospheére et racine) et dans la biomasse aérienne, le poids frais total étant enregistré. La
composition de la communauté bactérienne a été évaluée en utilisant le séquencage des
amplicons du géne de I'ARNr 16S et les génes fonctionnels clés impliqués dans le cycle de I'azote
ont été quantifiés par PCR quantitatif en temps réel (QPCR). En bref, le géne amoA impliqué dans
I'oxydation de I'ammoniac en hydroxylamine pendant I'étape initiale de la nitrification, le géne nirK
qui est impliqué dans la réduction du nitrite en oxyde nitrique pendant la dénitrification, le géne
nifH impliqué dans la fixation de I'azote atmosphérique en ammoniac, et le géne nxR qui oxyde

le nitrate en nitrite pendant la deuxiéme étape de la nitrification.

Le traitement du sol avait la fraction de masse foliaire (LMF) la plus élevée et a montré peu de

variation entre les réplicats dans la biomasse accumulée par rapport aux autres traitements,

xxii



tandis que les graines avaient des valeurs LMF faibles et ont démontré une variation modérée
pour tous les réplicats. Les mesures de la diversité alpha (abondance et diversité) ont été
significativement influencées par le traitement et les compartiments de la plante, avec des
variations significatives uniquement observées pour les compartiments souterrains. Le traitement
du sol présentait I'abondance et la diversité les plus élevées dans les compartiments de la
rhizosphére et des racines. Le traitement des semences présentait la deuxiéme plus grande
abondance et diversité dans ces mémes compartiments, tout traitement confondu. Dans tous les
traitements, on a observé des niveaux comparables d'abondance et de diversité microbiennes.
Cependant, I'homogénéité et I'analyse de dispersion multivariée du roulement de la communauté
ont indiqué que les différences observées entre les traitements résultaient de leur structure
inhérente et non de différences dans la composition des espéces. La structure de la communauté
a été significativement influencée davantage par le traitement et le compartiment végétal et moins
par leur interaction. La visualisation a montré une séparation claire des échantillons le long du
premier axe (compartiment végétal) et du second axe (traitement). Les communautés de la
rhizosphére et des racines du traitement du sol étaient divergentes de toutes les autres. Une
tendance similaire a été observée en examinant uniquement les 100 taxons les plus abondants.
L'occurrence et la distribution des taxons microbiens dans le traitement du sol étaient
principalement observables le long de I'axe rhizosphére-racine, tandis que le traitement des
graines était le long de I'axe racine-pousse. Cela suggére que les taxons microbiens des graines
occupent de préférence les compartiments des tissus végétaux plutét que ceux de la rhizosphére.
Il y avait des différences au niveau de I'abondance relative des phyla microbiens a travers tous
les traitements et les compartiments de la plante. Le traitement du sol présentait la plus grande
abondance de taxons rares dans la rhizosphére mais pas au niveau du compartiment racinaire.
De méme, il y avait une abondance accrue des génes de recyclage de I'azote (nifH, nirK, et nxR)
et leurs rapports d'abondance avec le gene de 'ARNr 16S étaient systématiquement plus élevés
selon le traitement du sol. Cette abondance accrue implique que I'exposition des semis au

microbiome du sol pourrait avoir des effets positifs sur I'acquisition des nutriments par les plantes.

Les micro-organismes impliqués dans le cycle de I'azote inorganique jouent un rdle clé dans la
modification de la disponibilité de I'azote du sol pour I'absorption par les plantes, et nous avons
donc choisi ce groupe comme groupe fonctionnel modéle pour tester les effets de nos traitements.
Il est intéressant de noter que I'abondance des deux génes bactériens impliqués dans la
nitrification (amoA et nxR bactériens) ont été les seuls a étre influencés de maniére significative

par les traitements, étant généralement plus abondants sous le traitement "sol". Ceci est
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probablement lié a leur plus grande abondance dans l'inoculum du sol, comme le soulignent les
analyses LDA pour les Nitrosomonadaceae, une famille bactérienne oxydant I'ammoniac.
Cependant, nous avons pu détecter tous les génes fonctionnels dans tous les traitements, méme
dans le traitement négatif, ce qui suggére que ces groupes fonctionnels peuvent étre transmis
par les semences. Comme la nitrification transforme I'ammoniac, plus favorable sur le plan
énergétique, en nitrate, moins favorable sur le plan énergétique, et que la dénitrification entraine
une perte nette d'azote du sol, la présence de ces génes fonctionnels pourrait avoir un impact
négatif sur la nutrition azotée des plantes, ce qui rend leur transmission par les semences
intrigante. Il est intéressant de noter que dans notre dispositif expérimental, de nombreux génes
étaient significativement plus abondants dans les échantillons de racines et de pousses, et moins
abondants dans la rhizosphére. Nous avons constaté une augmentation de I'abondance des
bactéries oxydant le nitrite dans la rhizosphére des plantes du traitement "sol", ce qui indique une
augmentation potentielle de la production de nitrate, qui s'avére étre la forme préférée d'azote
pour les légumineuses, bien que l'absorption du nitrate soit un processus énergétiquement
colteux pour la plante. Cela suggére que I'exposition des graines au microbiome du sol pourrait
avoir des effets positifs sur la nutrition des plantes. De méme, I'abondance accrue de bactéries
contenant des nitrites réductases (nirK) dans la rhizosphére du traitement "sol" était cohérente
avec le LDA qui a révélé des taxons dénitrifiants connus (par exemple Paucimonas). étant
associés au traitement sol. Cela suggére que ces groupes fonctionnels, bien que plus abondants
dans l'inoculum du sol en vrac, ont une forte capacité a coloniser les plantes. Quant a leur réle a
l'intérieur des racines et des pousses, je ne peux que spéculer qu'ils pourraient profiter de I'azote
inorganique dans la plante comme substrat. La présence potentielle de champignons dans
I'inoculum du sol pourrait avoir augmenté I'abondance des dénitrificateurs dans le traitement "sol"
comme cela a été préecédemment observé dans les champs agricoles. Dans I'ensemble, les
tendances observées dans les génes fonctionnels étaient trés similaires a celles observées en
utilisant les génes marqueurs taxonomiques, ce qui suggére que la primauté du microbiome de
la graine a non seulement des conséquences sur la composition de la communauté microbienne
de I'environnement du soja, mais aussi sur les fonctions qui y sont associées. Il est intéressant
de noter que I'abondance relative de la plupart des genres, a l'exception de Sphingomonas,
semble étre " recrutée " de maniére constitutive a partir de I'inoculum de graines et faire partie de
la communauté transmise par les graines. Plus précisément, l'analyse de I'abondance
différentielle a révélé que les abondances relatives de Pseudomonadaceae, Pantoea,
Methylobacterium et Chryseobacterium étaient systématiquement plus faibles dans l'inoculum du

sol et dans les traitements du sol. Ces taxons sont essentiels au maintien de I'hnoméostasie de
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I'nolobionte du soja ; par exemple, Methylobacterium est connu pour métaboliser I'allantoine (un
sous-produit de la fixation de l'azote) et il est démontré que Chryseobacterium améliore la
croissance du soja dans les champs agricoles. Néanmoins, I'abondance de la plupart des genres
était plus éleveée dans l'inoculum du sol et le traitement du sol. Le sol posséde une abondance
incommensurable de taxons microbiens ; ainsi, I'abondance accrue de taxons et de génes de

recyclage de I'azote dans le traitement du sol n'est pas surprenante.

En résumé, ce chapitre a fourni la preuve que le microbiome des graines a la primauté dans la
colonisation des espaces de niche de la plante, tandis que le microbiome du sol colonisera
préférentiellement le compartiment de la rhizosphére. De telles expériences réductionnistes
permettent de distinguer le modus operandi des différents taxons microbiens dans la colonisation

des espaces de niche disponibles au sein de I'hnolobionte végétal.

L'objectif de ce chapitre était de contraster les voies de colonisation microbienne des plantes par
les graines et le sol. J'avais émis I'hypothése que les communautés microbiennes des graines
seraient les premiéres colonisatrices de I'environnement végétal, avec un effet plus important
dans les environnements des pousses et des racines par rapport a la rhizosphére. La plupart des
résultats ont montré que les plantes de soja cultivées a partir de graines stérilisées en surface et
irradiées avant d'étre inoculées avec un extrait microbien du sol présentaient une diversité, une
structure, une composition et des fonctions de communautés microbiennes différentes dans leurs
racines et leur rhizosphére au stade de I'émergence. Ces différences ne se sont pas étendues
aux communautés microbiennes des pousses. Les plantes de soja cultivées a partir de graines
stérilisées en surface et irradiées qui n'ont pas été traitées avec un inoculum de sol ont développé
des communautés microbiennes étonnamment similaires a celles hébergées par les plantes
cultivées a partir de graines stérilisées en surface et irradiées qui ont été inoculées avec un extrait
de graines, ou a celles hébergées par les plantes cultivées a partir de graines qui n'ont pas été

irradiées et inoculées avec un extrait de sol. Cela suggére que

1. les communautés microbiennes des graines n'ont pas été complétement détruites par
notre méthode,

2. les communautés microbiennes des graines gravement perturbées peuvent recoloniser la
plante si elles ne sont pas en compétition avec les communautés microbiennes du sol,

3. lorsque les communautés microbiennes des graines ne sont pas perturbées, elles ont la
priorité sur les communautés microbiennes du sol pendant la colonisation des racines et

de la rhizosphére de la plante, et
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4. méme si les communautés microbiennes des graines sont perturbées et exposées aux
microbes du sol, elles peuvent coloniser avec succés les compartiments des parties

aériennes des plantes.

En tant que telle, I'nypothése est confirmée, avec I'ajout que les communautés microbiennes
portées par les graines semblent également étre capables de coloniser la rhizosphére méme
lorsqu’en concurrence avec les communautés microbiennes du sol. Méme si nos résultats sont
issus d'une expérience hautement contrélée, ils sont alignés avec les rapports précédents qui ont
montré que les communautés microbiennes des graines sont la source primaire de micro-

organismes dans I'environnement des plantes.

En conclusion, cette thése met en évidence les modéles temporels et spatiaux qui modulent les
modéles d'assemblage et de colonisation du microbiome du soja. Plus précisément, elle met en
évidence la primauté et l'importance des effets de priorité et la fagon dont les différents régimes
de dispersion agissent sur la trajectoire de succession des microbiomes du soja. Le premier
objectif a mis I'accent sur I'existence de niches spatiales et temporelles et sur la fagon dont elles
sont occupées par des taxons spécialisés, le second a accentué les processus d'assemblage des
communautés qui délimitent ces niches spatiales et temporelles ; tandis que le troisieme objectif
a distingué le role des différentes sources microbiennes dans l'influence des modéles de
colonisation et a mis en évidence l'impact nuancé de l'effet de priorité. Dans I'ensemble, cette
thése montre les processus écologiques et évolutifs agissant sur le microbiome du soja ; elle
identifie le role des interactions spatiales et temporelles dans l'influence de la communauté
globale et identifie les points d'intervention clés qui peuvent maximiser les efforts d'ingénierie du

microbiome.
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1.1 The Plant Holobiont

The plant microbiome consists of the combined microbial communities that reside on and
within the plant; these communities have an intrinsic relationship with their hosts and confer
benefits to the plant hosts (Zablotowicz et al., 1991; Berendsen et al., 2012; Chaparro et al., 2012;
Berg et al., 2014). Plant-associated microbial communities are now recognised as an extension
of the plant immune and agents that abet abiotic stress (Vandenkoornhuyse et al., 2015; Teixeira
et al., 2019). In fact, it is around this fundamental understanding of how microbial communities
influence their host that the hologenome theory developed. The hologenome theory posits that
the combined microbiome and host genome are acted upon by selective processes (Zilber-
Rosenberg and Rosenberg, 2021). The plant holobiont is an assemblage of plant-associated

microbes that interact with 1) each other and 2) the host (Figure 1.1).
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Figure 1-1 A schematic diagram of the plant holobiont and what influence it’s fitness
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1.1.1 Assembly and structure of the plant holobiont

The plant microbiome is an assembly of archaea, bacteria, micro-eukaryotes, and virus
communities that inhabit various plant organs with little overlap in taxonomic and functional
composition (Turner et al., 2013b; Berg et al., 2014; Rout, 2014). The plant microbiome is defined
by 1) their taxonomic composition, 2) functional capacity, and 3) dominance of the prevailing
assembly processes. The plant host selects and regulates the composition and structure of the
microbes that inhabit both the endophytic (space within the plant host where microbes reside as
part of its life cycle i.e., intracellular space) and epiphytic (space outside the plant host where
microbes reside as part of their life cycle i.e., root or leaf surfaces) spaces.

