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Abstract

Understanding the impact of microbial interactions on plantsis critical for maintaining healthy
native ecosystems and sustainable agricultural practices. Despite the reality that genetically
distinct plants host multiple microbes-of-large effect in the field, it remains unclear the extent to
which host genotypes modul ate non-additive microbial interactions and how these interactions
differ between benign/pathogenic environments. Our study fills this gap by performing alarge-
scale mani pulative microbiome experiment across 7 genotypes of the model legume Medicago
truncatula. We combine plant performance metrics, survival analyses, predictive modeling, RNA
extractions, and targeted gene expression to assess how host genotype and microbes non-
additively interact to shape plant growth and disease ecology. Our results reveal three important
findings: (1) host genotypes with high tolerance to pathogens benefit more from multiple
mutualist interactions than susceptible genotypes, (2) mutualists confer the same non-additive
plant performance benefits in both benign and pathogenic environments, and (3) the quality of
the symbiotic relationship with mutualistsis a strong predictor of host survival against
pathogenic disease. By applying these findings towards developing crops that promote
synergistic microbial interactions, yields and pathogen defense could be simultaneously

increased while reducing the need for toxic fertilizers and pesticides.
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I ntroduction

Plant pathogens are a devastating threat to both native and agro- ecosystems and have become
increasingly prominent due to the exacerbated climate pressures and globalization of commerce
and travel within the Anthropocene (Anderson et al. 2004, Raffaet al. 2023, Singh et al. 2023,
Strange and Scott 2005). Over the last decade, pathogenic fungi have nearly extirpated whole
families of once common forest trees including Laurels (Choudhury et al. 2021), Beeches(Boyd
et al. 2013), and ElIms(Boyd et al. 2013); and pathogens alone have caused up to 40% yield
reduction and over $200 billion USD lossesin major agricultural crops(Savary et al. 2019).
Routine management practices include the application of chemicals, such as bactericides and
fungicides(Sundin et al. 2016, Zubrod et al. 2019). These practices are not sustainable as they
have not only led to unintended consequences, such as polluting waterways with toxic chemicals
(De Souza et al. 2020), but are also costly given that reliance on chemicals requiresinvesting in a
perpetual arms race with pathogens that often become resistant (Cycon, Mrozik, and Piotrowska-
Seget 2019, Sundin et al. 2016). Alternative strategies proposed include the manipulation of
microbiomes and host-associated microbial mutualists to promote plant health and prime plant
immune responses (Poudel et al. 2016, Trivedi et al. 2020), aswell as the targeted genetic
modification of plantsto increase their resistance to pathogens(Dong and Ronald 2019, Esse,
Reuber, and Does 2020).

Beneficial microbes are important hidden players of disease ecology as they can alter all three
cornerstones of the classic disease triangle modd: 1) virulence of the pathogen, 2) susceptibility
of the host, and 3) conduciveness of the environment (Leveau 2024, McNew 1960). First,
beneficial microbes can decrease pathogen virulence by secreting antimicrobial compounds that
inhibit pathogen survival (Chen et a. 2009), outcompete pathogens for limited resources (Kinkel
et al. 2012), and physically block access to the host (Sassone-Corsi 2015, Vigo, Norman, and
Hooker 2000). Second, mutualists can make hosts more robust against pathogen invasion by
increasing host nutrition, growth, and overall health (Dordas 2008, Karagiannidis, Bletsos, and
Stavropoulos 2002, Rahman et al. 2018), and by stimulating biochemical changes associated
with host defense mechanisms that prime the host immune system (Pozo et al. 2002). Third,
beneficial microbes can also change the environment making it less conducive to pathogen
invasion, by modifying abiotic soil conditions like pH and water retention (Philippot et al. 2024)
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or by recruiting a community of microbiota “unfavorable’ to the pathogen (Hoge 2000). This
research has been an integral foundation for identifying major pathways through which microbes
individually mitigate pathogen stress. However, in the complex reality of plant disease ecology,
plants are impacted by a variety of key symbiontsthat can switch from being beneficial to
detrimental depending on their non-additive interactions with other microbes (Afkhami, Rudgers,
and Stachowicz 2014, Afkhami et al. 2020).

Non-additive effects of microbes on the performance of hosts are ubiquitous(Almeida, Tran, and
Afkhami 2024, Baichman-Kass, Song, and Friedman 2023) and cannot be predicted based on
single microbe studies alone. Non-additive effects can range from synergism (i.e. joint effect on
host performance is greater than additive summation of individual microbial effects) to
antagonism (i.e. joint effect on host performance is less than additive summation). A recent
meta-analysis suggests that plants generally benefit from co-inoculation of multiple mutualists,
but that plant biomass can range from being twice as small to over threetimes aslarge as
uninoculated plants depending on factors including plant age and phenology (Kasanke et al.
2024). Another plant attribute that impacts multiple mutualist interactions is genotype. Distinct
plant genotypes can interact with microbes differentially due to variation in root exudates (Sasse,
Martinoia, and Northern, 2018) and plant cell wall surface receptors(Bulgarelli et a. 2013).
Despite this, most studies utilize only one genotype in their experimental design and rarely
guantify population-level variation (Franklin, Hockey, and Maherali et a. 2020), which is
thought to be one of the major contributing factors for the low efficacy of inoculation benefits
among diverse populationsin the field (Kaminsky et al. 2019, Maged, Abdul, and Heribert
2020). Therefore, it would be of value to understand the extent to which host plant genotypes
modulate non-additive microbial interactions and how these interactions impact pathogen

susceptibility or resistance.

