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Abstract

Background and Aims

The ability of plant microbial symbionts to enhance hosts” fitness depends on the abiotic and biotic context, including the presence of co-
existing symbionts. We studied how the presence of arbuscular mycorrhizal fungi (AMF) affects the performance of a host grass associated
or not with fungal asexual endophytes, growing either alone or in interaction with a legume hosting nitrogen-fixing bacteria. We hypothesized
that the presence of legume-rhizobia symbiosis enables endophytes and AMF to promote host grass growth and nutrition, as well as host and
symbionts fitness through nitrogen acquisition-mediated effects when their primary benefits (herbivore protection and phosphorous provision)
are not required.

Methods

In pots with sterile, nitrogen-limited soil either inoculated or not with AMF, we grew Lolium multiflorum grass plants associated or not with a
vertically-transmitted endophyte (Epichloé occultans), either in monocultures or in mixtures with rhizobia-inoculated Trifolium repens.

Results

In monocultures, grass C, N and P acquisition were reduced by AMF. Conversely, in mixtures with legumes, AMF increased grass growth, soil N
uptake, and transfer of biologically fixed N from the legume to the grass. Endophyte and AMF both decreased grass fitness, but endophyte
presence increased AMF spore density.

Conclusions

AMF can increase nitrogen transfer and increase grass growth, a benefit that relies on the presence of rhizobia-associated neighboring
legumes. Notably, plant and symbiont fitness are not aligned either among them or with the benefits provided. The success of each host or
symbiont may depend on their ability to capitalize on the benefits.

Introduction

Plants host a diverse range of beneficial microbial symbionts that play crucial roles in their growth and fitness (Kiers and van der Heijden
2006; Vandenkoornhuyse et al. 2015; Banerjee and van der Heijden 2023a). These microbial symbionts have a significant impact on host traits,
which in turn affects the host interaction with the environment as well as the fitness and evolution of all partners (Bulgarelli et al. 2013;
Vandenkoornhuyse et al. 2015). Many microbial symbionts have been known since a long time, but new functions within and beyond the host
are continually being discovered. Most studies focus on a single plant-microbe interaction, revealing their multifunctionality (i.e., each type of
symbiont can provide several benefits to the host plant, Newsham et al. 1995), the context dependency of the interaction, and the mechanisms
that stabilize each symbiosis (Kiers et al. 2011; Walder and van der Heijden 2015). However, several symbionts frequently coexist within a host
plant and within neighboring plants. Therefore, manipulative experiments are necessary to elucidate the ecological and functional traits of the
core microbiome of plants and communities, as well as their overall fitness (Vandenkoornhuyse et al. 2015).

Beneficial microbial symbionts play a crucial role in helping plants to tolerate or resist local environmental stresses through different
mechanisms. They can provide essential nutrients, induce or confer protection against herbivores or pathogens, and increase abiotic stress
tolerance (Kiers and van der Heijden 2006; Vandenkoornhuyse et al. 2015). While certain symbionts, such as rhizobia deliver highly specific
benefits to legumes, other can supply multiple benefits to different plant species and functional groups. For example, epichloid foliar
endophytes (Epichloé, Ascomycota: Clavicipitaceae) are known not only for their defensive role in temperate grasses through the production
of alkaloids and volatile compounds (Clay and Schardl 2002; Fiorenza et al. 2021), but also for contributing to plant nutrition (Garcia-Parisi et
al. 2015) and drought tolerance (Malinowski and Belesky 2000; Manzur et al. 2022). Arbuscular mycorrhizal fungi (AMF), initially described as
phosphorus providers (Smith and Read 1997), have been found to offer multiple nutritional and non-nutritional benefits to different types of
plants including grasses and legumes (Newsham et al. 1995; Pozo and Azcén-Aguilar 2007; Delavaux et al. 2017). The multifunctionality of
these symbionts is magnified by the existence of common mycorrhizal networks, which connect plants, either of the same or different species,
allowing the transfer of defensive signals and nutrients, and supporting seedling establishment (Barto et al. 2012). Therefore, the complexity
of the microbial community associated with plants enhances the diversity of benefits that can be provided by the microbiome
(Vandenkoornhuyse et al. 2015).

The outcome of the interaction in terms of growth, survival or reproduction of both plants and symbionts is contingent upon a multitude of
environmental and genetic factors (Hoeksema et al. 2010; Davitt et al. 2011). Environmental limitations enable the symbiont to provide its
benefits and in turn increase growth, survival or reproduction of the host plant. For example, when herbivores are present, epichloid can protect
host plant and increase plant performance in comparison with endophyte free plants (Bastias et al. 2021). It is also expected that symbiont
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performance should be increased in this situation. Instead, the lack of such environmental constraints may reduce the benefits that symbionts
can provide (Kiers et al. 2011), which can affect the success/performance of each partner (Davitt et al. 2011). When symbionts cannot provide
any benefit (nutrition, protection, tolerance), plants can either maintain or reduce their growth or reproduction in comparison to non-symbiotic
individuals. To maintain its growth when symbiont does not provide benefits, the host plant should avoid its cost by limiting the energy
allocated to the symbiont (Kiers et al. 2011). However, if plants are not fully able to sanction the microorganism or reduce its incidence, plant
growth and/or reproduction is reduced (Johnson et al. 1997; Grman 2012). In summary, certain contexts can alter the outcome of bi-partite
interactions, depending on the ability of each member to maximize the benefits, or to sanction uncooperative partners (Kiers et al. 2011;
Walder and van der Heijden 2015). Likewise, more complex approaches involving multiple interactions can reshape the context effects on
performance of both hosts and symbionts (Walder and van der Heijden 2015; Kiers et al. 2016).

The combined impact of multiple coexisting symbioses as well as the underlying mechanisms remain relatively underexplored (Larimer et al.
2012; Garcia-Parisi et al. 2015; Magnoli and Bever 2023). The co-occurrence of epichloid endophytes and AMF within a host can result in
positive, negative, or neutral effects on host growth depending on the plant, AMF, and endophyte genotypes, as well as the environmental
context (Omacini et al. 2006; Mack and Rudgers 2008; Liu et al. 2011; Larimer et al. 2012; Vignale et al. 2016; Zhou et al. 2016; Garcia-Parisi
and Omacini 2017). It has been suggested that synergistic effects may arise when different symbionts provide complementary benefits (e.g.
providing different nutrients) or exploring different sources of the same benefit (e.g. different AMF genotypes exploring different P sources
from the soil, (Magnoli and Bever 2023)). Furthermore, these synergistic effects can occur at neighborhood level, where different symbioses
may coexist (Garcia-Parisi and Omacini 2019). For example, the coexistence of grass-endophyte and legume-rhizobia symbioses leads to
additive effects on nitrogen capture and aboveground productivity due to their functional complementarity (Garcia-Parisi et al. 2015). Despite
some advances (e.g. (Zhou et al. 2018), little attention has been given to the role of plant-plant interactions shaping the AMF and epichloid
endophytes effects on host grass performance.