The secretion of organic compounds into the intercellular and extracellular spaces by the host
creates specialised ecological niches spaces that are occupied by microbes that have positive
(mutualists), negative (pathogens, competitors), or neutral (commensalistic) interaction with the
plant (Quiza et al., 2015; Hassani et al., 2018). These ecological relationship between host and
microbes are often conserved across plant species and communities (Fierer and Lennon, 2011).
The plant host, its associated microbial partner, and the interactions therein are acted upon by

evolutionary processes to promote holobiont fitness.

The central dogma that competition alone explains the observed variation and patterns in
ecological communities can no longer be accepted, especially for microbial communities.
Coincidentally, there has been a paradigm shift in plant microbial community ecology from
describing community patterns to understanding what processes delimiting community structure.
Vellend (2010) and Nemergut et al. (2013) succinctly elucidated the processes that were
important in assembling ecological communities: niche-based (selection) and neutral (ecological

drift, speciation, and dispersal) (Figure 1.2).
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Figure 1-2 Ecological processes involved in plant microbiome assembly. (a) Details of how
the four evolutionary processes structure community assembly and b)
generic scheme of interactions between the regional species pool and
metacommunity. Dispersal is defined as the movement of microorganisms
between local communities and consequences of dispersal are highly
dependent on the diversity in both communities . Selection is the
consequences of interactions of abiotic and biotic selection that affect the
establishment of microbes within a community. Ecological drift is changes
in species abundance and diversity through time as a result of stochastic
birth or death in community. Speciation is the process that generates genetic
variation within a local community. The “X” indicates unsuccessful
establishment or organismal removal. Adapted from Cordovez et al. (2019)
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1.1.1.1 Niche-based selection

Niche theory stipulates that within any ecological ecosystem there exist a finite number of
niches, each occupied by a single species. The realised niche describes 1) the environmental
conditions that a species needs to survive and reproduce (the fundamental niche) and 2)
considers the existence of the species in presence of biotic interactions (Vandermeer, 1972; Case
and Gilpin, 1974). Thus, niche-based selection posits that ecological traits (e.g., life-history traits,
nutritional requirements) within a community vary amongst species, which permits them to occupy
their fundamental niches, but the fundamental niche of species is acted upon by biotic and abiotic
factors, defining the realised niche (Leibold, 1995; Leibold and Chase, 2017). The influence of
niche-based selection in the assembly of plant microbiomes is widely acknowledged. Specifically,
the influence of plant-mediated selection involves the release of primary and secondary
metabolites by both plant host and microbial partners (Figure 1.3) (Hartmann et al., 2009). The
severity of niche-based selection and feedbacks varies across plant species and is highly
dependent on nutrient strategies of the plant host. For example, leguminous plant (e.g., soybean)
have higher survival rates and stronger stimulatory feedbacks when grown in soils from non-
conspecifics (Teste et al., 2017). This highlights that not only does the environment mediates
plant holobiont fitness and assembly, but that also land-use history influences the strength of that

selection.
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This selection of microbial communities along the soil-plant continuum is highly modulated
by both abiotic (e.g., agricultural practices, anthropogenic disturbances) and biotic (e.g., host
genome, inter-species competition) dynamics (Figure 1.1). In agricultural ecosystems however,
the assembly of the microbiome is mediated by plant compartment niches (Coleman-Derr et al.,
2016) and host genome (Singer et al., 2019) more than agricultural practices, with plant-mediated
selection increasing in severity along the soil-plant continuum (Xiong et al., 2020a). Furthermore,
this selective pressure on the microbial communities is asserted at every plant developmental
stage (Dini-Andreote and Raaijmakers, 2018; Cordovez et al., 2019). More importantly, recent
works have highlighted the importance of historical contingencies (i.e., timing and the effects of
past events on community assembly), such as, anthropogenic/natural disturbances and priority
effects (impact species have on community assembly and succession based on the order of their
arrival ) in facilitating plant-mediated selection within the holobiont (Fukami, 2015; Carlstrom et
al., 2019). However, the significance of priority effects is more pronounced in actively growing
plant tissues and compartment, as this the site of active niche creation. For instance, the emerging
seedlings and expanding root systems, flowers, and emerging leaves are exposed to colonizers
and priority effects along with plant-mediated selection will be more stringent (Dini-Andreote and
Raaijmakers, 2018).

These fundamental ecological frameworks have emphasised the need to discern the
relative influence of plant-mediated selection within the holobiont. Evolutionary adaptions of the
plant holobiont to historical contingencies and biotic stresses occurs through the process of
natural selection (Bordenstein and Theis, 2015; Rodriguez and Duran, 2020). Acquisition of
microbes and microbial genes is a powerful mechanism for driving the evolution of complexity
and improving holobiont fitness (Zilber-Rosenberg and Rosenberg, 2021). Selection of microbial
partners proceeds both via cooperation and competition, working in parallel (Figure 1.3).
However, this selective pressure acts across both temporal (across plant developmental stages)
and spatial (across plant compartments). Seasonal environmental variations and natural
disturbances at the spatial and temporal scales assert a strong selective pressure on plant
holobiont fitness (Rodriguez and Duran, 2020). Previous studies have indicated that species-
sorting (community assembly regulated by local niche processes) and neutral process (dispersal)
interacted during microbial assembly and their relative importance was dependent on local
species abundance (Langenheder and Szekely, 2011). Overall, plant-mediated selection enables

the host to eliminate detrimental microbes/genes whilst increasing abundance and diversity of
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beneficial microbial partners, in the absence of this plant-mediated selection, neutral processes
that mediate microbial variation within the holobiont become inherently stochastic (Bordenstein
and Theis, 2015).

1.1.1.2 Neutral theory and processes

Neutrality in the ecological context implies that species in similar trophic level (i.e., bacteria
in rhizosphere, and not species of different trophic position, like bacteria and gazelles) have
similar birth rates, dispersal rates, and speciation rates, when compared to each other and the
influence of niche does not affect species fithess and success (Hubbell, 2001; Hubbell, 2005).
Neutral models predict the abundance and distribution of species as a direct consequence of
random dispersal over time leading to ecological drift, whereas diversity in community is a result
of unstable coexistence and balance between speciation and extinction (Hubbell, 2001; McGill et
al., 2006). These implication on ecological community assembly are regarded as the null
hypothesis to niche theory and led to a framework from which mechanisms of community
assembly can be inferred (Webb et al., 2002). Null models that couple community composition
and structure with randomisations have become the standard in describing community assembly
processes (Graham and Fine, 2008; Cavender-Bares et al., 2009; Kembel, 2009; Stegen et al.,
2013).

Under the neutral theory, diversity of microbial communities within the holobiont is
mediated by the balance between extinction and speciation events, the influence of stochastic
processes (i.e., death, dispersal limitation) (Figure 1.4) (Zhou and Ning, 2017). For example, each
plant host (local community) is composed of an assemblage of species from the regional species
pool, if some species colonise the host first, then the abundance and diversity of the local
community is highly regulated by priority effects (Figure 1.4). When the influence of dispersal
rates between local communities is high, then composition and diversity between the two
communities will be similar (homogenising dispersal; Figure 1.4), however, when dispersal is
weak the communities will vary (dispersal limitation; Figure 1.4) (Gilbert and Levine, 2017; Zhou
and Ning, 2017). Though, within a community there can only be a finite number of species- this
is known as the zero-sum assumption. The zero-sum assumption posits that when the community
is full, then a new species can only be part of that community if a species goes extinct thus making
space (Etienne et al., 2007). The zero-sum model subsequently infers that all species have an

equal chance of occupying those niches spaces. New niche apportionment models, that is,
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models that describe the break-up of the total niche space (spatial or temporal) and the relative
abundance of species are best at describing patterns of colonisation for plant epiphytic
communities (Tokeshi, 1990; Tokeshi and Schmid, 2002). Particularly, neutral apportionment
models are best at describing communities in highly dynamics environments; it is this intrinsic
aptitude of these models that makes them so invaluable in discerning assembly processes,

recruitment, and colonisation patterns within the plant holobiont (Figure 1.4).
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43



The importance and significance of neutral processes in modulating microbial community
assembly within the plant holobiont has in the past been grossly overlooked. However, recent
studies are highlighting the importance of dispersal limitation in discerning microbial communities
in local communities (Marasco et al., 2018) and in moderating biogeographical patterns across
landscapes (Moroenyane et al., 2019). The influence of neutral processes in creating and
maintaining niche spaces across temporal scales has been highlighted in agricultural ecosystems.
For instance, in highly degraded environments the influence of niche-based selection diminished
whilst role of neutral processes is more pronounced. These drastic changes in abiotic parameters
tapers the strong environmental filter i.e. the influence of niche-based selection and promotes the
effects of neutral processes (Tripathi et al., 2018). In variable environmental conditions, the
dominance of neutral processes on community assembly favours generalist taxa, whilst specialist
taxa are recruited through niche-based processes (Liao et al., 2016). In practice, these shifts in
dominance of either niche-based or neutral processes creates temporal niche spaces across plant
microbiomes. Similarly, changes in agricultural practice enhance diversity of soil-borne microbes
and creates a temporal niche space, that is, a period of time in which species differ in their
competitive capacity given limited resources (Yu et al., 2015). Within the plant holobiont, this
temporal niche is highly modulated by 1) host circadian rhythm and 2) developmental stages, and
occupation of host niche space is density dependent. In the presence of a constant spatial and
temporal niches, speciation events within the microbial communities are favoured and that
promotes species coexistence and biodiversity (Tan et al., 2013). In like manner, when plant
neighbourhoods are composed of conspecifics, the assembly and structure of the phyllosphere
is modulated by neutral processes with increased dispersal rates between individuals (Meyer et
al., 2022). It seems when there are stochastic fluctuations in environmental condition there is a
dominance of neutral processes that assembles plant microbiomes, especially amongst
conspecifics. These observations are corroborated also along spatial axes; biogeographical
patterns and assembly of Eucalyptus phyllosphere bacterial community is dominated by neutral
processes along regional scales (Yan et al., 2021). It is important to highlight that dispersal,
speciation, drift, and stochasticity are not unique to the neutral theory alone and are shared with
e.g., the chaos theory. However, neutral models are best at describing community assembly

processes as they incorporate dispersal and stochasticity as part of their working framework.
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Overall, the occupations of niche spaces along spatial and temporal axes is strongly
mediated by the balances between plant-mediated selection and neutral processes. Along
temporal axis, as the plant develops from seed and new niche spaces are created (leaves, stem,
roots, and flowers), neutral process and plant-mediated selection modulate assembly and
colonisation of these niche spaces (Figure 1.5) (Shade et al., 2017; Amend et al., 2019). Dispersal
effects (homogenising and limitation) coupled with plant-mediated selection have been implicated
in creating distinct communities across spatial (transfer amongst organs and different hosts) and
temporal (developmental stages) in agricultural systems (Figure 1.5) (Perez-Jaramillo et al., 2016;
Goss-Souza et al.,, 2019). Plant holobionts exchange microbial symbiont through physical
connection (i.e., rhizome and mycorrhizal hyphae), intra and interspecies connections
belowground, and through the dispersal of seed (Figure 1.5). These microbial symbionts are
highly nested along spatial and temporal scales and their relationships are predictable by the
hierarchical theory, that is, ecological processes are organised in scales of interactions (O'Neill et
al., 1986; Vandenkoornhuyse et al., 2015).
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Figure 1-5 Spatial and temporal dynamics in plant holobionts
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1.1.2 Compartmentalisation within the plant holobiont

The different plant compartments i.e. reproductive (flower and fruit), leaf, stem, root, and
rhizosphere each have unique biotic and abiotic dynamics that influence the microbiome
composition and structure (Morozov and Li, 2008; Hirsch and Mauchline, 2012). Microbial
communities vary by their location on the plant, with the endosphere (within and between plant
tissue), phyllosphere (the foliar surfaces of the plant), and the rhizosphere (Zablotowicz et al.,
1991; Hirsch and Mauchline, 2012; Berg et al., 2014) harbouring distinct communities. The
abundances and distribution of microbial symbionts are further influenced by plant genotype,
composition of the plant-derived metabolites, and colonisations patterns (Dakora and Phillips,
2002; Lundberg et al., 2012). These studies emphasised the existence of spatial and temporal
niches and how these are partitioned amongst and within communities. To date, a majority of
studies have focused on the bacterial and fungal components of plant microbiome investigating
mainly the rhizosphere communities (Malloch et al., 1980; Redman et al., 2002; Bulgarelli et al.,
2012; Bulgarelli et al., 2015). However, archaeal communities have also been shown to confer
benefits to the plants and are key players in nutrient cycling (Chen et al., 2008; Herrmann et al.,
2008; Buee et al., 2009).