Legumes, which are considered to be one of the most important families of plants dueto their
diverse roles in agriculture and ecosystem health and resilience, not only experience substantial
negative effects of microbial pathogens but also participate in some of the most important and
widespread microbial mutualisms on Earth (Lodwig et al. 2003, Libault et al. 2009, Tian, Kah,

and Kariman 2019). Legumes include popular foods such as the common bean, chickpess,
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94  soybeans, peanuts, and lentils that are crucial protein sources sustaining human populations
95 around theworld aswell asforage, like alfalfa and clover, that is vital to both livestock and wild
96 grazers. Thelignocellulosic biomass of discarded legume pods and hulls have also been shown
97 tobeapromising source of biofuel production (Ankita et al. 2023). Further, legumes form
98 important symbioses with arbuscular mycorrhizal fungi (AMF), which often helps hosts increase
99 nutrient and water uptake (Bisht, Sharma, and Garg 2024), and with bacterial rhizobia, which fix
100  atmospheric nitrogen into ammonium providing ~65% of the biosphere's available nitrogen
101  (Lodwig et al. 2003). Foundational insights garnered from research on the model legume
102 Maedicago truncatula (Barrel medic) have been successfully applied to the improvement and
103  management of agricultural legume crops(Gou et al. 2018, Kumar et al. 2015, Roorkiwal et al.
104 2020, Y oung and Udvardi 2009). Previously, work from our lab has found that multiple
105 mutualists act synergistically in benign environments to increase the strength of selection on
106  plant architectural traits, which emphasizes that multiple mutualists not only immediately benefit
107  host performance but aso shape legume evolutionary trgjectories (Afkhami, Friesen, and
108  Stinchcombe 2021). However, it remains unclear how multiple mutualists and plant genotype
109 interact to impact host performance and whether these interactions confer similar host
110 performance outcomes in a pathogenic environment.
111
112  Inthe current study, we aim to address these gaps by performing a large-scale manipulative
113  experiment of common multiple microbial mutualists (Rhizophagusirregularis and Ensifer
114  melioti) and a pervasive soil-borne fungal pathogen (Fusarium oxysporum) across 7 genotypes of
115 the model legume Medicago truncatula which cluster into groups that range from highly tolerant
116  to highly susceptible to pathogenic infection. We use plant performance metrics (i.e.
117  photosynthetic leaf count, branch count, and plant height), survival analyses, predictive
118 modeding, RNA extractions, and targeted gene expression to assess how multiple mutualists
119 interact with host tolerance genotype to shape the severity of pathogenic disease. Specifically,
120 wetested: (1) Do multiple mutualist non-additive effects on plant performance differ across plant
121 tolerance genotype and are these effects consistent between benign and pathogenic
122  environments?, (2) How does the interaction between plant tolerance genotype and symbiont
123  inoculation impact plant survival against pathogenic attack and can aboveground plant

124  performance metrics prior to pathogen invasion be used to predict plant survival?, and (3) How
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125  doesthe presence of a pathogen impact mutualist abundances and symbioses quality within plant
126  root tissues? Taken together, our results show non-additivity of multiple mutualistsis prevalent,
127  host genotypes with high tolerance to pathogens benefit more from multiple mutualist

128 interactionsthan susceptible genotypes, mutualists confer the same host performance outcomes
129  inboth benign and pathogenic environments, and host survival of afungal pathogen attack is
130 dependent on the quality of the symbiotic relationship with multiple mutualists. Overall, this
131  work ducidates how complex interactions between nitrogen-fixing bacteria, arbuscular

132  mycorrhizal fungi, and plant tolerance genotype shape legume disease ecology.

133

134 Materialsand Methods

135

136  Experimental design

137

138 To determine therole that host genotype plays in the frequency of non-additive interactions, we
139 selected 7 unique Medicago truncatula genotypes that cluster into three groups: high, medium,
140 and low toleranceto fungal pathogens (Table S1; Fig. 1A). These genotypes have been

141  previoudly classified into these groupings based on either their differing levels of antifungal
142  saponin production (L& et al. 2019) and/or their fungal infection survival rates (Rispail and
143  Rubiales 2014). To assess the impact of multiple mutualist inoculation on legume plant

144  performance metricsin benign and pathogenic environments, we planted 960 plantsin a

145  completely randomized block design (Fig. 1B) with a2x2x2 factorial manipulation of the

146  presence/absence of AMF (Rhizophagusirregularis DAOM197198) (M<), rhizobia (Ensifer
147  meiloti Rm1021) (R+), and fusarium pathogen (Fusarium oxysporum f.sp. medicaginis

148  5190a)(P+).

149

150 Preparation of germinants and microbial inoculants

151

152  Seedswere obtained from the National Center for Genome Resources (Santa Fe, NM, USA) and
153 the USDA-ARS Legume Germplasm Repository (Pullman, WA, USA). Seeds were

154  mechanically scarified, surface disinfected, and sterilely germinated following standard protocol
155 (Garcia, Barker, and Journet 2006), and then aseptically planted in magenta boxes containing a
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156 1:1 volumeratio of sand to perlite to prevent crushing of the roots(Barker et al. 2006). To create
157 aclosed system, we sterilized the sand-perlite mixture in the magenta boxes in an autoclave at
158 121°C threetimes prior to planting and attached a sterile bag over the top of each magenta box
159  (Afkhami and Stinchcombe 2016) (Fig. 1B). Plant growth conditions were 25°C with a light
160 cycleof 16 hourslight/8hours dark. All plants were watered once per week with 5 mL of filter-
161  sterilized low nitrogen/phosphorus fertilizer with remaining macronutrients optimized for

162 Medicago truncatula (De Bang et al. 2017).

163

164  Therhizobiawere grown to log phase (i.e. exponential growth phase with highest concentration
165  of viable cels) in liquid media(Journet et a. 2006) and diluted to a concentration of ~10°

166  cellYmL (ODgyo = 0.1) in sterile water (Simonsen and Stinchcombe 2014). AMF spores were
167 commercially purchased through Premier Tech (Riviére-du-Loup, QC, CA) and diluted to a
168  concentration of ~300 spores/mL in sterile water (Afkhami and Stinchcombe 2016) using a
169  hemocytometer. Each R+ plant received 1 mL of rhizobiainoculant (~10° cells) while each M+
170  plant received 1 mL (~300 spores) of AMF (Fig. 1C). All plants then received additional sterile
171  water (either 3, 4, or 5 mL depending on treatment group) so that every plant received 5 mL of
172  totd liquid. Inoculation of mutualists occurred at 4 weeks after initial planting to allow time for
173  secondary root elongation.

