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ABSTRACT: The ecologically and economically vital symbiosis between nitrogen-5 

fixing rhizobia and leguminous plants is often thought of as a bi-partite interaction, yet 6 

studies increasingly show the prevalence of non-rhizobia endophytes (NREs) that occupy 7 

nodules alongside rhizobia. Yet, what impact these NREs have on the symbiosis remains 8 

unclear. Here, we investigated four NRE strains found to naturally co-occupy nodules 9 

with the rhizobium Sinorhizobium meliloti in native soils of the legume Medicago 10 

truncatula. Our objectives were to (1) obtain a taxonomic assignment of the NREs, (2) 11 

examine the direct and indirect effects of NREs on M. truncatula and S. meliloti fitness, 12 

and (3), determine whether NREs can re-colonize root and nodule tissues upon 13 

reinoculation. We identified two NRE strains (522 and 717A) as novel Paenibacillus 14 

species and the other two (702A and 733B) as novel Pseudomonas species. Additionally, 15 

we found that two NREs (Paenibacillus 717A and Pseudomonas 733B) reduced the 16 

fitness benefits obtained from symbiosis for both partners, while the other two (522, 17 

702A) had little effect. Lastly, we found that NREs were able to co-infect host tissues 18 

alongside S. meliloti. This study demonstrates that variation of NREs present in natural 19 

populations must be considered to better understand legume-rhizobium dynamics in soil 20 

communities.  21 

 22 

KEYWORDS: Mutualism-parasitism continuum, soil microbiome, phylogenomics, 23 

greenhouse, colonization, differential abundance 24 
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INTRODUCTION 27 

Plant-microbe symbioses have often been studied as pairwise interactions between a 28 

single plant species and a single species of bacteria or fungi (Bakker et al. 2014; Tsiknia 29 

et al. 2020; Afkhami et al. 2020). Yet, natural microbial communities are diverse, with 30 

functional roles, assembly processes, and evolutionary dynamics that we are only 31 

beginning to understand thanks to a recent boom in plant microbiome studies (Kent and 32 

Triplett 2002; Wagner et al. 2014, 2016; Zilles et al. 2016; O’Brien et al. 2021). Thus, 33 

plants in nature never interact with a single species at a time – instead our traditional 34 

models of intimate symbiotic interactions (including plant-fungi or plant-rhizobium 35 

interactions) are occurring in a complex web of microbe-microbe (and other) interactions 36 

(Bakker et al. 2014). It has long been recognized that the impacts symbiotic partners have 37 

on one another are context-dependent, varying from beneficial (mutualistic), to 38 

commensal, to even harmful (parasitic) depending on abiotic and biotic contexts (Johnson 39 

et al. 1997; Heath and Tiffin 2007; Haney et al. 2015; Klein et al. 2022; Batstone et al. 40 

2022b). Understanding how our best-known model symbioses are shaped by the 41 

surrounding microbial players is an important step towards uniting concepts of symbiosis 42 

evolution and genetics with microbiome ecology (Tsiknia et al., 2020). 43 

The model symbiotic mutualism between leguminous plants and the nitrogen 44 

fixing bacteria known as rhizobia is responsible for significant contributions to 45 

bioavailable nitrogen sources in the environment and in agricultural systems (Vitousek et 46 

al. 1997; Herridge et al. 2008b). In this interaction, legumes house rhizobia within 47 

nodules that develop on their roots and provide rhizobia with photosynthate, while in 48 

return rhizobia reduce atmospheric nitrogen N2 to the fertilizer ammonium NH4
+ (Gage, 49 
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2004). With the advent of next generation sequencing, it has become increasingly clear 50 

that rhizobia are not always the only endophytic occupants of root nodules. Nodules can 51 

be colonized by non-rhizobium endophytes (NREs), bacteria that come from dozens of 52 

genera and span multiple phyla (Martínez-Hidalgo et al. 2014; Martínez-Hidalgo and 53 

Hirsch 2017; Tokgöz et al. 2020; Rahal and Chekireb 2021). An enhanced understanding 54 

of how these NREs potentially impact the model legume-rhizobium mutualism would be 55 

useful in predicting the outcomes of legume-rhizobium evolution in more complex 56 

microbial communities, especially if both legume and rhizobium finesses are impacted by 57 

other microbiome constituents (Martínez-Hidalgo and Hirsch 2017; Burghardt and 58 

diCenzo 2023). 59 

Of the NREs that have been described so far, co-inoculation has resulted in either 60 

positive or neutral effects on plant growth and nodule phenotypes (Khan, 2019; Martínez-61 

Hidalgo & Hirsch, 2017). For example, M. truncatula co-inoculated with Sinorhizobium 62 

medicae WSM419 and Pseudomonas fluorescens WSM3457 formed a greater number of 63 

nodules (Fox et al. 2011). Also, Medicago sativa co-inoculated with Sinorhizobium 64 

meliloti 1021 and Micromonospora isolates had more efficient nutrient uptake and 65 

increased shoot mass (Martínez-Hidalgo et al., 2014). Thus, based on the limited number 66 

of studies to date, NREs have often been broadly described as plant-growth promoting 67 

bacteria (PGPBs) (Martínez-Hidalgo & Hirsch, 2017). However, the NREs tested thus far 68 

were chosen because of their plant-growth promoting potential on other non-legumes, 69 

meaning they are likely to be biased towards showing beneficial impacts. It remains 70 

unclear whether the diversity of NREs that naturally co-occur with rhizobia and plant 71 
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genotypes will similarly have positive effects on symbiotic outcomes, or whether some 72 

might have negative impacts. 73 

Shared coevolutionary history and/or shared environmental conditions can heavily 74 

influence the effects of symbiosis on plant hosts. For example, populations of 75 

Mesorhizobium associated with Acmispon wrangelianus legume hosts displayed 76 

contrasting levels of heavy metal adaptation depending on shared soil type (Porter et al. 77 

2017). Additionally, plant-associated microbial communities became more beneficial for 78 

their plant hosts under the appropriate drought regime (Lau and Lennon 2012; Bolin et al. 79 

2023). In one study, legume genotypes inoculated with rhizobia that had been 80 

experimentally evolved on the same genotype across hundreds of generations grew better 81 

compared to those inoculated with rhizobia that evolved on different host genotypes 82 

(Batstone et al., 2020). NREs isolated from nodules with a co-occurring rhizobium strain 83 

could have positive impacts on the symbiosis if they increase the net benefits gained by 84 

both legumes and rhizobia, for example by providing rhizobia with a critical metabolite 85 

that enhances their ability to fix N. However, if NREs instead act as rhizobium 86 

competitors and/or plant pathogens, they might reduce the net benefits exchanged, and 87 

thus negatively impact the symbiosis. Predicting the ecologically relevant impacts that 88 

NREs have on the legume-rhizobium symbiosis will require a direct comparison of the 89 

net benefits gained by legumes and rhizobia in the presence or absence of multiple, 90 

distinct NREs that co-occupy nodules collected from hosts in native soils. 91 

Here, we use four naturally occurring NREs and a high-quality strain of 92 

Sinorhizobium meliloti (strain 141; Batstone et al. 2022c) (formerly Ensifer meliloti), 93 

which were isolated from soils in the native range of the model legume Medicago 94 
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truncatula (Riley et al. 2023). Our objectives were to (1) obtain a taxonomic assignment 95 

of the four NREs; (2) conduct a greenhouse experiment in which fitness proxies of both 96 

plant (e.g., above-ground shoot biomass) and rhizobia (e.g., nodule number) were 97 

quantified and compared when plants were inoculated with S. meliloti 141 alone versus 98 

plants co-inoculated with both S. meliloti and one of the four NREs; and finally, (3) 99 

verify whether NREs could be found in root and nodule tissues of plants when co-100 

inoculated with S. meliloti 141. 101 

 102 

METHODS 103 

Study system 104 

We chose the Medicago truncatula genotype DZA 315.6 (hereafter DZA) because we 105 

previously characterized its growth when paired with hundreds of rhizobial strains 106 