The objective of this study was to assess how the presence of AMF and fungal asexual endophytes affect the performance of each member
of the symbioses when the host grass grows under nitrogen deficiency but with sufficient P and no herbivory nor pathogens (the primary
benefits of these symbionts, respectively), either alone or in interaction with a legume hosting nitrogen-fixing bacteria. Our model system
comprised the annual grass Lolium multiflorum, its vertically transmitted endophyte symbiont E. occultans, the legume Trifolium repens
inoculated with rhizobia, and AMF species capable of colonizing the roots of both plant species. By excluding herbivores and pathogens and
using a substrate with high phosphorus and low nitrogen content, we set up a system that would emphasize N dynamics related effects
emerging from the interaction between endophytes and AMF. We hypothesize that the presence of legume-rhizobia symbiosis in the grass
neighborhood enables endophytes and AMF to promote host grass nutrition by relaxing N competition and providing alternative sources for N,
and consequently enhances host and symbionts performance.

Methods
Experimental setup

We conducted a greenhouse experiment to study Lolium multiflorum Lam. (var. Lucero) plants grown in monoculture or in mixture with
Trifolium repens L. (var. Junin). L. multiflorum plants were either endophyte free or associated with the endophyte Epichloé occultans (C.D.
Moon, B. Scott & M.J. Chr.) Schardl, (E- or E + plants, respectively). The plants were grown in pots filled with sterilized soil, which was either
inoculated or not with a combination of three species of arbuscular mycorrhizal fungi (AM + or AM-, respectively). Thus, the experiment had a
factorial design with three factors with two levels each: neighbor identity, endophytic status of L. multiflorum plants, and pot AMF inoculation.
Each treatment was repeated six times (n = 48).

On July 31st, eight seeds were sown in each 1.5 | pots. In monocultures, eight seeds of L. multiflorum of the corresponding endophytic status
were sown, while in mixture treatments, four seeds of T. repens and four seeds of L. multiflorum of the corresponding endophytic status were
sown. After two weeks, some plants were removed so as only four plants were retained in each pot (two of each species in mixture pots). The
pots were kept in greenhouse and watered daily until September 20th, when they were harvested. Shoots were cut at the soil surface and the
roots were washed carefully. The number of active nodules in T. repens roots was visually assessed by checking for pink coloration. Small root
samples from T. repens and L. multiflorum were cleared and stained with Tryphan Blue. Then, they were observed under an optical microscope
at x200 magnification to identify AMF structures such as hyphae, arbuscules and vesicles (Phillips and Hayman 1970), which were detected in
plants grown in AM + soils, but not in those grown in AM- soils. All shoots and the remaining roots were oven dried at 70°C for 48 h, and their
dry weight was recorded. Ground dried tissues were then analyzed for C, N and P concentration.

To assess plant and symbiont fitness, we installed additional AM- and AM + pots, with E- or E + grass plants in mixture with rhizobia inoculated
legume plants including the same plant density. These pots, resembling mixture treatments, were repeated six times (n = 24). Pots were kept
until December 18th, when grass plants were senesced. We measured L. multiflorum seed production, the endophytic status of those seeds to
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estimating plant-to-seed endophyte transmission efficiency and the number of endophyte-associated seeds produced by E + plants (i.e.
endophyte fitness), and T. repens flower production. For this, we collected spikes or inflorescences from L. multiflorum and T. repens plants,
respectively. Each grass spike was kept in an individual bag, and then, each spike was threshed, and the number of full seeds was counted and
weighted. From a subsample of ten seeds per spike, we estimated plant-to-seed endophyte transmission efficiency (see Symbionts
measurements below). Inflorescences of T. repens were also counted and weighted. To estimate AMF and rhizobia fitness we measured soil
abundance of AMF spores and rhizobia in a subsample of 150 g (wet weight) of the sieved soil (see Symbionts measurements below).

Substrate and biological material

We obtained endophyte-free and endophyte-associated L. multiflorum seeds following the methods previously employed in other studies (e.g.
Omacini et al. 2006, Garcia-Parisi et al. 2015, 2017). Briefly, one year prior to the experiment, we collected seeds from an old-field Pampean
grassland (34°060S, 60°250W) dominated by a L. multiflorum population with =~ 95% endophytic association. Half of the collected seeds were
treated with triadimenol fungicide (0.5 g per 100 g seeds) to eliminate the endophyte. Fungicide-treated and untreated seeds were cultivated in
1 m? plots, and the seeds produced by those plants were harvested and used in the experiment as E- and E + seeds, respectively. Endophyte
presence in the seeds was evaluated through microscopic observation of 30 seeds collected from each plot, and stained with bengal rose
(Bacon and White 1994). Results showed that about 95% of the E + seeds had the endophyte present, while no endophyte was observed in any
of the E- seeds.

The AMF inoculum was composed of a mixture of internal and external hyphae and spores (32 + 3.4 spores/g) of three fungal species known
to colonize grasses and clovers: Funneliformis mosseae, Simiglomus hoi and Rhizophagus irregularis (as in Garcia-Parisi et al. 2017). The
inoculum was obtained by multiplying pure cultures of each fungus in plants of Plantago lanceolata L., Lotus tenuis L., and Bromus unioloides
HBK, which were grown together in pots with sterile perlite and vermiculite. Plants received distilled water during the first week, followed by a
modified Hoagland’s solution (0.02 mM P, as in Garcia-Parisi et al. 2017) afterwards. Watering was interrupted once the plants showed > 60%
root length colonization by AMF. Therefore, the inoculum consisted of the substrate, plant roots, and spores present in the pots. Additional
pots were sown with the same plant species that grew under the same conditions but without AMF to obtain an inoculum control for AM-
treatments in the experimental pots. Rhizobia were inoculated into 7. repens plants in the mixture pots using a liquid commercial product

(Ribol, Rizobacter Argentina S.A., Pergamino, Argentina) that exclusively contained Rhizobium leguminosarum bv. trifolii (> 10° bateria.ml™ ).

The experimental pots were filled with a mixture of sterile soil and sand (1:1, total C: 11.8 mg.g - 1, total N: 0.93 mg.g - 1, extractable P : 22.8
mg.g~"). The soil was taken from the top 10 cm of a Mollisol, whose plant community was a dominated by exotic dicots, without presence of
L. multiflorum or T. repens. Moreover, to reduce the amount AMF propagules the soil was sterilized by autoclaving at a pressure of 1013 hPa

and a temperature of 100°C for 1 hour, thrice with a 24-hour interval between cycles (i.e. tindalization).