174

175  Fusarium oxysporum f.sp. medicaginis pathogen was obtained from Dr. Deborah Samac of the
176  USDA-ARS Plant Science Research Unit (St. Paul, MN, USA) under USDA-APHIS permit
177  P526-21-05187. The pathogen was grown in liquid media until sporulation (Lichtenzveig et al.
178  2006) and diluted to a concentration of ~300 spores/mL in sterile water using a hemocytometer.
179 Each P+ plant received 1 mL (~300 spores) of fusarium pathogen. All plants then received either
180 4 or 5mL of sterile water so that every plant received 5 mL of total liquid (Fig. 1E). Inoculation
181  of the pathogen occurred at 5 weeks post-inoculation with the mutualists to give the plants time
182  toform both rhizobia nodules(Journet et al. 2006) and mycorrhizal arbuscules(Chabaud et al.
183 2006). Fusarium oxysporum was chosen as the pathogen model because it is an ubiquitous and
184  globally important soil-borne pathogen with over 100 host-specific strains and has been

185  detrimental to numerous agroecosystems by infecting the xylem water-conducting tissues of
186  roots(Gordon 2017).
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187  Non-additivity of plant performance and survival analyses

188

189  To understand the interaction between plant genotype and multiple mutualists on aboveground
190 plant performance, we calculated a composite performance metric by summing center-scaled
191 normalized metrics(Subedi et al. 2022) of the number of photosynthetic leaves, number of

192  branches, and plant height (in cm) as a proxy for aboveground growth. The number of

193 photosynthetic leaves was calculated using the following equation: (number of green leaves) +
194  1/3(number of chlorotic leaves) based upon previous work in Medicago truncatula that

195 determined green leaves had around three times the photosynthetic capacity as chlorotic leaves
196 (Chuanen et a. 2011). Data collection of plant performance occurred at three critical timepoints:
197 5 weeks post-inoculation with the mutualists (time point by which symbiosis with both

198 mutualiststypically occurs; Journet et al. 2006, Chabaud et al. 2006; Fig. 1D), 2 weeks after
199  fusarium pathogen inoculation (time point at which pathogen switchesto being necrotrophic,
200  severe symptoms such as leaf and branch dieback become widespread, and mass mortality

201 begins; Rigpail and Rubiales 2014; Fig. 1F), and 5 weeks after fusarium pathogen inoculation
202  (time point at which plants have either died or survived and survivors reach maturation for

203  seeding; Rispail and Rubiales 2014, Sultana et al. 2016; Fig. 1G).

204

205  For the non-additivity analyses, we confirmed that genotypes within each tolerance cluster

206 performed the same (i.e. no significant interaction p > 0.05 of genotypes and treatment or main
207  effect of genotype on the composite plant performance metric within the same tolerance cluster),
208  supporting our clustering of the data into the three tolerance types. The composite plant

209 performance metric for inoculated plants was normalized by calculating the percent changein
210 the composite plant performance metric from the average of the controls uninoculated with

211  mutualists (R-M- plants pre-pathogen/R-M-P+ plants post-pathogen). The mean for the additive
212  expectation was determined by adding the mean for the rhizobia only group (R+M- plants pre-
213  pathogen/R+M-P+ plants post-pathogen) to the mean of the AMF only group (R-M+ plants pre-
214  pathogen/R-M+P+ post-pathogen). The standard error of the sum of two means was calcul ated

215 using the basic gatistical formula: SE (X1 + X2) = \/SE(Xl)Z + SE(X2)? and the 95% CI was
216 calculated asthe mean + z* SE, where a critical z-score of 1.96 was used.
217
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218 Mutualists of plantsinoculated with both types (R+M+ plants pre-pathogen/R+M+P+ post-

219  pathogen) were considered synergistic if above the additive expectation Cl, antagonistic if below
220 theadditive expectation CI, and additive if within the additive expectation Cl. All statistical

221  analyses were performed using R (v4.3.2; R Core Team 2023). To compare whether the

222 frequency of non-additive interactions differs among plant genotype groups in a benign

223  environment, we performed chi square tests of homogeneity between the high, medium, and low
224  tolerance clusters from the data collected at the first critical timepoint (i.e. 5 weeks post-

225  inoculation with mutualists). To determine whether the frequencies of non-additive plant

226  performance responses change in a pathogenic environment, we performed Monte Carlo

227 simulations(Waller et al. 2003) between the comparable pairs (i.e. high tolerance cluster in

228  benign environment to high tolerance cluster in pathogenic environment, etc.) using the data
229  collected at the second critical timepoint (i.e. 2 weeks post-inoculation with fusarium). To

230 compare the change in plant growth through time repeated measure ANOV As were used.

231

232  Thesurvival rate for mutualist inoculated plants was normalized by calculating the percent

233  changein the survival rate from the average of the controls uninoculated with mutualists (R-M-
234 P+ plants) from data collected at the third critical time point (i.e. 5 weeks post-inoculation with
235  fusarium). Survival to thistimepoint was the focus of our analyses because this was the

236  timepoint at which survivors are considered to have resisted the pathogen (Rispail and Rubiales
237  2014) and reach maturation for seed production (Sultana et al. 2016). Therefore, only plants that
238 were ableto surviveto this stage were able to have a reproductive fitness beyond zero. To assess
239  whether aboveground plant performance prior to pathogen inoculation could be used to predict
240 plant survival after pathogen exposure, we performed a logistic regression and determined model
241  performance using conventional k-fold cross-validation (Stone 1974). Our survival model

242  performed with ak-fold cross-validation accuracy of 0.73, indicating the model has a good fit
243  according to current machine learning modeling standards (M acigauskaite and Miliauskaite
244  2024). Statistical differences in plant size and survival were determined usng ANOV As and chi-
245  square proportion tests respectively.

246

247

248
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249  RNA-root tissue collection and extraction

250

251 A subset of the plants (3 tolerance types x 8 treatments x 18 replicates = 432 plants) were

252  harvested for RNA extraction at 2 weeks post-fusarium inoculation which is the period when
253  severedisease symptoms occur but immediately before mass mortality setsin (Fig. 1F). Roots
254  wereflash frozen in dry ice and subsequently transferred to a -80°C freezer for storage. Full root
255  systems were homogenized using a mortar and pestlein liquid nitrogen. Total RNA was

256  extracted from each root sample using the Qiagen RNeasy PowerPlant Kit following the

257  manufacturer’s protocol (Carlsbad, CA, USA). RNA was purified using magnetic bead cleaning
258  and quantity was checked using a Qiagen Qubit 4 fluorometer. Negative controls showed that no
259  cross-contamination occurred. DNA was depleted from the samples using Thermo Scientific
260 DNasel (Waltham, MA, USA). cDNA was then generated using the Bio-Rad i Script cDNA
261  SynthesisKit (Hercules, CA, USA) utilizing the kit-provided random primers and 10 uL of RNA
262 template. Before use, the cDNA was also purified using standard magnetic bead cleaning.