(Batstone et al. 2022a, 2022b), and it has a well-documented ability to form root nodules 107 

with diverse soil endophytes (Etienne-Pascal & Pascal, 2013). We chose Sinorhizobium 108 

meliloti strain 141 (hereafter Sinorhizobium) as our focal rhizobium partner because it 109 

was found to be a high-quality symbiont across several Medicago truncatula genotypes 110 

(A17 and DZA; Batstone et al. 2022b). The four non-rhizobial endophytes (NRE) used in 111 

this study, along with Sinorhizobium, were previously isolated from the root nodules of 112 

natural populations of Medicago truncatula, as described in detail in Riley et al. (2023). 113 

Briefly, strains were isolated from soils surrounding M. truncatula roots from 21 sites 114 

spanning the species’ native range: Spain, France, and Corsica. All nodules were surface 115 

sterilized prior to crushing and streaking for strain isolation. To determine strain 116 

taxonomic identity, Riley et al. (2023) performed several rounds of purification, extracted 117 

.CC-BY-NC 4.0 International licenseavailable under a
(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 

The copyright holder for this preprintthis version posted November 16, 2023. ; https://doi.org/10.1101/2023.11.15.567292doi: bioRxiv preprint 

https://doi.org/10.1101/2023.11.15.567292
http://creativecommons.org/licenses/by-nc/4.0/


7 

DNA from each purified culture, and submitted DNA for Illumina short-read shotgun 118 

sequencing. After trimming and quality filtering, Riley et al. (2023) conducted de novo 119 

assembly on the raw reads and submitted the resulting whole genome sequences to 120 

RASTtk for annotation (Brettin et al., 2015). While most strains were assigned to the 121 

expected Sinorhizobium spp., four were found to be “off-target” strains (522, 702A, 122 

717A, and 733B), henceforth referred to as non-rhizobia endophytes (NREs). After 123 

determining that the four NREs were phylogenetically distant from rhizobia, based on 124 

colony morphology and a phylogeny constructed from several marker genes, Riley et al. 125 

(2023) excluded these strains from further analyses. All other data on these strains come 126 

from the present study.   127 

 128 

Multi-locus species tree and average nucleotide identity 129 

We first assigned our four NREs to putative genera by aligning the 16S rRNA gene 130 

sequences of each against the NCBI RefSeq 16S rRNA database (O’Leary et al., 2016), 131 

and inferring genera based on the top five BLAST hits. Because species-level 132 

identification of bacteria often requires a high-resolution phylogenetic analysis (Lan et 133 

al., 2016), we additionally constructed a maximum-likelihood phylogenetic tree based on 134 

whole-genome alignments using the AutoMLST online service (Alanjary et al., 2019). 135 

Our pipeline first involved submitting whole genome sequences of the four NREs and 136 

then constructing species trees using de novo mode, which automatically determines the 137 

nearest organisms and MLST genes (Table S1-S2) for alignment construction (Alanjary 138 

et al., 2019). Next, we filtered inconsistent MLST genes and generated a MAFFT FFT-139 

NS-2 alignment (Katoh et al., 2002). AutoMLST uses IQ-TREE (Nguyen et al., 2015) to 140 
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select the best fit model and subsequently generate 1000 ultrafast bootstrap replicates 141 

(Minh et al., 2013). AutoMLST also estimates the average nucleotide identity (ANI) for 142 

comparisons of the concatenated multi-locus sequences between query taxa and taxa on 143 

the resulting tree. Given that AutoMLST does not automatically report the ANI between 144 

query sequences, we estimated each strains’ ANI using OrthoANI (Lee et al., 2016) to 145 

compare the phylogenetic distance between the query NREs to each other. 146 

 147 

Plant genotype and growth methods 148 

We razor scarified and surface-sterilized seeds of M. truncatula genotype DZA, washing 149 

them in 95% ethanol for 30 seconds and then commercial bleach for seven minutes, 150 

followed by sterile water for four minutes to rinse off any excess bleach. Before planting, 151 

we packed the bottoms of SC10R Ray Leech “Cone-tainers” (Stuewe & Sons, Inc., 152 

Tangent, OR) with a small handful of autoclaved polyester fiber to cover their drainage 153 

holes. We filled each Cone-tainer with ~ 200 mL of an autoclave-sterilized mixture of 154 

one-part root wash: one-part sand: four-parts turface MVP calcined clay (Profile Products 155 

LLC, Buffalo Grove, IL, USA). The resulting potting media composition is suitable for 156 

M. truncatula growth because it facilitates root extraction and rinsing upon harvest, 157 

which is required for measuring nodule phenotypes (see below). We sowed seeds ¾ 158 

centimeter deep in the potting media-filled Cone-tainers using sterile forceps, and 159 

immediately watered to compact the soil and prevent seed desiccation. We sowed two 160 

seeds in each pot in case one failed to germinate, and then covered the potting media 161 

surface and seeds with ½ cm of autoclaved-sterilized vermiculite to help retain moisture 162 
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around seeds after sowing. Prior to inoculation, we thinned all pots to one seedling using 163 

sterile forceps.  164 

 165 

Inocula preparation 166 

For each of our five strains (four NREs and one Sinorhizobium), we separately steaked 167 

out stocks onto sterile petri dishes with solid Tryptone-Yeast (TY) medium (Vincent, 168 

1970). Dishes were sealed with parafilm and placed into a 30 °C dark incubator. We 169 

allowed colonies to grow until ample growth was observed, approximately 48 hours. For 170 

each strain separately, we picked a single colony to inoculate a sterile 15 mL Falcon tube 171 

filled with liquid TY medium, and then placed the capped tubes in a shaking incubator set 172 

to 30 °C and 200 rpm for overnight growth. Between 20-24 hours later, we combined 173 

tubes of the same strain into a single sterile 50 mL falcon tube, gently inverted to mix, 174 

and pipetted out 500 μL to estimate cell density (cells per mL) via measuring absorbance 175 

at OD600 using a NanoDrop 2000c (Thermo Scientific; Waltham, MA, USA). To ensure 176 

that each strain started at an equal inoculation density, we added an appropriate amount 177 

of sterile liquid medium and culture to reach a final OD600 of 0.1, which corresponds to 178 

~1 x 108 cells/mL. 179 

 180 

Greenhouse experiment 181 

We tested the direct and indirect effects of NREs on the legume-rhizobium symbiosis by 182 

directly comparing co-inoculations of Sinorhizobium paired with each of the four NREs 183 

to single-inoculations with Sinorhizobium alone or each of the four NREs alone, for a 184 

total of 10 treatments: five single-inoculation, four co-inoculation, plus one uninoculated 185 
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control to monitor contamination levels. The single-inoculation treatments consisted of 186 

either a 500 μL dose of Sinorhizobium (hereafter “Sinorhizobium-only”) or a 500 μL dose 187 

of one of the four NREs (hereafter “NRE-only”), each dose totaling ~5x107 cells (1x108 188 

cells/mL x 0.5 mL). The co-inoculation treatments consisted of one full 500 μL dose of 189 

one of the four NRE strains and a full 500 μL dose of S. meliloti 141 (hereafter “co-190 

inoculation”), the combined dose totaling 1x108 cells (1x108 cells/mL x 1 mL). Given 191 

that Sinorhizobium was the plant’s only source of fixed nitrogen, we opted to control for 192 

the number of Sinorhizobium cells across inoculation treatments rather than the total 193 

number of cells; any difference in the number of Sinorhizobium cells present in the 194 

inoculum would necessarily change the fitness benefits plants receive from symbiosis 195 

regardless of whether NREs were present.  196 

We randomized four racks containing five plants per treatment (and control) 197 

across two greenhouse benches, resulting in 40 racks total (10 treatments x 4 replicate 198 

racks x 5 replicate plants = 200 plants), plus one additional rack of ten external control 199 

plants placed outside of the benches in the same room (210 total plants). We programmed 200 

misters located inside the greenhouse room to go off for a duration of 45 minutes, four 201 

times a day. We inoculated plants with their respective treatments seven days after seeds 202 

had been sown (i.e., when the first true leaf had emerged) to give the plants sufficient 203 

time to establish their root systems and begin photosynthesizing. To further reduce cross-204 

contamination, immediately after inoculation, we added ½ cm of sterile sand to the 205 

surface of the soil of each Cone-tainer to provide a barrier between the inoculum and air.  206 