Carbon, nitrogen and phosphorous acquisition

Carbon (C), nitrogen (N), and phosphorus (P) acquisition (g.pot™ ') were estimated based on each element content in plant biomass,
calculated as the product of the element concentration (%) and biomass (g.pot™ ') divided by 100. For the elements analysis, dried material of
the shoot and root samples was ground to a fine powder in a ball mill. Tissue C and N concentration (%C and %N) and N isotopic composition
(6"°N) were determined on aliquots of 0.7 + 0.05 mg dry mass weighed into tin cups (IVA Analysetechnik, Meerbusch, Germany), combusted in
an elemental analyser (NA1110, Carlo Erba Instruments, Milan, Italy) interfaced to a continuous-flow isotope ratio mass spectrometer (IRMS,
Delta Plus, Finnigan MAT, Bremen, Germany). Samples were measured against a working gas standard previously calibrated against a
secondary isotope standard. A laboratory standard (wheat flour) was run after every 10 samples to estimate the precision of the isotope
analyses (+ 0.14%o s.d.).

P concentration (% of d wt) was determined on 10—20 mg of shoot and root samples by a modified phosphovanado-molybdate colorimetric
method following acid digestion (Hanson 1950). P content (g.plant™ ') was calculated as P concentration (%) * aboveground biomass
(g.plant™ ") divided by 100. Finally, N:P ratio was calculated to evaluate nutrient limitation considering that N:P ratio lower than 14 indicates N
limitation and N:P ratio higher than 16 indicates P limitation (Koerselman and Meuleman 1996). Also, the N and P content (mg.pot™ ) were
divided into C content (mg.pot™ ) to obtain nutrient concentration on a C basis (mg.g™ ' C)

Isotopic composition of N in tissues (8'°N) was used to evaluate the contribution of different N sources. In monocultures pots, all the N

content (g N. pot™ ') in the grass tissues was acquired solely from the soil. However, in mixtures with the legume, N can be acquired either
from the soil or from the legume via the transfer of biologically fixed N (N derived from biological fixation: Nbf). To estimate the contribution of

soil N uptake and biologically fixed N transfer from the legume to the grass N acquisition/content, we employed the '°N natural abundance
technique. This technique is based on the difference in the N isotopic composition [6°N (%o) = ("*N/"Nsample)/(">N/"*Ngizngarg) = 1) X 1000]
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of atmospheric N and N derived from soil organic matter (Hogberg 1997). The percentage of the total N content on the grass that was
acquired through transferences from the legume (%Nbf) was estimated as:

%Nbf= (61 5Nplant monoculture 615Nplant mixture) / (61 5Nplant monoculture — B) x 100 (4)

where 8Nyt mixture iS the 8'°N of the sample of L. multiflorum growing in mixture with T. repens, B is the §'°N of a plant whose N supply
depends completely on atmospheric fixation, and &'*Nyjant monoculture iS the 8'°N of a L. muitiflorum plant that whose supply depends
completely on uptake of soil N (i.e. growing in monoculture with other grasses).

The value of B was measured in additional T. repens plants inoculated with rhizobia, and grown in a perlite/vermiculite substrate watered with
a modified Hoagland's solution containing no N. The values of 615Np|ant monoculture WEre measured in a set of E- or E + L. multiflorum plants
cultivated in the monocultures, either inoculated or not with AMF. B values (mean + SEM) were 2.1 + 0.49%o in mycorrhizal plants and 2.71 =
0.68%o in non-mycorrhizal plants. Values of 615Np|ant monoculture Were 11.07 £ 0.23%o in mycorrhizal plants and 10.71 £ 0.42%o in non-
mycorrhizal plants.

The contribution of soil N uptake and N derived from biologically fixation and afterwards transferred (Nbf) were calculated as:
Nbf (g.pot™ ") = N content (g.pot™ ") * %Nbf / 100 (5)

Soil N uptake (g.pot™") = N content (g.pot™ ") * (100 — %Nbf) / 100 (6)
Symbionts measurements

Endophyte fitness was estimated as the number of endophyte-associated seeds produced by E + plants and plant-to-seed transmission. Ten
seeds from each spike were stained with bengal rose and examined under a microscope to estimate the transmission efficiency of each spike
(Bacon and White 1994; Garcia-Parisi et al. 2012). The number of endophyte-associated seeds produced by E + plants of each extra pot was
calculated by adding the transmission efficiency of each spike multiplied by the number of seeds of the corresponding spike. Endophyte plant-
to-seed transmission efficiency at pot level was obtaining by dividing the result by the total number of seeds in the pot. AMF fitness was
estimated as the spore density remaining in the soil at the end of the experiment in the extra pots. For spore density estimation, a 50 g sub-
sample of air-dried soil was wet-sieved and decanted according to the Gerdemann and Nicolson (1963) method, and the supernatant was
centrifuged in a sucrose gradient following the Walker et al. (1982) protocol. Only non-empty spores were counted under a stereomicroscope.
The total spore count in each sample was corrected for moisture content to express the value per gram of dry soil.

Rhizobia fitness was estimated as the rhizobia density remaining in the soil at the end of the experiment in the extra pots. To estimate this, we
determined the most probable number (MPN) of soil rhizobia capable of nodulating 7. repens in soil samples. For this, five serial ten-fold soil
dilutions with four repetitions each were prepared according to the method described by Somasegaran and Hoben (1985), using 10 g of soil in
90 ml of physiological solution for the first dilution step. Test plants were grown under sterile conditions and inoculated with a 0.2 ml aliquot
of the corresponding dilution. These plants were kept in sterile growing chambers supplied with an adequate volume of a sterile N-free nutrient
solution. After 21 days of inoculation, plants were scored for nodulation. A plant with at least one functional nodule (determined by a pink
color) was considered "positive,” while a plant without nodules was considered "negative." The MPN of rhizobia was determined based on the
number of positive and negative plants in the serial dilutions (Somasegaran and Hoben 1985). To ensure accuracy, four control plants were
inoculated with the physiological solution used to prepare the dilutions, and all resulted in negative nodulation scores. The MPN of rhizobia
was adjusted for soil moisture content to express it per gram of dry soil.