263

264  Microbial abundance and targeted gene expression analyses

265

266  To evauate how the presence of a pathogen impacts symbiosesin plant root tissues, abundances
267  for each microbe were measured by targeting common housekeeping genes (actin genes for

268  eukaryotes and smc00128 gene for rhizobia) with previously validated primers specific to

269  Rhizophagusirregularis(Tskuzki et a. 2016), Fusarium oxyporum f.sp. medicaginis(Williams
270 et al. 2016), and Ensifer melioti (Krol and Becker 2004). Housekeeping genes are genes that are
271  expressed at consistent transcription levels even under different environmental conditions and
272  therefore the abundance of these transcripts strongly correlate with the abundance of active cells
273  (Milanese et a. 2019). To quantify the number of active cells, standard dilution curves using a
274  1ogl0 scale were calculated for each microbe by extracting RNA and preparing cDNA from

275  known masses of pure culture (Fig. S1), employing the same protocols as in the above section
276  “RNA root tissue collection and extraction” . For quantification, gPCR was performed with Bio-
277 Rad SsoAdvanced Universal SYBR Green Supermix using 10 puL supermix, 0.5 pL each (10x
278  stock) of forward and reverse primers, 6.5 pL of nuclease-free water, and 2.5 pL of cDNA

279 template. Reactionswere performed in a Bio-Rad Cfx96 thermocycler with the conditions: 30s
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280  at 95°C for polymerase activation, 40 cycles of 15s at 95°C for denaturation and 45s at 60°C for
281 annealing/extension/plate read, followed by standard melt curve analysis. The “predict” function
282  inbase R was used to extrapolate microbial abundances from the standard curves based on the
283 sample’'sCt value.

284

285 To evauate how the presence of a pathogen impacts host plant symbiosis quality with the

286  mutualists, relative expression analyses were performed on three symbiotic marker genes of

287  Medicago truncatula using previously validated primers (Breuillin-Sessoms et al. 2015, Liu et al.
288  2007). Upregulation of PT8 (AMF induced phosphorus transporter gene) and AMT 2,3 (AMF
289  induced ammonium transporter gene) have been associated with increased phosphorus and

290 nitrogen uptakein plant roots and shoots and are indicative of high-quality symbioses from

291  beneficial AMF species (Breuillin-Sessoms et al. 2015, Cope et al. 2022). In addition, AMT 2;3
292  aso plays animportant role in regulating the lifespan of arbuscules by preventing premature
293  arbuscule degeneration (Breuillin-Sessoms et al. 2015). TC100851 (symbiont upregul ated

294  multifunctional aquaporin gene) is one of the few membrane transporters upregulated in both
295  nodulating and mycorrhizal roots (Benedito et al. 2010) and has also been associated with

296  disease resistance against a bacterial pathogen (Liu et al. 2007). In general, multifunctional

297  aquaporins have been found to increase water transport in plants, increase absorption of

298 symbiont-conferred nutrients, and have an important role in preventing dehydration during

299  pathogenic attack (Tyerman, Niemietz, and Bramley 2002, Wang et al. 2018). The relative

300 expressions of these symbiotic marker genes were calculated using the delta Ct method (Fleige et
301 al. 2006) with the Medicago truncatula actin housekeeping gene(lvashuta et al. 2005) used as
302 theinternal control. These genes were measured on alog2 scale since every difference of -1Ct
303 valuerepresents a doubling of gene product (Liu et al. 2007). The same gPCR master mix and
304  cycling conditions were used for these analyses as described for the microbial abundance genes
305 above

306

307  Full models evaluating factor impact on microbial abundance or symbiotic marker gene

308 expression that were assessed contained the explanatory variables of ‘Microbial Treatment

309 Group’ (microbe treatment added to plant), ‘ Plant Tolerance' (high, medium, low tolerance to

310 funga pathogens), ‘ Pathogen Status' (presence or absence of fusarium pathogen inoculation) and
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311 their interactions. All model explanatory variables were assessed for significance using type |1
312 ANOVAswhich follows best practices for designs with unbalanced groups (Langsrud 2003).
313 Comparisonsin relative expression among significantly different groups were calculated using
314 ddtaddtaCt(Livak and Schmittgen 2001).

315

316 Results

317

318 High tolerance plants have the highest rate of synergism while low tolerance plants have the
319 highest rate of antagonism from interaction with multiple mutualists.

320
321  Wefound that >77% of individuals responded non-additively with respect to plant performance

322  when inoculated with multiple mutualists (5 weeks post-inoculation with mutualists; Fig. 2). We
323  discovered that plant performance non-additivity response was significantly shaped by plant
324  genotype, which clustered into high, medium, or low tolerance to fungal pathogens (chi-square
325  test of homogeneity: X2 = 13.79, p = 0.008; Fig.2). Each tolerance cluster showed a different
326  distribution of non-additivity responses with high and low tolerance clusters being distinct from
327  oneanother (pairwise chi-square post-hoc test: X2 = 11.27, p = 0.003), while the medium group
328 digplayed intermediate characteristics (Fig. 2). This suggests that genotypes that fall within the
329  samecluster have shared genetic characteristics that make them not only similar in their

330 toleranceto fungal pathogens but also similar in their response to multiple mutualists. For the
331 hightolerance cluster, the most common response was synergistic (51%, Fig. 2A) where plants
332  with multiple mutualists performed ~400-1000% better than controls and this response was

333  significantly more common than additive (20%, p < 0.001, Fig. 2A) or antagonistic responses
334  (29%, p=0.01, Fig 2A). In the medium tolerance cluster, synergistic, additive, and antagonistic
335 responses were all equally distributed (~33% each, p = 0.85, Fig. 2B). Within the low tolerance
336  cluster, the most common response was antagonistic (53%, Fig. 2C, Fig. S2) where plants with
337  multiple symbionts performed up to ~400% worse than controls, and this response was

338  significantly more common than additive (20%, p < 0.001, Fig. 2C) or synergistic (27%, p =
339 0.002, Fig. 2C). Interestingly, these findings indicate that genotypes with high tolerance to fungal
340 pathogens have the highest benefits/lowest costs to interacting with multiple mutualists, while
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341  genotypes with low tolerance experience the lowest benefits/highest costs when interacting with
342  multiple mutualists, and medium tolerance genotypes show intermediate benefits/costs.

343

344  Plant non-additivity and growth responses to multiple mutualists remain the samein a

345  pathogenic environment for high and medium tolerance plants but decrease in low tolerance
346 plants.