We destructively harvested all plants four weeks post inoculation. We cut the 207 

above-ground shoots of all plants at their bases and separately stored them in five-inch 208 

.CC-BY-NC 4.0 International licenseavailable under a
(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 

The copyright holder for this preprintthis version posted November 16, 2023. ; https://doi.org/10.1101/2023.11.15.567292doi: bioRxiv preprint 

https://doi.org/10.1101/2023.11.15.567292
http://creativecommons.org/licenses/by-nc/4.0/


11 

coin envelopes, which were left to dry in a 60 °C oven for three days before the dry-mass 209 

of each shoot was recorded. We extracted roots from Cone-tainers, dunked them into a 210 

bin of tap water to gently remove potting media, and then wrapped roots in paper towels 211 

and stored them in a 4 °C refrigerator until nodule dissection the following day. After 212 

counting the total number of nodules formed on each root, we haphazardly selected ten 213 

nodules, removing them carefully with forceps, and weighing all ten together to the 214 

nearest 0.01 mg using a microbalance (Mettler-Toledo, Columbus OH, USA). After 215 

nodule dissection, we placed roots into five-inch coin envelopes, allowed them to dry 216 

using the same protocol for shoots, and recorded their weight.  217 

 218 

Nitrogen addition experiment 219 

For NREs that were found to significantly impact plant traits, we wanted to tease apart 220 

whether these effects were acting on the plants directly (i.e., observed in the absence of 221 

co-inoculation with rhizobia) or indirectly (i.e., via their interactions with rhizobia). 222 

However, because we did not supply plants with any external sources of nitrogen in our 223 

greenhouse experiment (described above), plants grew poorly in all treatments in which 224 

Sinorhizobium was absent, precluding our ability to thoroughly test direct vs indirect 225 

effects of NREs. To address this limitation, we conducted an additional experiment in 226 

which plants were supplied with moderate amounts of N and were either inoculated with 227 

a single NRE or were left uninoculated (control). If plants grew larger or smaller when 228 

inoculated with an NRE compared to uninoculated controls, then we would consider this 229 

NRE to incur direct benefits (i.e., mutualistic) or costs (i.e., pathogenic) on the plant 230 

respectively. We prepared 16 replicate plants per inoculation treatment, using similar 231 
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protocols as described for the greenhouse experiment (above). After scarification and 232 

surface-sterilization, we placed seeds on sterile petri dishes with sterile water and allowed 233 

them to germinate for 48 hours in the dark. Seedlings were then transplanted into 234 

magenta boxes (PlantMedia, Dublin, OH) containing autoclaved-sterilized 1:1 calcined 235 

clay and sand mixture to exclude any plant-available nitrogen. Plants were placed in a 236 

growth chamber at a constant 60% humidity with 16-hour, 23 °C days and 8-hour, 18 °C 237 

nights. One week after transplanting, plants were inoculated with each NRE individually 238 

or with sterile media. Plants received 5 mL of N-supplemented Fahräeus media (Vincent, 239 

1970) once a week for four weeks after inoculation. We used ammonium nitrate 240 

(NH4NO3) as the external N source, ramping up the concentration at each application to 241 

reflect varying nitrogen requirements during seedling development (Barker et al., 2006): 242 

1.0 mg/mL, 2.0 mg/mL, 3.0 mg/mL, and 5.0 mg/mL, week-by-week. After these four 243 

weeks, we destructively harvested plants, recorded their dry shoot masses (as described 244 

above), and examined roots for nodules to check for contamination.  245 

 246 

Statistical analyses on phenotypic data 247 

For data measured in the greenhouse experiment, we constructed a linear mixed-248 

effects model (LMM) using the package "lme4” (Bates et al., 2015) in R (R Core Team, 249 

2020) to test if observed traits were influenced by inoculation treatment. For each model, 250 

we included treatment as a fixed effect and plant rack as a random effect to account for 251 

the spatial arranged of racks in the greenhouse. We performed type II ANOVA on the 252 

model generated for each trait using the “car” package (J. Fox & Weisberg, 2019). To 253 

infer significance in pairwise comparisons of each treatment for each trait, we estimated 254 
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marginal means with false discovery rate adjusted p-values using the “emmeans” package 255 

(Lenth, 2022). For the nitrogen experiment, we analyzed data using LMMs and post-hoc 256 

analysis as described above, but with inoculation treatment (control, inoculated) as fixed 257 

effect and pot position as a random effect.  258 

 259 

Tissue occupancy experiment 260 

Finally, we wanted to confirm whether NREs that significantly impacted the symbiosis, 261 

which were originally isolated from nodules that formed on plants growing in the field, 262 

could reinfect plant tissues after inoculation. We conducted an additional co-inoculation 263 

experiment of Sinorhizobium paired with each NRE that affected host growth (see 264 

Results). Seeds of DZA M. truncatula were prepared and grown with the same methods 265 

as the nitrogen addition experiment (see above). We grew ten plants of each treatment in 266 

pre-sterilized plastic, drainless, three-inch plant trays that were covered with transparent, 267 

plastic 10-inch domes, yielding 50 plants in total. We filled plant trays with sterile tap 268 

water, so that plants would receive a consistent supply of water. We used the same 269 

inoculation methods as those described above. 270 

Plants were harvested four weeks post-inoculation with the same protocol as 271 

described above, but after rinsing roots, we placed them in a sterile 50 mL falcon tube 272 

with 40 mL sterile DI water and shook thoroughly to remove excess soil and weakly-273 

associated rhizosphere microbes. After washing roots this way, we placed each root into 274 

its own sterile 50 mL falcon tube with silica beads and cotton at the bottom (to remove 275 

excess moisture) and left to dry overnight. We removed nodules from roots as well as 276 

root tissue sections without nodules. Nodules and roots were placed in separate 1.5 mL 277 
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tubes with 500 μL sterile water and allowed to re-imbibe overnight. We then partitioned 278 

these tissue samples for DNA sequencing into two categories: endophytes (within tissues) 279 

as well as endophytes + epiphytes (on tissue surfaces). In total, we gathered 48 tissue 280 

samples for DNA sequencing (3 treatments x 2 tissue sections x 2 sterilization treatments 281 

x 4 replicates = 48 samples). To sequence only endophytic bacteria, we randomly chose 282 

four samples from each tissue section per inoculum treatment and surface sterilized each 283 

individually by adding 1 mL of 30% commercial bleach, thoroughly mixing for 60 284 

seconds, and then removing bleach thoroughly by washing each sample with 1 mL of 285 

sterile DI water. To sequence epiphytic in addition to endophytic bacteria, we randomly 286 

chose four additional samples per tissue section per treatment, washing each individually 287 

with 1 mL of sterile DI water, and thoroughly mixing for 60 seconds to remove loosely-288 

associated bacteria on tissue surfaces.  289 

 290 

DNA extraction and 16S V3-V4 amplicon sequencing 291 

We extracted and purified genomic DNA from tissue samples using a DNeasy Plant Pro 292 

Kit (Qiagen, Hilden, Germany) following the manufacturer’s instructions. For each 293 

sample, we evaluated the DNA concentration using optical density measurements 294 

obtained by a Nanodrop spectrophotometer (NanoDrop Technologies, Rockland, DE, 295 

USA) at 260 and 280 nm wavelengths. We submitted DNA samples to the W.M. Keck 296 

Center for Comparative and Functional Genomics at the University of Illinois at Urbana-297 

