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Sommaire

La vaste majorité des plantes terrestres sont impliquées dans des interactions symbiotiques
avec des champignons du sol. Ces interactions, appelées mycorhizes, jouent un réle clé¢ dans
I’écologie des plantes en influencant plusieurs facettes de leur croissance ou de leur
reproduction (e.g., nutrition, protection contre les pathogenes, activation du systeme
immunitaire). Toutefois, nous connaissons encore trés peu de choses sur I’assemblage des
communautés mycorhiziennes en milieu naturel : existe-t-il de la spécificité entre certaines
especes de plantes et de champignons, ou ces associations sont-elles le fruit du hasard et des
conditions locales seulement? Cette question pose un défi tant sur le plan fondamental, ou
nous cherchons a comprendre comment les mutualismes persistent évolutivement, que sur la
plan appliqué, ou nous aimerions connaitre comment les €cosysteémes naturels s’assemblent
pour guider nos pratiques de restauration €cologique. Ainsi, mon doctorat a gravité¢ autour de
cette question : quels sont les mécanismes responsables de 1’assemblage des communautés
mycorhiziennes? En d’autres termes, qu’est-ce qui détermine qu’une plante s’associera avec

certains champignons, et ne s’associera pas avec d’autres, en milieu naturel.

En premier lieu, j’ai approché cette question sur le plan théorique en utilisant la théorie des
réseaux comme outil pour détecter les associations préférentielles entre plantes et
champignons. J’ai aussi développé, pour prédire ces associations préférentielles, un cadre
théorique basé sur les traits fonctionnels des organismes, en adaptant le triangle CSR de J.P.
Grime. Finalement, j’ai pu tester mes hypothéses par des observations en milieu naturel et des
expériences en milieu controlé. L’ensemble de mes travaux ont contribué a mettre en lumiere
deux éléments clés de l’assemblage des communautés mycorhiziennes. Premierement,
I’assemblage semble se faire de maniére hiérarchique, ou d’abord des contraintes neutres
comme I’abondance et la distribution spatiale déterminent quelles espéces auront 1’opportunité

d’interagir entre elles et ensuite, une sélection déterministe des partenaires s’opere, ou les



plantes ayant des traits fonctionnels similaires tendent a interagir avec un pool similaire de
champignons mycorhiziens. Deuxiémement, bien qu’il semble y avoir de la sélection
déterministe de partenaires, tant en milieu naturel qu’en milieu contr6lé, ce choix de
partenaires demeure extrémement flexible et dépend probablement des conditions locales et de
phénomenes stochastiques (e.g., conditions du sol, luminosité, effets de priorité par les plantes

voisines, etc.).

Ces résultats permettent de mieux comprendre la spécificité dans la symbiose mycorhizienne.
Ils suggerent aussi que ces communautés symbiotiques seront fortement résilientes aux
perturbations (e.g., extinction locale d’une espece), car la spécificit¢ dans le choix de
partenaires que I’on observe sur le terrain ne semble pas résulter d’événements de coévolution

réciproque et de spécialisation.

Mots clés : Mycorhizes, Réseaux, Ecologie des communautés, Symbioses, Sélection de

partenaires, Résilience, Nestedness, Modularité.
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Chapitre 1

Introduction GENERALE

La symbiose entre les plantes terrestres et les champignons mycorhiziens a arbuscules (CMA)
est sans doute la plus vieille et la plus répandue des symbioses végétales (Parniske 2008).
Cette association influence a peu prés tous les aspects de la croissance et de la reproduction
végétales, tels la nutrition (Smith and Read, 2008), la production de phytohormones (Allen et
al., 1980), la compétition interspécifique (van der heijden et al., 2003) et intraspécifique
(Moora and Zobel, 1996), la fréquence des visites par les pollinisateurs (Wolfe et al., 2005),
etc. Cette symbiose est ainsi a la base de nombreux services écosystémiques tels la production
de biomasse végétale, la réduction du lessivage des nutriments, la protection des cultures
agronomiques contre les pathogenes, etc. Toutefois, en dépit de I’importance de cette
symbiose dans les écosystémes terrestres, nous savons encore trés peu de choses sur
I’assemblage des communautés mycorhiziennes naturelles. Ceci pose probleme, car c’est en
connaissant mieux 1’assemblage actuel de ces communautés symbiotiques que nous serons en
mesure d’établir des prédictions sur la facon dont ces communautés répondront aux
changements environnementaux et aux perturbations d’origine anthropique. Tout au long de ce
projet de doctorat, je me suis donc attardé a cette question centrale : quels sont les mécanismes
via lesquels les communautés mycorhiziennes s’assemblent en milieu naturel? En d’autres
termes, qu’est-ce qui détermine qu’une plante établisse des interactions avec certains CMA et
n’en établisse pas avec d’autres? Cette question constitue en fait un volet substantiel de la
recherche théorique sur la stabilité évolutive des mutualismes, ou il est assumé que la sélection
de partenaires est un des ¢éléments clés permettant aux hotes et aux symbiotes d’éviter les
associations non bénéfiques (e.g. Bull and Rice, 1990). Avant d’aller plus loin dans la
présentation du projet, il est nécessaire d’effectuer un recul historique pour mieux situer les
connaissances que nous avions avant mon projet de doctorat, par rapport a la spécificité dans

la symbiose entre plantes et CMA.
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1.1 Spécificité au sein de la symbiose mycorhizienne a arbuscules, et implication pour sa

stabilité évolutive

Les mutualismes sont omniprésents au sein des écosystémes. Ceci peut sembler contre-intuitif
d’un point de vue de sélection naturelle, ou cette derniére devrait favoriser chez une espéce
I’évolution de traits qui favorisent son propre succes, et non de traits qui bénéficient a une
autre espece. Ainsi, au sein de mutualismes, la sélection naturelle devrait constamment
favoriser I’émergence de stratégies ou une espéce tente de maximiser les bénéfices retirés du
mutualisme en payant le moins de cotits possibles (Sachs et al. 2004). Les termes « tricheurs »
ou « passagers clandestins » (de 1’anglais « free riders ») ont souvent été employés pour
désigner les especes évoluant une telle stratégie. L’augmentation de I’abondance relative de
tricheurs dans une communauté¢ devrait, ultimement, mener a la rupture évolutive du
mutualisme, car il deviendrait trop risqué pour les especes de s’associer avec des tricheurs, et
il serait donc plus avantageux de ne pas initier de mutualisme (Herre et al. 1999). Toutefois,
certains mutualismes, comme les mycorhizes a arbuscules, montrent une stabilité évolutive
surprenante : les mycorhizes a arbuscules sont formées depuis plus de 450 millions d’années
dans les écosystemes terrestres (Redecker et al. 2000). Différents mécanismes ont été proposés
pour expliquer la stabilit¢ évolutive des mutualismes en milieu naturel : la transmission
verticale (i.e., parents-enfants) des mutualismes (REF), les limites a la dispersion qui
empécherait les tricheurs de se propager dans une communauté (Doebeli and Knowlton 1998)
et la sélection de partenaires (soit a priori, ou par le biais de récompenses préférentielles
envers les bons partenaires et/ou les sanctions envers les tricheurs) (e.g., Bull and Rice 1990;
Bever et al. 2009; Kiers et al. 2011). Selon ce dernier mécanisme (la sélection de partenaires),
on devrait voir des patrons d’associations préférentielles entre les différentes especes
impliquées dans le mutualisme en question. Cette spécificité dans les interactions entre les
plantes et les CMA demeure encore trés peu comprise, et ce fut I’objet de mon doctorat de

mieux comprendre son ampleur et les mécanismes qui pourraient en étre les causes.
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Historiquement, il a été assumé que la symbiose mycorhizienne a arbuscules était non
spécifique, et que les associations naturelles s’établissaient plus ou moins par le fruit du hasard
(e.g., Allen et al., 1995; Hoeksema, 1999). Cette assomption vient en partie du fait que jusqu’a
relativement récemment, on ne distinguait que seulement ~ 200 especes de CMA dans le
monde, alors que des dizaines de milliers d’especes végétales était connues pour former des
associations avec ces champignons : on a donc assumé que ces ~ 200 CMA ¢étaient des
généralistes. Toutefois, avec I’avénement d’outils moléculaires pour définir les especes de
CMA en se basant sur leur ADN ribosomal, de nombreuses nouvelles especes opérationnelles
ont été¢ définies (e.g., Opik et al., 2010). Ces mémes outils ont aussi permis d’identifier
directement les CMA colonisant les racines de différentes espeéces de plantes coexistant en
milieu naturel. Dans la vaste majorité des cas, on a trouvé que différentes espéces de plantes
ne s’associaient pas avec les mémes especes de CMA (e.g., Husband et al, 2002;
Vandenkoornhuyse et al., 2002; Opik et al., 2009; Torrecillas et al., 2012). Toutefois, ces
études ont généralement utilis€ des méthodes trés différentes pour démontrer la présence
d’associations préférentielles (e.g., arbres de parsimonie, regroupement hiérarchique, modeles
de log de vraisemblance) et ont fourni une réponse qualitative (oui/non) a la question de la
présence de spécificité dans la symbiose mycorhizienne. I devenait donc avantageux de
définir des indices numériques pouvant quantifier numériquement le phénomene
d’associations préférentielles a 1’échelle de la communauté. C’est dans cette optique que j’ai

commencé a m’intéresser de plus pres a la théorie des réseaux.

1.2 Mycorhizes, métacommunautés et réseaux

Les jeux de données sur les plantes-CMA sont essentiellement de nature matricielle, ou on
regroupe des vecteurs d’abondance (ou de présence/absence) d’espéces de CMA pour
différentes espéces végétales: ces vecteurs deviennent les rangées d’une matrice
d’interactions. Ces jeux de données sont en tous points semblables a ceux que 1’on regroupe

lorsqu’on analyse une métacommunauté, i.e. une matrice de vecteurs d’abondances d’especes
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dans différents sites. La seule distinction est donc ici que 1’on substitue les sites par des
espéces de plante hotes, ce qui en soit est logique puisqu’on peut considérer la plante hote
comme un habitat pour le CMA qui colonise ses racines. Une telle analogie a aussi été
remarquée par Mihaljevic (2012), qui suggérait que 1’ensemble des outils théoriques issus de
la littérature sur les métacommunautés (e.g., Leibold et al., 2004; Cottenie et al., 2005) étaient
aussi applicables aux communautés symbiotiques. Parmi ces outils, Leibold and Mikkelson
(2002) suggéraient trois patrons clés quantifiables mathématiquement pour caractériser la

structure d’ensemble d’une métacommunauté. Ces patrons sont :

(1) la Cohérence (i.e. la continuité dans la distribution d’une espece le long d’un gradient, ou
par exemple si une plante est présente dans un sol a pH 4 et dans un autre a pH 7, elle devrait

aussi €tre présente dans un sol a pH 5);

(2) le Remplacement d’espéces (ou la B-diversité entre les sites provient du fait que ces

derniers ont différentes especes, et non pas un nombre différents d’espéces);

(3) la Compartimentalisation (ou on peut définir des groupes bien délimités d’espéces qui se
distribuent de facon semblable dans I’environnement, rappelant la théorie de Clements (1916)

sur les communautés en tant que superorganismes).

En parall¢le, d’autres auteurs ont emprunté des outils mathématiques de la théorie des réseaux
(exploitée dans 1’étude des systemes complexes et des réseaux sociaux, par exemple) pour
analyser les communautés symbiotiques. Deux de ces outils ont connu une forte popularité
dans la derniere décennie : (1) le « nestedness » (déja présent en €cologie dans la littérature sur
la biogéographie insulaire, e.g. Atmar and Paterson, 1993) et (2) la modularité (Guimera and
Amaral, 2005). Le nestedness est en fait un concept antithétique au remplacement d’especes
défini plus haut (e.g., Podani and Schmera, 2011; Carvalho et al., 2013), et la modularité
référe au méme concept que la compartimentalisation aussi définie plus haut, mais elle est
mesurée d’une manicre différente. Ainsi, la théorie des réseaux et la théorie autour des

métacommunautés fournissent un certain lot d’outils mathématiques redondants. Toutefois, la
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théorie des métacommunautés a ce désavantage que ses indices mathématiques sont fortement
influencés par I’ordre dans lequel les rangées et les colonnes de la matrice de données sont
ordonnées. Pour offrir une approche standard, Leibold and Mikkelson (2002) ont suggéré
d’utiliser les scores d’une analyse de correspondance pour ordonner la matrice, de maniére a
faire ressortir de fagon optimale les gradients écologiques « cachés » dans les jeux de données,
et a maximiser la cohérence mesurée de ces matrices. Toutefois, cette méthode demeure plutot
arbitraire et il existe souvent des fagons d’ordonner la matrice de données qui maximisent
davantage sa cohérence (Chagnon, données non publiées). A I’inverse, les outils issus de la
théorie des réseaux sont largement indépendants de I’ordre des rangées et des matrices dans le
jeu de données, ce qui pourrait en faire des solutions préférables. Un nombre croissant
d’auteurs utilisent en effet ces outils pour étudier I’assemblage de communautés symbiotiques

ou trophiques (e.g., Vazquez et al., 2009; Stang et al., 2009).