Statistical Analyses

Analyses were performed with linear mixed effect models with the package n/ime (Pinheiro et al. 2023) using statistical software R (R Core
Team 2023). For L. multiflorum plants, total C acquisition per pot (gC.pot™ "), shoot:root ratio, N concentration in shoot and root (mg N.g™ ' C),

P concentration in shoot and root (mg P.g™" C), N:P ratio, total N content (mg.pot™ "), and total P content (mg.pot™ ') were analyzed with g/s
models (nlme) including the neighboring plant identity, endophytic status of L multiflorum plants and AMF inoculation as fixed factors. From
mixture pots, L. multiflorum Nbf and Nsoil in shoot, root and total (% and mg.pot™ "), T. repens total C acquisition (g C.pot™ ), Nbf, Nsoil (mg
N.pot™ "), and seed production (number.pot™') of L. multiflorum plants, T. repens flower biomass (g.pot™ ") and rhizobia density
(log(bacteria.g™ 'soil) were analyzed with g/s models (nlme) including endophytic status of L. multiflorum plants and AMF inoculation as fixed
factors. The spore density (number.g™" dry soil) in soils of AMF-inoculated mixture pots included only endophytic status of L. multiflorum
plants, while plant-to-seed endophyte transmission efficiency on endophyte-associated plants growing in mixtures included only AM-
inoculation as fixed factors.
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Normality and homogeneity of variances were evaluated with shapiro.test and leveneTest. When necessary, the varFunc = varldent function
was used to stratify the variances within the levels of a factor (Pinheiro and Bates 2009). The estimates produced by g/s allowed modelling the
variances and the correlation of errors within each group (factors levels) for the fixed effects models (Pinheiro and Bates 2009). Number of
seeds (discrete counting data) and transmission efficiency were analyzed with g/s models including the specification of data distribution
(Poisson distribution and binomial distribution). Overdispersion in each model was analytically evaluated. The significance of the fixed factors
of each model were assessed through likelihood ratio test (LRT) with the function Anova(). When the interaction between factors was
significant, pairwise test was performed using estimated marginal means (EMMs, also known as least-squares means) with the function
emmeans() (package emmeans; Lenth 2024).

Results
Host plant growth and nutrient acquisition

We found an interactive effect between AMF inoculation and neighboring plant identity on L. multiflorum growth in terms of C acquisition
(Table 1). In monocultures, AMF inoculation decreased total C acquisition (g C.pot™ ") by approximately 23%. Conversely, in grass-legume
mixtures, AMF inoculation resulted in a 10% increase in total C acquisition. Notably, the total C acquired by the two L. multiflorum plants in
AMF-inoculated mixture pots did not differ from the total C acquired by the four L. multiflorum plants in AMF-inoculated monoculture pots.
(Fig. 1; Table 1). Endophyte status did not affect C acquisition, and no interaction was detected either with AMF inoculation or neighboring
plant identity. When shoot and root were analyzed separately, C allocated to shoot resembled total C acquisition, while C allocated to root was
slightly increased in monocultures, irrespective of endophyte status or AMF inoculation (Appendix S1: Table S2). In T. repens plants, C
acquisition and allocation to shoot or root (g C.pot™ ') were unaffected by the AMF-inoculation or endophyte status of the grass (Fig. 1A,
Table 1, S2).
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Table 1
Statistical Analysis

Lolium
multiflorum
Source of Total C Shoot:Root N conc. in N conc.in P conc. P conc. N:P Total N Total P content
Variation acquisition  ratio shoots root in in root ratio content  (mgp pot™ 1)
(gC. pot™ 1) (mgN.g™'  (mgN.g™' shoots  (mgpg- (mgN.
C) C) (mgPg™ 10 pot™ ')
1 C)
;Endophyte (E 0.8526 3.2 0.0 0.1 0.4 1.2 0.0 1.53 1.90
?/Iy)corrhiza 4.0068 0.1 0.0 0.6 0.2 0.5 1.1 4.56* 1.34
M
E\le)ighborhood 8.78* 5.6* 3.0 7.2% 5.8 0.1 0.9 3.29# 18.0%**
N
ExM 1.6261 0.6 1.2 0.9 0.2 0.0 1.5 0.30 1.28
ExN 2.3764 0.3 0.0 0.4 1.7 1.0 1.3 0.04 3.69#
MxN 4.32* 0.0 0.1 0.8 0.3 0.6 0.0 4.35* 6.3*
ExMxN 0.9022 0.0 0.4 0.5 1.3 0.1 2.3 0.25 0.96
Lolium Trifolium Rhiozbia
multfilorum repens
Nbf Soil N Seed Total C Soil N Nbf Total P Flower Density
(mgN.pot- uptake production  aquisition  uptake (mg.pot- content  biomass  (log(bacteria).g-
1 (mgN.pot- (num.pot-  (gC. pot- (mg.pot) 1) (mg.pot-  (g. pot- 1 Soil)
7 1) ) 1 )
E 0.1 0.8 22, 7%** 0.15 1.67 0.02 0.21 9.80** 0.57
M 4.87*% 4.05*% 3.86* 0.25 0.18 0.01 0.00 0.02 7.28%*
ExM 0.2 1.1 5.68* 0.00 0.77 0.11 1.90 4.96* 2.24

Chi-squared (x2) values from statistical analyses of response variables as affected by the fixed factors of g/s models and interactions:
neighboring plant identity (N), endophytic status of L multiflorum plants and AMF inoculation as fixed factors. Data from mixture pots
included only endophytic status of L. multiflorum plants (E) and AMF inoculation (M) as fixed factors, and interactions. *P < 0.05; **P <
0.01; ***P < 0.001

L. multiflorum plants grown in monocultures showed lower nitrogen (N) concentration (mg N.g™" C) in roots and higher phosphorous (P)
concentration (mg P.g™" C) in shoots compared to those grown in mixture with legumes (Table 1, Appendix S1: Table S1). N:P ratios were
about 3.5 and were unaffected by the treatments (Table 1). Total N and P acquisition in L. multiflorum (mg.pot™ ') was interactively affected by
the neighbor identity and the AMF inoculation: in monocultures AMF inoculation decreased N and P uptake, while in mixtures, AMF inoculation
increased N but did not affect P uptake (Fig. 1B-C, Table 1).

Two sources contributed to the N content in the tissues of L. multiflorum plants: N uptake from the soil and N transfer from the legume
fixation (Nbf). Plants inoculated with AMF exhibited more than a two fold increase in the proportion of N in their tissues derived from transfer
(Table 1, Fig. 1B) and enhanced the amount of N obtained from soil uptake by approximately 17%. Total N fixation (mg.pot™ ), which includes
de Nbf in grass and legume tissues, was not affected by the AMF-inoculation and endophyte association level (Fig. 1B, Table 1, Appendix S1:
Table S2). Neither N or P acquisition in 7. repens were affected by endophyte association level of L. multiflorum plants or AMF-inoculation
(Fig. 1B-C, Table 1).