1.1.2.1 The phyllosphere microbiome

The phyllosphere is the most dynamic plant compartment with constant abiotic fluxes
(temperature, wind, radiation, relative humidity, and plant surface topology) (Turner et al., 2013a;
Copeland et al., 2015). Although the phyllosphere is generally considered to be nutrient poor
compared to other rhizosphere, studies have indicated that microbial communities found there
are extremely diverse and adapted to surviving in these ‘harsh’ conditions (Lv et al., 2013; Vorholt,
2014; Venkatachalam et al., 2016). The advent of high-throughput sequencing has enabled
researchers to characterise these communities, but there has been an emphasis on studying
plant pathogens and the phyllosphere of agricultural crops (Penuelas and Terradas, 2014).
Successional patterns of the phyllosphere community are unique and vary across plant species
and communities. A survey of phyllosphere community of Canadian agricultural crops: bean,
soybean, and canola over a growing season revealed that initially the community was highly
influenced by the soil microbial community and as the season progresses the community is not
influenced by plant genotype as a shared leaf community emerges (Copeland et al., 2015).

Furthermore, another study that used a synthetic plastic as a control to discern the successional
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pattern of phyllosphere community between plastic and real plants, highlighted that temporal
changes are important drivers in community structure and composition (Ottesen et al., 2016).
Although it seems in part that the plant does not exert a strong selection force on the phyllosphere
community, it has been shown that phyllosphere microbiome are transferred across generations
(Maignien et al., 2014; Massoni et al., 2020). To date, there is a lack of a proven account of the
discriminatory mechanistic processes involved in the selection and assembly of these ‘inherited’
microbiome. The niche optima (the most desirable a/biotic conditions for species to survive) and
width (an ecological range of desirable abiotic conditions and biotic interactions needed for
species to persists) for phyllosphere microbiome communities is influenced by several biotic and
abiotic conditions (Figure 1.6). Microbial dysbiosis, that is, an imbalance in plant microbiome
compositions and structure that results in perpetuation of disease-causing microbial partners is
well documented for phyllosphere (Hooks and O'Malley, 2017; Liu et al., 2020a). Essentially,
when plant holobiont dynamics are disrupted through introduction of pathogens via density-
independent dispersal mechanism (e.g., wind, insects, water), it leads to 1) shifts in balance of
beneficial communities, 2) altered plant-mediated selection, and 3) ultimately commencement of

the plant defence mechanism (Figure 1.6).
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1.1.2.2 The endosphere and seed microbiome

The endosphere microbial community has been well-characterised using microscopy and
classical microbiological techniques (Turner et al., 2013a). This community is unique as, in
healthy plants, it is largely composed of beneficial microbes and free from pathogens or those
that exist tend to be latent; additionally, the endosphere community is critical in promoting plant
growth and health (Gaiero et al., 2013; Kandel et al., 2017). Microbes that reside inside plant
tissue (also known as endophytes) have had to adapt to a nutrient-rich environment that has
relatively subdued levels of competition compared to the rhizosphere community. It is then not
surprising to find the endophyte community to have a limited repertoire of secondary metabolites
than its rhizosphere or phyllosphere counterparts (Gaiero et al., 2013; Brader et al., 2014).
However, this view has been challenged, as most endophytic microbes are facultative symbiont
and must compete with soil borne microbes at the root-soil interface prior to entry into the plant
(Bulgarelli et al., 2012; Beckers et al., 2017). In particular, different seed endophytic microbes
seem to amplify priority effects (Ridout et al., 2019), and these highly influenced the colonisation
patterns of different plant compartment (Robinson et al., 2016). Transplantation studies
emphasised the influence of seed endophytic communities in modulating overall microbiome
colonisation and successional patterns while highlighting the substantial overlap in the occupied
niche between seed endophytic and plant communities (Tannenbaum et al., 2020; Wang et al.,
2020a). However, the occupation of rhizosphere niche spaces by seed endophytic microbes
occurs in soils with decreased microbial loads (Luo et al., 2019). Taken together, this implies that
successful colonisation of plant niche spaces by the endophytic microbiome is under strict plant-

mediated selection and different ecological assembly processes.
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1.1.2.3 The rhizosphere microbiome

The rhizosphere represents a zone where the plant roots interact with the surrounding
soils to actively recruit and assemble the rhizosphere microbiome (de la Porte et al., 2020b;
Agoussar and Yergeau, 2021). The secretion of photosynthesis-derived metabolites into the
rhizosphere (rhizodeposition) is proposed to be the mechanism the plant uses to assemble and
maintain this microbiome (Dakora and Phillips, 2002; Jones et al., 2009; Berendsen et al., 2012)
(Figure 1.3). However, this view has been recently challenged through the suggestions that
gaseous compounds and miRNA could also play a central roles in assembling the rhizosphere
microbiome (Middleton et al., 2021). Also, subtle differences in host plant genotype play an
important role in selecting which microbial taxa occur in the rhizosphere microbiome (Bulgarelli et
al., 2012; Lundberg et al., 2012; Bulgarelli et al., 2015). Bulgarelli et al. (2015), in their study of
root-inhabiting microbiota in domesticated and wild barley, revealed that there were marked shifts
in the community moving from the root-soil interface towards inside the plant. Moreover, they
highlighted that in both dicotyledons (Arabidopsis thaliana) and monocotyledons (barley, wheat,
and maize), there exists lineage-specific molecular cues that are conserved and contributed to
these shifts. In addition to the plant-mediated selection, microbe-microbe interaction in the
surrounding soils are key to creating these unique microbial communities (de la Fuente Canto et
al., 2020; de la Porte et al., 2020a). The immense abundance and diversity (taxonomic, functional,
and size) of the rhizosphere microbial community creates an active zone of selection (Figure 1.7)
(Kuzyakov and Razavi, 2019).
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Advances in plant breeding and a broader understanding of the ecology of rhizosphere
microbes agricultural ecosystems have led to better management practices in these dynamic
ecosystems (Lemanceau et al., 2017; Toju et al., 2018b). These targeted approaches aim to
increase overall fitness of the plant holobiont by mitigating the influence of external factors,
especially in the rhizosphere. Rhizospheric microbes play multiple roles including but not limited
to: increasing crop yield, acting as biological control agents of soil borne pathogens, promoting
legume nodulation by nitrogen-fixing rhizobia, and increasing the emergence of seedlings
(Malloch et al., 1980; Buee et al., 2009; Rout, 2014). In their comprehensive report Berg et al.
(2016) highlighted the role the plant microbiome plays in increasing not only the host’'s metabolic

repertoire, but also creating new nutritional and defence pathways. We owe much of our current

understanding of plant microbiomes to discoveries made in the late 20th century- specifically, the
discovery of plant growth-promoting rhizobacteria (PGPR) (Ross and Harper, 1970; Kloepper et
al., 1989; Bashan, 1998; Burd et al., 1998). As such, the use of microbial inoculants and
amendments to improve grain yield and disease suppression has become industry standard to
mitigate the negative effects of artificial fertilizers on plant holobiont dynamics and ecosystems
(Baez-Rogelio et al., 2017; Alori and Babalola, 2018). Other less conventional ways that plant
holobiont fithess has been improved is by adopting an intercropping system, that is, cultivating
multiple crops in the same field simultaneously (Ghosh et al., 2006). Healthy soils, that is, soils
with sufficient drainage, good tilth, decreased pathogen and weed pressure, moderate levels of
essential micro and macro nutrients, as well as increased diversity of microbes acts as species
reservoir from which rhizospheric microbes are recruited (Moroenyane et al., 2017; Girsowicz et
al., 2019; Liu et al., 2019b). Better agricultural practices improve soil health, organic matter
content, and increase soil priming (when input of new carbon into soil system promotes the
decomposition of old soil carbon) (Liu et al., 2020b). The plant holobiont can regulate this priming
effect by modulating the amount and diversity of the nutrients released by the growing root
(rhizodeposits) (Lloyd et al., 2016), the abundance and diversity of rhizospheric microbes
(Kuzyakov, 2010), and moderating temperature at the root-soil interface (Hopkins et al., 2014).
The significance of this priming effect is widely documented across landscapes (Chen et al.,
2019a) and at a global scales (Bastida et al., 2019). This stringent regulation of abiotic conditions
at the root-soil interface favours the creation of new spatial and temporal niche spaces whilst
increasing the niche width of rhizospheric microbes. For example, the concentration of
rhizodeposits and volatile organic compounds (VOCs) decreases with distance from the root, this
has the unintended consequence of creating a higher density and activity of microbes at the root-

soil interface (Figure 1.7). The release of root exudates into the rhizosphere directly influences
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composition of rhizosphere microbiome upon plant defence response (Carvalhais et al., 2015).
Activation of these immune responses ultimately induces systemic acquired resistance (SAR).
Plants also have induced systemic resistance (ISR), which is activated by non-pathogenic
microorganisms at the root surface (rhizosphere). The role and mechanisms of SAR in controlling
the microbiome are widely documented across different plant taxa (Turner et al., 2013a).
However, SAR is highly variable (e.g. translational control, intracellular signalling) and it is difficult
to discern with absolute certainty how a plant will respond to microbial invasion (Zhang et al.,
2020). This strongly suggests that radial communication of signal molecules between the root
endodermis and rhizosphere plays a critical role in modulating plant immune response and thus
rhizosphere composition. At the root-soil interface, there is increased abundance of PGPR (Figure
1.7a), root-endophytes (Figure 1.7b), arbuscular mycorrhiza (AMF), ectomycorrhiza (EcM)
(Figure 1.7), and rhizobacteria (Figure 1.7d). These are highly specialised niches and typically
occupied by plant mutualists, and the plant actively releases signalling compounds to attract these

symbionts (Figure 1.7C).

Overall, plant-mediated selection of soil-borne microbes and their interactions become
less complex with proximity to the root (Figure 1.7). Although widely accepted, plant-mediated
selection of the rhizosphere microbiome does not fully expound on the diversity and composition
of these communities (Buee et al., 2009). For instance, a network of diazotrohic microbes in wheat
fields was less complex than bulk soil network structures and were highly modulated by soil pH
(Fan et al., 2018). Similarly, in contaminated soils co-occurrence network structures of

rhizosphere communities were less complex (Luo et al., 2021).
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1.1.3 The plant holobiont response to colonisation

Plant holobiont interactions are immeasurably complex, but current research indicates that
hosts play a significant role in selecting the composition of their microbiome and the plant immune
response is key to this selection processes. The host’s response to microbes depends on the
nature of the microbe (pathogen or symbiont). Briefly, microbe-associated molecular patterns
(MAMPs) are conserved features specific to each microbe- for instance, flagellum proteins or
membrane protein structure and these initiate the plant immune system (Newman et al., 2013).
Once MAMPs trigger an immune response, long or short-range signalling molecules are released
and defence genes are activated; interplay between host-microbe begins with the release of
effectors (which mitigate the plant’s immune response) and this in turn triggers the effector
triggered immunity (ETI) response by the plant (Bittel and Robatzek, 2007; Sundelin et al., 2012;
Newman et al., 2013).