Dans le prochain chapitre, je présente donc un article d’opinion visant a promouvoir
I’utilisation des outils issus de la théorie des réseaux afin de mieux comprendre 1’assemblage
des communautés mycorhiziennes. Cet article est basé sur la ré-analyse d’un jeu de données
publié et suggere que certains patrons dans les réseaux d’interactions plantes-CMA pourraient
¢lucider D’'importance relative de différents mécanismes dans [’assemblage de ces

communautés symbiotiques.
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Chapitre 2

USING ECOLOGICAL NETWORK THEORY TO EVALUATE THE CAUSES AND
CONSEQUENCES OF ARBUSCULAR MYCORRHIZAL COMMUNITY
STRUCTURE

Chagnon, P.L., Bradley, R.L., and Klironomos, J.N.

Published in New Phytologist (2012), vol. 194: 307-312.

2.1 Introduction

Arbuscular mycorrhizal fungi (AMF) are widespread and their symbiotic interactions involve
a majority of terrestrial plant species (Wang and Qiu, 2006). These obligate biotrophs
generally improve the nutrition and vigor of the host, thereby affecting individual plant traits
(van der Heijden et al., 1998) as well as the composition and functioning of entire plant
communities (Moora and Zobel, 1996; Hartnett and Wilson, 1999; Bever, 2002). Studies on
individual plant traits are useful in determining fitness benefits to the plant (e.g., increased
growth, resistance to pathogens, etc.), whereas studies on community-level interactions can
potentially explain constraints on host-symbiont web architecture (e.g. Bliithgen et al., 2007).
Community-level studies have been limited, however, to small subsets of natural plant
communities, because processing and identifying AMF species associated to numerous plant
root systems have proven costly and painstaking. Recent advances in next generation
sequencing technologies (Margulies et al., 2005) have removed this hurdle and improved the
detection of rare AMF species (Opik et al., 2009). This increased capacity in describing whole
plant-AMF networks provides an opportunity to identify the causes, and assess the functional

consequences, of symbiotic network architectures (i.e., topology).
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PLANTS

AMF

Figure 1. Hypothetical interaction
matrices sorted so as to depict (a)
the maximal nested state, or (b) the
maximal modular state, of a plant-
AMF network. Filled cells represent
an interaction between a given
plants and AMF species.

Network theory, originally developed to describe the
flow of information within computational and social
networks (e.g., Emerson, 1972), has more recently
been applied to ecological studies of various
mutualistic systems (e.g. Jordano et al., 2003; Olesen
et al., 2007; Joppa et al., 2010). The major advantage
of an ecological network approach is that topological
metrics can be quantified for any given network
involving two or more groups of interacting
organisms (e.g., plants and pollinators, food webs,
etc.). For example, ecological networks may be
described in terms of their “nestedness”. High
nestedness occurs when specialist species interact
with a subset of partners with which generalist species
also interact. For example, a specialist pollinator
would tend to specialize on a generalist plant, and
vice-versa (Fig. la). This absence of reciprocal
specialization was shown to be a pervasive feature of
pollination networks (Bascompte et al., 2003; Joppa
et al., 2009; Joppa et al., 2010) that potentially favors
diversity and stability of ecological communities
(Memmott et al., 2004; Burgos et al., 2007; Bastolla
et al., 2009; Thébault and Fontaine, 2010). Ecological

networks can also be described according to their

“modularity”, that is the tendency of species to be grouped into modules in which interactions

are more frequent than with the rest of the community (Fig. 1b). Thompson (2005) suggested

that communities may assemble

into distinct modules based on the functional

complementarity of their traits, and this may offer some insight into coevolutionary dynamics

between symbiotic species (Guimaraes et al., 2007).
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In this Letter, we argue that an ecological network approach could provide a framework by
which to characterize and compare plant-AMF communities from different environments or at
different successional stages. This, in turn, could improve our understanding of mechanisms
structuring mycorrhizal communities and bring mycorrhizal science to a more predictive level
(Johnson et al., 2006). In a recent study, Opik et al. (2009) used pyrosequencing to describe
AMF communities associated with 10 plant species in a forest understory community. Here,
we have used their published data set to demonstrate the applicability of ecological network
theory to characterize plant-AMF communities. Our exercise revealed that this particular
plant-AMF network was both highly nested and modular. We discuss possible reasons and
implications for such topological features, and stress the potential for ecological network
theory to direct future research on plant-AMF communities. In concluding, we argue that there
may be a reciprocal advantage for advancing ecological network theory using plant-AMF

communities as a model experimental system.
2.2 Data set

Opik et al. (2009) sampled individual root systems from 10 plant species in a 100 m” plot
established in a hemiboreal forest in Estonia. A total of 458 root systems were sampled, from
which DNA was individually extracted. DNA extracts were pooled by plant species and PCR
amplified using the AMF specific primer AM1 and the general eukaryotic primer NS31. The
exact conditions for PCR are described in Opik et al. (2009). Amplicons were pyrosequenced,

yielding the number of sequence reads of each AMF taxon associated with each plant species.
2.3 Plant-AMF network topology

An interaction matrix was drawn using the data published by Opik et al. (2009) (Fig. 2). The
matrix nestedness was calculated using the bipartite package of R statistical software (R
Development Core Team, 2007). This metric varies from 0 to 100 (perfectly nested matrix).

To assess the statistical significance of this nested structure, random matrices were generated
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Figure 2. An interaction matrix in its maximal nested state, drawn from the published data set of
Opik et al. (2009). Rows and columns respectively represent plant and AMF species sampled in a 100
m’ forest plot. Abbreviations for plant species : oxa — Oxalis acetosella, gal — Galeobdolon luteum, vio
— Viola mirabilis, par — Paris quadrifolia, hep — Hepatica nobilis, fra — Fragaria vesca, hyp —
Hypericum maculatum, gen — Geumrivale, ver — Veronica chamaedrys, ger — Geranium pratense.
Abbreviations for AMF taxa : Acau — genus Acaulospora, Scut — genus Scutellospora, GlomA — genus
Glomus group A, GlomB, genus Glomus group B, GlomC — genus Glomus group C.

using three different null models. These models use constrained randomizations of the original
interaction matrix and, according to the level of constraints, can be prone to either type I or
type II errors. The first model, originally developed by Atmar and Patterson (1993), is a full
randomization of the filled cells across the matrix. Here, the probability (p;;) of each cell (i) to
be filled in the random matrices is equal to 1/N, where N is the total number of filled cells in
the original matrix. This model has been criticized (e.g. Ulrich ef al., 2009) for overestimating
the statistical significance of nestedness (i.e., type I error). The second model, proposed by

Bascompte et al. (2003), partially controls for row and column totals, so that the probability

(py) of cell (i) to be filled is equal to (pi+p -f)/ 2, where ©i and ©/ are respectively the
proportion of filled cells in row i and column j. This second null model is more conservative
than the first in estimating the statistical significance of nestedness. The third null model fully
controls for row and column totals, so that the probability (p;) of cell (if) to be filled is equal
to (pip;). This third model is the most conservative of the three (i.e., most prone to Type II
error), as the total number of filled cells for each row and each column in each random matrix
is equal to the corresponding total in the original data matrix from Opik et al. (2009). The
third model thus controls for the effects of a species’ abundance on its level of generalism in

partner choice (Vazquez, 2005). For each null model, 100 randomizations were performed and
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the nestedness of each outcome was calculated as above. We considered nestedness to be
significant if 95% or more of the random matrices of a given null model were less nested than

the original data matrix.

To analyze the modularity of the mycorrhizal network described by Opik et al. (2009), we
implemented an algorithm in R software that was developed by Guimera and Amaral (2005).
The algorithm uses a simulated annealing procedure to distribute the species of the community
in different modules in order to reach maximal modularity (M,,,). For more details about the
algorithm, see Guimera and Amaral (2005). After determining M,y for the original interaction
matrix, we assessed its statistical significance by performing 100 randomizations while
controlling for row and column totals (i.e., using the third null model described above), and
recalculating Mp,x. We considered modularity to be significant if 95% or more of the random
matrices were less modular than the original data matrix. We then performed a Chi-squared
test to assess the non-randomness of AMF taxa among the modules identified by the

algorithm.

2.4 Results

The interaction matrix drawn from the mycorrhizal community described by Opik et al. (2009)
demonstrated significantly higher nestedness (V) than the randomly generated matrices under
the first two null models (Original matrix, N = 82.6 ; Null model I, N = 40.5 + 3.4 (1 SD) ;
Null model II, N = 55.2 £ 4.3). Under the third null model, six out of 100 random matrices
were more nested than the original data matrix, and 25 had a nestedness value above 80 (N =

76.9 + 4.6).

The original mycorrhizal network was also found to be significantly modular (P < 0.01), as all
of the randomized matrices had lower M,.x values (0.204 + 0.02 SD) than the original data
matrix (0.264). Figure 3 shows the original network divided into distinct modules according to
the modularity algorithm. AMF taxa were not randomly distributed across these modules (y° =

66.6, df = 36, P < 0.01). More specifically, members of the genera Acaulospora and

23



Module 1 Module 2 Module 3
A A M

g @

glomA

S s g XX OITOIQ
BEBEEEEEEETE
MMOOOOOOOO

:

glomA
acau
glomA
acau
Elome
gloma

o a single module associated with Viola mirabilis, a

Figure 3. An interaction matrix in its maximal modular state, drawn from the published data set
of Opik et al. (2009). Black cells represent recorded interactions found within one of the three
modules identified by the modularity algorithm. Gray cells are interactions not included into any
module, and white cells indicate that no interactions were observed between the corresponding
species. Module affiliation is shown for AMF (above the matrix) and for plants (numbers in the
left).

“forest specialist plant” (sensu Opik et al., 2009). On the other hand, members of the Glomus
group A clade were the most generalist in their partner choice and mainly found in the module

comprising the most plant species.

2.5 Plant-AMPF network structure

Historically, all AMF species were considered broad generalists (Smith and Read, 2008), as
laboratory assays demonstrated nearly complete compatibility between a range of host plants
and cultured AMF species (Klironomos, 2000). This belief may have arisen from experimental
artifact, as compatibility assessments can only be conducted with cultured fungi that are likely
to exclude specialist and unculturable species (Sykorova et al., 2007). Hence, both plants and
AMF seemed to have a broad fundamental niche regarding their partner choice. It was later
observed, however, that neighboring plants under field conditions can differ widely in their
root-borne AMF communities (e.g., Vandenkoornhuyse et al., 2003; Alguacil et al., 2009).

Here, we suggest that ecological network analysis can provide a valuable platform to evaluate
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the relative contribution of niche-based vs. neutral mechanisms involved in plant-AMF

community assembly.

A highly nested structure, as we found in the interaction matrix drawn from data by Opik et al.
(2009), suggests that some AMF taxa specialize for only a few plant species. We thus argue
that niche-based processes, driven by specific functional traits, may play a key role in the
assembly of plant-AMF communities. For example, recent studies have suggested that the
development of distinct AMF communities in the rhizosphere of different plant species (e.g.
Johnson et al., 1992; Bever et al., 1996) may be driven by preferential allocation of plant
carbon to the most beneficial fungal partner (Bever ef al., 2009; Kiers ef al., 2011). Also, both
plants and AMF species have distinct seasonal peaks in their activities (Daniell ef al., 2001;
Pringle and Bever, 2002; Ochl et al., 2009), implying that phenological compatibility may be
another niche-based mechanism driving partner choice. Likewise, our modularity analysis
revealed a phylogenetic trend in the distribution of AMF taxa into different network modules.
That important functional traits are conserved across major AMF lineages (Powell et al.,
2009) lends more support to the notion that plant-AMF communities are constructed so as to

maximize functional matching among partners (Thompson 2005).