347

348  For the high and medium tolerance clusters, plant non-additivity responses remained the samein
349  both benign and pathogenic environments at 7 weeks post-inoculation with mutualists (chi-

350 square Monte Carlo simulation; High: X?=4.72, p= 0.09, Fig. 3A; Medium: X?= 0.40, p = 0.83,
351 Fig. 3B) and was the same response as in the earlier benign timepoint of 5 weeks post-

352  inoculation with mutualists (chi-square test of homogeneity; High: X?= 1.49, p = 0.47, Fig. 2A;
353  Medium: X?=4.01, p = 0.13, Fig. 2B). When comparing the change in plant growth through
354 time; the high tolerance cluster grew on average 52% larger two weeks later in both the benign
355  and pathogenic environments (repeated measures ANOVA: Fp g5 = 16.21, p < 0.001; Fig. 4A;
356 Table S2) demonstrating these plants were able to maintain the same rate of growth increase
357  even when exposed to a pathogen. The size of the plants in the medium tolerance cluster

358 remained constant through time in both environments (repeated measures ANOVA: F; 57 = 0.89,
359 p=0.35, Fig. 4B; Table S2). Thisindicates that for high and medium tolerance clusters, multiple
360 mutualists confer the same non-additive performance and growth response outcomes in both
361  benign and pathogenic environments suggesting that the presence of a pathogen does not shift
362  the net benefits/costs the host experiences when associating with multiple mutualists. In

363  contrast, the low tolerance cluster shifted to having significantly fewer synergistic responsesin
364 the pathogenic environment compared with the benign environment (chi-square Monte Carlo
365 simulation: X% =7.15, p= 0.03; Fig. 3C). The low tolerance cluster grew 63% larger on average
366 through timein benign conditions (repeated measures ANOVA: F; 33=8.19, p = 0.007; Fig. 4C;
367 Table S2), but showed no growth through time when exposed to the pathogenic environment
368 (repeated measures ANOVA: F1 35 = 0.50, p = 0.49; Fig. 4C; Table S2) indicating that exposure
369 toapathogen severdly impactsther growth. These results suggest that the negative effect of
370  multiple mutualists on plant performance within the low tolerance cluster isfurther exacerbated

371 inapathogenic environment.
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372  Low tolerance plants have significantly less AMF and symbiosis gene expression in multiple
373  mutualist groups compared with single mutualist inoculation

374

375 Thelow tolerance cluster repeatedly showed decreased levels of AMF abundance and gene

376  expression in the multiple mutualist group compared with the single mutualist groups in both
377  pathogenic and benign environments. The low tolerance cluster had an 80% reduction in the
378  abundance of AMF (Wilcoxon test: W = 756, p = 0.002, Fig. 5A) and around half the expression
379  of PT8 phosphorous transport genes (Welch's t-test: tigge1 = 1.96, p = 0.05, Fig 5B) in the

380 treatment with both mutualists compared with the AMF only treatment. In addition, the low

381 tolerance cluster had 60% less aquaporin (TC100851) expression, a gene associated with

382  water/nutrient transport and disease regulation, in the treatment with both mutualists compared
383  with the additive expectation based on single mutualist expression (ANOVA: Fp106 =5.74, p =
384 0.004, Fig. 5C). Collectively, the lower AMF abundance, phosphorus transport expression, and
385  aquaporin symbiosis quality in plants with multiple mutualists may contribute to this tolerance
386 type mainly showing an antagonistic response to multiple mutualists.

387

388  Plantswith synergistic growth responses have more rhizobia associations and higher quality
389  mutualisms than plants with antagonistic growth responses.

390

391  Within the multiple mutualist group, rhizobia abundance and symbiosis gene expression levels
392  corresponded to the non-additivity category of the host plant. Host plants that displayed

393  synergistic growth responses to multiple mutualists had over 600% higher rhizobia abundance
394  than plants with antagonistic responses while plants with additive responses showed intermediate
395  rhizobia abundance (ANOVA: Fz107= 3.96, p = 0.02; Fig 6A). Both plants with synergistic and
396  additive responses had significantly higher expression of genesindicative of excellent symbiosis
397 quality, with ~140% higher aquaporin TC100851 (ANOVA: F,104= 3.48, p = 0.03; Fig 6B),
398  200% higher phosphorus transporter PT8 (ANOVA: F2104= 3.76, p = 0.03; Fig 6C), and 200%
399  higher ammonium transporter AMT2;3 expression (ANOVA: F,104=6.20, p = 0.003; Fig 6D)
400 than host plants that displayed antagonistic responses regardless of whether the environment was
401  benign or pathogenic. These multiple lines of evidence indicate that plants with synergistic

402  growth responses have more rhizobia associations and higher quality mutualisms than that of
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403  plants with antagonistic growth responses. Since there are disproportionately higher rates of
404  synergism and antagonism in high and low tolerance genotypes respectively, these results

405  suggest that plant genotype plays a critical role in modulating microbial associations and

406  mutualism quality within a species and implies that some of the same mechanismsthat allow
407  plantsto regulate pathogens are important in the regulation of symbionts. Interestingly, fusarium
408  concentration was the same across all tolerance clusters, treatment groups, and non-additivity
409 categoriestested (ANOVA Group x Tolerance: Fs190= 0.27, p = 0.95; ANOVA Non-additivity
410 Category: Fo55=0.23, p = 0.80; Fig. S3). This result suggests that high tolerance clusters may
411 not be functionally impacted as severely by a high pathogen load or may be more effective at
412  clearing the pathogen after infection has established, rather than preventing the pathogen from
413  replicating to ahigh load.