Both the MAMP and ETI are known as the systemic acquired response (SAR), and the
role and mechanisms of SAR in controlling the microbiome are widely documented across
different plant taxa (Turner et al., 2013a). The SAR response is highly variable, and it is difficult
to discern with absolute certainty how plant will respond to microbial invasion. This varied immune
response (between and within plant compartments) has made it difficult for researchers to
determine what exactly delimits the plant microbiome, and it is unclear to what extent the microbial
niches are divided within the plant microbiome and what environmental axis they divide along
(Figure 1.8).
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1.1.3.1 Translational control

Host-mediated translational control governs the utilisation efficiency of messenger
ribonucleic acid (mMRNA) by modulating positively or negatively the activity levels of rate-limiting
protein factors in response to endogenous or exogenous signals i.e., abiotic stress, biotic stress,
hormones, or nutrient supply (Xu et al., 2017). At the molecular and cellular level, all biological
activities within the plant holobiont are carried out by proteins. Plant regulate the synthesis of
proteins by modulating the expression and release of mMRNAs at the proper time and in specific
tissue. Typically, these mRNA contain sequences that encode for R-motifs (resistance motifs)
and uORFs (upstream open reading frames), and these ensure that right proteins are synthesised
in the right amounts. Plant pathogens use the host’s ribosomal machinery for protein synthesis,
and this shift in plant cell biochemistry acts as a signal to actively translate pre-existing mRNA
that encode for 1) defence proteins (Figure 1.9; fungal infection) and 2) or interfering RNA that
silences the pathogenic mRNA (Figure 1.9; animal infection) (Yoo et al., 2020; Zhang et al., 2020).
Similarly, in contaminated soils, the plant holobiont utilises translational control to mitigate the
abiotic stress by upregulating the genes related to carbon and amino acid utilization in the
rhizosphere (Figure 1.9; heatmap) (Yergeau et al., 2014). At the root-soil interface, plant-mediated
translational control is implicated in the creation and maintenance of spatial and temporal niche
spaces (Nuccio et al., 2020), and mediating the expression of genes related to nutrient cycling
and mobilisation (Li et al., 2017).
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1.1.3.2 Intracellular signalling

Plant cell-to-cell communication is important in the co-ordination of key biochemical and
physiological processes in response to abiotic stimuli (light, temperature, heat), biotic stimuli
(microbe invasion), and cooperation of different organs to facilitate development. Intracellular
signalling connects the cell surface to the nucleus, by activation of transmembrane receptors (i.e.,
serine/threonine protein kinases) that form an integral part of the signalling cascade and targets
intracellular organelles that leads to 1) changes in levels of gene expression, 2) protein
conformational changes, and 3) stimulation/ inhibition of target substrate (Drobak, 1993; Yang et
al., 1997). Recently, there has been interest to identify and understand the molecular mechanisms
that can be engineered to abate biotic and abiotic stress in agricultural crops. Pattern recognition
receptors (PRR) and MAMPs initiate the immune response that mediates the microbial loads,
whereas their diversity and abundance influence the diversity of the innate microbial community
(Figure 1.10) (Kayum et al., 2016; Hacquard et al., 2017). Thus, interactions 1) within the holobiont
and 2) between the microbes and plant immune system are critical in modulating microbial
symbiosis. In susceptible plants, the detection of ligands does not elicit a plant response due to
translational control that silences the expression of plant defence genes whereas, in resistant
plants the detection of these ligands leads to appropriate pathogenesis response i.e., strengthen
of the cell wall, production of ROS (Figure 1.10). The plant immune system and response are
primed by beneficial microbes against competing invaders and pathogens (Westman et al., 2019),
herbivory attacks (Yi et al., 2009), volatile organic compounds (VOCs) (de la Porte et al., 2020b),

and airborne defence cues from conspecifics (Wenig et al., 2019).
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1.1.3.3 Apoplastic immunity

The apoplast is formed by adjoined cell walls of adjacent plant cells and in the roots is
interrupted by the Casprian strip, whilst in vascular tissue the extracellular space form part of the
apoplast. The apoplast is a resource replete environment with adequate water and nutrient to
support uninhibited microbial growth, however the apoplast is an active site where there increased
immune response (Wang et al., 2020b; Godson and van der Hoorn, 2021). In fact, four major
catalytic classes of proteases are constantly secreted i.e., cysteine proteases, serine proteases,
metallo proteases, and aspartic proteases and these strictly coordinate and control plant immune
response by modulating 1) immune hydrolase activation, 2) damage-associated molecular
patterns (DAMP) release, 3) direct antimicrobial activity, 4) hypersensitive response (HR), 5)
effector perception, and 6) regulation of SAR and priming (Sattelmacher, 2001; Qi et al., 2017;
Godson and van der Hoorn, 2021) (Figure 1.11). With that being said, symbiotic microbial partners
have evolved strategies of abating plant immune response, for example, nitrogen-fixing
Sinorhizobium meliloti evolved mechanism through divergence of MAMPs (Felix et al., 1999),
while Bradyrhizobium japonicum secretes nodulation (Nod) factors to subdue the immune
response and facilitate nodule formation in soybean (Liang et al., 2013; Im et al., 2014).
Consequently, pathogenic microbes have also evolved mechanism of avoiding detection by the
plant immune responses. Of these, Pseudomonas syringe is one the most common and well-
studied and this pathogen uses effectors proteins along with toxin to incapacitate PAMP-incudes
immune response within the apoplast (Sattelmacher, 2001; Xin et al., 2018). In all, successful
invasion of the apoplast by either symbiont or pathogen involves avoidance of this initial step in

plant immune response.
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Figure 1-11 Apoplastic immune response adapted from Godson and van der Hoorn (2021)
where adjoining plant cells are releasing a cocktail of apoplastic immune
proteases into the extracellular space
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1.1.3.4 Stomatal immunity

The stomata are opening formed by guard cells on the epidermis of the phyllosphere and
are mainly involved in the exchange of water and gases between the endosphere and
atmosphere, acting as the physical barrier to microbial invasion and initiating the plant immune
response (Zeng et al., 2010). Stomatal immunity involves the perception of MAMPs or pathogen-
associated molecular patterns (PAMPs) by PRR and begins a signalling cascade that initiates the
immune response. This signalling cascades results in stomatal closure but beneficial microbe
along with pathogens have evolved specific virulence factors and strategies to cause stomatal re-
opening (Melotto et al., 2006; Melotto et al., 2017) (Figure 1.12). Plant hormones such as abscisic
acid (ABA) which closes the stomata (Sirichandra et al., 2009), jasmonate (JA) open the stomata
(Okada et al., 2009) and salicylic acid (SA) is implicated in regulating the stomatal immune
response (Melotto et al., 2006; Zeng et al., 2010) are induced by perception of MAMPs. Invading
foliar microbes for instance- Pseudomonas syringae have been shown to disrupt this hormonal
crosstalk by producing phytotoxins (Sheard et al., 2010; Gimenez-lbanez et al., 2017) and
releasing effectors that interrupt perception by MAMPs (Ma et al., 2015; Melotto et al., 2017).
Consequently, successful invasion of the phyllosphere through the stomata inextricably linked to
abiotic conditions, increased humidity, rainfall, or frost (Melotto et al., 2006; Underwood et al.,
2007). It seems that successful colonisation of the endosphere either by beneficial microbes or

pathogen is to some extent modulated by environmental conditions.
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Figure 1-12 Stomatal closure and reopening in response to microbial invasion
(Underwood et al., 2007)
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1.1.3.5 Rhizosphere immunity

The rhizosphere microbiome plays a crucial role in promoting plant fitness and modulating
plant physiology and soil abiotic conditions (Mendes et al., 2013; Turner et al., 2013b). Recently,
the diversity of the rhizosphere microbiome has been shown to include taxa from different trophic
levels and that these interact to promote plant health (Mendes et al., 2013; Xiong et al., 2020b).
These microbes interact with the plant and prime the immune response by activation of induced
systemic resistance (ISR). However, it is signalling within the rhizosphere that highly modulates
the plant immune response, that is, 1) microbe-microbe signalling, 2) plant-microbe signalling,
and 3) microbe-plant signalling (Figure 1.13) (Rasmann and Turlings, 2016; Venturi and Keel,
2016). The rhizosphere microbiome is considered to be an extension of the plant phenotype (de
la Fuente Canto et al., 2020), in fact, parts of the plant immune response to invading pathogenic
microbiome is delegated to beneficial microbes (Yu et al., 2019; Lee et al., 2021). Although
interspecific (beneficial-pathogen) and intra-specific (pathogen-pathogen) microbe competition
goes some way to account for plant defence, it is the release of plant exudates that accounts for
a large proportion of rhizosphere immunity. Specifically, this role is played by the root extracellular
trap (RET) which is composed of border cells, mucilage, polysaccharides, extracellular DNA, and
antimicrobial compounds that are released at the growing tip of roots (Brinkmann et al., 2004;
Driouich et al., 2013; Chuberre et al., 2018). Inter-species variations occur in the production and
secretion of RET, however when plant defences are elicited there is marked increase in the
production of RET (Curlango-Rivera et al., 2013a). In legumes, the distribution and retention of
RET was improved when treated with compost extract which increased protection against fungal
pathogens (Curlango-Rivera et al., 2013b). Recently, evidence is suggesting that virulence factors
from pathogenic microbes evolved as counter-defence against RET (Hawes et al., 2016; Park et
al., 2019), thus, highlighting the importance of signalling in rhizosphere as an extension of the
plant immune response to microbial colonisation- whether friend or foe. In soybean, plant
developmental stage and soil abiotic properties were shown to be important delimiting factors that
structured the microbial community capable of producing DNase in the rhizosphere (Kamino and
Gulden, 2021). In part, this suggests that interactions between microbes within the rhizosphere
also shape the composition of RET- for instance, beneficial microbes have been shown to release
microbial nuclease inhibitors that counter the onslaught from the invading pathogens (Hawes et
al., 2016). Likewise, it seems that the presence of Phytophthora peptide elicitors (PEP-13) does
not influence the abundance and composition of the released extracellular DNA in the RET of
soybean (Chambard et al., 2021). Taken altogether, rhizosphere immunity is an interplay between
plant RET, beneficial microbes, and soil abiotic factors working together to thwart prevalence of
pathogens.
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1.1.3.6 Circadian clock

The plant circadian clock refers to a rhythm that mediates plant metabolic functioning and
synchronises with light cycle of the surrounding environment, and influences aspects of plant
physiology including but not limited to organ development, stomatal activity, signalling, and growth
(Figure 1.14) (Webb, 2003). Fundamentally, the circadian clock consists of period (24 hours),
phase, amplitude, and zeitgebers (internal and external cues that can reset the clock), microbial
presence, light, temperature, and metabolic status (Lu et al., 2017). As these zeitgebers can
influence aspects of the clock (phase and/or amplitude; red lines in Figure 1.14), it has the
unintended consequences of manipulating signalling within the holobiont and thus influencing
microbial colonisation patterns (Sharma and Bhatt, 2015). The circadian clock maintains a strict
control over the expression and production of the major growth hormones (auxin, cytokinins,
ethylene, gibberellic acids, abscisic acid, and brassinosteroids) and defence hormones (jasmonic
acid and salicylic acid) (Atamian and Harmer, 2016). For instance, in Arabidopsis thaliana the
circadian clock has been shown to be involved in priming, that is, the hormonal response to
infection by Pseudomonas syringae varied by time of day (Bhardwaj et al., 2011; Lu et al., 2017).
The molecular mechanism that underpin how the circadian clock regulates the expression of
genes involved in the immune response such that the holobiont fitness is increased are widely
documented (Srivastava et al., 2019), even in soybean (Wang et al., 2020c). Lastly, successful
colonisation of plant depends on the tripartite interactions (the disease triangle), that is, 1)
susceptible host, 2) virulent pathogen, and 3) a conducive environment (Francl, 2001). It is then
poignant to highlight that any effort to try and engineer the holobiont depends on understanding

the circadian clock molecular mechanism that regulate this disease triangle.
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Figure 1-14 Plant circadian clock influence on plant metabolic function and immune
response adapted from (Lu et al., 2017)
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1.2 The Study Model

1.2.1 Soybean cultivar development

Drought and pathogen incidents are amongst the most significant threats to global
agriculture, and will become more frequent and intense as climate change strengthens (Solomon
et al., 2007). In Canada, this will particularly affect the eastern provinces that will see changes in
annual precipitation. Soybean is economically the most important bean, that is a source of
proteins for human and animals, and industrial products, including vegetable oil. Canada is the
7™ biggest producer of soybean in the world, producing around 6.04 million metric tons of soybean
in 2019 (FAOSTAT 2021 http://facstat.fac.org/). Simultaneously, the worldwide demand for

soybean is increasing by roughly 1.3% annually, while current global production is insufficient to

meet future demand (Ray et al., 2013). There is therefore a need for alternative approaches to
improve soybean yields under sub-optimal conditions. Although there are numerous reports on
the genetic, molecular and physiological bases of how plants respond to biotic stress
(Langenbach et al., 2016), the nature of plant adaptation to high stress remains unresolved.