Champaign for 16S rRNA V3-V4 region amplicon sequencing. Briefly, DNA quality was 298 

assessed with a Qubit fluorometer (Invitrogen, MA, USA) and the targeted 16S regions 299 

were amplified by PCR using primers V3-F357_N (5'-CCTACGGGNGGCWGCAG-3′) 300 
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and V4-R805 (5'-GACTACHVGGGTATCTAATCC-3′) using a Fluidigm Biomark HD 301 

PCR machine (Fluidigm Corporation, South San Francisco, CA, USA). PCR products 302 

were quantified with a QuantiT PicoGreen fluorometer (Invitrogen, MA, USA), then 303 

cleaned, purified, and size-selected in a 2% agarose E-gel (Invitrogen, MA, 304 

USA) followed by gel extraction with a QIAquick Gel extraction kit (Qiagen, Hilden, 305 

Germany). Amplicons were sequenced with Illumina MiSeq v2 platform (Illumina, San 306 

Diego, CA, USA) according to the manufacturer’s instructions. 307 

 308 

Amplicon sequence variant (ASV) inference 309 

For each library (i.e., sample), we inspected raw, demultiplexed reads for quality using 310 

DADA2 v1.28.0 (Callahan et al. 2016) in R (R Core Team 2020). Reads were trimmed 311 

with DADA2 to remove forward and reverse primers at lengths of 32 and 35, 312 

respectively, to account for the length of V3-V4 primers plus the length of Fluidigm-313 

specific CS primers. We filtered the resulting trimmed reads with DADA2 to retain reads 314 

with a maximum number of expected errors of two on the forward strand and five on the 315 

reverse strand, in addition to removing putative phiX sequences. We truncated reads at 316 

the first instance of a quality score less than or equal to two. The resulting filtered and 317 

trimmed reads were dereplicated with DADA2 and amplicon sequence variants (ASVs) 318 

were inferred from the dereplicated reads with DADA2. We merged ASVs from forward 319 

and reverse read pairs and removed putative chimeras with DADA2, using the 320 

“consensus” method. The resulting merged, non-chimeric ASVs were used to construct a 321 

sequence table, and the taxonomy of the ASVs was inferred with DECIPHER v2.28.0 322 

(Wright 2016) with the SILVA SSU r138 database (Quast et al. 2012). We manually 323 
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renamed the resulting taxonomic assignments to the genus Ensifer to Sinorhizobium to 324 

reflect the most recent modifications to the genera Ensifer and Sinorhizobium 325 

(Kuzmanović et al. 2022). Additionally, we removed ASVs without a taxonomic 326 

assignment at the domain level and ASVs assigned to the orders Rickettsiales or 327 

“Chloroplast” using phyloseq v1.44.0 (McMurdie and Holmes 2013) to exclude ASVs 328 

inferred from host DNA from downstream analyses. We constructed a heatmap 329 

visualizing the matrix of variance-stabilized ASVs counts per sample using the R 330 

package pheatmap v1.0.12 (Kolde 2019) using color palettes generated by RColorBrewer 331 

v1.1.3 (Neuwirth 2022) and viridis v0.6.3 (Garnier et al. 2023). The resulting heatmap 332 

was manually edited to position color legends and to format the font face of ASV labels 333 

for Figure 4. ASV names with polyphyletic or Candidatus genus assignments from 334 

SILVA were manually replaced with “NA”. 335 

 336 

ASV differential abundance analysis 337 

To determine the relative enrichment of ASVs across inoculum treatment, tissue section, 338 

and surface-sterilization treatment, we used the absolute, non-normalized ASVs counts in 339 

conjunction with DESeq2 (Love et al. 2014) v1.40.2 for a differential abundance 340 

analysis. Briefly, we built negative binomial generalized models using the ASV counts in 341 

DESeq2 with inoculum, tissue section, and surface-sterilization treatment included as 342 

factors in the models. To determine ASVs whose abundances were significantly affected 343 

by each factor individually, we performed likelihood ratio tests using DESeq2 using full 344 

models of the three factors together and reduced models lacking one of each factor. For 345 

each test, we shrunk the resulting log2 fold-changes of every contrast of the factor’s 346 
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levels using the DESeq2 function “lfcShrink”. Lastly, to determine ASVs differentially 347 

abundant across surface-sterilization treatments among the same tissue sections, we 348 

performed an additional likelihood ratio test. The full model in this test contained one 349 

factor representing the interaction of tissue section and surface-sterilization treatment, 350 

while the reduced model included only the intercept. As done with the other tests, we 351 

shrunk the log2 fold changes of each level contrast. We generated all plots with ggplot2 352 

(Wickham 2016). 353 

 354 

ASV BLAST alignments 355 

Using NCBI BLAST+ v2.14.0, we created a nucleotide database from the 16S rRNA 356 

sequences annotated from the genome assemblies of Sinorhizobium, Paenibacillus sp. 357 

717A, and Pseudomonas sp. 733B. All ASV nucleotide sequences inferred by DADA2 358 

(Table S9) were used as a query in a BLASTn search with BLAST+ (Camacho et al. 359 

2009), retaining alignments with a minimum e-value of 0.01 and at least 80% identity. 360 

ASV28 (Table S9) was determined to be a likely representative of Paenibacillus sp. 361 

717A (see results) and was aligned against the NCBI rRNA type strain database on the 362 

BLAST+ online platform (blast.ncbi.nlm.nih.gov) to verify its potential taxonomic 363 

assignment. We determined that ASV1 and ASV5 were representatives of Sinorhizobium 364 

141 and Pseudomonas sp. 733B, respectively (see results). To investigate the presence of 365 

strains related to these two ASVs plus ASV28 in other contexts, we aligned ASV1, 366 

ASV5, and ASV28 against the 50 most abundant sequences inferred from 16S rRNA 367 

amplicon sequencing in another study of symbiotic bacteria of M. truncatula (Brown et 368 

al. 2020) using BLASTn with the same parameters. 369 
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 370 

RESULTS 371 

Phylogeny 372 

Our 16S rRNA BLAST results suggested both NRE strains 522 and 717A belong to the 373 

genus Paenibacillus, while 702A and 733B belong to Pseudomonas. We subjected both 374 

Pseudomonas strains and both Paenibacillus strains to multi-locus species tree 375 

construction using whole-genome sequences. This process revealed that the whole-376 

genome sequence for Paenibacillus sp. 522 was contaminated with contigs from a 377 

Brevibacillus, and so only Paenibacillus reference genomes were included in the ingroup 378 

for tree construction to avoid errors; however, it is possible that this Brevibacillus was 379 

present in the 522 inoculations. The resulting Pseudomonas tree (Figure 1A) placed 380 

Pseudomonas sp. 733B as a sister taxon to Pseudomonas reinekei MT1 (mean distance = 381 

0.0894, ANI = 0.9106, P < 0.001) with 100 percent bootstrap support at this node. 382 

Pseudomonas sp. 702A was placed with 100 percent bootstrap support at the node sister 383 

to a clade containing five different Pseudomonas type strains, of which the closest 384 

neighbor was Pseudomonas migulae NBRC 103157 (distance = 0.1105, ANI = 0.8895, P 385 

< 0.001). The resulting Paenibacillus tree (Figure 1B) placed Paenibacillus spp. 522 and 386 

717A sister to each other in the same clade with no other taxa with 100 percent bootstrap 387 

support at this node. The nearest type strains to Paenibacillus spp. 522 and 717A placed 388 

on the species trees were Paenibacillus ferrarius CY1 (distance = 0.2057, ANI = 0.7943, 389 

P. < 0.001) and Paenibacillus alginolyticus DSM 5050 (distance = 0.1849, ANI = 390 

0.8151, P < 0.001), respectively. For a comprehensive list of calculated mash distances, 391 

see Tables S3-S4. The estimated OrthoANI for Paenibacillus spp. 522-717A and 392 
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Pseudomonas spp. 702A-733B comparisons were 0.8472 and 0.8524, respectively (Table 393 