414

415 Plant survival against pathogen is dependent upon host tolerance genotype and mutualist-

416  mediated plant performance

417

418 Plantswith a higher composite plant performance score (i.e. larger, more robust plants) prior to
419  pathogen invasion were most likely to survive pathogen stress (Logistic Regression: z=5.17, p <
420 0.001; Fig. 7A). In pathogenic environments, high and medium tolerance clusters inoculated with
421  multiple mutualists were the largest in size (Fig. 7B,D) and showed the highest survival rates
422  relativeto controls with no mutualists (~35% higher survival; Fig. 7C,E). Plants with rhizobia as
423  theonly mutualist were intermediate/smaller in size (Fig. 7B,D) and had an intermediate survival
424 increase of ~20% higher survival (Fig. 7C,E). Plants with AMF as the only mutualist were

425 smilarin sizeto controls (Fig. 7B,D) and showed similar survival ratesto controls (Fig. 7C,E)
426 indicating that AMF alone was not enough to increase plant survival, potentially due to nitrogen
427  being alimiting factor. In contrast, in the low tolerance cluster, plantsinoculated with multiple
428 mutualists or just AMF were similar in size to controls (Fig. 7F) and only had aslight increase in
429  survival relative to controls (~10% higher survival; Fig. 7G). However, the low tolerance plants
430 weregenerdly larger (Fig. 7F) and had significantly higher survival when only inoculated with
431  rhizobia (~50% higher survival; Fig. 7G). Overall, these results indicate that survival in the

432  pathogenic environment is largely dependent upon plant performance prior to pathogen invasion,
433  sincelarger and healthier plants had the best survival rates. Therefore, the interaction between
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434  host tolerance genotype and mutualist status not only significantly impacted plant performance,
435  but also significantly impacts plant fitness when exposed to fungal pathogen stress. These results
436  further corroborate that hosts with multiple mutualists perform better than hosts with single

437  mutualists only in high and medium tolerance genotypes, while in low tolerance genotypes hosts
438  with multiple mutualists perform worse than hosts with only rhizobia. This again shows that
439  high and medium tolerance genotypes experience a net benefit in fitness when associating with
440  multiple mutualists while low tolerance genotypes experience a net cost.

441

442  Discussion

443

444  Rhizobiaand AMF symbioses are considered to be among the most important symbioses on

445  Earth dueto their diverserolesin ecosystem and agricultural health and resilience (Tian, Khah,
446  and Kariman 2019). Rhizobia and AMF are also the major microbia supplements used for

447  legume agricultural soil improvement where they provide substantial nutritional benefits while
448  being acheaper, eco-friendly alternative to chemical fertilizers (George and Ray 2023, Kebede
449 2021, Kumar, Sindhu, and Kumar 2022). However, microbia supplements have faced challenges
450  with low efficacy as they can be difficult to reliably establish in field conditions (Kaminsky et al.
451  2019) and often do not have the same effects on plant performancein the field asin the lab due
452  tothe combination of nonadditive interactions with other microbes, modulation of symbioses
453  effectsin apathogenic environment, and diversity of differing plant genotypic responses to

454  inoculation (Maged, Abdul, and Heribert 2020). In order to successfully harness the benefits of
455  microbial symbioses, we need a comprehensive understanding of the complex interplay between
456  plant genotype, multiple mutualists, and benign/pathogenic environmental conditions on plant
457  performance. Our study fills this knowledge gap by combining alarge-scale manipulative

458  experiment, plant performance/survival analyses, RNA extractions, and targeted gene expression
459  to comprehensively assess how multiple mutualistsinteract with host tolerance genotype to

460  shape the severity of pathogenic disease. Our results reveal three important findings: (1) host
461  genotypes with high tolerance to pathogens benefit more from multiple mutualist interactions
462  than susceptible genotypes, (2) microbial mutualists confer the same plant performance benefits
463  in both benign and pathogenic environments, and (3) the quality of the symbiotic relationship
464  with multiple mutualistsis a strong predictor of survival against fungal pathogenic attack. Below
465  we discuss how the results from this study both advance our understanding of plant disease


https://doi.org/10.1101/2025.02.26.640321
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.02.26.640321; this version posted February 28, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under a CC-BY-ND 4.0 International license.

Page 16 of 36

466  ecology and inform new directions for identifying what genetic features of alegume may

467  simultaneously enable high quality symbioses while conferring tolerance to fungal pathogens.
468

469  Symbioses between plants and “microbes-of-large-effects’ can shift from mutualistic to parasitic
470  depending on the abiotic and biotic environmental contexts(Afkhami et a. 2020). One important
471  biotic factor isthe presence of other microbes and their non-additive interactions where microbes
472  facilitating or competing with one another can lead to synergistic and antagonitic effects

473  respectively (Afkhami et al. 2020, Albornoz et al. 2022). For example, one study showed when
474  co-inoculating flax with fungal isolates differing in their carbon sink strength, the fungi

475  facilitated one another’s growth and provided synergistic complementary rewards to the host
476  plants enabling them to both grow rapidly and maintain alarge plant biomass(Martignoni et al.
477  2021). Another study showed that competition between fungal endophytes and mycorrhizae in
478  grasses reduced one another’ s abundances and negatively impacted host plant growth and blade
479 yield(Liuet a. 2011). A recent paper found that interactions within more than half of

480 experimental fungal consortia synergistically or antagonistically affected morning glory host
481 plant performance, sometimes with extreme consequences (e.g. >1000% increase in host

482  productivity above the additive expectation; Almeida, Tran, and Afkhami 2024). Similar to these
483  studies, our resultsindicated that when the plant performance outcome was synergistic, microbes
484  werefacilitating one another’ s growth (600% increase in rhizobia) and likely providing

485 complementary rewards to the host (upregulated inducement of host nutrient receptors involved
486  inresource acquisition from symbionts. PT8 phosphorus, AMT2;3 ammonium, and TC10085
487  aguaporin) compared with antagonistic interactions. In addition to antagonistic interactions

488  performing worse in these areas, we also found further evidence these microbes were competing
489  and reducing one another’ s abundances (80% less AMF) and reduced rewards (~60% less

490  aquaporin) by comparing against their single mutualist outcomes.

491

492  Host genotype has also been shown to be an influential biotic factor in determining microbial
493 recruitment and different genotypes of plants within the same species often differ in their ability
494  torecruit microbes with high quality benefits(Hohmann and Messmer 2017). In recent years, it
495  has been demonstrated across many diverse plant speciesincluding sugar cane(Ishidaet al.

496  2022), Monterey pine(Gallart et a. 2018), soybean (Zhong et al. 2019), tomato (Cordovez et al.
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497  2021), Balsam poplar (Rheault et al. 2020), and sunflowers(Bueno de Mesquita et al. 2024) that
498 host genotypeisacritical component of rhizosphere assembly. However, it isless clear the

499  extent that host genotype modulates intermicrobial interactions once microbes are recruited.

500 Importantly, our study demonstrated that the likelihood of alegume receiving synergistic,

501 additive, or antagonistic plant growth outcomes was largely dependent upon host genotype

502  modulation of multiple mutualists. Since the strains of rhizobiaand AMF and abiotic

503 environmental factors were kept consistent, we therefore know that genotype must have been a
504  key factor in the microbial interactions switching from facilitation to competition.