Ecological network analysis may also evoke neutral mechanisms for plant-AMF community
assembly, based on the abundance and spatial distribution of each species. For example, the
nestedness of the interaction matrix drawn from data by Opik et al. (2009) was significant
only when compared to null models that did not control for the observed abundance of each
species. Given the correlation that should exist between the abundance of a species and its
degree of generalism in partner choice, our results suggest that the plant-AMF network studied
by Opik et al. (2009) relied at least partly on neutral assembly processes. One such process
was proposed by Dumbrell ef al. (2010), who found that a single fungal species displayed
strong dominance in many AMF communities, with a disproportionately high number of
subordinate AMF species. They suggested that fungal dominance was likely the result of a
positive feedback occurring during the build-up of the plant-AMF community. A “founder

AMEF” species colonizing plant roots earlier during ecological succession would benefit from
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more plant-derived carbon than “latecomers”, which would favor its growth and spread
through the soil, and increase its probability of colonizing newly formed roots. This positive
feedback, termed “preferential attachment” in the network theory literature (Barabasi and
Albert, 1999), has been found to cause nestedness in other types of mutualistic networks

(Medan et al., 2007).

Our network analysis thus allowed us to conjure the existence of both niche-based and neutral
mechanisms involved in structuring plant-AMF communities. From these, we may
hypothesize a general assembly process based on successive filters (sensu Diamond, 1975),
the first one being neutral and determined by overlapping spatial patterns, the second one
being niche-based and determined by functional traits. Hence, during community build-up,
AMF communities randomly associated to different plant species may gradually differentiate,
subdividing the network into distinct functional modules. This is corroborated by data from
Davison et al. (2011), who found that AMF communities associated to different plant species
were more differentiated later in the growing season. To further verify this hypothesis, we
suggest that more work be done to characterize the functional traits of AMF species belonging
to same modules. This could be done by establishing pure cultures of AMF collected from a
given site, growing them in standardized conditions and measuring ecologically relevant traits
such as mycelial structure, hyphal life span, nutrient uptake and C acquisition (van der Heijden

and Scheublin, 2007).

2.6 Functional consequences of plant-AMF network topology

Besides providing insights on the mechanisms that may be responsible for plant-AMF
community assembly, a network approach could also help us understand the functional
consequences of community structure. For example, high nestedness should limit interspecific
competition among plants for AMF symbionts, thus favoring a higher diversity of co-existing
species (Bastolla et al., 2009). Nested networks have also been shown to be more resistant to
species extinction than randomly assembled communities (Thébault and Fontaine, 2010), thus

conferring a greater stability to disturbance. However, those results arose from modeling
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studies that assumed only niche-based processes. In other words, two non-interacting species
were assumed to be fundamentally incompatible. The recent demonstration that neutral
mechanisms can also produce nested structures as those observed in nature (e.g. Krishna et al.,
2008) calls for more work incorporating neutral mechanisms and their functional

consequences.

Even though less work has been conducted to explore the ecological consequences of
modularity, this topological metric may be important from an evolutionary viewpoint.
Coevolution between plant and AMF species has naturally been studied on a pairwise basis,
where a plant is inoculated with a “home” or “away” mycorrhizal community (e.g. Johnson et
al., 2010; Callaway et al, 2011). Modularity analysis may allow us to refine our
understanding by predicting that species belonging to the same modules should be better co-
adapted to each other (Guimardes et al., 2007). Yet another consideration in modularity
analysis is the turnover of species within and across modules. As AMF community structure
may vary over time (Dumbrell et al., 2011), it is likely that some species change modules and
perhaps even alter between being a specialist or generalist species, suggesting that reciprocal
selective pressures exerted between plants and fungi may be themselves fluctuating over time.
Such temporal variability in the generalism of a species has been reported in other mutualistic
networks (e.g., Diaz-Castelazo ef al., 2010; Lazaro et al., 2010) and should be investigated in

plant-AMF communities.

2.7 Advancing ecological network theory using plant-AMF communities

As we’ve discussed, ecological network theory is a promising approach to test the relative
importance of niche-based vs. neutral mechanisms involved in structuring plant-AMF
communities, as well as to provide insights on the functional consequences of these structures.
To face these challenges, there needs to be an empirical platform for testing various
hypotheses. Most ecological networks that have been studied do not easily lend themselves,
however, to experimental manipulation of community interaction patterns. For example, most

data on mutualistic networks come from studies on pollination systems, because this
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mutualism is widespread and data are readily available. Those systems are, however, rather
unsuitable for manipulative experiments, as it is hard to control which organisms will interact.
For this reason, recent advances in ecological network theory have relied on modeling work to
depict the causes and consequences of divergent network topologies (Dunne et al., 2002;
Thébault and Fontaine, 2010). Inevitably, these models simplify the interactive complexity of
real communities. For example, community simulations have mainly used fixed interaction
matrices depicting constant species interactions through time, a scenario that is unlikely to
occur in nature (e.g., Petanidou et al., 2008; Diaz-Castelazo et al., 2010; Lazaro et al., 2010).
There is thus a need to design manipulative experiments that will test predictions made by

these models.

The plant-AMF symbiosis may comprise a model experimental system for understanding the
causes and consequences of different network topologies. It is possible to inoculate individual
plants with specific AMF species and to grow these in a common garden. In other words, it is
possible to build specific plant-AMF communities knowing the identity and initial abundance
of each species, and the structure of the network. Such a model system could be used, for
example, to test the importance of neutral mechanisms in structuring mutualistic communities,
by testing the relationship between a species’ initial relative abundance and its level of
generalism following the build-up of the community. Conversely, experimental manipulations
of plant-AMF networks could be used to test the importance of niche-based mechanisms. For
example, it was shown that phylogenetically distant AMF species have more distinct and
complementary niches (Maherali and Klironomos, 2007; Powell ef al., 2009) than closely
related AMF species. This provides the opportunity to test whether roots colonized by
phylogenetically overdispersed AMF assemblages are more apt to limit de mnovo root
colonization (i.e., invasion) than those with phylogenetically clustered assemblages, as it is
assumed that fewer empty niches would be left available in the formers (Elton, 1958). Finally,
artificially constructed plant-AMF communities could be used to evaluate the functional
consequences (in terms of species persistence, plant diversity, productivity, etc.) of different
network structures. For example, it would be possible to test various hypotheses regarding the

correlation between network nestedness and the rate of species extinction (Thébault and
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Fontaine, 2010), using experimental protocols designed to test soil microbial stability

following stress and disturbance (e.g., Lacombe et al., 2008; Royer-Tardif et al., 2010).

2.8 Limitations of our analysis

In other mutualistic systems, it is generally accepted that interaction frequency is a good proxy
for the functional impact of one species on its partner (Vazquez et al., 2005). On the other
hand, we lack evidence that the number of AMF sequence reads in plant roots is indicative of
the functional impact of the fungus on its host, especially when considering the wide variation
in biomass allocation inside vs. outside the roots (Powell et al., 2009). For this reason, we
restricted our present analysis to two topological metrics that are quantified from binary (i.e.
presence/absence) data matrices. Future work should strive, however, to find appropriate
quantitative measures of interaction strengths in plant-AMF systems. For example, the number
of independent interactions recorded in replicated data sets could be one way of corroborating

results like those presented by Opik et al. (2009).

The fact that Opik et al. (2009) may not have sampled all potential host plants in their plot
could bias our estimate of nestedness. Nevertheless, Nielsen and Bascompte (2007) showed
that estimates of nestedness were generally robust against incomplete sampling designs.
Moreover, Bascompte ef al. (2003) showed that larger networks were consistently more nested

than smaller ones, which implies that our estimation of nestedness was probably conservative.

2.9 Conclusions

New molecular tools, such as pyrosequencing technology, have increased our capacity to
thoroughly describe plant-AMF communities in natural settings. Ecological network theory
provides quantitative tools to study such data sets and to generate hypotheses related to
selective partnering and community-level functional attributes. Conversely, the plant-AMF
symbiosis, or perhaps mycorrhizal symbioses in general, comprise a model experimental

system for advancing ecological network theory, such as testing hypotheses related to neutral
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vs. niche-based mechanisms controlling community structure, and to the functional

consequences of different network topologies.
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Dans ce dernier article, la théorie des réseaux est présentée comme un outil prometteur pour
étudier I’assemblage des communautés plantes-CMA. Toutefois, elle porte aussi son lot de
problémes potentiels. En effet, ces nouveaux outils mathématiques en écologie des
communautés ont aussi introduit un nouveau vocabulaire. Par exemple, trés vite, les « nceuds »
des réseaux d’interactions écologiques avec peu de liens (d’interactions) ont été identifiés
comme des spécialistes. Toutefois, tel que noté par Poisot et al. (2011a), la spécialisation
réalisée sur le terrain peut étre le fruit de différents facteurs qui n’ont rien a voir avec un
phénomeéne réel et évolutif de spécialisation : elle peut étre le fruit d’une faible abondance
relative ou d’effets historiques stochastiques, par exemple. Dans le cadre de la théorie des
réseaux, une grande diversité d’indices ont été¢ développés pour quantifier la spécialisation des
especes quant a leur choix de partenaires (e.g., Bliithgen ef al., 2006; Albrecht et al., 2010;
Poisot ef al., 2011b). Toutefois, I’interprétation de ces indices a souvent omis la nuance
mentionnée ci-dessus quant aux causes d’une spécialisation apparente sur le terrain. L’article
publié par Toju ef al. (2013) en est un bon exemple. Les auteurs utilisent I’indice d” développé
par Bliithgen et al. (2006) pour quantifier la « spécialisation » des especes de plantes et de
champignons endophytes en milieu naturel. Toutefois, I’ interprétation qu’ils font de ces
indices est purement basée sur des phénomenes évolutifs, alors que leur systeéme d’étude
implique des organismes sessiles, et donc limités par la dispersion. Ainsi, plusieurs especes
pourraient étre pergus comme étant spécialistes parce qu’ils ont une faible abondance relative
ou une distribution spatiale treés agrégée (e.g. Bliithgen et al., 2008). Dans 1’article qui suit, je
démontre, par la ré-analyse de leurs données, que les inférences que 1’on peut faire en
calculant simplement des indices de spécialisation, sans données externes pour ¢lucider les
causes d’une telle spécialisation apparente, sont faibles (sensu Platt, 1964). Ceci démontre le
besoin de complémenter des jeux de données sur les interactions entre les especes avec
d’autres données écologiques pertinentes (e.g., traits fonctionnels, abondance et distribution

spatiale, phénologie).
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Chapitre 3

PLANT-FUNGAL SYMBIOSES AS ECOLOGICAL NETWORKS: THE NEED TO
CHARACTERIZE MORE THAN JUST INTERACTION PATTERNS

Chagnon, P.L., Bradley, R.L., and Klironomos, J.N.

Published in Fungal Ecology (2014), vol 12: 10-13.

3.1 Abstract

Next-generation sequencing technologies are providing us with new opportunities to
characterize plant-fungal communities in more depth and with better replication than ever
before. The application of network concepts and numerical tools to analyze those extensive
data sets is also rapidly increasing. Here we show, however, that network-based tools will
further advance our understanding of the ecology of plant-fungal symbioses if (1) researchers
characterize both the interaction patterns among species, and investigate the likely biotic and
abiotic drivers of such interactions (e.g. species’ abundance, functional traits, environmental
conditions) and (2) researchers make sure that the assumptions made by their network-based

numerical tools are met by their data sets.

3.2 Results and Discussion

The increasing accessibility of next-generation sequencing technologies has sparked a new
wave of studies that have characterized interaction patterns naturally occurring between plants
and their fungal symbionts (e.g. Montesino-Navarro et al., 2012; Martos et al., 2012). One

way to analyze such data sets, is to describe community structure using novel indices/metrics
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derived from ecological network theory (Bascompte, 2009; Bahram ef al, 2014). The
advantage of this approach is that it is possible to detect community-level patterns and to
evaluate, through the use of null models, their statistical significance and their ecological
correlates (Chagnon et al., 2012). Thus, this approach has the potential to shed new light on
the processes underpinning the ecological and co-evolutionary dynamics of symbiotic
communities (Bascompte, 2009; Ulrich and Gotelli, 2013). However, field sampling schemes
and numerical analyses need to be carefully designed in order to maximize the inference that
can be extracted from data sets (Heleno et al., 2014). To emphasize this point, we have re-
analyzed data describing the interactions found between plants and root-colonizing fungi in an
oak-dominated temperate forest in Japan (Toju et al., 2013). This recently published data set
provides useful insights on the quantitative nature of plant-fungal interactions in a natural
forest setting. Our re-analysis of their data suggests, however, that by strictly characterizing
interaction patterns among plant and fungal taxa, the study provides little information about
the relative importance of neutral versus niche-based processes that determine the assembly of
plant—fungal communities. Given the growing importance of next-generation sequencing
studies in belowground community ecology (Poisot et al., 2013), future network studies may
have to invest less effort in characterizing interaction patterns among species to be able to

invest more in investigating the biotic and abiotic drivers of community-level patterns.