S5). 394 

 395 

Greenhouse experiment 396 

Plants inoculated with Sinorhizobium plus either Paenibacillus sp. 522 or Pseudomonas 397 

sp. 702A were not significantly different from Sinorhizobium-only plants, whereas plants 398 

inoculated with Sinorhizobium plus either Paenibacillus sp. 717A or Pseudomonas sp. 399 

733B had significantly smaller shoot mass compared to Sinorhizobium-only plants 400 

(Figure 2A; Table S7). Every group of plants singly inoculated with an NRE without N-401 

fixing Sinorhizobium, and uninoculated control plants, were in observably poor condition 402 

upon harvest, with significantly smaller shoot masses compared to co-inoculated plants 403 

and Sinorhizobium-only plants (Table S7), while the differences in shoot mass across the 404 

NRE-only and uninoculated control groups were not significant (Figure2A; Table S7). 405 

Uninoculated plants showed negligible signs of contamination; we only found two 406 

nodules on a single internal control plant, while all other controls (n = 29) were nodule-407 

free. Similarly, we only found two plants inoculated with an NRE but not Sinorhizobium 408 

that formed nodules (one with 46 and the other with 31 nodules), which were 409 

subsequently removed from downstream analyses. Additionally, the biomass of all plants 410 

that were not inoculated with Sinorhizobium were significantly smaller than those 411 

inoculated with Sinorhizobium (Table S7). 412 

 The lack of nodules on the vast majority of plants (n = 78/80) that had been 413 

inoculated only with NREs (Figure 2B) indicated that these NREs were indeed unable to 414 

form nodules on their own. The difference between the average number of nodules 415 
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formed by Sinorhizobium-only and Paenibacillus sp. 522 or Pseudomonas sp. 702A co-416 

inoculated plants was not significant (Figure 2B; Table S7). However, both Paenibacillus 417 

sp. 717A and Pseudomonas sp. 733B co-inoculated plants formed significantly fewer 418 

nodules on average compared to Sinorhizobium-only plants with a 23% and 25% 419 

reduction (n = 20), respectively, while none of the co-inoculated groups were 420 

significantly different from each other (Figure 2B; Table S7). This pattern is consistent 421 

with the differences observed in shoot mass, above. For a comprehensive list of all 422 

pairwise contrasts for each trait measurement and their associated P-values, see Table S7. 423 

 424 

Nitrogen addition experiment 425 

While co-inoculations of Sinorhizobium with Paenibacillus sp. 717A or Pseudomonas sp. 426 

733B negatively impacted host-symbiont traits (Figure 2B; Table S7), the effects on M. 427 

truncatula shoot mass could have been either an indirect result of the antagonistic 428 

interaction between NRE and Sinorhizobium or a direct result of parasitism by the NREs 429 

on the M. truncatula host. Since plants in the greenhouse experiment did not receive 430 

supplemental nitrogen, we could not distinguish whether the poor performance of M. 431 

truncatula plants singly inoculated with NREs was due to nitrogen-deficiency alone or if 432 

NRE inoculations also contributed. To address this, we tested whether the NREs were 433 

plant pathogens by examining the direct effects of Paenibacillus sp. 717A and 434 

Pseudomonas sp. 733B on host plants that received supplemental nitrogen fertilizer 435 

(Figure 3). Plant growth was not significantly impacted by inoculation with either strain 436 

compared to the uninoculated controls (P > 0.1, type II ANOVA), suggesting that the 437 

NREs 717A and 733B did not directly affect M. truncatula; rather, they likely indirectly 438 
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affected plant fitness in co-inoculations by inhibiting the legume-rhizobium symbiosis. 439 

Again plants grown without supplemental fertilizer (and without Sinorhizobium) were in 440 

poor condition (Table S8), and no nodules were observed on any plant. 441 

 442 

Tissue occupancy experiment 443 

Finally, we used 16S rRNA amplicon sequencing of both surface-sterilized and non-444 

surface-sterilized root and nodule tissues from coinoculated plants to locate these NREs 445 

in the endosphere and/or rhizosphere. Although we inoculated plants with combinations 446 

of only Sinorhizobium, Paenibacillus sp. 717A, and Pseudomonas sp. 733B in initially 447 

axenic conditions, taxonomic assignments of ASVs after four weeks in the greenhouse 448 

showed that other bacteria were also associated with our tissue samples (Figure 4). A 449 

total of 248 unique ASVs were inferred across all samples (Table S9); however, the vast 450 

majority of these ASVs were in very low abundance (Table S9). This low abundance is 451 

expected to some degree considering that 16S rRNA amplicon sequencing can report 452 

ASVs with abundances < 0.1% (Nikodemova et al. 2023), which either reflect spurious 453 

inferences or trace amounts of microbial cells. Nonetheless, ASVs were inferred from all 454 

inoculation, tissue, and surface-sterilization groups (Figure 4). 455 

Our goal was to determine whether we could recover our inoculum strains from 456 

nodules in the expected treatments, which would confirm these strains as nodule 457 

endophytes rather than tissue surface contaminants. After aligning our inferred ASVs 458 

against the 16S rRNA sequences of our isolate genomes, we found that ASV1 and ASV5 459 

aligned perfectly to the Sinorhizobium and Pseudomonas sp. 733B 16S V3-V4 regions, 460 

respectively, retaining 100% of the ASV lengths in the alignments (Table S11). Our 461 
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taxonomic assignments of ASVs based on alignments to SILVA are consistent with these 462 

predictions (Figure 4). ASV1 (Sinorhizobium based on SILVA references) was abundant 463 

in every inoculum treatment, tissue section, and surface-sterilization treatment. The 464 

abundance of ASV1 was not different between samples inoculated with Sinorhizobium 465 

alone and either 717A + 141 or 733B + 141 samples (P > 0.05, Wald test, FDR adjusted) 466 

(Figure 4, Figure S1A-B, Table S14). As expected, ASV1 was significantly more 467 

abundant among nodule samples compared to root samples (P < 0.01, Wald test, FDR 468 

adjusted) (Figure S1C). These results suggest that neither Paenibacillus sp. 717A nor 469 

Pseudomonas sp. 733B significantly reduced the abundance of Sinorhizobium in nodules. 470 

ASV5 was assigned to Pseudomonas SILVA reference sequences and was only detected 471 

in samples from Pseudomonas sp. 733B co-inoculated plants. This ASV was present in 472 

non-surface-sterilized nodule samples plus one additional surface-sterilized root sample 473 

at trace levels but was significantly more abundant in nodule samples compared to root 474 

samples (P < 0.01, Wald test, FDR adjusted) (Figure 4, Figure S1C, Table S14).  475 

No ASVs aligned perfectly to the Paenibacillus sp. 717A 16S gene (Table S11). 476 

Among the ASVs that did align to Paenibacillus sp. 717A, the most abundant ASV in our 477 

dataset was ASV28 (Table S11; Table S9; Figure 4), which aligned at an 85% identity 478 

with 99% coverage of the ASV (Table S11). Several Paenibacillus species have 479 

displayed relatively high levels of intraspecific sequence heterogeneity in their 16S rRNA 480 

genes (Nübel et al. 1996; Bosshard et al. 2002; Nechayeva et al. 2021), which likely 481 

explains this smaller alignment identity compared to our other inoculum strains. This 482 

sequence was assigned to the genus Bacillus based on the SILVA database (Figure 4); 483 

however, this is likely attributed to the under-representation of Paenibacillus isolates 484 
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relative to Bacillus in the SILVA SSU training database used for sequence classification. 485 

We verified the assignment of ASV28 to the genus Paenibacillus by BLASTing its 486 

sequence against the NCBI 16S rRNA type strain database and indeed found the highest 487 

scoring alignments to members of Paenibacillus. Overall, out of all other ASVs inferred 488 

from the amplicon data, ASV28 is the most likely representative of Paenibacillus sp. 489 