505

506 Excitingly, we found that genotypes that have high tolerance to fungal root pathogens also had
507 mostly synergistic responses to multiple mutualists while the low tolerance genotypes had mostly
508 antagonistic responses. Intriguingly, our findings suggest that genotypes that fall within the same
509 pathogen tolerance cluster have shared genetic characteristics that make them not only similar in
510 their tolerance to fungal pathogens but also similar in how they modulate multiple mutualist

511 interactions. One possible hypothesis documented in plantsisthat hosts that get synergistic

512  benefits from mutualists have better nutrition, growth, and overall health making them more

513  robust against pathogen infection (Dordas 2008, Rahman et al. 2018). Another possibility is that
514  thehost plant, by promoting microbial facilitation, helps to maximize mutualist abundance.

515  Higher mutualist abundances often reduce a pathogen’ s access to the host (Sassone-Corsi 2015)
516  sincethe mutualists are physically occupying a higher proportion of the available root surface
517 area. Interms of biochemical pathways, there could also potentially be differences among

518 genotypesin how they regulate the common symbiosis pathway such as differential activation of
519 calcium- and calmodulin-dependent kinase (CCaMK) which in addition to modulating rhizobial
520 and AMF symbiosesin plants has also been shown to play arole in plant responses to pathogenic
521  fungi (Genre and Russo 2016).

522

523  Surprisingly, we also discovered that in high tolerance hosts, microbial mutualists provided the
524  same high nutritional (high expression levels of host nutrient receptors), plant performance

525  (~500% better than controls), and growth rate (50% size increase through time) benefitsto plants
526  in both the benign and pathogenic environments. This is noteworthy because there are often

527  significant trade-offs between plant growth and pathogen defense strategies(He, Webster, and
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528 He 2022, Huot et al. 2014), where manipulations of plant genes favoring growth result in a

529  suppressed immune response and vice versa. Recently, it has been suggested that microbiomes
530 may bethe key to mitigating this growth-defense trade-off since they can ssmultaneously

531 promote plant growth and decrease plant pathogen susceptibility (Karasov et al. 2017, Ku et al.
532  2024). Our study further supports this hypothesis since our survival analyses revealed that

533 legumesthat facilitated high quality and synergistic mutualism interactions both grew larger and
534  had higher survival. This finding has important consequences for agricultural breeding since both
535 nutrition and pathogen defense are crucial for crop success. By devel oping legume crops that
536  impose stronger selection on microbes for greater mutualism potential, crop yields and pathogen
537  defense could be simultaneously increased while reducing the need for toxic fertilizers and

538 pesticides(Denison and Muller 2022).

539

540 Wealso found that low tolerance hosts had the same low nutritional statusin both environments
541  (low expression levels of host nutrient receptors), and even worse plant performance (~100%
542  worse than controls) and growth rate (reduced 60% through time) in the pathogenic environment.
543  Sincethey werereduced in size and the size of the plant was a significant predictor of survival,
544  most of the low tolerance hosts also died before reaching maturation for production of seed pods.
545  Even though these low tolerance hosts performed the worst in terms of interactions with

546  symbionts, symbiont-mediated growth benefits, and survival, these genotypes still exist in nature
547 (Le et al. 2019), indicating that they must still exhibit some type of fitness advantage under at
548 least some conditions. We postulate that these genotypes are likely to produce a higher quantity
549  of seed podsto compensate for their reduced growth and survival. However, we harvested our
550 plantsfor the final data collection at the onset of first seed production (where plants were

551 considered to have successfully survived the pathogen) so were not able to collect total pods

552  produced. Thereis some evidence for a trade-off between high quality associations with

553  mutualists and seed production (Gundel et al. 2012) and seed viability (Fuchs et al. 2024) in cool-
554  season grass species, but thistopic has remained largely understudied. Therefore, further work is
555  needed to assess whether seed production is attenuated in legumes that have high quality

556  associations with multiple mutualistsand if thisis a common trade-off among diverse plant

557  species.

558
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559  Our study also opens up other new areas for identifying what genetic features of alegume may
560 simultaneously enable high quality symbioses while conferring tolerance to fungal pathogens.
561 Wefound that plant genotype was a significant factor in modulating whether multiple mutualists
562 acted synergitically or antagonistically, with genotypes highly tolerant to pathogens best able to
563  maximize benefits and minimize costs of interacting with multiple mutualists. However, the
564  genesresponsible for these differences remain unknown. We suggest that future work could use
565 genome-wide association studies and knock down of candidate genesin tandem to identify host
566 plant genesthat s multaneously underpin regulation both of complex mutualist interactions and
567 pathogen effects. We also found that survival against pathogen attack was predicted by the

568  robustnessin growth of the legume prior to pathogen invasion. By using whole transcriptome
569  sequencing technologies such as 3' RNA-seq, we could determine whether additional plant

570 immunity pathways such as hormonal signaling of jasmonic-ethylene/salicylic acid (Li et al.
571  2019) and saponin/volatile oil production (Lei et al. 2019) are also modified through differential
572  interactions with mutualistsin a pathogenic environment. Overall, our study lays the

573  groundwork for better understanding the complex interaction among host genotype, microbial
574  mutualists, and pathogens necessary for legume agricultural improvement.

575
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860 Fig. 1. Experimental design overview. (A) We selected 7 M. truncatula genotypes that group into low tolerance
861 (susceptible), medium tolerance, and high tolerance (resistant) to general fungal pathogen invasion. (B) Our

862 experiment used 960 plants in a 2x2x2 factorial manipulation of the presence/absence of arbuscular mycorrhizal
863  fungi (AMF) (R irregularis; M), rhizobia (E. meiloti; R+), and fusarium pathogen (F. oxysporum; P+). (C) After
864  inoculation with AMF and rhizobia, plants were grown for 5 weeks to allow symbioses to occur, and the first data
865  set wascollected. (D) Data collected was a composite metric of plant performance by summing center-scaled