The soybean (Glycine max) cultivar used in these studies is AAC Edward was a cross between
0T99-13/0T02-18/2/90A01, conducted in 2003 at the Agriculture & Agri-Food Canada, Ottawa
Research and Development Centre, Ottawa, Ontario. The cultivar is shorter with an average of
height 40 + 4.1 cm, the hairs on the main stem are tawny, violet flowers, the seeds are mustard
yellow with a yellow hilum, and the plant mature earlier (AAFC 2021

https://inspection.canada.ca/english/plaveg/pbrpov/cropreport/soy/app00009627e.shtml).  This

cultivar was developed specifically for the Canadian climate and is well-adapted for short growing

season and environmental conditions.
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1.2.2 Developmental stages

The developmental stages of soybean are divided into the 1) vegetative stages and 2)
reproductive stage with each stage subdivided numerically. The vegetative stage is further
subdivided to denote the emergence stages (VE) and cotyledon stage (VC) (Figure 1.15). The
vegetative stages are classified by the number of unrolled and fully developed uppermost node,
that is, the edges of the leaflets are no longer touching and fully expanded. The reproductive
stages are classified by the development of the reproductive organs, for instance, R1: beginning
flowering, R3: beginning pod, R6 full seed, R7 beginning maturity, and R8 full maturity. It is worth
noting that soybean development is highly influenced by environmental factors (irradiance
received, climate, etc.), soil nutrient status, and to some extend soil management practices
(Hodges and French, 1985; Pedersen and Lauer, 2004).

VEVEVC V1 V2 V3 Rl R3 R6 R R8

Vegetative Stage Reproductive Stage

Figure 1-15 Developmental stages of soybean
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1.2.3 Soybean rhizobia symbiosis and microbiome

One of the most valuable crops contributing to soil nitrogen is soybean, which develops a
symbiosis with rhizobia. The bacterial endophytes of soybeans are known to play a critical role in
the growth and resilience of the host. However, the exact roles and interactions of these
organisms within the holobiont are not well-understood. Soybean contributes significantly to the
soil nitrogen by developing a symbiotic relationship with certain rhizobia (lannetta et al., 2016).
The amount of N2 that can be fixed depends on the bacterial symbionts living in the soil and the
acidity and environmental conditions. Nodulation will only occur when the plant is in low N status
(Albareda et al., 2009). Legumes prefer to take up soil nitrogen because it is metabolically cheaper
to do so and N-fixation is restricted by the amount of fertilizer added to the soil. The host plant
selection of rhizobia endophytes is influenced by various factors such as soil conditions and
geographic locations. It is uncertain if the same rhizobia species are selected in all the root
nodules of a plant (Olivares et al., 2013). Also, if the rhizobia are selected in individual nodules,
the size or location of the nodule may vary. Although it can be observed that evolution tends to
favour one species over another, this symbiosis can be maintained through natural selection
(Young and Haukka, 1996; Chen et al., 2005; Tian et al., 2012). As part of the symbiosis, the
bacteria secrete Nod factors, and when the plant is recognized as a participant in the symbiosis,
it triggers various physiological responses. The plant recognition gene, known as the SYMRK,
plays a crucial role in perceiving the various rhizobial Nod factors (Long, 1995; Stacey et al.,
1995). The process of nodulation is a coordinated effort between the host plant and the Rhizobium
bacteria. The host root contains a high concentration of flavonoids; these compounds are
released by the host plant and interact with the bacterial nodD gene, and autoregulation of
flavonoid secretion stimulates the production of the Nod factor (Stacey et al., 1995). This process
is very rapid and involves the disruption of the cell wall, and the bacteria are then attached to the
end of the root hair and stimulate the cell division in the root cortex. Additionally, non-rhizobial
endophytes (NREs) and rhizobia endophytes are known to have a high diversity within the root
nodules of soybeans (De Meyer et al., 2015; Zhang et al., 2018c). However, it is not known if the

NREs are selected by the host plant or by random selection.

The soybean microbiome has in recent year been extensively studied across different
soybean-producing regions and seasons. The soybean microbiome within the phyllosphere is
highly variable and significantly influenced by temporal dynamics (seasonality and circadian

rhythms) and less so by genotype (Copeland et al., 2015). This temporal variation in soybean
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phyllosphere composition is influenced by differences in the environmental conditions, for
instance, irradiance (Saber et al., 2014) and nitrogen fertilisation (lkeda et al., 2010a; lkeda et al.,
2010b). Lastly, the belowground (root and rhizosphere) soybean microbiome is distinctly
characterised by presence of PGPB (plant growth-promoting bacteria) and rhizobia. The microbial
community of the rhizosphere is different from that found in bulk soil, and some of the taxa that
are commonly recruited are also enriched in the soil (Zhang et al., 2018b). The comparison of the
soybean's microbial community to the host genotype provides a comprehensive framework for
studying the assembly process of the rhizosphere. It highlights the importance of incorporating
plant genetic variability into the development of synthetic microbiomes (Liu et al., 2019a). The
rhizosphere microbiome plays an integral role in the development and management of the
rhizobia-soybean symbiosis and mitigation of stress (Han et al., 2020). Overall, understanding
both temporal and spatial dynamics of the soybean microbiome will promote microbiome

engineering efforts and promote plant health.

There are two approaches to plant microbiome engineering. A bottom-up approach that
includes the isolation, evolution, and reintroduction of specific microorganisms, and a top-down
approach that includes synthetic ecology using horizontal gene transfer to a wide range of plant
host in situ and then characterisation of the microbiome (Ke et al., 2021). Modification and
engineering this microbial assemblage to increase its functionality and confer added benefits to
the host has been widely discussed (Mueller and Sachs, 2015; Quiza et al., 2015). There are
three primary approaches that have been proposed to engineer the plant microbiome: synthetic
microbiome (known consortia of microbes with specific functions are assembled into a
community), microbiome manipulation (use of gnotobiotic system and changing specific
parameters i.e. pH to elucidate the role of the microbiome in influencing host’s performance), and
host-mediated microbiome selection (beneficial microbial consortia are selected by the host i.e.
only those that show to increase the host’s performance are selected) (Mueller and Sachs, 2015;
Agoussar and Yergeau, 2021). Of all these approaches, host-mediated microbiome selection is
most efficient as it uses selection mechanisms that are evolutionary innate to the host (Mueller
and Sachs, 2015); furthermore, any trait that is expressed by the host is tightly linked to the
microbes associated with the host.

This thesis explores the interaction between plant and microbiome across spatial and
temporal axis to highlight both dominant and nuanced processes that modulate the soybean

microbiome, and identifies key intervention points for microbiome engineering effort. Thus, the
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works presented in this thesis are timely and will lay the foundation for future research on

soybean-microbe interactions and phytobiome ecology.
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1.3 Hypotheses and Objectives

1.3.1 Hypotheses

The overall hypothesis of this thesis is that there exist spatial and temporal microbial
niches spaces within the soybean microbiome, and these niches spaces are under strict plant-

mediated selections.

The specific hypotheses of the thesis:

1. The soybean microbial communities will be strongly influenced by plant compartments
and growth stage, and most importantly, by the interaction between these two factors.

2. As plants maintain a strict control of their internal environment, the assembled microbiome
will be under constant niche-based selection across spatial (plant compartment) and
temporal (developmental stages) axes with neutral processes (dispersal limitation) playing
a minor role.

3. The innate seed microbiome will be the primary coloniser of the soybean roots and shoots
whereas the rhizosphere will be colonised primarily by the soil microbial communities.
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1.3.2 Objectives

The overall objective of the thesis is to investigate the spatio-temporal colonisation
patterns of different soybean microbial communities and their prevailing ecological assembly
processes.

The specific objectives of this project are:

1. To determine the successional pattern of plant microbiome communities in soybean and
determine which spatial and temporal axis they divide along.

2. To elucidate the relative importance of neutral and niche-based processes in delimiting
soybean plant microbiome.

3. To discern the source of plant microbial communities and understand microbiome
transference in soybean.
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2.3 Abstract

Managed agricultural ecosystems are unique systems where crops and microbes are intrinsically
linked. This study focuses on discerning microbiome successional patterns across all plant organs
and tests for evidence of niche differentiation along temporal and spatial axes. Soybean plants
were grown in an environmental chamber till seed maturation. Samples from various
developmental stages (emergence, growth, flowering, and maturation) and compartments (leaf,
stem, root, and rhizosphere) were collected. Community structure and composition were
assessed with the 16S rRNA gene and ITS region amplicon sequencing. Overall, the interaction
between spatial and temporal dynamics modulated alpha and beta diversity patterns.

Time lag analysis on measured diversity indices highlighted a strong temporal dependence of
communities. Spatial and temporal interactions influenced the relative abundance of most
abundant genera, whilst Random Forest predictions reinforced the observed localisation patterns
of abundant genera. Overall our results show, spatial and temporal interactions tend to maintain
high levels of biodiversity within the bacterial/archaeal community, whilst in fungal communities,

OTUs within the same genus tend to have overlapping niches.
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2.4 Introduction

The plant microbiome consists of the combined microbial communities that reside on and
within the plant; these communities have an intrinsic relationship with their plant hosts (Berg et
al., 2016). The plant microbiome is an assemblage of archaea, bacteria, micro-eukaryotes, and
virus communities that inhabit various plant organs with little overlap in taxonomic and functional
composition (Turner et al., 2013b; Berg et al., 2014; Rout, 2014). The distribution of these
communities across space and time and how they are influenced by plant genotype (Lundberg et
al., 2012), plant species (Copeland et al., 2015), climate change (Compant et al., 2010b), and
plant nutrient status (Dakora and Phillips, 2002) was extensively studied. These studies
highlighted the existence of spatial and temporal niches and how these are partitioned amongst

and within communities.

Evidence of niche differentiation in creating a spatially heterogeneous environment and
subsequently distinct archaea, bacteria and eukaryote communities is well documented in the
root-soil interface of model plant systems (Bulgarelli et al., 2012; Duran et al., 2018). However,
compared to the root-soil interface, the existence of clear niche differentiation in other plant
organs and non-model plant species and their influence on microbiome succession and diversity
is poorly understood. Recent advances have shown the existence of niche differentiation within
the plant endosphere of poplar (Beckers et al., 2017), and begun highlighting how plant organs

and biogeography strongly influence microbial niches in crops (Coleman-Derr et al., 2016).