717A. This ASV was found only in non-surface-sterilized nodule and non-surface-490 

sterilized root samples from Paenibacillus sp. 717A co-inoculated plants, with no 491 

difference in abundance between the two tissue sections (P > 0.05, Wald test, FDR 492 

adjusted) (Figure 4, Figure S1A, Table S14). 493 

To determine whether inoculum strains were differentially abundant across the M. 494 

truncatula rhizosphere versus the endosphere, we compared surface-sterilized to non-495 

surface-sterilized samples (Figure S1D-E). Strains that are endosphere-associated should 496 

either be enriched in the surface-sterilized groups (indicating preference for the 497 

endosphere over the rhizosphere) or not differentially abundant between the two groups 498 

(indicating similar levels across the endosphere and rhizosphere). However, strains that 499 

are rhizosphere-associated should be enriched in non-surface-sterilized groups. In the 500 

nodule samples, ASV5 [Pseudomonas sp. 733B] and ASV28 [Paenibacillus sp. 717A] 501 

were enriched in non-surface-sterilized samples (P < 0.05, P < 0.01, Wald test, FDR 502 

adjusted), while ASV1 [Sinorhizobium] was not differentially abundant (P > 0.05, Wald 503 

test, FDR adjusted) (Figure S1E, Table S14). In the root samples, ASV28 was enriched in 504 

non-surface-sterilized samples (P < 0.01, Wald test, FDR adjusted). Although ASV1 and 505 

ASV5 each had a significant difference in abundance between surface-sterilized root 506 

samples compared to non-surface-sterilized root samples (P < 0.05, Wald test, FDR 507 
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adjusted), neither ASV met our minimum fold-change criterion of 1.5 to be considered 508 

enriched in either surface-sterilized or non-surface-sterilized root samples (Figure S1F, 509 

Table S14). Collectively, these comparisons show that Sinorhizobium was indeed 510 

endosphere-associated in both root and nodule sections. Paenibacillus sp. 717A and 511 

Pseudomonas sp. 733B, on the other hand, were rhizosphere associated at nodules, with 512 

Paenibacillus sp. 717A also being rhizosphere associated in root sections and 513 

Pseudomonas sp. 733B being endosphere-associated in root sections. 514 

 515 

Sinorhizobium, Paenibacillus, and Pseudomonas associations beyond this study 516 

To further investigate the ecological relevance of our NREs, we asked whether our three 517 

ASVs of interest, representing the three inoculum strains, could also be detected among 518 

amplicon data from a separate study of the leaf, root, and nodule endophytes of M. 519 

truncatula endophytes grown in native field soil (Brown et al. 2020). Aligning our ASVs 520 

of interest against the 50 most abundant sequences generated by Brown et al. (2020) 521 

revealed imperfect but numerous alignments to taxa in their study (Table S12). The best 522 

alignment of ASV1 was OTU00001, an “Ensifer” bacterium (now reclassified as 523 

Sinorhizobium) that was found to be a significant nodule endophyte in the Brown et al. 524 

(2020) study, at 99% identity with 92% coverage of the OTU (Table S12). Our ASV28 525 

[Paenibacillus sp. 717A] aligned to OTU00009 at 100% identity and 92% coverage 526 

(Table S12). This OTU was a significant rhizosphere member in Brown et al. (2020) and 527 

was labelled as a “Paenisporosarcina” in the order Bacillales, inferred by aligning OTUs 528 

against a SILVA 16S reference alignment (v123). Lastly, our ASV5 [Pseudomonas sp. 529 

733B] aligned equally well to OTU00013 and OTU00003, which were labeled by Brown 530 
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et al. (2020) as “Streptomyces” and “Pseudomonas”, respectively, at 99% identity and 531 

92% coverage (Table S12). Considering OTU sequence lengths in Brown et al. (2020) 532 

were over 100 bases shorter than the ASVs generated here, the alignments of ASV5 to 533 

both Streptomyces and Pseudomonas OTUs are likely due to the lower sequence 534 

resolution in their study. Given ASV5 [Pseudomonas sp. 733B] aligned perfectly to a 535 

region of the 16S rRNA gene in our Pseudomonas sp. 733B genome assembly, we 536 

believe that our ASV5 [Pseudomonas sp. 733B] is likely closely related to Pseudomonas 537 

OTU00003, a significant member of the leaf phyllosphere in Brown et al. (2020). 538 

 539 

DISCUSSION 540 

Considering the ecological and economic importance of the legume-rhizobium symbiosis 541 

(Sprent 1987; Herridge et al. 2008a), it is critical to understand how the outcomes of this 542 

symbiosis change due to both abiotic and biotic factors, including non-rhizobial 543 

endophytes (NREs) that share the nodule alongside rhizobia. Using four NRE strains, we 544 

inferred their phylogeny, re-identified the NREs from root and/or nodule tissues, and 545 

showed that two of the four NREs we examined reduced the benefits both legumes and 546 

rhizobia receive from the interaction. We discuss the potential mechanisms for, and 547 

implications of, these main results below. 548 

Several studies of legume-rhizobium symbiosis have demonstrated how genetic 549 

variation in either of these partners can influence fitness outcomes, in addition to 550 

interactions with other plants and microbes (Heath and Tiffin 2009; Brown et al. 2020; 551 

Batstone et al. 2022a). For example, one study found that variation in host control among 552 

six lines of Acmispon strigosus influenced the variation in symbiont effectiveness among 553 
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Bradyrhizobium populations (Wendlandt et al. 2019). Far fewer studies have explicitly 554 

considered genetic variation in other microbial constituents present in the soil community 555 

(Tsiknia et al. 2020). Our results suggest that genetic variation within NREs 556 

(Pseudomonas spp. 702A vs. 733B and Paenibacillus spp. 522 vs. 717A) leads to 557 

variation in fitness-related traits of both the M. truncatula host and the S. meliloti 558 

symbiont. While it is infeasible to capture the effects of all surrounding taxa on legume-559 

rhizobium symbiosis, investigating interactions with microbes present inside root 560 

nodules—the location where the critical symbiotic exchange of nutrients is occurring—is 561 

an important step towards understanding legume-rhizobium symbiosis in its full context. 562 

We show that NREs present in nodules alongside rhizobia can have indirect effects that 563 

must be considered if the outcomes of the legume-rhizobium symbiosis in real soil 564 

communities are to be predicted more accurately. 565 

 566 

Effects on plant fitness 567 

Symbionts in a microbiome do not always evolve to benefit their plant host, as microbes 568 

have their own fitness interest that do not necessarily align with host fitness (Klein et al. 569 

2021). In contrast to previous studies, the NREs included here were isolated from the 570 

same region as our focal Sinorhizobium strain, and negatively impacted the legume-571 

rhizobium symbiosis by decreasing the average number of nodules formed and average 572 

shoot mass. The vast majority of NREs described to date have demonstrated positive or 573 

neutral effects on plant or rhizobium performance by increasing host shoot mass or the 574 

number of nodules formed (Khan, 2019; Martínez-Hidalgo & Hirsch, 2017). Since two 575 

NREs in this study (Paenibacillus sp. 717A and Pseudomonas sp. 733B) negatively 576 
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impacted the legume-rhizobia mutualism while the other two (Paenibacillus sp. 522 and 577 

Pseudomonas sp. 702A) showed neutral effects, NREs should not generally be 578 

considered beneficial.  579 

The negative effects of Paenibacillus sp. 717A and Pseudomonas sp. 733B on 580 

plant growth could have been due to several non-mutually exclusive mechanisms, 581 

including that these strains: i) represent plant pathogens, whereby plants perform worse 582 

in the presence of these NREs compared to when they are not associated with them 583 

regardless of the presence of rhizobia; ii) reduce Sinorhizobium’s ability to colonize 584 

nodules once formed, and subsequently, fix N; and/or iii) reduce Sinorhizobium’s ability 585 

to nodulate plants. The results from our nitrogen addition experiment, whereby plants 586 

were provided with sufficient levels of nitrogen critical for minimal growth (Küster 587 