Grass, legume and symbiont fitness

Both L. multiflorum and T. repens fitness were interactively affected by endophyte association level and AMF inoculation, and in both cases,
AMF-inoculation erases an endophyte effect (Table 1; Fig. 2A-B). Seed production of endophyte-associated plants was 80% lower than
endophyte-free plants without AMF inoculation (Fig. 2A). AMF-inoculation reduce seed production by 43% only in endophyte-free plants.
Indeed, the greatest seed production was observed in endophyte free plants without AMF inoculation. Flower biomass of T. repens was
increased by E + grass plants only in pots without AMF inoculation (Fig. 2B).
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The spore density (number.g =" dry soil) remaining in the soil at the end of the reproductive stage was doubled in pots with E + L. multiflorum
plants (X?; = 44.7, P < 0.01, Fig. 3A). However, AMF inoculation slightly reduced the plant-to-seed endophyte transmission efficiency (from

100-94%, X?; = 14.7, P < 0.01) but did not affect the number of endophyte-associated seeds produced by E + plants (Fig. 3B). AMF inoculation
also reduced the rhizobia density in the soil at the end of the growing cycle, which was not affected by the endophyte association level of the
grass (Table 1, Fig. 3C).

Discussion

Here, we studied the interplay of organisms growing in multi-symbiotic systems in which the two typical benefits that fungal symbionts bring
about were restricted, in order to force the observation of emerging effects provided by multifunctionality. According to our hypothesis, the
presence of a legume-rhizobia symbiosis changes the outcome of the cooccurrence of AMF and the fungal Epichloid endophyte within the
host grass. First, in monocultures AMF reduced grass growth and nutrition. However, in mixtures with legumes, AMF increased growth of both
endophyte-free plants and endophyte associated plants. Specifically, in mixtures, AMF increased not only soil N uptake but also the amount of
biologically fixed nitrogen transferred from the legume to the grass. Secondly, symbionts effects on growth or nutrition did not translate into
plant or symbiont fitness. Endophyte was unable to improve host growth or nutrition and decreased host fitness, as indicated by a decrease in
seed number. Furthermore, despite the benefits of AMF-inoculation, it reduced plant fitness. Finally, only AMF fitness, in terms of spore
production, was increased by the endophyte presence in the grass, without reducing the number of endophyte-associated seeds produced. As
far as we know, this is the first time that the fitness of several symbionts is evaluated comprehensively.

Symbiont effects on grass growth and nutrition

The presence of a legume in symbiosis with rhizobia in the grass neighborhood relaxes nitrogen competition and allows for the emergence of
a new benefit from mycorrhizal fungi: the enhancement of biologically fixed N transfer to the host grass. The environment in grass-legume
mixtures is less N-limited compared to grass monocultures since legumes are less competitive than grasses for soil nutrients (Haynes 1980).
However, legume-rhizobia presence not only reduce N competition between grass plants, but also can facilitate neighboring plants through
increasing N availability due to biological fixation (Nyfeler et al. 2011). In our case the presence of the legume-rhizobia symbiosis allowed AMF
to increase N uptake from soil and the transfer of biologically fixed N to the grass. Instead, in grass monocultures we observed a reduction in
nitrogen acquisition due to AMF inoculation. Although the N uptake through mycorrhizal hyphae has been previously demonstrated
(Govindarajulu et al. 2005; Leigh et al. 2009), further research is needed to unravel why AMF was unable to increase N acquisition in
monocultures. In this sense, it is critical to determine whether the mycorrhizal hyphae obtain N from different soil sources (e.g. organic forms),
and the underlaying mechanisms related to N transfer (e.g. AMF increasing N release from the legume and subsequent uptake by the grass, or
active hyphal uptake of N-rich exudates of legume roots (He et al. 2003; Selosse et al. 2006).

The outcome of multiple symbionts coexisting within a host depends on their ability to provide complementary benefits within the given
environmental context: either symbionts offer different resources or access to different sources of a given resource (Magnoli and Bever 2023).
Since herbivores and pathogens were absent, and the soil was not P limited, the limiting factor for plant growth was N acquisition. In this
study, the simultaneous presence of the fungal symbionts did not have an interactive effect on plant growth since only AMF was able to
provide the limiting nutrient. These results align with earlier studies on the coexistence of endophytes and AMF in grasses under varying
nutritional context, where no synergic effects were detected (Liu et al. 2011; Zhou et al. 2016). Similar to our monocultures, a reduction in
grass growth when inoculated with the AMF R. irregularis was found in endophyte associated L. perenne individual plants, in both low and high
P availability (Liu et al. 2011). A negative effect was also observed in endophyte free Achnatherum sibiricum plants when inoculated with the
AMF F. mosseae, under sufficient N and P availability, but not under low N availability or in endophyte associated plants (Zhou et al. 2016).
However, the same study observed an increase in shoot biomass when inoculated with the AMF Glomus etunicatum, irrespective of endophyte
association or N and P availability. In addition to the differences in plant species, AMF genotypes and experimental conditions, N source
should be also considered in further studies.

Growth and fitness

Symbionts effects on plant growth did not translate into plant or symbiont fitness. In grass-legume mixtures, AMF increased plant growth but
reduced grass seed production. In the absence of AMF, endophyte presence did not affect host growth under any condition, but it was
extremely costly in terms of seed production. Indeed, the highest seed production occurred in conditions without either endophyte or AMF.
Remarkably, these results suggest that the benefits in terms of plant growth were captured by the symbionts. The endophyte exhibited high
transmission rates (> 90%), although slightly reduced by AMF inoculation, while its fitness, measured by the number of endophyte-associated
seeds produced (Gundel et al. 2008), remains unaffected. These results suggest that there are no control mechanisms or sanctions against
the endophyte when a clear mutualistic outcome is absent, indicating lack of regulatory mechanisms in such scenarios (Gundel et al. 2008;
Davitt et al. 2011; Garcia-Parisi et al. 2012). Conversely, the production of AMF spores was higher in pots with endophytic plants compared to
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those with non-endophytic plants, despite neither type of host experiencing an increase in fitness due to the presence of AMF. These results
are consistent with previous findings in monocultures, where the presence of the endophyte increased spore density (Garcia-Parisi et al.
2017).