866  normalized metrics of photosynthetic leaves, number of branches, and plant height. (E) Plants were inoculated with
867 F. oxysporum, a globally important soil-borne pathogen that infects plant root water conducting tissues. (F) 2 weeks
868  post-pathogen inoculation the second data set is collected. This isthe time point where severe symptoms such as
869  leaf and branch dieback became widespread. 432 plants (3 tolerance types x 8 treatments x 18 replicates = 432
870  plants) were harvested for RNA extraction and targeted gene expression analyses. (G) The remaining plants were
871  usedfor survival analyses. By 5 weeks post-pathogen inoculation plants have either died or survived and survivors
872 reach maturation for seeding. The last data set on plant performance was collected at this time point. Figure created
873  using BioRender.com.
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874  Fig. 2. Non-additivity distributions of multiple mutualists on plant performance ar e significantly shaped by
875 plant tolerance cluster wherethe majority of high tolerance plants display synergism while the majority of
876  low tolerance plants display antagonism. Percent change in plant performance of plants for genotypes classified as
877 having (A) high, (B) medium, or (C) low tolerance to general fungal pathogen invasion. Each point represents the
878  changein plant performance of abiological replicate inoculated with multiple mutualists (R+M+) relative to

879  controls with no mutualists (R-M-) measured in a benign environment at 5 weeks post-inoculation with mutualists.
880  Percent change in plant performance axis values are shared across all panels. The gray shaded areais the 95% ClI of
881 theadditive expectation. Points that fall within the gray area show additive effects (in purple), points that are above
882  thegray areashow synergistic effects (in green), and points that are below the gray area show antagonistic effects
883  (inblue). Percentages represent the frequency of synergistic, additive, and antagonistic effects respectively.

884  Satisticsare provided for an overall X*test of homogeneity to compare the non-additivity distributions among the
885 threetolerance clusters, with different letters denoting tolerance cluster with significantly different distributions of
886  non-additive outcomes determined by pairwise X? post-hoc tests. Asterisks represent which non-additivity categories
887  aresignificantly different within atolerance cluster where * is p<0.05, ** is p<0.01, and *** is p<0.001.


https://doi.org/10.1101/2025.02.26.640321
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.02.26.640321; this version posted February 28, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under a CC-BY-ND 4.0 International license.

Page 31 of 36

A a " a
®

1000
° ° o
° °
®
“e £o.d
500 e %0 % L °
[ % o0 8, ,°
b e o0 .. [ '.
o o
o.o. ¢ ° e
® °
0 °* ° o“’
¢ s
‘ e [ ] .. ' 4
o0 ®
-500 - Same in benign and pathogenic: x2 = 4.72, p = 0.09
[0] _
: B
c
£ 1000 ab ab
S
t
[
o
k=
o
o
- 500 ° o
= [ ]
2 o e s o o
= 0o, %e n
2 % e o*? ® ‘.'.o"..
c
& 0 b ) L] ®®
g g ® [ ° ‘
]
e ¢ ) o o ®
-500 Same in benign and pathogenic: X2 = 0.40, p =083

b ° c
1ooo—c ° o
°
° % o e ®
*
LS e 2% 12%
500
* %
o0 ¢ o o e 90 ®e
ree ° 20% 17% . 1)
[ 4 ) .' . ° . (]
] ® °
° PSR- 17 71% o 03’0}
L) e O *
® @
-500- Different in benign and pathogenic: x2 = 7.15, p = 0.03

® Synergistic o Additive e Antagonistic


https://doi.org/10.1101/2025.02.26.640321
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.02.26.640321; this version posted February 28, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under a CC-BY-ND 4.0 International license.

Page 32 of 36

890  Fig. 3. Plant non-additive responsesremain the samein a pathogenic environment for high and medium

891 toleranceclustersbut have fewer synergistic responsesin the low tolerance cluster. Percent change in plant
892  performance of plants classified as having (A) high, (B) medium, or (C) low fungal pathogen tolerance. Plot pairs
893  (left/right plots) contrast change in plant performance in a benign (left plot) and a pathogenic (right plot)

894  environment. Each point represents the change in plant performance of a biological replicate inoculated with

895  multiple mutualists relative to controls with no mutualists measured at 7 weeks post-inoculation with mutualists (i.e.
896 2 weeks post-inoculation with pathogen). Percent change in plant performance values are shared across all panels.
897  Thegray shaded areais the 95% CI of the additive expectation. Points that fall within the gray area show additive
898 effects (in purple), points that are above the gray area show synergistic effects (in green), and points that are below
899  thegray areashow antagonistic effects (in blue). Stats are given for X2 Monte Carlo simulation tests between benign
900 and pathogenic environments. Different letters indicate which tolerance clusters have significantly different non-
901  additivity frequency distributions determined by pairwise X2 post- hoc tests among the tolerance clusters. The

902  asterisk in panel C represents that the synergistic category within the low tolerance cluster is significantly different
903 in a pathogenic environment where * is p<0.05 and the percentages represent the frequency distribution of

904  synergistic, additive, and antagonistic effects respectively.
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946  Fig. 4. Plant growth responsesremain the samein a pathogenic environment for high and medium tolerance
947 plants but decreasein low tolerance plants. Percent change in plant growth of plants inoculated with multiple
948 mutualists (R+M+) for genotypes classified as having (A) high, (B) medium, or (C) low tolerance to genera fungal
949 pathogen invasion. Percent growth change axis values are shared across all panels. Each gray point represents the
950 change in plant growth of the same biological replicate measured at 5 weeks post-inoculation with mutualists and 7
951  weeks post inoculation with mutualists (i.e. 2 weeks post- inoculation with pathogens). Larger circles are the means
952 of plant growth change for benign (black) and pathogenic (red) environments. Statistics are given for a repeated
953 measures ANOV A comparing the means between benign and pathogenic environments. In addition, statistics are
954 conveyed for arepeated measures ANOV A comparing the size of the plant across time. If the mean does not
955 intersect the zero line, then the growth rate was found to be significantly different from zero denoted by ** p<0.01
956  and *** p<0.001.
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Fig. 6. Plantswith synergistic growth responses have morerhizobia associations and higher quality
mutualismsthan plants with antagonistic growth responses. Violin plots of (A) log rhizobia abundance, (B)
relative expression of TC100851 aquaporin gene, (C) relative expression of PT8 phosphorous transport gene, and
(D) relative expression of AMT2:3 ammonium transporter gene. Each small point represents data obtained from a
biological replicate while the larger black circles demarcate the mean. Each color indicates the plant non-additivity
response to multiple mutualists, green are plants with a synergistic response, purple are plants with an additive
response, and blue are plants with an antagonistic response. Abundance data is on alog10 scale while relative gene
expression datais on alog2 scale. ANOV A statistics are provided to show significant differences between groups.
Different letters signify groups that are significantly different from one another using Tukey post-hoc tests.
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