2013), showed little evidence for i), that NREs are plant pathogens; plants performed 588 

similarly when inoculated by NREs compared to sterile media. We also found little 589 

evidence to suggest ii), that NREs impede rhizobia’s ability to colonize nodules because 590 

our tissue occupancy experiment revealed that Sinorhizobium ASV abundance within 591 

nodules was not significantly impacted by NRE co-inoculation. Instead, our results are 592 

most consistent with iii), that NREs interfere with Sinorhizobium's ability to nodulate 593 

plants, given the significant reduction in nodules formed by plants when co-inoculated 594 

with NREs compared to Sinorhizobium alone.  595 

Finding a reduction in nodulation despite plants being N starved in our 596 

greenhouse experiment suggests that these NREs inhibited nodulation, which precludes N 597 

acquisition by the host from rhizobial partners. When the only source of N is that fixed 598 

by rhizobia, legumes will continue to form nodules until they acquire sufficient levels of 599 
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N via a tightly regulated process known as autoregulation of nodulation (AON, Bauer 600 

1981; Caetano-Anollés and Gresshoff 1991). Fewer nodules and poorer plant growth 601 

means the reduction in nodules we observed was unlikely due to AON decreasing 602 

nodulation. A recent study in which legumes were either co-inoculated with two strains 603 

of rhizobia or singly inoculated with each strain individually found a similar reduction in 604 

nodulation due to interference competition between strains, whereby the growth of each 605 

strain is inhibited by the presence of the other (Rahman et al. 2023). Given their ability to 606 

co-inhabit root and nodule tissues, direct interactions between rhizobia and NREs are 607 

likely. In other studies, rhizobia-NRE interactions were found to impact nodulation in a 608 

variety of ways. For example, S. meliloti was found to cross-utilize siderophores 609 

produced by Exiguobacterium NREs in co-inoculations, which stimulated nodule 610 

formation and increased the mass of their Trigonella foenum-graecum host (Rajendran et 611 

al. 2012). Additionally, production of indole-3-acetic acid by Pseudomonas trivialis 612 

3Re27 and Pseudomonas extremorientalis TSAU20 stimulated nodule formation by 613 

Rhizobium galegae on roots of Galega orientalis and increased G. orientalis growth 614 

(Egamberdieva et al. 2010). Furthermore, Bacillus subtilis UD1022 was found to 615 

antagonistically downregulate quorum sensing and biofilm formation by Sinorhizobium 616 

meliloti Rm8530, which is critical to initiate root nodule formation (Rosier et al. 2021). 617 

Future studies could determine whether the Pseudomonas sp. 733B and Paenibacillus sp. 618 

717A NREs here act antagonistically against Sinorhizobium via extracellular secretions 619 

that inhibit nodule formation, or whether they physically compete with Sinorhizobium in 620 

root tissues. Either or both of these mechanisms could explain the indirect impacts of 621 

these NREs on plant growth. Overall, our results highlight that NREs have the potential 622 
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to negatively impact plants indirectly through their interactions with rhizobia, which in 623 

turn, impacts the fitness benefits received by both legumes and rhizobia. Improving 624 

symbiotic outcomes in natural or managed fields will therefore require examining the 625 

community context in which the symbiosis takes rather than the focal partners alone. 626 

 627 

Cohabitation of Sinorhizobium and NREs 628 

Evolutionary theory predicts that mutualisms are susceptible to “cheaters” that reap 629 

rewards from their symbionts without paying any costs (Jones et al. 2015). One current 630 

objective of coevolutionary research is to understand how genetic variation and abiotic 631 

factors stabilize or destabilize mutualisms (Sachs et al. 2004; Heath and Tiffin 2009; 632 

Jones et al. 2015; Batstone et al. 2018, 2022b). Some perspectives suggest that 633 

maintaining variation in partner quality, even continuing to associate with potential 634 

cheaters, offers a selective advantage to the host if the benefits obtained depend on 635 

environmental conditions (Batstone et al. 2018). By extension, the benefits exchanged in 636 

symbiosis are likely to depend on the biotic context, and more specifically, the 637 

microbiome in which the focal symbiosis unfolds. The natural co-habitation of rhizobia 638 

and NREs that impact legume-rhizobia symbiosis here could provide yet another 639 

mechanism for maintaining variation in partner quality, if quality depends on the 640 

identities of the NREs present within a microbiome (Batstone et al. 2018). 641 

 Soil bacteria interact with each other and influence the fitness of their host plant 642 

with and without infection (de la Fuente Cantó et al. 2020). Whether the microbes behind 643 

these interactions inhabit the nodule/root endosphere or rhizosphere has different 644 

implications for community composition and the phenotypic outcomes of symbioses 645 
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(Brown et al. 2020). While the NRE strains used here were originally isolated from 646 

cultures of the M. truncatula nodule endosphere, we were not able to confirm reinfection 647 

of nodule endospheres by either NRE strain, although we did detect them on surface 648 

nodule and root tissues and Pseudomonas sp. 733B in the root endosphere at relatively 649 

low levels. Our findings do not rule-out that these NREs occupied nodules alongside 650 

Sinorhizobium. Low-abundance bacteria can have significant impacts on the surrounding 651 

community (Lynch and Neufeld 2015; Jousset et al. 2017). These community members 652 

may be difficult to detect in amplicon sequencing data if their sequence counts in a 653 

sample are too low compared to other community members (Huse et al. 2010; Paulson et 654 

al. 2013; Escudié et al. 2018). Given Sinorhizobium’s extensive population growth and 655 

genome duplication within nodules (Mergaert et al. 2006), sequencing technologies that 656 

enrich for particular targets, such as capture sequencing (Hayden et al. 2022), may be 657 

required to detect non-rhizobial low frequency nodule occupants. 658 

 659 

Identifying potential Pesudomonas and Paenibacillus NREs elsewhere 660 

The Pesudomonas and Paenibacillus NRE strains studied here were originally isolated 661 

from nodules of M. truncatula grown in soils collected from its natural range. By 662 

comparing our sequencing results to those of another study that grew M. truncatula in 663 

such soils (Brown et al. 2020), we found OTUs representing taxa closely related to 664 

Paenibacillus sp. 717A and Pseudomonas sp. 733B to be among the most abundant 665 

community members. This relationship suggests that NREs in this study are likely 666 

reflective of NREs in the natural microbiome of M. truncatula. This presents 667 

opportunities to understand the mechanisms by which complex root-associated 668 
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communities establish and influence each other using this as a model multi-player 669 

symbiosis. 670 

 671 

Concluding remarks 672 

Here we show that some NREs can reduce the benefits of legume-rhizobium symbiosis. 673 

In our study, Paenibacillus spp. 522 and 717A as well as Pseudomonas spp. 702A and 674 

733B are each phylogenetically distinct strains representing four novel species without 675 

high nucleotide similarity to existing RefSeq representatives. When co-inoculated 676 

alongside S. meliloti, two of these strains (717A and 733B) were re-identified on root and 677 

nodule tissues of M. truncatula and were found to inhibit nodulation and plant growth, 678 

likely via direct competitive interactions with rhizobia in the soil. Our results highlight 679 

that intraspecific variation within NREs can generate variable fitness outcomes for both 680 

partners in the legume-rhizobium symbiosis, meaning that predicting the impact of these 681 

“off-target” strains have on the symbiosis will require more than just testing a single 682 

representative strain across different species. Thankfully, with the rise of more affordable 683 

sequencing technologies, the variation in off-target microbes such as the NREs identified 684 

here can be uncovered more feasibly. Coupling sequencing with experiments to test the 685 

potential indirect effects of NREs present in natural or managed soil microbiomes will 686 

facilitate a better understanding of the coevolutionary dynamics in complex microbiome 687 

communities.  688 
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FIGURES 932 