There are several hypotheses about the mechanisms that stabilize symbioses and their mutualistic nature. According to the Biological Market
Hypothesis, the most common scenario is where a cooperative AMF are rewarded with C when they provide P to the plant which in turn should
increase both plant and fungi fitness (Kiers et al. 2011, 2016). Similarly, endophyte-associated plants and endophyte fitness should be
increased in the presence of herbivores (Clay et al. 2005; Gundel et al. 2008). Furthermore, mechanisms such as partner choice that favor
more cooperative genotypes should also be acting as we used a multispecies AMF inoculum (Kiers et al. 2011; Garcia-Parisi and Omacini
2017). Nevertheless, symbionts multifunctionality makes necessary the consideration of others nutritional and non-nutritional factors, which
deeply altered our expectations of how plants and symbionts are rewarded or sanctioned (Denison 2000; Facelli et al. 2010; Walder and van
der Heijden 2015; Chagnon et al. 2016). In our study, we forced both endophytes and AMF symbionts to explore their multifunctionalities by
excluding herbivores and pathogens and using a substrate with high P and low N content. In this context, we found emergent benefits of
arbuscular mycorrhizal fungi to endophytic grasses, which was only enabled and mediated by rhizobia in grass-legume systems. Thus, our
results reinforces the importance of analyzing the understanding of plant—symbiont stabilizing mechanisms into a multifunctional framework
and with the presence of many symbionts (Larimer et al. 2010; Garcia-Parisi et al. 2015; Banerjee and van der Heijden 2023b).

Concluding remarks

The simultaneous presence of multiple symbionts in complex systems modulate the interactions between plants, their symbionts, and the
ecosystem functioning. Our findings support the idea that the benefits of private symbionts extended beyond the host plant itself and can
propagate throughout the symbiosphere (Omacini 2014; Walder and van der Heijden 2015; Garcia-Parisi and Omacini 2019). In previous
studies, we demonstrated the role of endophytes granting protection against herbivores (Garcia-Parisi et al. 2014, 2021) and pathogens (Pérez
et al. 2016) can extend to neighboring plants. In our current research, we show that AMF can increase nitrogen transfer, a benefit that relies on
the presence of rhizobia associated with neighboring legumes. Notably, fitness of plants and symbionts are not aligned either among them or
with the benefits provided, and the success of each host or symbiont may depend on their ability to capitalize on the benefits. In real systems,
the multifunctionality of symbioses makes challenging to delineate clear causal relationships. This is why studying this phenomenon requires
simplifying the system's complexity, as in the present study. Our findings emphasize the importance of addressing the ecological functional
traits of the plant and the core microbiome of the community, as well as the fitness of the entire holobiont, in complex, multisymbiotic
scenarios, manipulated in a way that individual interactions can be disentangled.

Declarations

Aknowledgments and declarations

We are grateful to Rudi Schaufele and Esteban Fernandez for their technical assistance. PAGP was supported by a short-term grant from the
German Academic Exchange Service (DAAD, number 57314022). The study was supported by University of Buenos Aires, grants from ANPCyT
(2020 - PICT 1559, PICT 2019 - 3065) and an international project cooperation from MINCyT (AL-1205, Argentina) - BMBF (01DN13006,
Germany).

All authors contributed to the study conception and design. Material preparation, data collection and analysis were performed by Pablo Garcia-
Parisi and Magdalena Druille. The first draft of the manuscript was written by Pablo Garcia-Parisi and all authors commented on previous
versions of the manuscript. All authors read and approved the final manuscript. Authors declare no conflict of interest.

References

1. Bacon CW, White JFJ (1994) Biotechnology of Endophytic Fungi of Grasses. CRC Press, Boca Raton, USA

2. Banerjee S, van der Heijden MGA (2023a) Soil microbiomes and one health. Nat Rev Microbiol 21:6-20. https://doi.org/10.1038/s41579-
022-00779-w

3. Banerjee S, van der Heijden MGA (2023b) Soil microbiomes and one health. Nat Rev Microbiol 21:6-20. https://doi.org/10.1038/s41579-
022-00779-w

4. Barto EK, Weidenhamer JD, Cipollini D, Rillig MC (2012) Fungal superhighways: do common mycorrhizal networks enhance below ground
communication? Trends Plant Sci 17:633-637. https://doi.org/10.1016/j.tplants.2012.06.007

5. Bastias DA, Gianoli E, Gundel PE (2021) Fungal endophytes can eliminate the plant growth—defence trade-off. New Phytol 230:2105-2113

Page 9/15



10.

11.

12.

13

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.
24.

25.

26.

27.
28.

29.

30.

. Bulgarelli D, Schlaeppi K, Spaepen S, et al (2013) Structure and Functions of the Bacterial Microbiota of Plants. Annu Rev Plant Biol

64:807-838. https://doi.org/https://doi.org/10.1146/annurev-arplant-050312-120106

. Chagnon P-L, Rineau F, Kaiser C (2016) Mycorrhizas across scales: a journey between genomics, global patterns of biodiversity and

biogeochemistry. New Phytol 209:913-916

. Clay K, Holah J, Rudgers JA (2005) Herbivores cause a rapid increase in hereditary symbiosis and alter plant community composition.

Proc Natl Acad Sci 102:12465-12470

. Clay K, Schardl CL (2002) Evolutionary Origins and Ecological Consequences of Endophyte Symbiosis with Grasses. Am Nat 160:599—

S127

Davitt AJ, Chen C, Rudgers JA (2011) Understanding context-dependency in plant-microbe symbiosis: The influence of abiotic and biotic
contexts on host fitness and the rate of symbiont transmission. Environ Exp Bot 71:137-145.
https://doi.org/10.1016/j.envexpbot.2010.11.004

Delavaux CS, Smith-Ramesh LM, Kuebbing SE (2017) Beyond nutrients: a meta-analysis of the diverse effects of arbuscular mycorrhizal
fungi on plants and soils. Ecology 98:2111-2119. https://doi.org/https://doi.org/10.1002/ecy.1892

Denison RF (2000) Legume Sanctions and the Evolution of Symbiotic Cooperation by Rhizobia. Am Nat 156:567-576

. Facelli E, Smith SE, Facelli JM, et al (2010) Underground friends or enemies: model plants help to unravel direct and indirect effects of

arbuscular mycorrhizal fungi on plant competition. New Phytol 185:1050-1061. https://doi.org/10.1111/j.1469-8137.2009.03162.x

Fiorenza JE, Fernandez PC, Omacini M (2021) Z-3-Hexenylacetate emissions induced by the endophyte Epichloé occultans at different
levels of defoliation during the host plant's life cycle. Fungal Ecol 49:101015.
https://doi.org/https://doi.org/10.1016/j.funeco.2020.101015

Garcia-Parisi PA, Casas C, Gundel PE, Omacini M (2012) Consequences of grazing on the vertical transmission of a fungal Neotyphodium
symbiont in an annual grass population. Austral Ecol 37:. https://doi.org/10.1111/j.1442-9993.2011.02325.x

Garcia-Parisi PA, Gavilan SA, Casas C, et al (2021) A fungal endophyte of an annual weed reduces host competitive ability and confers
associational protection to wheat. Basic Appl Ecol 50:16-24. https://doi.org/10.1016/J.BAAE.2020.10.001

Garcia-Parisi PA, Grimoldi AA, Omacini M (2014) Endophytic fungi of grasses protect other plants from aphid herbivory. Fungal Ecol 9:61—
64. https://doi.org/10.1016/j.funeco.2014.01.004