Toju et al. (2013) sampled a 59 m x 15 m grid comprising 960 soil sampling points. At each
point, they collected one root fragment from which DNA was extracted. From these extracts,
they identified plant species by amplifying and sequencing chloroplastic DNA. They also used
the same DNA extracts to amplify and sequence fungal DNA (using general fungal ITS
primers) to determine the fungal taxa composition inside of roots. After thorough
bioinformatic filtering of the data set (see Toju et al., 2013), the authors identified a network
of 10 plant species interacting with 49 fungal taxa. The aim of the study was to determine the
degree of specialization in plant-fungal interactions in a natural forest setting. They calculated
the specificity of associations between plants and fungi by computing the d’ index, which is an
information-derived index (like Shannon diversity, see Bliithgen et al., 2006). This index is

bounded between 0 and 1: high values indicate a low diversity of partners (i.e. specialist
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Quercus serrata OTU 544

Figure 4. Examples of species that had
clearly and significantly aggregated spatial
distributions (i.e. the plant species Quercus
serrata, and the fungal OTU 544). The
matrices represent species’ occurrences
across each spatial sampling units (i.e. cells)
in a binary way (occurrences = filled cells).

species). This index was explicitly stated by its
developers to be useful in studies focusing on
spatial scales that are small enough to avoid
situations where the absence of an interaction
between two species could be simply ascribed
to the absence of overlap in their spatial
distribution (Bliithgen et al., 2006). In other
words, at large spatial scales, the d” index does
not strictly address the issue of partner
selection and association specificity, but it is
also biased by the neutral effects of species
abundances and spatial distributions. Thus, in
the study by Toju et al. (2013), to assume that
the d’ index actually characterizes association
specificity, it is necessary to demonstrate that
species are homogeneously distributed across
the sampling points. To verify this assumption,
we plotted the spatial distribution of plant and
fungal taxa across the spatial grid sampled by
Toju et al. (2013). For many species, there
were obvious visual patterns of aggregation
(see examples in Fig. 4). To test for the
significance of this aggregation, we calculated

Besag’s L function (Besag, 1977), an improved

version of Ripley’s K function, which calculates and compares the frequency with which

events occur at small pairwise distances with those predicted from Monte Carlo random

simulations. For spatial scales between 1-10 m, we found that most plant species and about

half of the fungal taxa were significantly aggregated (fig. 5). This confirms that species cannot

be assumed to be homogeneously distributed across the landscape, and that the d’ index

cannot be interpreted here to strictly infer preferential partner selection. For example, partners
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Proportion of species
with aggregated distribution

that were found to interact more often than predicted by chance may simply have had
overlapping spatial distributions arising from stochastic dispersion processes or from their

similar responses to environmental gradients (e.g. soil properties).

1.0 To test whether spatial co-occurrence
08 | . N patterns could predict the interactions

S e S observed between plants and fungi, we
061 7/

W constructed a null model that allocated
0.4 interactions in the network based on the
0.2 | Fungi co-occurrence patterns of plant and fungal

——— Plants taxa. First, we calculated a pairwise co-

0.0 - : . : : )
2 4 6 8 10 occurrence index under the form of a z-

Spatial scale (m) score. Briefly, for each plant-fungal pair,

we compared the total number of co-

Figure S. Proportion of plant and fungal species  ccurrences observed in the field to a null
in the data set having a significantly aggregated

spatial distribution (test using Besag’s L function  distribution that was obtained by shuffling

and Monte-Carlo randomizations) at spatial spatial distribution of the fungus. We
scales ranging from 1 to 10 meters.

thus ended up calculating z, = M,
’ SDCWU

where z. is the co-occurrence index, C,;s 1S the total number of co-occurrences between the

plant and fungal taxa in the field, C_,is the mean number of co-occurrences from 1000

null

simulations, and SD, is the standard deviation around C, ,. We then built 1000 random

null *
networks, allocating interactions using the z-scores calculated above as probabilities (i.e. high
z-score = higher probability of interacting in simulated networks). It should be noted that the z-
scores can be negative if there are less co-occurrences than expected by chance between two
species. To allow using them as probabilities in our simulations, we transformed the values by
bounding them between 0 and 1, using the function decostand as implemented in the R
package vegan (Oksanen et al., 2012). While assembling our random networks, we

constrained interaction probabilities according to two important network attributes: (1) the
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total number of interactions (i.e. connectance) in the network, and (2) the total number of
interactions per fungal taxa. Controlling for connectance is a routine procedure when
simulating random interaction networks, because connectance is highly correlated to many
network metrics (e.g. Almeida-Neto et al., 2008; Bliithgen et al., 2008). Controlling for the
total number of interactions per fungal taxa was also important because the large number of
taxa with very few interactions in the original data set would have artificially inflated the
number of empty columns in the simulated random networks. Interactions that were found in
more than half (i.e. >500) of our null network simulations were then assumed to be predictable
by spatial co-occurrence patterns. As a result, we found that 257 of the 274 interactions

present in the original data set (i.e. 94%) could be predicted by spatial co-occurrence patterns.

The close relationship between spatial distributions and the observed interaction patterns was
not surprising, given the nature of the data set: at each sampling point, fungal DNA was
sequenced from roots of a single plant species. Thus, if a fungus co-occurred at a given
sampling point with a given plant species, it was necessarily because it was found interacting
with that plant (i.e. sequenced from its roots). In other words, co-occurrence and interaction
were not independent, and should have been disentangled by independently characterizing the
spatial distribution of plants and fungi. One way of doing this could have been to collect, at
each sampling point: (1) roots and/or soil to characterize fungal community composition, (2) a
compound sample of roots to characterize plant community composition, and (3) a single root
fragment to characterize plant-fungal interactions (only the last point was done in the original
study). Such a design would have increased sampling effort at each sampling point, but this
could have been compensated by visiting less sampling points overall. At least, with such a
design, the study would have provided valuable information on the relative importance of
spatial overlap in driving plant-fungal interactions. Otherwise, it remains unsure whether the
preferential interactions found by Toju et al. (2013) arose from co-evolutionary specialization,
or simply from both partners responding similarly to environmental gradients (Lewinsohn et
al., 2006). Alternatively, frequent pairs might result from overlapping spatial distributions that
had been generated by stochastic processes, or even simply be an artefact of the sampling

design. For example, it is known that spatial autocorrelation is high for ectomycorrhizal
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communities that are less than 3m apart (Lilleskov et al., 2004). Thus frequent interactions in
the data set may simply reflect the repeated sampling of a single interaction within a small
neighborhood. Without any supplementary data from this system, we cannot interpret
preferential associations in relation to ecological (neutral vs. niche-based) or evolutionary

Processes.

There is no doubt that Toju ef al. (2013) presented a valuable data set, which provides us with
valuable true estimates of plant-fungal interaction frequencies in a natural forest setting. Their
sequencing effort is the first to characterize plant-fungal interaction patterns so intensively and
thus represents a major contribution. Our comment does not specifically seek to criticize their
work, as many other plant-fungal interaction studies have used a network approach but are
limited in their abilities to infer processes from patterns (e.g. Jacquemyn et al., 2010, 2011;
Chagnon ef al., 2012; Montesino-Navarro et al., 2012). Instead, here, we wish to emphasize
the value of designing “network studies” that not only characterize interaction patterns, but
also explore the likely biotic and abiotic drivers of these interaction patterns. For example,
future studies should focus on collecting additional data on plant and fungal functional traits
(e.g. Stang et al., 2009; Chagnon et al., 2013), on spatial variation in soil properties (Dumbrell
et al., 2010) and on plant and fungal phenology (Olesen et al., 2011). By integrating such
information, network analyses may shift from being a simple descriptive tool to a powerful
approach for advancing our ecological and evolutionary understanding of community-level

symbiotic interaction patterns.
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Dans I’article qui précede, je souligne I'importance d’utiliser les outils de la théorie des
réseaux non pas seulement comme outil exploratoire pour tester la présence ou 1’absence de
différents patrons reliés au nestedness, a la modularité ou a la spécialisation. Je préconise
plutdt I'utilisation des ces nouveaux outils mathématiques pour tester de véritables hypothéses
écologiques reliées a I’assemblage des communautés symbiotiques. Ainsi, il apparait clair que
I’analyse de données basées uniquement sur les patrons d’interactions entre les espeéces est
insuffisante : il faut aussi amasser des données sur les mécanismes potentiels qui déterminent

quelles espéces interagiront ensemble.

Dans le cadre de la sélection de partenaires dans la symbiose mycorhizienne, il existait tres
peu de théorie permettant de prédire quelles espeéces de plantes devraient préférer quelles
especes de CMA. Certaines études treés fragmentaires avaient suggéré que les plantes plus
susceptibles aux pathogeénes du sol devraient sélectionner de fagon préférentielle les CMA qui
fournissent une meilleure protection face aux pathogenes (e.g. Sikes et al., 2009). D’autres ont
montré que certains CMA tendent a demeurer plus prés de la racine lorsqu’ils colonisent le
sol, suggérant que leur role dans la nutrition serait redondant avec celui des longs poils
racinaires de la plante (e.g., Koide, 2000; Smith et al., 2000), suggérant ainsi que les plantes
produisant beaucoup de poils racinaires auraient peu d’avantage a interagir avec de tels CMA.
Toutefois, ces données demeurent largement insuffisantes pour prédire les associations
préférentielles en milieu naturel, car dans la vaste majorit¢ des cas, nous ignorons
complétement I’aptitude des CMA a protéger les plantes contre les pathogenes ou a pousser
prés de la racine dans le sol. Nous ignorons mémes souvent la susceptibilité des plantes aux
pathogénes du sol et I’abondance ou la longueur moyenne de leur poils racinaires. Ainsi, il y a
un urgent besoin de développer des cadres conceptuel basés sur les traits fonctionnels des
espéces impliquées (plantes et CMA), de manicre a déterminer quels traits fonctionnels

doivent étre mesurés.

C’est précisément ce que je propose de faire dans le prochain article. Je développe un cadre
théorique déja largement accepté en écologie végétale : le triangle CSR de J.P. Grime (e.g.,

Grime, 1977). Ce cadre théorique semble utile pour plusieurs raisons :
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- Il permet de caractériser non pas seulement des traits fonctionnels uniques, mais aussi
comment ces traits sont intégrés a des stratégies d’histoire de vie plus large, qui ont
permis de résoudre des défis écologiques donnés comme la survie en milieu aride ou
en milieu fortement perturbé (i.e. Stearns 1976);

- En ayant un cadre théorique commun pour les plantes et les CMA, il est plus facile de
faire des prédictions sur les associations préférentielles. Par exemple, une plante
tolérante au stress, avec une stratégie axée sur la conservation des ressources (avec une
biomasse coliteuse mais longévive), n’aurait probablement pas avantage a s’associer
avec un champignon qui a une stratégie rudérale axée sur I’acquisition de ressource (ou
la plante devrait constamment fournir du carbone au champignon pour remplacer sa
biomasse peu longévive);

- Puisque trés peu d’études ont jusqu’a maintenant mesuré de fagon systématique les
traits des CMA, un cadre théorique précis permettrait de focaliser les efforts et de
suggérer certains traits clés a mesurer dans un futur proche. Par exemple, le triangle
CSR mettant ’emphase sur les perturbations et le stress, on pourrait vouloir mesurer
d’abord chez les CMA des traits reliés a leur taux de croissance ou a leur réponse a un
stress nutritionnel (e.g., faible investissement en carbone de la part d’une plante a
I’ombre). Ceci permettrait donc de faire converger les efforts déployés par différents

groupes de recherche.

Toutefois, bien que le prochain article soit centré autour du triangle CSR, je mets aussi
I’emphase sur le fait que d’autres cadres théoriques pourraient étre aussi valables et que
I’étude ne constitue pas en effet le début d’un effort formel pour calibrer mathématiquement
un triangle CSR a partir des traits des champignons. L’effort ici est davantage conceptuel, et
vise plutdt a initier une recherche sur les traits fonctionnels des CMA qui soit ciblée et
efficace, et surtout qui puisse contribuer a faire la lumicre sur les associations préférentielles

entre plantes et CMA.
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Chapitre 4

A TRAIT-BASED FRAMEWORK TO UNDERSTAND LIFE HISTORY OF
MYCORRHIZAL FUNGI

Chagnon, P.L., Bradley, R.L., Maherali, H., and Klironomos, J.N.
Published in Trends in Plant Science (2013), vol. 18: 484-491.