In agricultural systems, seasonality and interactions within and between microbial
communities are essential factors influencing foliar microbiome succession and diversity
(Copeland et al., 2015; Ottesen et al., 2016). It seems in part that niches created by changes in
plant metabolism significantly influence the diversity and structure of the microbiome, and
temporal dynamics are a robust discriminatory axis on which these communities are distributed
(Shade et al., 2013; Tkacz et al., 2015). Although widely accepted, plant-mediated selection of
the microbiome does not fully expound on the observed immense diversity and composition of

these communities.
In field experiments, soybean rhizosphere bacterial communities were shown to be

sharply delimited by soil type and developmental stages (Xu et al., 2009), and spatial

heterogeneity (rhizosphere-bulk soil) (Mendes et al., 2014). Contrariwise, fungal communities are
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relatively stable over a growing season, but noticeable differences were observed between
rhizosphere and bulk soil (Sugiyama et al., 2014a). Additionally, similar spatial and temporal
dynamics have been highlighted within the leaf endophytic community of transgenic and
conventional soybean cultivars (Montanari-Coelho et al., 2018). In the case of soybean, it seems
that the influence of cultivar on microbiome diversity and succession is negligible (Xu et al., 2009;
Copeland et al., 2015). These studies have shed light on microbial dynamics within the soybean
rhizosphere. However, the role of spatial and temporal dynamics in influencing the entire soybean

microbial community succession is lacking

Earlier efforts to manipulate the plant microbiome identified the molecular mechanisms
that were influencing the plant-microbe interaction (Fray, 2002). However, even these earlier
studies highlighted the role of interactions in plant microbiomes as important starting points for
microbiome engineering. A recent review systematically outlines evidence to highlight the role of
plant circadian rhythm, temperature, and nutrient needs (Cheng et al., 2019) on plant
microbiomes. It seems then that, the key to improving attempts at engineering the plant
microbiome ought to consider the following: 1) influence of spatial and temporal interactions
between and within plant microbiomes on composition and structure, 2) influence of
environmental conditions on the plant microbiome, and 3) influence of plan metabolic processes
on the plant microbiome.

Here, using both bacterial and archaeal 16S rRNA gene and fungal ITS region sequence
datasets, we hypothesized that the soybean microbial communities would be strongly influenced
by plant compartments and growth stage, and most importantly, by the interaction between these

two factors.

2.5 Methods

2.5.1 Plant growth conditions

Soybean plants (Pioneer: P19T01R) were grown with an 18-hour photoperiod at 25 °C
followed by a 6-hour dark period at 20°C in a Conviron growth chamber (Winnipeg, Canada).
Plants were supplied with a modified Hoagland’s plant nutrient solution biweekly (Moscatiello et
al., 2013). Plants were destructively sampled at each developmental stage V1 (emergence), V3

(growth), R1 (flowering), and R3 (maturation). Samples were collected from rhizosphere, root,
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stem (between first and second internodes), and leaf (youngest and oldest trifoliate). A total of
five plants were destructively sampled at each developmental stage, and DNA extraction was
performed right after sampling.

Control seeds from cultivar were imbibed in sterile water for 24 hours at 4°C. To remove
all traces of any contaminants attached to the seeds, the seeds were rinsed excessively with
sterilised water. The seeds were then airdried in an open petri dish, and when moderately dry,
the petri dishes were sealed. All works were performed under sterile conditions in laminar flow
hoods. Seeds were crushed in liquid nitrogen using a sterile pestle and mortar. For each sample,
0.25 g of the crushed tissue was added to the bead tubes from the Qiagen Power Soil DNA kit
(Hilden, Germany) and DNA was extracted following the manufacture’s instructions except that
DNA was eluted in 50 pl.

The control soil used was collected in summer of 2019 at the Institut National de la
Recherche Scientifique (Laval, QC, Canada) from control unplanted plots of an experimental field
that had been ploughed for the first time in 2016 with no history of agricultural practice for at least
20 years prior to that. Soils that have history of agricultural practice drastically regulate the
composition of free-living microbial communities and change abundance of microbial N-cycling
genes (Mendes et al., 2015; Merloti et al., 2019). For each sample, 0.25 g of the crushed tissue
was added to the bead tubes from the Qiagen Power Soil DNA kit (Hilden, Germany) and DNA
was extracted following the manufacture’s instructions except that DNA was eluted in 50 pl. Soil
edaphic properties were previously measured by AgroEnviro Lab (La Pocatiere, Quebec) and
revealed an average pH of 7.2, P concentration of 193 (kg/ha), total N 0.15%, C/N of 13.1, density
(g/cm?®) of 1.16, and porosity (%) of 55.14.

2.5.2 Microbiome sampling and sequencing

At each sampling period, the rhizosphere samples were considered as all the soil that was
directly attached to the root surface. The epiphytic community (leaves, stem, and roots) was
extracted using a modified protocol from Qvit-Raz et al. (2008). Briefly, the samples were placed
in sterile 50 ml plastic Falcon test tubes (Corning, Tewksbury, MA, USA) and filled with sterile
phosphate-buffered saline (PBS 0.1M, pH 7.4). The samples were then placed in sonication tub
(Fisher FS20, Fisher Scientific, Waltham, USA) for 15 min and then vortexed for 10 s. The
samples were then transferred into a new tube containing PBS and rinsed twice. The wash was

pooled and spun down in a centrifuge at 2,000 g for 20 min, and the resulting pellet was
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considered to be the epiphytic community (leaf, stem, and rhizoplane). The endophyte community
was considered to be all the remaining microbes after the sonication and rinse treatment. Plant
tissue was then pulverised in liquid nitrogen using a sterile pestle and mortar. For each sample,
0.25 g was added to the bead tubes from the Qiagen Power Soil DNA kit (Hilden, Germany) and
DNA was extracted following the manufacturer’s instructions. For all sample, the presence of DNA

was visualised by electrophoresis in 1% agarose gels.

The bacterial/archaeal V4 hypervariable region of the 16S rRNA gene were amplified using 520F
and 799R primer pairs, which were shown to exclude chloroplast sequences (Edwards et al.,
2007) . Fungal ITS region was amplified using ITS1F and 58A2R (Martin and Rygiewicz, 2005).
The average length of 16S amplicon sequences were of approximately 280 bp, and ITS
sequences ranged between 250 and 493 bp. Briefly, extracted DNA was used to construct
sequencing libraries according to lllumina’s “
guide (Part # 15044223 Rev. B), with the exception of using Qiagen HotStar MasterMix for the
first PCR (“amplicon PCR”) and halving reagent volumes for the second PCR (“index PCR”). The

first PCR (“amplicon PCR”) was carried out for 25 cycles with annealing temperatures of 55 °C.

16S Metagenomic Sequencing Library Preparation”

The resulting amplicons were pooled together and sequenced at the McGill University and
Genome Québec Innovation Center (MUGQIC). Diluted pooled samples were loaded on an
lllumina MiSeq and sequenced using a 500-cycle (paired-end sequencing configuration of 2x250
bp) MiSeq Reagent Kit v3. Bacterial and fungal sequences were processed bioinformatics using
the AmpliconTagger pipeline (Tremblay et al., 2015; Tremblay and Yergeau, 2019). Briefly, raw
reads were scanned for sequencing adapters, and PhiX spike-in sequences and remaining reads
were merged using their common overlapping part with FLASH (Magoc and Salzberg, 2011).
Primer sequences were removed from merged sequences, and remaining sequences were
filtered for quality such that sequences having an average quality (Phred) score lower than 27 or
one or more undefined base (N) or more than 10 bases lower than quality score 15 were
discarded. Remaining sequences were clustered at 100% identity and then clustered/denoised at
99% identity (DNACLUST v3) (Ghodsi et al., 2011). Clusters having abundances lower than 3
were discarded. Remaining clusters were scanned for chimeras with VSEARCH’s version of
UCHIME denovo (Rognes et al., 2016), UCHIME reference (Edgar et al., 2011), and clustered at
97% (DNACLUST) to form the final clusters/OTUs. Bacterial and fungal OTUs were then assigned
a taxonomic lineage with the RDP classifier (Wang et al., 2007), using the AmpliconTagger 16S
and ITS training sets (Tremblay, 2019), respectively. The RDP classifier gives a score (0 to 1) to

each taxonomic depth of each OTU. Each taxonomic depth having a score >= 0.5 was kept to
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reconstruct the final lineage. Multiple sequence alignment was then obtained by aligning OTU
16S r RNA sequences on the SILVA R128 database (Quast et al., 2013) and ITS sequences were
aligned on the ITS UNITE database (sh_taxonomy_gqiime_ver7_dynamic_20.11.2016) (Kdljalg et
al., 2005) using the PyNAST v1.2.2 aligner (Caporaso et al., 2010a). Alignments were filtered to
keep only the hypervariable region of the alignment. Taxonomic lineages were combined with the
cluster abundance matrix obtained above to generate a raw OTU table. For cross-sample
comparisons, ten iterations were performed on a random subsample of 1,000 reads rarefactions,
and the average number of reads of each OTU of each sample was then computed to obtain a
consensus rarefied OTU table. Rarefaction curves of alpha diversity indices are provided in the
supplemental material (Fig.S2-S4). Alpha (observed species) and taxonomic summaries were
then computed using the QIIME v1.9.1 software suite using the consensus rarefied OTU
(Caporaso et al., 2010b; Kuczynski et al., 2011). In general, final OTU tables were filtered to
exclude eukaryotes from the 16S rRNA gene dataset and to keep only fungi in the ITS data.
Reads that were identified as mitochondria or plastids were removed from the datasets. On
average, 5 908 858 high quality ITS reads were assembled, and 4 851 927 16S rRNA gene reads

were assembled.
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2.5.3 Statistical analyses

The OTU abundance tables for both communities were normalised such that the summed
relative abundance of all OTUs of each sample was equal to one. All statistical analyses were
performed using R version 3.5.0 (R Core Team, 2020)

Alpha diversity patterns

OTU accumulation curves were constructed to determine if the sampling effort (number of
samples) could recover most of the taxa, whilst the Preston log-normal curves were used to
evaluate the estimated richness and occurrence of rare taxa across all samples (the presence of
a normal distribution indicates a higher probability of rare taxa being represented). A three-way
ANOVA was performed to evaluate the effects of developmental stage, plant organ (rhizosphere,
root, stem, and leaves), and location (endophyte or epiphyte) on the number of observed OTUs
(Sobs) @and Shannon diversity indices for both communities. Pairwise comparisons were performed
using Tukey’s HSD tests, and where data was not normal, using distributed Kruskal-Wallis
pairwise Wilcox test with Bonferroni correction applied. To determine the influence of temporal
autocorrelation on diversity Augmented Dickey-Fuller (ADF) and Kwiatkowski-Phillips-Schmidt-

Shin (KPSS) tests were performed using Sobs and Shannon diversity as input variables.

2.5.4 Microbial community structure

Principal Coordinate Analysis (PCoA) was used to visualise the community structure of
the bacterial and fungal communities using the Bray-Curtis dissimilarity matrix. Multivariate
dispersion and homogeneity across all samples were quantified and confirmed using ANOVA with
999 permutations. A Permutational Multivariate Analysis of Variance (PERMANOVA) test was
performed with 999 permutations to assess the relative significances of temporal (developmental
stage) and spatial dynamics (plant organ and location) on the community structure. Multivariate
dispersion in the community data was evaluated and confirmed using ANOVA with 999

permutations.

2.5.5 Taxonomic profiles and Random Forest Models

The relative abundance of microbial taxa at the phylum and genus taxonomic levels were
evaluated across developmental stages and plant organs. In both communities, random forest
algorithms were used to predict the prevalence of taxa associated with each developmental stage

at the genus and OTU taxonomic levels. Random forest prediction was made using the
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randomForest algorithm (Liaw and Wiener, 2002) and implemented on the MicrobiomeAnalysis
pipeline (Chong et al., 2020)

2.5.6 Data availability

The 16S and ITS rDNA raw reads from the microbiota analyses have been deposited at

the NCBI BioProject repository under study accession number PRINA601979.
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2.6 Results

2.6.1 Alpha diversity patterns

In both cases, OTU accumulation curves indicated that a substantial amount of microbial
OTUs was recovered and the sampling effort was enough to reach saturation or near saturation
(Fig.S1). Furthermore, Preston log-normal curves for both taxa were shown to be a near-complete
bell-shape indicating that samples were sequenced enough to detect rare and low-abundance
taxa. (Fig.S1). Overall, these indicate that the sampling effort was enough to capture not only the
most abundant but also rare taxa and thus giving a comprehensive outlook of the community.