Garcia-Parisi PA, Lattanzi FA, Grimoldi AA, et al (2017) Three symbionts involved in interspecific plant-soil feedback: epichloid endophytes
and mycorrhizal fungi affect the performance of rhizobia-legume symbiosis. Plant Soil 412:151-162. https://doi.org/PLS0O-D-16-00874

Garcia-Parisi PA, Lattanzi FA, Grimoldi AA, Omacini M (2015) Multi-symbiotic systems: functional implications of the coexistence of grass-
endophyte and legume-rhizobia symbioses. Oikos 124:553-560. https://doi.org/10.1111/0ik.01540

Garcia-Parisi PA, Omacini M (2017) Arbuscular mycorrhizal fungi can shift plant-soil feedback of grass-endophyte symbiosis from
negative to positive. Plant Soil 419:13-23. https://doi.org/10.1007/s11104-017-3216-y

Garcia-Parisi PA, Omacini M (2019) Interactive effects of co-ocurring epichloid endophytes, rhizobia and arbusculuar mycorrizal fungi
modulating their benefits to grasses and legumes. In: Schouten A (ed) Endophyte Biotechnology: Potential in agriculture and
pharmacology. CABI, Wallingford, Oxfordshire, UK; Boston, MA, pp 109-121

Gerdemann JW, Nicolson TH (1963) Spores of mycorrhizal Endogone species extracted from soil by wet sieving and decanting. Trans Br
Mycol Soc 46:235-244. https://doi.org/10.1016/S0007-1536(63)80079-0

Govindarajulu M, Pfeffer PE, Jin H, et al (2005) Nitrogen transfer in the arbuscular mycorrhizal symbiosis. Nature 435:819-823

Grman E (2012) Plant species differ in their ability to reduce allocation to non-beneficial arbuscular mycorrhizal fungi. Ecology 93:711~
718

Gundel PE, Batista WB, Texeira M, et al (2008) Neotyphodium endophyte infection frequency in annual grass populations: relative
importance of mutualism and transmission efficiency. Proc R Soc B 275:897-905. https://doi.org/10.1098/rspb.2007.1494

Hanson WC (1950) The photometric determination of phosphorus in fertilizers using the phosphovanado-molybdate complex. J Sci Food
Agric 1:172-173. https://doi.org/10.1002/jsfa.2740010604

Haynes J (1980) Competitive aspects of the grass-legume association. 33:

He X-H, Critchley C, Bledsoe C (2003) Nitrogen transfer within and between plants through common mycorrhizal networks (CMNs). CRC
Crit Rev Plant Sci 22:531-567

Hoeksema JD, Chaudhary VB, Gehring CA, et al (2010) A meta-analysis of context-dependency in plant response to inoculation with
mycorrhizal fungi. Ecol Lett 13:394-407

Hogberg P (1997) Tansley review no. 95. "®Natural abundance in soil-plant systems. New Phytol 137:179-203.
https://doi.org/10.1046/j.1469-8137.1997.00808.x

Page 10/15



31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.
52.
53.
54.
55.
56.
57.
58.

Johnson NC, Graham JH, Smith FA (1997) Functioning of mycorrhizal associations along the mutualism-parasitism continuum*. New
Phytol 135:575-585

Kiers ET, Duhamel M, Beesetty Y, et al (2011) Reciprocal Rewards Stabilize Cooperation in the Mycorrhizal Symbiosis. Science (80-)
333:880—-882. https://doi.org/10.1126/science.1208473

Kiers ET, van der Heijden MGA (2006) Mutualistic stability in the arbuscular mycorrhizal symbiosis: exploring hypothesis of evolutionary
cooperation. Ecology 87:1627-1636

Kiers ET, West SA, Wyatt GAK, et al (2016) Misconceptions on the application of biological market theory to the mycorrhizal symbiosis.
Nat Plants 2:1-2

Koerselman W, Meuleman AFM (1996) The vegetation N: P ratio: a new tool to detect the nature of nutrient limitation. J Appl Ecol 1441-
1450

Larimer AL, Bever JD, Clay K (2012) Consequences of simultaneous interactions of fungal endophytes and arbuscular mycorrhizal fungi
with a shared host grass. Oikos 121:2090-2096. https://doi.org/10.1111/j.1600-0706.2012.20153.x

Larimer AL, Bever JD, Clay K (2010) The interactive effects of plant microbial symbionts: a review and meta-analysis. Symbiosis 51:139-
148. https://doi.org/10.1007/s13199-010-0083-1

Leigh J, Hodge A, Fitter AH (2009) Arbuscular mycorrhizal fungi can transfer substantial amounts of nitrogen to their host plant from
organic material. New Phytol 181:199-207

Lenth R V. (2024) emmeans: Estimated Marginal Means, aka Least-Squares Means

Liu Q, Parsons AJ, Xue H, et al (2011) Competition between foliar Neotyphodium lolii endophytes and mycorrhizal Glomus spp. fungi in
Lolium perenne depends on resource supply and host carbohydrate content. Funct Ecol 25:910-920. https://doi.org/10.1111/j.1365-
2435.2011.01853.x

Mack KML, Rudgers JA (2008) Balancing multiple mutualists: asymmetric interactions among plants, arbuscular mycorrhizal fungi, and
fungal endophytes. Oikos 117:310-320. https://doi.org/10.1111/j.2007.0030-1299.15973.x

Magnoli SM, Bever JD (2023) Plant productivity response to inter-and intra-symbiont diversity: Mechanisms, manifestations and meta-
analyses. Ecol Lett 26:1614-1628

Malinowski DAP, Belesky DP (2000) Adaptations of endophyte-infected cool-season grasses to environmental stresses: Mechanisms of
drought and mineral stress tolerance. Crop Sci 40:923-940. https://doi.org/doi:10.2135/cropsci2000.404923x

Manzur ME, Garello FA, Omacini M, et al (2022) Endophytic fungi and drought tolerance: ecophysiological adjustment in shoot and root of
an annual mesophytic host grass. Funct Plant Biol 49:272-282

Newsham KK, Fitter AH, Watkinson AR (1995) Multi-functionality and biodiversity in arbuscular mycorrhizas. Oikos 10:407-411

Nyfeler D, Huguenin-Elie O, Suter M, et al (2011) Grass-legume mixtures can yield more nitrogen than legume pure stands due to mutual
stimulation of nitrogen uptake from symbiotic and non-symbiotic sources. Agric Ecosyst Environ 140:155-163.
https://doi.org/10.1016/j.agee.2010.11.022