4.1 Abstract

Despite the growing appreciation for the functional diversity of arbuscular mycorrhizal (AM)
fungi, our understanding of the causes and consequences of this diversity is still poor. In this
Opinion article, we review published data on AM fungal functional traits and attempt to
identify major axes of life history variation. We propose that a life history classification
system based on the grouping of functional traits, such as Grime’s C-S-R (competitor, stress
tolerator, ruderal) framework, can help to explain life history diversification in AM fungi,
successional dynamics and the spatial structure of AM fungal assemblages. Using a common
life-history classification framework for both plants and AM fungi could also help predict
likely species associations in natural communities and increase our fundamental understanding

of the interaction between land plants and AM fungi.

4.2 Functional diversity in arbuscular mycorrhizal fungi: the need for a conceptual

framework

The symbiosis between plants and arbuscular mycorrhizal (AM) fungi (phylum
Glomeromycota, see Glossary) originated some 450 million years ago (Redecker et al., 2000),

and is thought to have facilitated the transition of plants from water to land. This symbiosis
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occurs in a majority of species in the plant kingdom and may be a major driver of the
assembly, dynamics and productivity of plant communities (e.g. van der heijden et al., 1998;
Klironomos et al., 2000). There is a need, therefore, to understand the mechanisms through
which AM fungi influence a wide range of plant responses in different environmental

contexts.

The historical notion that AM fungi are a functionally homogeneous group specialized in the
provision of phosphorus (P) to their host plants (Gerdemann, 1975) has been expanded to
consider other types of functions. It has been known for some time that AM fungi can confer
plant pathogen protection as well as improve plant tolerance to drought and heavy metal
contaminants (e.g. Schenck, 1981; Harris et al., 1985; Griffioen and Ernst, 1989). More
recently, it has been demonstrated that AM fungi may alter plant hormone dynamics (Hause et
al., 2007) as well as stabilize soil aggregates, which could have physical and resource benefits
for the plant (Rillig et al., 2002). There is also interspecific variation for these functions and
their attendant traits, suggesting the existence of functional trade-offs among AM fungal
species (Daft, 1983). For instance, different AM fungal species can vary in their carbon
demand from host plants (Pearson and Jakobsen, 1993), P translocation to roots (Ravnskov
and Jakobsen, 1995), carbon storage (van Aarle and Olsson, 2003), and relative investment
into extra-radical versus intra-radical biomass (Hart and Reader, 2002). To understand the
origin of this variation and to predict its ecological consequences, it is necessary to develop a

conceptual framework that organizes AM fungal species according to functional groups.

Several advantages arise from classifying AM fungal species according to broad functional
groups. Identifying sets of correlated functional traits within each group could help us to
define major life-history strategies. Those strategies, in turn, could be used to predict
biodiversity patterns and successional trajectories in a tractable way. For example, ecologists
have been using r and K selection strategies (MacArthur and Wilson, 1967) to describe the
early establishment of populations with a short generation time, rapid growth and low resource
use efficiency (i.e. r strategy), and their eventual replacement by populations with delayed

reproduction, high parental care and a few large off-spring (i.e. K strategy) (Reznick et al.,
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2002). In the case of AM fungi, as obligate plant biotrophs, an additional challenge would be
to develop a common framework that categorizes both plant and AM fungal life-history
strategies, since the level of matching between the life histories of interacting plant and fungal

symbionts may predict the relative benefit that each partner will derive from the interaction.

Frameworks that group species into functional groups along a few trait axes have helped to
summarize biological variation, and has led to the development of hypotheses to explain the
origins of functional diversity (MacArthur and Wilson, 1967), the distribution and abundance
of species (Winemiller, 2005), and the consequences of functional traits for ecosystem
functioning (Westoby and Wright, 2006). Of the many frameworks that have been proposed,
the r-K selection model (MacArthur and Wilson, 1967) has likely been the most influential.
Nevertheless, this framework has been criticized for its oversimplification of life history
strategies along a single axis that combines both disturbance and resource availability
(Winemiller, 2005). Other models that integrate additional axes have thus been proposed to
more completely characterize diversity while remaining simple and tractable. One example in
aquatic science is the Winemiller-Rose triangular model (Winemiller and Rose, 1992), which
integrates both disturbance frequency and predictability, thus defining three main strategies:
opportunistic (highly disturbed systems), seasonal (periodically disturbed systems) and
equilibrium (undisturbed systems). One limitation of the triangular model, however, is that
even though it provides a clearer role for two different qualitative aspects of disturbance in
selecting for distinct life histories, it does not account for additional and potentially major

aspects of life history, such as resource availability and abiotic stressors.

In plant science, Grime’s C-S-R (competitor, stress tolerator, ruderal) framework overcomes
some limitations of other models by classifying plant life history strategies according to the
functional traits associated with responses to two major environmental filters, namely stress
and disturbance (Grime, 1979). Stress refers to persistent adverse environmental conditions
(e.g. low soil fertility and limited light availability) whereas disturbance refers to events

leading to significant loss of functional biomass (e.g. fire and windthrow). The C-S-R
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framework identifies three main life-history strategies. 'Competitors' thrive in low-stress and
low-disturbance environments, where they gain a competitive advantage by delaying
reproduction so as to invest in structures that optimize the acquisition of resources (Hodgson
et al, 1999). 'Stress tolerators' endure sub-optimal environments owing to resource
conservation strategies, such as the production of long-lived biomass, which increases
resource use efficiency in the long term (Chapin, 1980; Cornellissen et al., 2001). 'Ruderals'
cope with frequent disturbance by relying on high colonization ability, rapid production of
low-cost biomass, and short reproductive cycles (Grime, 1979; Hodgson et al., 1999).
According to the framework, no species can withstand both high levels of stress and
disturbance, thus preventing the existence of a fourth life history strategy. As a whole, the C-
S-R framework has been useful for understanding the assembly of plant communities
undergoing land-use change (Hodgson, 1991), and for predicting successional trajectories of
plant communities after disturbance events (Cacciagana et al., 2006; Navas ef al., 2010). In
addition to plant studies, the C-S-R framework has been used to study functional variations in
coral reef communities (Darling et al., 2012), and it has also been proposed as a means of
studying life-history strategies of phyllosphere microorganisms (Nix-Stohr ef al., 2008), thus
supporting its generalizability to various systems. In this Opinion article, we employ the C-S-
R framework as an example of how trait-based classification approaches can advance our
knowledge of the relationship between AM fungal life history traits, plant life history traits

and environmental abiotic filters.

4.3 Applying the C-S-R framework to AM fungi

To better understand the biology and life history of AM fungi requires a mycocentric
perspective, that is, an appreciation of AM fungi not only as plant symbionts but as organisms
that have developed traits that maximize their own fitness in different environments (Fitter et
al., 2000; Alberton et al., 2005). We must recognize, therefore, that what benefits the plant is
not necessarily what benefits the AM fungus, and vice versa. For example, high soil P
availability may promote the growth of the plant, but will in turn reduce the amount of carbon

transferred to the AM fungal symbiont (Mosse and Hayman, 1973). Thus, when applying a C-

50



S-R framework to AM fungi, we must consider which environmental conditions cause stress
or disturbance to AM fungi, and then explore which functional traits improve the AM fungal

response to those environmental filters (Figure 1).

4.3.1 Competitive AM fungi

The competitive ability of an individual derives from its capacity to acquire growth-limiting
resources. Considering previous work on AM fungal foraging strategies, the main growth-
limiting resource for AM fungi appears to be plant-derived carbon (Olsson et al., 2002).
Consequently, competitive AM fungi should be those with functional traits that improve
carbon acquisition from the host plant. It is generally recognized that soil P deficiency
increases the flow of plant carbon to AM fungi (Ratnayake et al., 1978). Furthermore, it has
also been shown that the flow of plant carbon to the fungus is proportional to the amount of P
that the fungus returns to its host (Kiers et al., 2011), thus supporting models of metabolic
coupling between carbon and P transfer (Biicking and Shachar-Hill, 2005; Fitter, 2006). A
high rate of P transfer to the host is related to extra-radical hyphal production (Jansa ef al.,
2005; Avio et al., 2006) rather than to the intensity of root colonization (Ravnskov and
Jakobsen, 1995). Hence, competitive AM fungi are likely to be those that allocate large
quantities of carbon to growing mycelial biomass for soil exploration and soil P solubilization.
In this situation, the trade-off traits are likely to be a lower investment in root-borne carbon

storage structures (e.g. vesicles) and a delay in the reproductive effort.
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(1) Competitors (C)
* Higher soil hyphal densities
* Stronger carbon-sink strength
* Late production of asexual spores in the
growing season
* Higher phosphorus benefits to the host

Stress tolerators (S)

(2) Stress tolerators (S)
* Low growth rate
* Long-lived mycelium
* Resistance to abiotic stressors (e.g.,
acidity, low temperature)
* Moreinvestment in constitutive defense

Stress
(e.g., carbon limitation, low soil pH, and low soil temperature)

(3) Ruderals (R)

* High growth rates
Early production of many asexual spores
High hyphal turnover rates
More efficient hyphal healing
More efficient spore dispersal
mechanisms

T | a—"s
- R ) >
SN AN .
Competitors (C) Ruderals (R) pathogens and herbivores

TN ER * Better protection of the hosts against

Disturbance
(e.g., physical disruption of soil structure by fauna, ploughing, and
sudden host death)

Figure 6. A C-S-R triangle identifying stress and disturbance factors as well as phenotypic traits
of AM fungi classified as competitors, stress tolerators or ruderals. Empirical evidence is lacking
for the suggested traits highlighted in red. On the triangle, we also illustrate the corresponding
plant life-history strategy that would match each fungal strategy given that preferential
associations are likely between plants and fungi with similar C, S or R strategies (see text).

There is evidence that AM fungi in the Gigasporaceae family show traits associated with a
competitive life-history strategy. For example, members of the Gigasporaceae invest more
biomass in extra-radical hyphae than in root-borne structures, compared with other
phylogenetic groups (Hart and Reader, 2002; Mabherali and Klironomos, 2007). Moreover,
members of the Gigasporaceae increased dramatically in abundance in nitrogen (N)-fertilized
plant communities where P availability in the soil was limited (Johnson et al., 2003). In this
case, added N increases the carbon-fixing potential of plant hosts, which exacerbates P
limitation and consequently prompts them to provide more carbon to their fungal symbionts.
Several isotope tracer studies have also provided direct evidence of a 'competitive' strategy
among the Gigasporaceae, revealing that these fungi are stronger carbon sinks for plant carbon
than other lineages (Pearson and Jakobsen, 1993; Lerat et al., 2003). Finally, the

Gigasporaceae in temperate ecosystems sporulate later in the growing season than AM fungi
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from other taxa (Klironomos and Hart, 2002; Oehl et al., 2009), which is consistent with a
competitive life-history. Taken collectively, these traits indicate that AM fungal communities
in low P, or high N-to-P, environments should favor members of the Gigasporaceae family

owing to their shared traits related to high carbon acquisition from their host plants.

Plant species that would benefit most from competitive AM fungi are likely to be those with
high soil P requirements and high carbon-fixing potential. This is likely to exclude ruderal
plants, owing to their short life cycle and lack of nutrient limitation on disturbed, early-
successional soils. Likewise, stress-tolerant plants would not fully benefit from competitive
AM fungi because of their low growth rate and high resource use efficiency. Preferential
associations between competitive AM fungi and competitive host plants are, therefore, likely,
particularly under low soil P supply. Besides their matched nutritional benefits, their matched
delay in reproduction effort would allow both organisms to invest in vegetative growth so as
to derive reciprocal nutritional benefits for an extended period of the growing season.
According to functional equilibrium models (Johnson, 2010), this matching of functional traits
should create a positive feedback favoring dominance and stability of both organisms in their

respective communities, and delay ecological succession.

4.3.2 Stress-tolerant AM fungi

AM fungi are stressed, for example, when the carbon supply from their host is consistently
low. Under such conditions, successful AM fungi may be those that use carbon most
efficiently, through the slow production of high cost, long-lived biomass. Reduced turnover
rates should then reduce carbon costs in the long term (Chapin, 1980). To date, hyphal
turnover rates in the order of a week have been measured for a few AM fungal strains
belonging to the Glomeraceae (Staddon ef al., 2003). Measuring turnover rates across a
broader phylogenetic spectrum may reveal that some taxa use plant carbon more efficiently
than the Glomeraceae and, thus, correspond to a 'stress-tolerant' strategy. Efficiency in the use

of host carbon could also be expressed by the ability of the fungus to complete its life cycle
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with low biomass production, because this would reduce metabolic maintenance costs.
Producing little extra-radical biomass would also reduce exposure to abiotic stress agents such

as soil acidity or heavy metals.