Overall, the interactions between these spatial and temporal components significantly
influenced the abundance and diversity of fungal and bacterial/archaeal community (Fig.1;
Fig.S6). Typically, the aboveground and belowground microbial communities are assembled and
influenced by different ecological processes. As such, in addition to analysing the total community,
the aboveground and belowground communities were analysed separately. At the root-soll
interface, developmental stage significantly influenced the abundance and diversity of fungal
(Observed OTUs x*=15.66***; Shannon diversity x> =13.48*) and bacterial/archaeal (Observed
OTUs x?=13.42**; Shannon diversity x*=11.96*) communities (Fig.1; Fig.S6). Although there was
a significant influence of the developmental stage on the abundance and diversity of both
communities, pairwise Wilcox test with Bonferroni correction did not reveal any differences
between the developmental stages. There were significant influences of sample site (rhizosphere,
rhizoplane, and root endosphere) on the abundance of fungal (Observed OTUs x?=40.31***;
Shannon diversity x* =38.01***) and bacterial/archaeal (Observed OTUs x?=42.23***; Shannon
diversity x* =43.32***) communities (Fig.1; Fig.S6). In both communities, the rhizosphere
consistently had the highest abundance and was significantly different to both rhizoplane and root
endosphere (p<0.05), whilst only the bacterial/archaeal rhizoplane and root endosphere
communities were marginally different from each other (p=0.08). Both the developmental stage
and sample site influenced alpha diversity in both communities. In the aboveground compartment,
developmental stage significantly influenced only diversity of the fungal community (Shannon
diversity F value =3.77*) and influenced the abundance and diversity bacterial/archaeal (Observed
OTUs x?=9.52*; Shannon diversity x* =11.36**) communities (Fig.1; Fig.S6). Fungal alpha
diversity significantly differed between the emerging and maturation stage (p<0.01; Tukey’s HSD;
Fig. S6). The bacterial/archaeal alpha diversity varied significantly between the emergence and

flowering stage (p< 0.05; Wilcox test with Bonferroni correction; Fig.1; Fig.S6). Within the
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aboveground communities there seem to be no influence of samples site (leaf endophyte, leaf

epiphyte, stem endophyte, and stem epiphyte) on both fungal and bacterial/archaeal

communities.
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Fig.1 Belowground alpha diversity patterns. Top panel indicating fungal diversity and
bottom panel indicating bacteria/archaeal diversity. Total OTU abundance influenced by
developmental stage and samples site (Kruskal-Wallis chi-squared x?, p-value) and
pairwise Wilcox test with Bonferroni correction (p value *<0.05, ** <0.01, ***<0.001).
Pairwise comparisons were not reported for control and pod samples. The lines inside
the box indicate the mean of samples where n=3~5.

86



Lastly, both analyses for temporal autocorrelation (ADF and KPSS) indicated that in both
microbial communities Sobs and Shannon diversity index were temporally autocorrelated. The
tests both rejected the null hypothesis that the datasets were stationary ( p>0.05). Both tests
independently arrived at the same conclusion that there is an existence of a root unit, highlighting
the presence of a strong seasonal trend in microbial a-diversity patterns and indicating that these

patterns are dependent upon one another.
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2.6.2 Beta diversity patterns

For both communities, the Bray-Curtis dissimilarity matrix was used to infer community
beta-diversity patterns and structure. Firstly, homogeneity and multivariate dispersion analysis
were used to determine the relative influence of between community composition (between-
sample variation) and within community composition (variation within replicates) on overall
microbial community structure. In both communities, there was increased multivariate dispersion
across plant organs and not developmental stages except the control (soil and seed) and pod
samples (Fig.S7). When considering developmental stage, both communities displayed
significant heterogeneous dispersion (bacteria: F value= 14.48, p<0.001; fungi: F value=
5.58, p<0.001; Fig.S7). Similarly, different plant organs highlighted that both communities
displayed significant heterogeneous dispersion (bacteria: F value= 17.74, p<0.001; fungi: F
value= 20.94, p<0.001; Fig.S7). Lastly, when considering location, i.e. endophyte or epiphyte, the
multivariate dispersion analysis indicated that the endophytic and epiphytic communities had
variable dispersion (bacteria: F value= 4.12, p<0.05; fungi: F value= 12.66, p<0.01).

Principle Coordinate Analysis (PCoA) was used to evaluate and visualise the microbial
community structure of both communities with Bray-Curtis dissimilarity as input. For both
communities, the interactions amongst variables had a significant influence on community
structure (PERMANOVA, Table S1; Fig.S8). Multivariate analysis of variance of belowground and
aboveground compartments recapitulated the influence of interactions in influencing community
structure. Firstly, the belowground communities were significantly influenced by the interactions
of developmental stage and sample site (Rhizosphere, Rhizoplane, and Root Endosphere) (Table
1). Similarly, the aboveground communities were also influenced by the interactions between
developmental stage and sample site (Leaf Endophyte, Leaf Epiphyte, Stem Endophyte, Stem
Epiphyte, and Pod) (Table 1). Additionally, PCoA highlighted a significant spatial and temporal
niche separation amongst aboveground communities (Table 1; Fig.2; Fig.3). There was
pronounced niche separation of communities along a spatial and temporal axis within the
belowground compartments for both bacterial/archaeal and fungal communities (Table 1; Fig.2;
Fig.3). Overall, the aboveground and belowground communities are modulated by the same
spatial and temporal interactions. However, it is within the belowground compartment that the

influence of these interactions is pronounced.
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Table 1 Permutation analysis of variance (PERMANOVA) results indicating the influence of
temporal and spatial interaction on microbial community structure (p value *<0.05, ** <0.01,

***<0.001)
Bacterial/Archaeal Belowground Aboveground
Community
Source of variation mS F value R? mS Fvalue R°
Developmental stage 1.00 5.91 0.21***  0.90 4.52 0.08***
Sample site 3.01 17.76 0.25**  1.48 7.46 0.19***
Developmental stage x 0.52 5.58 0.13***  0.75 3.73 0.24**
Sample site
Residuals 0.16 0.38 0.19 0.46
Fungal Community
Source of variation mSs F value R? mSs Fvalue R°
Developmental stage 1.11 11.67 0.30*** 0.62 1.78 0.06***
Sample site 1.23 76.48 0.13**  0.71 2.06 0.10***
Developmental stage x 0.23 7.30 0.07** 0.41 1.20 0.14*
Sample site
Residuals 0.15 0.47 0.34 0.62
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Taxonomic profiles and Random Forest Models
Overall, there were variations in the relative abundance of dominant phyla across all

samples for both microbial communities. For bacteria/archaea, Proteobacteria was the
dominant phylum across all plant organs and developmental stages (Fig.S9). At the plant organ
level, the relative abundance of dominant bacterial phyla was similar between the internal
(endophyte) and external (epiphyte) with the noticeable increase of Thaumarchaeota in the root
epiphyte, rhizosphere, and leaf endophyte. At the genus level, Pseudomonas had the highest
the relative abundance in both the endophyte and epiphyte communities across all plant organs
apart from the stem and pod organs (Fig.S9). There were similar taxonomic profiles at each
developmental stage for the endophyte and epiphyte community at the phylum level. However, at
the genus, there were divergences in the relative abundance of dominant taxa between the
endophyte and epiphyte communities. Strikingly, although Pseudomonas was prevalent across
all samples, there was a dominance of Acinetobacter at the growth developmental stage in the
endophyte community (Fig.S9). The control seed taxonomic profile was divergent to both the
immature and mature pods. However, there was a marked dominance of Streptomyces at the
immature pods whilst the abundance of Shigella was higher in both mature seeds and control
seed (Fig. S9). The relative abundance of the most abundant genera was comparable between

above and below compartments (Fig.4; Fig.S10).
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In the belowground compartment, the relative abundance of Novosphingobium was
exclusively modulated by developmental stage (Fig.4; x*=14.99**). For the rest, sample site
significantly influenced their relative abundance: Massilia (Fig.4; x*=13.98***), Niastella (Fig.4;
X°*=42.56***), Shigella (Fig.4; x*°=33.79***), Gaiella (Fig.4; x°=40.91***), Bradyrhizobioum (Fig.4;
X>=11.40%), and Acinetobacter (Fig.4; x°=31.24***). Pseudomonas is one of two genera whose
relative abundance was influenced by both developmental stage (Fig.4; x°=25.41***) and sample
site (Fig.4; x*=11.60%). The other is Streptomyces whose relative abundance is influenced by
developmental stage (Fig.4; x*=11.43*) and sample site (Fig.4; x°=43.53***). In the aboveground
compartment, the relative abundance of Pseudomonas, Streptomyces, Novosphingobium,
Shigella, and Acinetobacter were significantly influenced by both factors ( Fig.S10).

The relative fungal abundance was mainly dominated by Ascomycota,

Zygomycota, and Basidiomycota all showed variation across developmental stages and plant
organs (Fig.S11). Across all plant organs and in both endophyte and epiphyte
communities, Ascomycota was the most prevalent phyla except in the
pods- Basidiomycota was more abundant (Fig.S11). Relative abundances of most dominant
genera in the epiphyte and endophyte communities were similar across plant organs, apart from
the root where there was an increase in abundance of Dactylonectria and Nectriaceae (known
soybean growth-promoting genera) in the endophyte community (Fig.S11). Across developmental
stages, there was a clear dominance of Ascomycota in both the epiphyte and endophyte
community.
Noticeably, Zygomycota was the second most abundant phyla in the epiphyte community
whilst Basidiomycota dominated the endophyte community (Fig.S12). Basidiomycota was the
second most prevalent phylum in the pods (immature and mature) and control seed (Fig.S11). At
the genus level, the abundance of Aspergillus was more ubiquitous across all developmental
stages and in the endophyte and epiphyte communities, except for pods (immature and mature)
and control soil where it was nearly absent (Fig. S11). Interestingly, although the taxonomic
composition at the maturation stage was similar in both communities (endophyte and epiphyte),
there was a marked difference in the relative abundance of taxa.Noticeably, the relative
abundance of Aspergillus, Dactylonectria, and Monographella were much higher in the
endophyte communities, whereas Mortierella was nearly absent (Fig. S11).

In the belowground compartment, the relative abundance of fungal taxa were influenced
by both developmental stage and sample site: Penicillium (Fig.5; developmental stage
X*=30.35***: sample site xy*=14.67**), Fusarium (Fig.5; developmental stage x*=20.53***; sample
site x°=18.07*), Mortierella (Fig.5; developmental stage x°=25.83***; sample site x°=32.86***),
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Dactylonectria (Fig.5; developmental stage x?=26.73***; sample site x*=37.26***), Metarhizium
(Fig.5; developmental stage x°=13.96**; sample site x?=43.83***), Monographella (Fig.5;
developmental stage x?=20.21***; sample site x?=14.36***). The relative abundances of
Aspergillus (x*=13.89%), Gibberella (x*=24.50***), and Malassezia (x*=11.56*) were solely
influenced by developmental stage (Fig.5). In the aboveground compartments, Aspergillus and
Malassezia were the only taxa whose relative abundance was influenced by both developmental

stage and sample site (Fig.S12).

Random forest algorithms using a small training set were used to predict the likelihood of
association of OTUs across developmental stages and samples sites. There were specific taxa
whose abundance and presence was significantly associated with the developmental stage and
sample site. Of the predicted bacterial genera, four had the highest Mean Decrease Accuracy
(taxa with a substantial value are more critical for the classification of the plant organ/
developmental stage). For instance, an OTU belonging to the genus Azospirillum were
consistently shown to be associated with the root endosphere and stem communities (endophyte
and epiphyte), whilst the other was highly associated mainly with root endosphere (Fig.6). Many
of the OTUs associated belowground compartment were also associated with the stem
compartment, except for a single OTU from the genus Niastealla was highly associated with leaf
epiphyte and root endosphere (Fig.6). Across developmental stages, OTUs from the
genus Pseudomonas and Rhizobium were highly associated with the flowering stage (Fig.6). Two
OTUs from Klebsiella and Paenibacillus genera were associated with the maturation stage along
with an OTU from family Sphingomonadaceae (Fig.6). The majority of OTUs were associated with
the emergence stage.