 933 

Figure 1. Novel Paenibacillus and Pseudomonas species among non-rhizobia 934 

endophytes. Multi-locus Pseudomonas (A) and Paenibacillus (B) species trees 935 

constructed with concatenated genome alignment matrices by AutoMLST (Alanjary et 936 

al., 2019). Blue taxa highlighted in red are query strains, green taxa are type strains, and 937 

grey taxa are non-type strains. The outgroups are colored in red. Phylogenies were 938 

inferred using IQ-TREE (Nguyen et al., 2015) with ModelFinder (Kalyaanamoorthy et 939 

al., 2017). Bootstrap support percentages for 1000 ultrafast bootstraps (Minh et al., 2013) 940 

are shown at each node. A scale for genome distance (Ondov et al., 2016) is provided for 941 

each tree. 942 
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 944 

Figure 2. Co-inoculations of Sinorhizobium meliloti and Paenibacillus sp. 717A or 945 

Pseudomonas sp. 733B indirectly reduced host shoot mass and the number of 946 

nodules formed. Co-inoculations with S. meliloti and Paenibacillus sp. 522 or 947 

Pseudomonas sp. 702A did not yield different shoot masses (A) or numbers of nodules 948 

(B) than plants inoculated with S. meliloti only (P > 0.05, type II ANOVA, FDR 949 

adjusted), while co-inoculations with Paenibacillus sp. 717A or Pseudomonas sp. 733B 950 

significantly reduced the average shoot mass (A) and number of nodules (B) on plants (P 951 

< 0.01, P < 0.05, type II ANOVA, FDR adjusted). Sino. only: S. meliloti 141 single-952 

inoculation; Co – Pa. 522: S. meliloti 141 and Paenibacillus sp. 522 co-inoculation; Co – 953 

Ps. 702A: S. meliloti 141 and Pseudomonas sp. 702A co-inoculation; Co – Pa. 717A: S. 954 

meliloti 141 and Paenibacillus sp. 717A co-inoculation; Co – Ps. 733B: S. meliloti 141 955 

and Pseudomonas sp. 733B co-inoculation; NS: not significant. 956 
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 958 

Figure 3. NREs Paenibacillus sp. 717A and Pseudomonas sp. 733B had no direct 959 

effects on nitrogen-supplemented plants. Average shoot biomass for nitrogen-960 

supplemented (NH4NO3) plants in the direct effects of NREs experiment are given. 961 

Inoculation treatment did not have a significant effect on shoot mass (P > 0.1, type II 962 

ANOVA). Pa. 717A: Paenibacillus sp. 717A single inoculation; Ps. 733B Pseudomonas 963 

sp. 733B single inoculation; NS: not significant. 964 
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 966 

Figure 4. Amplicon sequence variants inferred from nodule and root samples of 967 

Medicago truncatula. Amplicon sequence variant (ASV) counts transformed by 968 

variance-stabilization are given in the heatmap matrix. Columns correspond to individual 969 

DNA libraries sequenced and extraced from M. truncatula samples across a combination 970 
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of inoculation treatments, tissue sections, and surface-sterilization treatments. Rows 971 

represent the abundance of individual ASVs in a sample. For simplicity, only the 50 most 972 

abundant ASVs are shown. Family and genus taxonomy labels are as obtained by 973 

DECIPHER (Wright 2016) using the SILVA SSU r138 (Quast et al. 2012) training set, 974 

NA: unassigned. AVS highlighted in red are ASVs of interest suspected to represent our 975 

inoculum strains.  976 
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SUPPLEMENTARY FIGURES 978 

 979 

Figure S1. Differential abundance of ASVs across inocula, tissue sections, and 980 

surface-sterilziation treatments. Using a minimum fold change 1.5 and P (false-981 

discovery rate adjusted) < 0.05, amplicon sequence variants (ASVs) diferentially 982 

abundant across contrasts of inocula, tissues, and surface-sterilization treatments were 983 

inferred. Points refer to individual ASVs, blue points correspond to signifiicant ASVs 984 

while red points are insignificant. The second term in plot titles indicate baselines in 985 
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comparisons. ASVs representing inocula strains are labeled, ASV1 = S. meliloti 141; 986 

ASV28 = Paenibacillus sp. 717A; ASV5 = Pseudomonas sp. 733B. (A) ASV28 was 987 

enriched in Paenibacillus sp. 717A + S. meliloti 141 co-inoculated samples compared to 988 

samples inoculated with S. meliloti 141 only. Similarly, (B) ASV5 was enriched in 989 

Pseudomonas sp. 733B + S. meliloti 141 co-inoculated samples compared to samples 990 

inoculated with S. meliloti 141 only. (C) Both ASV5 and ASV1 were enriched in nodule 991 

samples compared to root samples. (D) ASV5 and ASV28 were enriched in non-surface-992 

sterilized samples compared to surface-sterilized samples, while ASV1 was not 993 

differentially abundant across either group. (E) Among just nodule samples, ASV5 and 994 

ASV28 were enriched in non-surface-sterilized samples while ASV1 was not 995 

differentially abundant. (F) Among just root samples, only ASV28 was enriched in non-996 

surface-sterilzied root samples while ASV1 and ASV5 were not different across either 997 

group. 998 
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SUPPLEMENTARY TABLE LEGENDS 1000 

Table S1. List of genes accessed and concatenated by AutoMLST (Alanjary et al., 2019) 1001 

for multi-locus sequence analysis of Paenibacillus strains 522 and 717A. 1002 

Table S2. List of genes accessed and concatenated by AutoMLST (Alanjary et al., 2019) 1003 

for multi-locus sequence analysis of Pseudomonas strains 702A and 733B. 1004 

Table S3. Original complete set of mash distances (Ondov et al., 2016) generated by 1005 

AutoMLST (Alanjary et al., 2019) for multi-locus sequence analysis of Paenibacillus 1006 

strains 522 and 717A. 1007 

Table S4. Set of mash distances (Ondov et al., 2016) generated by AutoMLST (Alanjary 1008 

et al., 2019) for multi-locus sequence analysis of Pseudomonas strains 702A and 733B. 1009 

Table S5. Metrics and corresponding values from OrthoANI (Lee et al., 2016) 1010 

estimations comparing genomes of Paenibacillus species 522 and 717A as well as 1011 

Pseudomonas species 702A and. 733B. 1012 

Table S6. Raw phenotypic data collected from the indirect effects greenhouse 1013 

experiment. 1014 

Table S7. Estimated marginal means (Lenth, 2022) and false discovery rate adjusted p-1015 

values (Lenth, 2022) for every pairwise comparison between all treatments for each trait 1016 

measured in the indirect effects greenhouse experiment. 1017 

Table S8. Raw phenotypic data collected from the direct effects nitrogen-addition 1018 

experiment. 1019 

Table S9. Amplicon sequence variant (ASV) table generated by DADA2 (Callahan et al. 1020 

2016) from amplified 16S V3-V4 rRNA regions of DNA extracted from nodule and root 1021 

tissues of co-inoculated and single-inoculated M. truncatula plants. Column names refer 1022 
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to ASV names, row names are individual DNA samples. For sample metadata, see Table 1023 

S13. 1024 

Table S10. Nucleotide sequences of ASVs present in Table S9. 1025 

Table S11. Nucleotide BLAST (Camacho et al. 2009) of ASV sequences in Table S9 1026 

against 16S rRNA gene annotations from Sinorhizobium meliloti 141, Paenibacillus sp. 1027 

717A, and Pseudomonas sp. 733B. Minimum percent identity of 80% and maximum e-1028 

value of 0.01. 1029 

Table S12. Nucleotide BLAST (Camacho et al. 2009) of ASV sequences in Table S9 1030 

against the top 50 OTU sequences from Brown et al. (Brown et al. 2020). Minimum 1031 

percent identity of 80% and maximum e-value of 0.01. 1032 

Table S13. Metadata for tissue occupancy experiment DNA samples as reported in Table 1033 

S9. 1034 

Table S14. Wald test results from DESeq2 (Love et al. 2014) comparing the difference in 1035 

abundance for ASVs present in Table S9 across inoculum treatments, tissue sections, and 1036 

surface-sterilization treatments. 1037 
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