There is some evidence that stress-tolerant strategies do exist among AM fungal species. For
example, shading experiments have shown reduced root colonization by whole AM fungal
assemblages (Tester et al., 1985), suggesting a competitive advantage for carbon-efficient
strains. This is corroborated by data from (Heinemeyer et al., 2004) who reported a shift in
AM fungal community structure in response to shading. Likewise, abiotic stress such as high
soil acidity has frequently been shown to drive AM fungal community structure (Porter et al.,
1987; Johnson et al., 1991; Oechl et al., 2010). Specifically, AM fungi belonging to the
Acaulosporaceae family are commonly reported in lower pH environments (e.g. Porter et al.,
1987; Oehl et al., 2010; Morton, 1986). Also, high elevation sites with harsher climatic
conditions frequently show a higher proportion of species belonging to the Acaulosporaceae
family than is commonly seen in grasslands. Moreover, some Acaulosporaceae species are
found exclusively in alpine environments (Oehl et al., 2011). Consistent with the expectation
of stress tolerance, members of this family produce less biomass (both extra-radical hyphae
and internal root structures) than members of the Glomeraceae and Gigasporaceae (Hart and

Reader, 2002; Maherali and Klironomos, 2007).

As with competitive AM fungi, we propose that there are likely to be preferential associations
between stress-tolerant fungi and specific plant functional groups. For example, shade-tolerant
plants will sparingly invest carbon in AM fungal symbionts because of their low rates of
photosynthesis (Heinemeyer et al., 2004). Indeed, plants growing under any adverse condition
that limits carbon fixation are likely to limit the amount of carbon supplied to the AM fungal
symbiont. Given that stress-tolerant AM fungi may be slow to provide nutritional and other
benefits to their hosts, the initial cost of a fungal symbiont to their host may be high, although
these could be offset by their long term benefits. Thus, the plants that are likely to benefit the
most from stress-tolerant AM fungi are those with slow growth rates, long life spans and

resource conservation strategies: in other words, stress-tolerant plants. It is important to note
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that the predicted matching between stress tolerating plants and AM fungi strictly relates to the
life histories of the partners. Although AM fungi can improve plant tolerance to various
stresses such as drought or heavy metals (Schenck, 1981; Harris et al., 1985; Griffioen and
Ernst, 1989), the potential ability of AM fungi to alleviate host stress is not the basis for our
prediction. Instead, we suggest that similarity in resource allocation to various components of
the life history (i.e. growth and reproduction) may lead preferential associations between stress

tolerant plants and AM fungi.

4.3.3 Ruderal AM fungi

From a mycocentric perspective, disturbance occurs when hyphal networks are broken, either
by physical disruption of the soil structure or by faunal grazing. Disturbance could be an
ecological filter selecting for ruderal traits that enable the rapid re-establishment of functional
hyphal networks and symbiotic interactions with a plant host. A ruderal life history could be
achieved through high growth rates and efficient hyphal fusion mechanisms by which
fragmented hyphae can be reconnected to form functional mycelia (Avio et al., 2006). Another
way for ruderal AM fungi to reestablish a symbiosis following disturbance is by maximizing
de novo colonization of roots by propagules. Thus, a short life-cycle leading to an early and
constitutive investment in asexual spores could be a strategy by which ruderal AM fungi cope
with disturbance. Likewise, efficient healing mechanisms that prolong the viability of
colonized roots and soil hyphae that have been severed (e.g. Klironomos and Hart, 2002; De la

Providencia ef al., 2005) would be consistent with an AM ruderal strategy.

Frequently tilled agricultural soils are likely to select for ruderal AM fungal strategies. Studies
have shown that these soils tend to have low AM fungal diversity, and are dominated by
species belonging to the Glomeraceae, more specifically to the Glomus group (Gr.) A clade
(e.g. Helgason et al., 1998; Jansa et al., 2002; Maherali and Klironomos, 2012). Compared
with other AM fungal families, Glomus Gr. A species: (i) grow faster (Powell et al., 2009), (ii)

fuse hyphae more readily (De la Providencia et al., 2005), (iii) invest earlier and more
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abundantly in spore formation (Oehl et al., 2009), and (iv) form cross-walls that enable
infected root pieces and severed hyphal fragments to heal and recolonize host roots
(Klironomos and Hart, 2002; De la Providencia et al., 2005). All of these traits are consistent
with a ruderal life-history strategy. Also, the ratio of intra-radical relative to extra-radical
hyphal abundance appears to be higher in the Glomeraceae than in other AM fungal families

(Hart and Reader, 2002), which may comprise a disturbance-avoidance strategy.

Ruderal AM fungi with high growth rates and short life cycles should produce low-cost, albeit
non-enduring, biomass. The cost of having to replace this short-lived biomass represents,
therefore, a disadvantage to long-lived plants. Hence, ruderal plants with a similar short-term
investment in low-cost biomass should preferentially interact with ruderal AM fungi. Given
that ruderal plants colonize early-successional habitats where soil nutrients are rarely limiting
(Navas et al., 2010), the primary benefit they derive from AM fungi may not be P uptake, but
rather an increased protection against phytopathogens (Newsham er al., 1995). This is
supported by the finding that early-successional ruderal plant species may be more prone to
pathogen attacks than other plant functional groups (e.g. Kulmatiski et al., 2008).
Accordingly, Glomus Gr. A strains are more efficient at providing protection to plant hosts
than other AM fungal lineages (Maherali and Klironomos, 2007). It has been suggested that
this protection relies partly on a jasmonate-based plant hormonal pathway that also activates a
number of anti-herbivore mechanisms (Pozo and Azcon-Aguilar, 2007). Hence, it is possible
that ruderal AM fungi are involved in priming plant responses against herbivores as well

(Kempel et al., 2010).

Despite our use of the C-S-R framework to organize functional variation in AM fungi, we
emphasize that the aim of this opinion paper is not to simplistically allocate species or even
families to C, S or R strategy, nor to promote the C-S-R framework as the best way to make
sense of functional diversity in the AM fungi. Rather, our aim is to identify the traits that are
likely to be the most important components of AM fungal life histories. Likewise, preferential
associations between plants and fungi may not follow the idealized cases where C, S and R

plants would interact with C, S and R AM fungi, respectively. Associations in nature will
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likely be much more complex because (i) plants and AM fungi involved will rarely be at any
of the three extremes of the C-S-R triangle, but most of the time will rather have an
intermediate life history and (ii) many factors, other than preferential partner selection, will
influence the assembly of fungal assemblages in plant roots (e.g. plant neighborhood, spatial
constraints on fungal species’ availability, stochastic events). Still, the C-S-R framework
offers a basis from which to develop a trait-based approach for AM fungi and advance our
understanding of their life history strategies. In the following section, we identify five research
areas where such a better understanding of AM fungal life history strategies would be

particularly useful.

4.4 Potential advances in AM fungal ecology using a trait-based approach

4.4.1 Preferential association patterns with host communities

Some plants and AM fungi are known to interact preferentially in natural communities (e.g.
(Vandenkoornuyse ef al., 2003); however, it is as yet unknown whether those over-represented
interactions in communities are between symbionts that share compatible life-history
strategies. If so, this would suggest a strong influence of niche-based (i.e. deterministic)
processes underlying the assembly of plant-AM fungal communities. Such determinism could
arise either from the matching of functional traits that optimize mutual benefits, or from both
partners being similarly filtered along environmental gradients. Evidence for such
determinism has been found (Chagnon et al., 2012) in a previously described plant-AM
fungal community (Opik et al, 2009): AM fungi from different families interacted
preferentially with different plant species. Given the apparent phylogenetic conservatism of
AM fungal traits at the family level (Powell et al., 2009), these results would suggest a strong
influence of deterministic (i.e. niche-based) mechanisms driving plant—-AM fungal community
assembly. Nevertheless, the pattern described in Chagnon et al. (2012) was mainly the result
of one plant species that interacted with distinct fungal species compared to the rest of the

community. Hence, more field surveys are needed to test this hypothesis. One fruitful avenue
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would be to couple data on interaction patterns at given sites with a characterization of plant

and fungal traits from those sites, to test for correlations between the two.

4.4.2 Succession patterns in AM fungal communities

A major debate in plant ecology over the past century has been the theoretical basis for
ecological succession (e.g. Clements, 1916; Gleason, 1926; Odum, 1969; Tilman, 1990).
Although the C-S-R framework was mainly focused on describing plant history traits in
contrasting environments, it implicitly drew linkages between plant traits and autogenic
succession, particularly when reconciled with a resource-based theory of competition and
succession (Tilman, 1985; Grace, 1990). From these two frameworks, the paradigm of
secondary succession that has evolved is one whereby short-lived ruderal plants colonize
newly disturbed environments, to be replaced by competitive plants that optimize resource-use
over the longer term, which are themselves eventually replaced by stress-tolerant plants once
the demand for resources exceeds supply. By extension, a C-S-R approach could provide a
trait-based explanation of temporal patterns that have been reported in AM fungal
communities. For example, in a microcosm succession experiment, the early-stage
communities were dominated by Glomus mosseae (Oehl et al., 2009), which is often found
dominating in agricultural fields (e.g. Helgason et al., 1998). Similarly, later-successional AM
fungal inocula produced relatively more soil hyphae than early successional ones (Sikes et al.,
2012), which is consistent with a switch from ruderal towards competitive life-history traits.
Finally, late-successional fungi tended to form either larger spores or sporocarps (Allen et al.,
2003; Oehl et al., 2011). More studies that link AM fungal traits and succession would help us
to understand the potential interplay between plant and fungal succession, and its implications

for ecosystem function.

4.4.3 Specificity of responses in plant-AM symbioses

A paradox of AM fungal ecology is that, although the specificity of association between
different plant and AM fungal species is low (Smith and Read, 2008), the specificity of the
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response to such associations is relatively high. Thus, the fitness consequences for both
partners are highly dependent on the identity of the species involved (e.g. Sanders and Fitter,
1992; Klironomos 2003). This is likely to be related to the compatibility of measurable traits
in each partner. For example, plants with coarse root systems may be more apt to derive a P
benefit, whereas those with ramified root systems may rather derive pathogen protection from
their AM fungal symbionts (Newsham et al., 1995; Sikes et al., 2009). This is only one
example of how trait-matching may promote mutualistic benefit in the symbiosis, and many
possibilities can still be explored (Fitter, 2006). By integrating several functional traits into
discrete life-history strategies, a C-S-R framework would provide a more predictive approach
for studying the specificity of response of various associations. Such predictive power would
be valuable for agriculture or horticulture where best matches between various plant and AM

fungal genotypes would enhance production.

4.4.4 Linkages between plant and AM fungal diversity

A trait-based approach could also provide insights to link plant and AM fungal diversity at
fine spatial scales (i.e. within-site B-diversity). It is known that AM fungal community
structure is highly heterogeneous at a one meter scale (e.g. Wolfe et al., 2007). Given the
specificity of the response of plants towards different AM fungal species, such a spatial
structure in AM fungal communities may influence plant recruitment (van der Heijden, 2004)
and contribute to the fine-grain spatial structure in plant communities. If there is preferential
matching between AM fungi and plant hosts with analogous life histories, then it is likely that
the spatial distribution of plants and fungi are tightly linked. There is thus an opportunity to
test for such linkages in the spatial distribution patterns of plants and AM fungi that share

similar life history strategies.

4.4.5 Phylogeny as a proxy for life-history traits in AM fungi

We suggested above that life-history traits of AM fungi may drive their biogeography and
interaction patterns with host plant species (Fitter, 2005). To study the importance of this
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Table 1. Examples of comparative studies with AM fungal isolates?

Trait measured AM fungal taxa Trait value C-S-R Explanation Refs
Glomus Gr. A Efficient healing, rapid R Re-est:flbhsh functional mycelium
. . re-growth after disturbance
Healing ability [1]
Gisasporaceae Efficient healing, _
§asp moderate regrowth
Glomus . Replace biomass lost after
intraradices High R disturbance
Growth rate Glomus etunicatum  Intermediate - [2]
Gigaspora gigantea Low C/S
Hyphal . b Low resource use efficiency (i.e.
turnover rate Glomus spp. High R high tissue turnover rates) [3]
Gigaspora rosea Strong C Relates to the ability of AM fungi
. to compete for plant carbon
Carbon sink A
strength Glomus mosseae Weak S/R [4]
Glomus
intraradices Weak S/R
Glomus Gr. A Frequent R Rfi-es(tﬁbthsg functional mycelium
Hyphal fusion atter disturbance [1]
Gigasporaceae Infrequent C/S
Glomeraceae Early .anq R Short generation time
constitutively
Timing tf’ Gigasporaceae Fall in temperate C Delayed I'epI'O.dl-l(.:tIOIl to favor [5,6,7]
sporulation systems resource acquisition
Acaulosporaceae Spring in temperate -
systems
Low in soil, high in Reduced exposure to soil
Glomeraceae R .
roots disturbance
Bioma§s Gigasporaceae High in soil, low in C High P acquisition and transfer to (8.9]
allocation roots host
Low in both soil and Low metabolic costs and exposure
Acaulosporaceae S

roots

to soil stressing agents

*We present functional trait values and their associated life-history strategy. No C-S-R strategy is assigned to a trait value

when it does not constitute an explicit prediction of the C-S-R framework.