Generally, random forest algorithms had increased accuracy when predicting the
presence and abundance of fungal general across developmental stages and sample site. Firstly,
four OTUs from the genus Fusarium were mainly highly associated with the belowground
compartments and control soil (Fig.7). OTUs from Dactylonectria and Tetracladium were highly
associated with the belowground compartments; also, an OTU from Monographella associated
with the control seed. (Fig.7). The zoosporic Olpidium was only significantly associated with the
emergence and growth developmental stages only (Fig.7). Five OTUs from
genus Mortierella were highly associated with the flowering stage, whilst an OTU from
genus Gymnostellatospora was positively associated with the emergence stage (Fig.7).
Lastly, Chaetomidium was highly associated with the growth and to a lesser extend flowering

developmental stage (Fig.7)
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2.7 Discussion

To our knowledge, this is the first report that simultaneously provided evidence for the
existence of microbial niches across spatial and temporal axes for a major crop. Here, our aim
was to (1) highlight the influence of spatial and temporal dynamics on soybean microbiome and
(2) testing for the existence of temporal niche spaces. Our results support our hypothesis that
spatial and temporal dynamics both influence the plant microbiome, but also their interaction

assert a strong selection filter on the microbiome structure.

2.7.1 Influence of spatial and temporal dynamics

Spatial and temporal dynamics are strong discriminatory axes for plants microbiomes as
our data shows. However, the influence and importance of one of these factors cannot be
overstated as their interactions modulate community structure and composition. Evidence of
microbial niche differentiation along these spatial and temporal axes is emerging for model plant
systems (Ofek-Lalzar et al., 2014; Niwa et al., 2018; Toju et al., 2018a), and recent interest in the
role and the use of microbes in agriculture has spurred research into microbiomes associated
with crops (Montanari-Coelho et al., 2018; Toju et al., 2018a; Merloti et al., 2019). Most
importantly, these studies have indicated that the assembled microbiome of greenhouse plants
are compositionally similar to their wild and field counterparts (Bai et al., 2015).

Developmental stage influenced the composition and structure of soybean phyllosphere
(Copeland et al., 2015) and the rhizosphere communities (Xu et al., 2009; Sugiyama et al.,
2014b). Here, by sampling all plant compartments in the same experiment, it was then possible
to detect a seasonal trend in the data that influenced the abundance and diversity of microbial
communities. The abundance and composition of the released plant exudates at each
developmental stage influences microbial successional patterns within the rhizosphere and root
compartment (White et al., 2015; Lian et al., 2017). This selection imposed by rhizodeposition
was more pronounced for the fungal community than the bacterial/archaeal community.
Consequently, plant microbiomes become compositionally nested from the ground up- where
rhizosphere communities contain the highest diversity (Amend et al., 2019). Developmental stage
explained a more substantial proportion of the observed variation within the belowground

compartments than in the aboveground. However, the large amount of residual variation within
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aboveground communities often arises in diversity deplete communities and implies a strong
influence of ecological drift (Leibold and Chase, 2017). Here, the aboveground microbial
communities had lower abundances, and developmental stage influenced overall diversity.
Temporal variations in the size of ecological communities as a result of extrinsic factors, such as
plant developmental stage amplifies the influenced of ecological drift (de Mazancourt et al., 2013;
Gilbert and Levine, 2017). Further, these temporal fluctuations in community abundance and
diversity, act as a stabilising ecological filter and creates different temporal niches that are then
occupied by various taxa (Adler and Drake, 2008; Gilbert and Levine, 2017). In ecological
communities, drift causes stochastic fluctuations in abundances and lowers diversity and this
further results in divergence in community structure (Gilbert and Levine, 2017). It is then possible
that observed variations in the aboveground communities are a result of ecological drift and the
interactions between developmental stage and sample site create specialised microbial niches.
For instance, various fungal taxa can exhibit similar levels of host colonisations, but there are
clear distinctions in their degree of infection and developmental patterns that are mediated by
plant metabolic response (Macia-Vicente et al., 2009). As a result, plant-fungal communities tend
to display discordant nestedness topology and community structure (Toju et al., 2015). However,
bacterial community composition and diversity are influenced primarily by specific localised host
response, such as, production of organ-specific metabolites (Horton et al., 2014), secondary
metabolites that regulate the biotic interactions (Cotton et al., 2019), and plant-microbe
communication (Lareen et al., 2016).

In model systems, the successional pattern of leaf and root-associated microbiomes has tended
to mirror one another with taxonomic and function overlap (Bai et al., 2015). However, this study
found that spatial dynamics are durable discriminatory axes for belowground microbial
communities. Plant organs and sample site strongly influence the abundance and distribution of
available microbial niches in soybean (Miller and Roy, 1982). Plant samples site is a robust
discriminatory axis for microbial diversity across different plant systems (Poudel et al., 2019;
Singer et al., 2019). Microbial successional patterns tend to be strongly linked to sample site in
part because only adapted taxa can inhabit these specialised niches within plant tissues (Dickie
et al., 2002; Duran et al., 2018; Qian et al., 2019). In soybean, these successional patterns are
highly variable between the primary root and secondary lateral roots (Sakamoto and Kaiji, 2017),
whilst fungal colonisation is a result of niche competition within the rhizosphere (Niwa et al., 2018).
These findings indicate that in soybean root-soil interface niche differentiation is delimited along
spatial and temporal axes, whereas it is their interaction that modulates communities. Equally,

ecological processes that explain these patterns have been extensively reviewed (Turner et al.,
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2013b). Our findings further support the notion that assembled microbiomes from greenhouse
plants recapitulate not only similar community structure (Bai et al., 2015), but also internal
community dynamics that are comparable to those of their field counterparts (Copeland et al.,
2015). Dispersal rates vary across all plants sample sites, and these often influence microbial
abundance diversity (Amend et al., 2019). It is then possible that in a closed dispersal-limited
growth chamber, soil microbes that are not subsurface soil-bound could be airborne and colonise
the aboveground organs. Altogether, these results highlight the nuanced ecological processes

modulating plant microbiome succession.

2.7.2 Existence of temporal niche spaces

Ecological succession characterises the dominance and abundance of taxa and their
influence on community dynamics over time. However, in the microbial ecosystem, the most
abundant taxa may not be drivers of ecosystem change and functioning (Elshahed et al., 2008;
Lynch and Neufeld, 2015). This study set out to detect temporal niche spaces occupied in
soybean by 1) highlighting the influence of spatial and temporal interactions on composition and
structure of the microbiome, and 2) detecting of specialised temporal niche spaces. In this
attempt, the study succeeded in highlighting microbial niche spaces influenced by spatial and
temporal dynamics. For instance, although there were no visible signs of nodulation at each
harvest period, there was a significant increase in the relative abundance of the soybean
beneficial partner Bradyrhizobium at the earliest developmental stage. Bradyrhizobium was the
least abundant of other taxa that were influenced by developmental stage. Plant metabolic needs
demands vary with developmental stages, and to compensate; the plant invests biomass in root
production to increase nutrient acquisition (Hodge, 2004). Bradyrhizobium and Pseudomonas
are soybean microbial partners that co-ordinate and modify root architecture to increase nutrient
acquisition (Egamberdieva et al., 2017; Kumawat et al., 2019). Likewise, Streptomyces co-
operates Bradyrhizobium to improve nutrient acquisition (Htwe et al., 2018). This study found
that the relative abundance of Bradyrhizobium and Pseudomonas to be influenced by where the
microbes localise; additionally, the developmental stage influenced the relative abundance of
Pseudomonas. It is then possible to speculate that although spatial and temporal dynamics
influence the relative abundance of Bradyrhizobium and both Pseudomonas and Streptomyces
to varying extends, these taxa occupy complementing spatial and temporal niches. For instance,

the relative abundance of Pseudomonas was predicted and peaked at the flowering stage in the
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root endosphere, the same compartment the relative abundance of Bradyrhizobium was highest
at the emergence stage. Bacterial/archaeal communities constrained to a single spatial niche tend
to quickly diversify under adaptative radiation (Rocabert et al., 2017), however, in the presence
of temporal niches, communities are more likely to circumvent the overshooting dynamics of
adaptive radiant and maintain high levels of biodiversity over time (Tan et al., 2013). Thus, we
suggest that the immense abundance and diversity of bacterial/archaeal taxa is maintained
through these spatial and temporal niche partitioning. Moreover, taxa that were predicted by
random-forest algorithms were shown in culture-dependent studies to be highly beneficial for
soybean growth and development (Kuklinsky-Sobral et al., 2004).

Plant host interactions strongly modulate the realised niche of fungal communities, and
niche specialisations are not delimited along abiotic and biotic (plant host age) axes (Chaloner et
al., 2020). Our study highlighted both spatial and temporal dynamics modulated the relative
abundance of dominant fungal genera. For instance, random-forest algorithms predicted that
OTUs from one of these dominant genera to be highly associated with the flowering stage. The
relative abundance of the genus Mortierella increased at the flowering stage at the root-soil
interface. Members of the genus use the enzyme xylanase to metabolise plant-derived sugars
and are chitinolytic (Brzezinska et al., 2014), and are antagonistic to plant fungal pathogens such
as those in the Fusarium genus (Liu et al., 2019c). Our data show that both spatial and temporal
dynamics influence the relative abundance of most fungal genera, but this contrasts with the
predictions from random-forest algorithms. Overall, OTUs from genus Fusarium were spatially
predicted to dominate at the root-soil interface; however, OTUs from Mortierella dominated at
the flowering stage. The sharp increase in the relative abundance of Mortierella and
depletion of Fusarium at the root-soil interface can in part be explicable by the antagonist nature
of Mortierella. Thus, this study provides support that:

1. within plant-fungal communities niche specialisations evolve independently along spatial

and temporal axes (Chaloner et al., 2020),

2. Only adapted taxa can inhabit these specialised niches (Qian et al., 2019), and

Niche competitions at the root-soil interface drive fungal assembly and colonisation

(Toju et al., 2015).

Lastly, we argue that innate physiological (generation time, colonisation capacity, and cell size)

characteristics contribute to the divergent response in bacterial and fungal communities.
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2.8 Conclusion

In conclusion, this study confirms our hypothesis that the plant microbiome is influenced
by spatial and temporal interactions, and further highlight the complexity of the soybean
microbiome and call for more spatially- and temporally resolved studies to capture this complexity,
with the view of harnessing the crop microbiome to optimise microbial services in agriculture. We
highlight the influence of spatial and temporal dynamics on the occupied niche within soybean
microbiome, by focusing on microbes that seem to be consistently influenced by the interaction
between spatial and temporal dynamics as potential candidates for microbiome engineering
efforts.
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2.10 Supplementary material

Table S1 Permutation analysis of variance (PERMANOVA) results indicating the influence of

temporal and spatial interaction on microbial community structure (p value *<0.05, ** <0.01,

*#%<0.001)
Bacterial Community
Source of variation df MS F Value R?
Developmental stage 5 1.29 6.95 0.11**
Sample site 7 2.08 11.19 0.25%**
Developmental stage x 19 0.64 3.44 0.21***
Sample site
Residuals 124 0.18 0.40
Total 155
Fungal Community
Source of variation df MS F value R?
Developmental stage 5 0.99 3.95 0.09***
Sample site 7 1.67 6.68 0.22%**
Developmental stage x 19 0.39 1.58 0.14***
Sample site
Residuals 111 0.25 0.53
Total 142
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Fig.S1 OTU distribution and accumulations curves. Preston lognormal graphs indicating
total number of recovered OTUs (area under the curve) and the proportion of rare OTUs
indicating few rare OTUs (truncation point far below the mode) and OTU accumulation
curve indicating the number of recovered OTUs as a function of sampling effort (hnumber

of samples) with 95% confidence interval for bacteria (TOP) and fungi (BOTTOM)
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