Omacini M (2014) Asexual endophytes of grasses: invisible symbionts, visible imprints in the host neigbourhood. In: Verma VC, Gange AC
(eds) Advances in endophytic research. Springer-Verlag, pp 143-157

Omacini M, Eggers T, Bonkowski M, et al (2006) Leaf endophytes affect mycorrhizal status and growth of co-infected and neighbouring
plants. Funct Ecol 20:226—-232. https://doi.org/10.1111/j.1365-2435.2006.01099.x

Pérez LI, Gundel PE, Omacini M (2016) Can the defensive mutualism between grasses and fungal endophytes protect non-symbiotic
neighbours from soil pathogens? Plant Soil 405:289-298. https://doi.org/10.1007/s11104-015-2568-4

Phillips JM, Hayman DS (1970) Improved procedures for clearing roots and staining parasitic and vesicular-arbuscular mycorrhizal fungi
for rapid assessment of infection. Trans Br Mycol Soc 55:158-163

Pinheiro JC, Bates D, R Core Team (2023) nlme: Linear and nonlinear Mixed Models Effects

Pinheiro JC, Bates DM (2009) Mixed-Effects Models in S and S-PLUS. Springer, NewYork, USA

Pozo MJ, Azcon-Aguilar C (2007) Unraveling mycorrhiza-induced resistance. Curr Opin Plant Biol 10:393-398

R Core Team (2023) R: A Language and Environment for Statistical Computing

Selosse MA, Richard F, He X, Simard SW (2006) Mycorrhizal networks: des liaisons dangereuses? Trends Ecol Evol 21:621-628
Smith, Read DJ (1997) Mycorrhizal Symbiosis, 2nd edn. Academic Press, Inc., London, UK

Somasegaran P, Hoben HJ (1985) Methods in legume-Rhizobium technology. NifTAL, University of Hawaii, Maui, USA

Vandenkoornhuyse P, Quaiser A, Duhamel M, et al (2015) The importance of the microbiome of the plant holobiont. New Phytol 206:1196—
1206. https://doi.org/10.1111/NPH.13312

Page 11/15



59. Vignale MV, lannone LJ, Pinget AD, et al (2016) Effect of epichloid endophytes and soil fertilization on arbuscular mycorrhizal colonization
of a wild grass. Plant Soil 405:279-287. https://doi.org/10.1007/s11104-015-2522-5

60. Walder F, van der Heijden MGA (2015) Regulation of resource exchange in the arbuscular mycorrhizal symbiosis. Nat Plants 1:15159.
https://doi.org/10.1038/nplants.2015.159

61. Walker C, Mize C, McNabb Jr H (1982) Populations of endogonaceous fungi at two locations in central lowa. Can J Bot 60:2518-2529

62. Zhou Y, Li X, Gao Y, et al (2018) Plant endophytes and arbuscular mycorrhizal fungi alter plant competition. Funct Ecol 32:1168-1179.
https://doi.org/10.1111/1365-2435.13084

63. Zhou Y, Li X, Qin J, et al (2016) Effects of simultaneous infections of endophytic fungi and arbuscular mycorrhizal fungi on the growth of
their shared host grass Achnatherum sibiricum under varying N and P supply. Fungal Ecol 20:56-65.
https://doi.org/http://dx.doi.org/10.1016/j.funeco.2015.11.004

Appendix S1

Appendix S1 is not available with this version

Figures

Page 12/15



A) L. multiflorum T. repens
3
- A BC (o} B ns | ™% Shoot
" T T I Bl Root
o
Q
O 2 -
2
C
9
2 L
o
(&)
@©
(@)
0- L
B)
100
— ] Source
8 ] [
> : : Bl Nbf
g - mm Soil N Uptake
= 50 -
S ]
_"@' J
2 ]
= ]
0 .
o ]
z ]
0_
C)
30
< A B B B ns
5 —_ .
e
S 20 i
E
C
ie)
2 10— -
>
(o
(&)
©
o
O_
E- E+E E+E E+E B+ E E+ E- E+
AVE  AV+  AM- AMH AM- A+
Grass Grass-legume mixture
Monoculture
Figure 1

Carbon (C), Nitrogen (N), and Phosphorus (P) acquisition in Lolium mutiflorum monocultures and Trifolium repens-Lolium mutiflorum
mixtures. The figure presents data on C allocated to shoot and root tissues (gC.pot-1, Panel A), N acquisition (mg.pot-1) from soil and
biological fixation (Nbf, Panel B), and P acquisition from soil (mgP.pot-1, Panel C). Lolium mutiflorum plants were either endophyte-free (E-) or
endophyte-associated (E+), while Trifolium repensplants were all rhizobia inoculated. Both grass monocultures or grass-legume mixtures were
grown in pots either inoculated with arbuscular mycorrhizal fungi (AM+) or not inoculated (AM-). Each monoculture pot had four L. mutiflorum,
while each mixture pot had two L. mutiflorum plants and two T. repensplants. In Panel A, bars with the same letters do not significantly differ
in total C acquisition of L. mutiflorum plants according to EMMs test (p<0.05). In Panel B, bars with the same letters do not significantly differ
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in total N, BFN transfer, or soil N uptake in L. mutiflorum plants according to EMMs test (p<0.05). In Panel C, bars with the same letters do not
differ significantly according to EMMs test (p<0.05). No significant (ns) effect was observed in T. repens plants for any variable.
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Figure 2

Plant Fitness. A) Seed production (number.pot-1) of Lolium mutiflorum, and B) flower biomass (g.pot™) of Trifolium repens plants and growing
together. L. mutiflorum plants were either endophyte associated or endophyte free plants (E+ or E-, respectively), while pots were either
inoculated or not with arbuscular mycorrhizal fungi (AM+ or AM-, respectively). When those factors or interactions were significant, it is
indicated on the right side of the plot (*p<0.05, and **p<0.01). Means followed by the same letter do not differ significantly according EMMs

test (p<0.05).
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Figure 3

Symbionts fitness. A) Spore density (number. g of dry soil) in AMF inoculated plots after the growing season of endophyte associated (E+) or
endophyte free (E-) L. mutiflorum in mixtures with rhizobia inoculated T. repens. B) Endophyte-associated seeds produced by E+ L. mutiflorum
plants after the growing season of the host in mixtures with rhizobia inoculated 7. repens plants in AMF inoculated (AM+) or not inoculated
(AM-) pots. C) Rhizobia density (number. g of soil) in AMF inoculated (AM+) or not inoculated (AM-) pots after the growing season of
endophyte associated (E+) or endophyte free (E-) L. mutiflorum plants in mixtures with rhizobia inoculated T. repens. When the factors were
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significant, it is indicated at the right of the graph (**p<0.01, and ***p<0.001). Means followed by the same letter do not differ significantly
according EMMs test (p<0.05).
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