®Measured turnover rates are thought to be high, but comparisons with other taxa are needed. Ruderals are likely to have

the highest turnover rates.

‘references : [1] De la Providencia ef al., (2005), [2] Hart & Reader (2005), [3] Staddon et al., (2003), [4] Lerat et al.,

(2003), [5] Oehl et al., 2009, [6] Klironomos et al., 2001, [7] Pringle & Bever 2002, [8] Hart & Reader (2002), [9] Maherali
& Klironomos 2007.
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phenomenon, we must characterize the life-history strategies of AM fungal species based on

their functional traits. The obvious way to achieve this is by collecting AM fungal strains from

a wide range of environments, cultivating these strains in pure cultures, and measuring a
standardized set of traits. Given the enormity of this task, and considering that many AM
fungal species are difficult to cultivate, it may be preferable to validate an established
classification scheme that might correlate with AM fungal life histories. As we have alluded to
in previous sections, many functional traits of AM fungi appear to be similar among close
relatives within broad phylogenetic groupings (examples given in Table 1), particularly at the
family level (Powell et al., 2009). Such phylogenetic conservatism indicates that phylogeny
would be a viable proxy for predicting the life-history strategy of AM fungal species and their
relative performance in the field. For example, phylogenetic data were recently used to show
that environmental filtering and dispersal limitations are important drivers of AM fungal
community assembly (Kivlin ef al., 2011; Maherali and Klironomos, 2012). However, at this
stage, AM fungal phylogeny is still undergoing major revisions (Redecker and Raab, 2006;
Oehl et al., 2011b). Moreover, the Glomeraceae family is a very heterogeneous one, with
some Glomus species found dominating mature stands (Opik et al., 2009) or late stages of AM
fungal succession (Oehl et al., 2009, 2011a). Furthermore, considerable functional variability
has been found among isolates of the same species in the genus Glomus (Hart and Reader,
2002; Munkvold et al., 2004). We thus acknowledge that an eventual mapping of life histories
onto AM fungal phylogeny will yield a portrait much more complex than what is outlined
here. Future work should capitalize on the development of high-throughput sequencing to
define a reliable phylogeny for AM fungi (e.g. Kriiger et al., 2012), and meanwhile, more
effort should be placed to characterize life history traits of AM fungi with known phylogenetic

affiliation.

4.5 Moving forward

The need for a trait-based approach in AM fungal ecology is not a novel idea in the literature

(van der Heijden and Scheublin, 2007; Parrent et al., 2010; Powell et al., 2013). In this
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opinion paper, however, we argue that grounding such a trait-based approach into an
established life history classification scheme such as the C-S-R framework can provide more

mechanistic insights about the relationship between AM fungal traits, plants traits and abiotic
environment filters. In addition to its potential for summarizing the ecological niche of AM
fungi based on functional traits, a C-S-R (or other similar) framework may help us to predict
preferential associations between plant and AM fungal species in the field, as well as the
specificity of response to these associations. Moreover, a trait-based functional grouping may
improve our understanding of plant—-AM fungal successional dynamics as well as biodiversity
patterns in natural communities. However, moving our understanding forward will require that

progress be made in at least two research areas.

First, it may be tenuous to compare trait values and life-history strategies of AM fungal
species based on data from disparate studies because trait variation may be biased by
differences in experimental design. We need to develop, therefore, a standard trait database for
AM fungi with standardized protocols for plant growth conditions, host choice, stages in
ontogenic development, and other factors that influence fungal trait states. Second, we need to
refine our understanding of the basic biology of AM fungi to link morphology to functions
that are targeted by agents of natural selection such as plant hosts, other biota and the abiotic
environment. For example, members of the Gigasporaceae tend to produce thicker-walled
hyphae than members of other AM fungal families (e.g. Thonar ef al., 2011), but it remains
unknown whether this trait affects hyphal lifespan, resistance to fungivores, and the efficiency

of nutrient translocation to hosts.

In plant science, the trait-based functional grouping is one of the conceptual advances that
spurred the rapid expansion of databases that classify plants on the basis of their traits, the
climatic and soil resource conditions under which they grow, and the interactions between
plants and other biota (Westoby and Wright, 2006; Katge ef al., 2011). Such databases have
facilitated comparative studies that correlate plant functions to their evolutionary history and
their ecological consequences (Reich ef al., 1997; Wright et al., 2004), leading to many

insights about the mechanisms that govern the distribution and abundance of plants (McGill et

62



al., 2006). We suggest that an analogous database for AM fungi offers similar opportunities
for understanding the causes of AM fungal distribution and abundance, and may eventually
have important ramifications for applied fields such as agriculture and ecological restoration,
where a judicious manipulation of the symbiosis could increase crop yields and the stability of

introduced plant communities, respectively.
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Apres I’ensemble des articles présentés ci-dessus, un objectif clair émergeait : j’avais besoin

d’un échantillonnage intensif sur un site donné pour collecter a la fois des données sur :

1. les interactions entre plantes et CMA, i.e. le résultat de I’assemblage de la communauté
symbiotique;

2. les abondances relatives ou fréquences relatives des espéces de plantes et CMA
interagissant sur ce site : il est facilement concevable que les interactions puissent étre
simplement le résultat de I’abondance, ou les especes rares ont tendance a peu interagir
entre elles, puisqu’elles ne se rencontrent pas fréquemment dans 1’environnement (e.g.,
Stang et al., 2007, Krishna ef al., 2008, Chamberlain ef al., 2010);

3. des données sur la distribution spatiale des plantes et des CMA : une plante et un CMA
auront plus d’opportunités pour interagir s’ils sont distribués de fagon similaire dans
I’espace, un point crucial considérant que nos organismes a I’étude sont sessiles (e.g.,
Lewinsohn et al., 2006);

4. des données sur les propriétés abiotiques du sol : une plante et un CMA pourraient étre
distribués de facon similaire dans I’environnement parce qu’ils répondent de fagcon
similaire aux parameétres du sol (e.g., Dumbrell ef al., 2010);

5. des données sur les traits des plantes, afin de déterminer si les plantes qui ont des traits
semblables interagissent avec des CMA semblables, tel que prédit par 1’article qui

précede.

Ainsi, Darticle qui suit présente une étude observationnelle ou j’ai collecté collecté I’ensemble
de ces données en milieu naturel afin de déterminer I’importance relative de différents
mécanismes neutres (e.g., abondance, distribution spatiale) ou basés sur la niche des especes
(e.g., s€lection de partenaires basée sur les traits) dans 1’assemblage d’une communauté

mycorhizienne naturelle.
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5.1 Abstract

Plants and their microbial symbionts are often found to interact non-randomly in nature, but
we have yet to understand the mechanisms responsible for such preferential species
associations. Theory predicts that host plants should select symbiotic partners bearing traits
complementary to their own, as this should favor cooperation and evolutionary stability of
mutualisms. Here, we present the first field-based empirical test for this hypothesis using
arbuscular mycorrhizas (AM), the oldest and most widespread plant symbiosis. Preferential
associations occurring within a local plant-AM fungal community could not be predicted by
the spatial distributions of interacting partners, nor by gradients in soil properties. Rather,
plants with similar traits preferentially hosted similar AM fungi and, likewise,
phylogenetically related AM fungi (assumed to have similar functional traits) interacted with
similar plants. Our results suggest that trait-based partner selection may have been a strong

force in maintaining plant-AM fungal symbioses since the evolution of land plants.

5.2 Introduction
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Communities containing species having mutualistic relationships are often assembled in a
non-random way, and a current challenge facing community ecologists is to identify the
mechanisms driving such patterns (Vazquez et al., 2009). Preferential partner selection is
thought to be one important assembly mechanism for symbiotic communities, as it may be a
way to avoid interacting with compatible, yet non-cooperative, symbionts (Sachs et al., 2004).
This is corroborated by laboratory studies suggesting that host organisms may reward
cooperative symbionts (Kiers et al., 2011), impose sanctions against cheating symbionts
(Kiers et al., 2003), or selectively screen for partners displaying specific traits (Nyholm and
McFall-Ngai, 2004). However, the relative importance of preferential partner selection in the

assembly of natural symbiotic communities remains an open question.

The arbuscular mycorrhizal (AM) association between plants and AM fungi is one of the most
ancient and widespread terrestrial symbioses (Parniske, 2008). AM fungi are thought to have
facilitated the colonization of terrestrial habitats by plants more than 450 million years ago,
and it has been suggested that preferential partner selection has contributed to the surprising
evolutionary stability of this symbiosis (Bever et al., 2009; Kiers et al., 2011). In natural
communities, plants and AM fungi are generally found to interact non-randomly (e.g. Opik et
al., 2009, Wehner et al., 2014). Even though it has been argued that preferential partner
selection may be important in structuring plant-AM fungal communities, any reported
interaction patterns may also result from other mechanisms such as the ecological filtering of
both partners along the same environmental gradients (Oehl et al., 2010), or from neutral
mechanisms affecting the spatial distribution of each partner group (e.g. Dumbrell et al.,
2010). Thus, the relative importance of preferential partner selection in driving the assembly
of plant-AM fungal communities so far has remained elusive. Recently, it was suggested that
functional traits and life history strategies may lead to preferential partner selection in the
plant-AM fungal symbiosis (Chagnon et al., 2013). More specifically, this framework predicts
that preferential interactions observed in natural plant-AM fungal communities should involve
hosts and symbionts sharing similar resource management strategies. For example, a stress-
tolerant plant, whose strategy is predicated on carbon-use efficiency, may preferentially

associate with AM fungi that are able to complete their life cycle with low biomass production
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and turnover (Chagnon et al., 2013). Given the evidence that AM fungi with similar functional
traits appear to have close phylogenetic relatedness (Powell et al., 2009), we predict that
plants with similar functional traits should interact with groups of AM fungi that are

phylogenetically clustered.

Here, we provide the first field-based empirical test for this hypothesis. We sampled a small
natural plant-AM fungal community from which we calculated its modularity (Thébault
2013). This index measures the tendency of a community to be subdivided into subgroups of
species that interact more frequently together than with the rest of the community (i.e.
preferential associations). Such “modules” may arise from either neutral or niche-based
mechanisms. For that reason, we then used various statistical and numerical methods to
evaluate how the observed modular pattern was related to plant and AM fungal spatial
distributions, soil chemical properties, plant functional traits and AM fungal phylogeny. Under
trait-based partner selection, our prediction was that there would be significant modules, and
that species found in the same modules would share similar traits (plants) or phylogenetic

affiliation (AM fungi).

5.3 Materials and Methods

5.3.1 Field sampling

We sampled an old-field meadow near Sherbrooke, Canada (45° 24’ N, 71° 54° W) that had
not been cultivated for more than 40 years due to its low fertility. At the time of sampling, it
was dominated by Populus tremuloides Michx., with a herbaceous understory. We randomly
established a 5 m x 5 m plot in which we identified a total of 9 plant species that could
potentially host AM fungi (verified by root staining and microscopic observations) and that
had at least 10 individuals (shoots) in the plot. Within the plot, we established a square, 16
point, sampling grid and noted the presence/absence of each plant species in a 30 cm radius
around each point. P. tremuloides Michx. was excluded from the sampling because its root

system was deemed too large relative to the size of the grid, thereby precluding an unbiased
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estimation of its belowground spatial distribution. At each point, we also took a 15 cm
diameter soil core (10-15 cm deep) in order to characterize the local AM fungal community
(to monitor the spatial distribution of AM fungi in our grid) as well as soil chemical
properties. These cores were placed on ice packs in a cooler and transported to the laboratory,

where they were kept at 4 °C until the time of processing (within 8 h after sampling).

Ten individuals of each plant species were randomly selected and destructively sampled to
collect fine root material, which eventually would be used to characterize plant-AM fungal
interactions. These samples thus served to build our bipartite network from which modularity
was characterized (see below). Plant roots were stored in sealed plastic bags at -20 °C until
DNA extraction (explained below). We collected fresh leaves and roots from an additional
seven individuals per species to measure three traits: (1) specific leaf area (leaf area per dry
mass), (2) leaf dry mass content (dry weight to fresh weight ratio) and (3) specific root length
(root length per dry mass). These traits were chosen because they provide complementary
information on plant life history strategy and leaf economics (Roumet et al., 2006; Pierce et

al., 2013).

5.3.2 Soil physico-chemical properties

For each soil core, we measured the following: (1) % organic matter (% mass loss after
ignition in a muffle furnace at 400°C for 16 h), (2) total C:N ratio (as measured by an
Elementar Vario Macro analyzer), (3) % humidity (% mass loss after oven heating at 105°C
for 36 hours), (4) Mehlich-III extractable phosphorus (P) (extraction of P with Melich-III
solution and quantification by spectophotometry at 882 nm), and (5) pH in water and in KCl
(using a Accumet AB-15 pH meter). More details about the methods can be found in Carter
and Gregorich (2007).

5.3.3 Characterizing AM fungal assemblages
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The root systems of the sampled plants were washed thoroughly under tap water, and fine
roots (£1 mm diameter) were isolated and collected with forceps and scissors. We ensured that
AM fungal interactions were associated to the correct plant species by only keeping fine root
material still attached to the source plant after root washing. Approximately 300 mg (fresh wt)
of each fine root sample were transferred to 1.5 mL tubes, and DNA was extracted with
MoBio Ultra Clean Plant DNA isolation kits following the manufacturer’s instructions. To
characterize AM fungal communities in each soil core, we extracted DNA from 5 soil
subsamples (ca. 1-2 g) as well as from 5 fine root subsamples taken from each core. For the
soil subsamples, we used MoBio Power Soil DNA isolation kits. By sampling DNA 1in soil as
well as in roots from each core, we minimized the bias that could arise from some AM fungal
species producing less biomass than others, or some AM fungal species investing different

amounts of biomass in roots than in soil (e.g. Hart and Reader 2002).

AM fungal DNA was amplified using a nested PCR approach, given that preliminary attempts
at amplifying AM fungal DNA directly from the DNA extracts were unsuccessful. In the first
round, total fungal DNA from each DNA extract was amplified using 2 pL of DNA extract
solution, 10 uLL of HotStart Taq Master Mix kit solution (QIAGEN), 0.125 pL of T4Gene32
protein solution (New England Biolabs), 4 pL of 0.5 uM NSI1-SR5 fungal-specific primer
solution (White et al., 1990, RytasVilgalys’ lab,
http://biology.duke.edu/fungi/mycolab/primers .htm) and 3.875 pL of ultra-pure water. In the

second round of PCR, amplicons from round 1 were used as templates, and the primer set was
the AM fungal specific AM1-NS31 couple (Helgason et al., 1998). Because PCR products
were meant to be sequenced by 454 sequencing, additional nucleotides were attached to those
primers, following instructions from the sequencing facility (Génome Québec, Montreal). All
PCR products that belonged to the same plant species or soil core were tagged with a similar
molecular identifier (MID — Roche) integrated in their primer to allow pooling of the different
amplicons for sequencing. Thus, plant-AM fungal interactions were not monitored at the plant
individual level, but rather at the species level. DNA was purified using Agencourt AMPure

beads (Beckman Coulter) to isolate long, double-stranded DNA from single DNA strands,
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remaining primers and impurities. DNA concentration in each sample was then quantified
with replicated spectrophotometry (Nanodrop) lectures and an equimolar amount of each
amplicon was added to the final pool, which was sent to be sequenced at Genome Québec

facilities (Montréal, QC).

For an unknown reason, no amplicon was sequenced for 1 of our 9 plant species. For the
remaining samples, a sequence-based phylogenetic tree was built using the open source
QIIME software package (Caporaso et al., 2010). First, the MIDs were split into separate
sequence libraries for plant roots and soil cores. Sequences were excluded from the dataset if
(1) their primer and/or barcode sequence was missing or erroneous, (2) their length after
trimming out the primer was less than 200 (i.e. poor sequence) or more than 500 (i.e. too high
for the 454 technology at that time), or (3) they included homopolymers longer than 5 base
pairs. An equal number of sequence reads was randomly drawn from each library and AM
fungal operational taxonomic units (OTUs) were based on a 97% sequence similarity
threshold, using the USEARCH clustering algorithm (Edgar, 2010). Before clustering,
sequences were sorted by length to increase the probability that longer sequences would
develop into centroids of OTU clusters. This clustering procedure was performed once again,
this time by identifying clusters based on comparisons with the MaarjAM database for
Glomeromycota (Opik et al., 2010). A subsequent Mantel test revealed a highly significant
correlation between the two outputs (» = 0.784, P < 0.0001). Below, we present results from
the first clustering output. Singletons as well as rare OTUs (with 5 or less occurrences), which
may represent artifacts or transient species (Tedersoo ef al., 2010) were removed from the
dataset. We also excluded OTUs that exclusively were found in soil DNA extracts, as these

were not relevant to the study, where we looked at preferential associations with host plants.

After filtering the dataset, the remaining OTU sequences were blasted against the MaarjAM
online database (Opik et al., 2010). Sequences that did not match any entry in MaarjAM were
blasted in GenBank and most of these were found to be either plant or non-AM fungal DNA.
After eliminating non-AM fungal sequences, the remaining sequences were aligned and a

phylogenetic tree was built using the MUSCLE algorithm (Edgar 2004).
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5.3.4 Modularity analysis

We computed modularity from our bipartite network, which consisted of plant-fungal
interactions pooled at the plant species level. Modularity was calculated following Barber’s
index (Barber 2007), which provides more consistent results than alternative indices (Thébault
2013). Briefly, the algorithm uses a simulated annealing procedure to find the maximal
modular configuration of the network. Simulated annealing is a heuristic optimization
technique that allows exploring suboptimal configurations in the initial stages of the iteration
process, which avoids getting “trapped” in local maxima (of modularity, in our case) and
ensures converging on the global maximum. More details are given in Cérny (1985).
Statistical significance of the observed modularity pattern was tested using a null model that
randomized the interactions in the matrix while preserving the total number of interactions as
well as the number of interactions for each plant and AM fungal species (i.e. row and columns
totals). This is argued to be the optimal null model to avoid type I errors (e.g. Ulrich and

Gotelli 2013).

5.3.5 Testing various factors that could explain plant-AM fungal interaction patterns

We first tested for a relationship between the frequency of occurrence of plants or AM fungal
OTUs (i.e. around or inside our soil cores, respectively) and their number of interactions,
using Pearson’s correlation coefficient. We then tested whether the observed plant-AM fungal
interaction pattern could be predicted by the spatial distributions of hosts and symbionts. For
this, we randomized our bipartite network using a second null model that kept the same
constraints as the first (described above), but allocated interactions between pants and AM
fungi based on the relative overlap of their spatial distribution (monitored around and in our
soil cores, respectively). In other words, two species that co-occurred frequently in our plot
had a higher probability of interacting together in our simulations. To compute these
probabilities, we compared the observed co-occurrence frequency of each species pairs to

1000 randomized scenarios where the spatial distribution of plants and AM fungi had been
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shuffled in our sampling grid. We calculated co-occurrence indices as z-scores (

random

observed —mean
Z =
sd

random ), which we then scaled to values between 0 and 1 representing a
probability for each species pair to interact. Thus, a plant and an AM fungus that co-occur
frequently in our sampling grid would get a high z-score, and consequently a probability of
interacting in our null matrices close to 1. We then used those interaction probabilities for each
species pair to draw from a binomial distribution, in order to build our null matrices. We
repeated the draws until each null matrix was filled according to our constraints (i.e. row and

column totals identical to our real network).

We investigated a possible link between plant and AM fungal spatial distribution and soil
properties using canonical correspondence analysis (CCA), which correlated presence/absence
of plants and AM fungi around or inside each soil core, respectively, to the measured soil
physico-chemical properties of that core. This was done to ensure that preferentially
interacting plants and AM fungi were not doing so simply because they were similarly filtered
by the abiotic environment. CCA was also used to explore a possible link between plant-AM
fungal interaction patterns and plant functional traits. Based on evidence that some AM fungal
traits are phylogenetically conserved (Powell et al., 2009), we used AM fungal phylogenetic
distance as a proxy for functional distance among AM fungal OTUs. To determine whether
fungal phylogeny was linked to plant-AM fungal interaction patterns, we used (1) a Mantel
test correlating AM fungal phylogenetic distances to Bray-Curtis distances that measured the

similarity in plant host choice, and (2) a permutation-based test of the phylogenetic relatedness

2%
) =
of AM fungi found within modules. This latter test calculated a ratio nX | where k
identifies the network modules, 7 is the total number of modules, x; is the mean phylogenetic
distance between AM fungal taxa comprised in module &, and X is the mean phylogenetic
distance between all AM fungal taxa in the network. We compared this ratio to 1000 random
values obtained by shuffling the tips of the phylogenetic tree and recalculating the ratio R,
using a one-tailed z-test.
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All statistical analyses were coded in R. CCAs were run using the vegan package (Oksanen et

al., 2013), whereas phylogenetic analyses and tree plotting were respectively performed using

the packages picante (Kembel et al., 2010) and ape (Paradis et al., 2004). Modularity analysis
used the C++ executable program MODULAR (Marquitti et al., 2014).

5.4 Results

Our plant—-AM fungal network was significantly modular under both null models, and revealed

3 subgroups in which interactions between specific plant species and AM fungal taxa were

significantly over-represented (fig. 7). This high modularity occurred despite a strong positive
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Figure 7. The observed plant-AM fungal interaction matrix (with
plants as rows and AM fungi as columns) sorted into its
maximally modular state. The calculated modularity index was
0.245, and was significant (P < 0.01) with both null models. Black
cells represent interactions belonging to one of 3 modules
(modules are boxed and numbered), grey cells are interactions
that did not belong to any module, whereas white cells depict the
absence of an interaction. Plant species: Rubus pubescens;
Galium sp.; Spiraea alba var. latifolia; Fragaria virginiana;
Tiarella cordifolia; Hieracium aurantiacum; Clematis virginiana;
Impatiens capensis. AM fungal taxa: Glom = Glomeraceae
family; Acau = Acaulosporaceae family.
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relationship between the
spatial frequency of soil-

borne AM fungal taxa and

their number of host
plants (fig. 8): such
neutral  assembly  of
networks based on

abundance or frequency
could be expected to
generate a strongly nested
pattern with low
modularity (e.g. Krishna et
al., 2008). Given that our
second null model
controlled for the spatial
overlap of plant and AM

fungal OTUs, our results



confirm that the modular pattern was not generated by spatial distributions. More precisely,
most of the interactions that were not predicted by spatial overlap occurred within network
modules, while the majority of interactions that could be predicted by spatial patterns occurred
outside network modules (i.e. grey cells in fig. 7), thus contributing to blur the modularity
pattern (x> = 17.8, P < 0.0001). Furthermore, CCAs revealed no significant relationships
between soil chemical properties and plant or soil-borne AM fungal spatial distributions (P =
0.32 and P = 0.12, respectively). Instead, CCA revealed a significant relationship between
plant traits and the structure of the root-borne AM fungal community (fig. 9). This relationship
was marginally significant (P = 0.059) when all three measured plant traits were considered in
the analysis, but was highly significant (P < 0.01) when considering only leaf dry mass
content. Furthermore, mean phylogenetic distance among AM fungal taxa, considered to be a
proxy for functional distance (Powell ef al., 2009), was significantly lower within than among
modules (z = -4.48, P < 0.0001, fig. 10). Thus, module affiliation was not distributed
randomly across AM fungal phylogeny.

Likewise, the similarity of plant host 10

. R®=0.893
choice among fungal taxa, as measured g | P<0.0001 °e
by Bray-Curtis distances, was o L o
. ~ 6 1
significantly related to fungal @ ° ®
phylogenetic distance (Mantel’s » = 0.27, § 4 ® ® o0

e O

P = 0.006). It should be noted that 2] ee ee
Mantel tests are expected to display 0 oo ®
higher rates of type II errors as compared 00 02 04 06 08 1.0
to alternative  methods such as Frequency

phylogenetic  eigenvectors, so  our
Figure 8. Positive relationship between the

correlation  estimates  should  be  pumber of interactions (i.e. degree, k) of AM

considered conservative (Tedersoo ef al., fungal taxa and their frequency of occurrence.
2013) Each circle represents an AM fungal taxon.
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CCA axis 2

CCA axis 1

Figure 9. CCA biplot showing the relationship
between plant traits and AM fungal assemblages in
their roots. Plant species = black triangles and AM
fungal taxa = grey circles. Displayed plant
morphological traits are leaf dry mass content,
specific leaf area, and specific root length. Ellipses
delineate plant-AM community modules.

5.5 Discussion

The present results show clear

evidence for preferential partner
selection in the plant-AM symbiosis.
Our modularity analysis defined three
subsets (i.e. modules) of preferentially
interacting plant and AM fungal
species. These modules were not
comprised of species that responded
similarly to gradients in soil
properties, nor spec