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Summary:  34 

 35 

1) In natural and agricultural systems, legumes recruit rhizobia from diverse soil 36 

populations to fix nitrogen in root nodules. A few legumes, including the model legume 37 

Medicago truncatula, can select and enrich beneficial rhizobia. Here, we investigated 38 

whether its perennial relative, Medicago sativa (alfalfa), a globally important forage 39 

crop, also possesses this ability. 40 

2) We developed a genetically variable collection of 117 Sinorhizobium meliloti strains 41 

sampled from three field-grown alfalfa varieties, performed multi-strain and single-42 

strain inoculations in a nitrogen-free greenhouse experiment across the same hosts, 43 

and evaluated plant benefits and relative strain fitness in nodules.  44 

3) Alfalfa varieties diaered in which strains best promoted plant growth and which strains 45 

had high fitness in nodules. Regressing strain fitness and host benefit revealed that two 46 

of three alfalfa varieties selected and enriched more beneficial strains during 47 

symbiosis, though the strength of selection was weak. In alignment with these results, 48 

no variety produced as much biomass in mixed inoculation as it did with the best-49 

performing single strain.  50 

4) Legumes’ ability to enrich beneficial rhizobial populations from field-representative 51 

strain diversity warrants further study to develop optimized varieties. Ultimately, 52 

identifying crop varieties that naturally select for beneficial bacteria could reduce the 53 

need for repeated inoculant applications.  54 

 55 
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 56 

Introduction: 57 

Bio-inoculants have been used to enhance agricultural productivity for more than 120 years, 58 

with their adoption accelerating over the past 20 years (Nobbe and Hiltner, 1896; Deaker, 59 

2004). Among the most impactful of these are nitrogen-fixing bacteria called rhizobia, which 60 

selectively form symbiotic associations with legumes (O’Callaghan et al., 2022). While external 61 

application of rhizobia to cultivated legumes can increase yields, performance can be 62 

inconsistent (Mendes et al., 2004; Mathu et al., 2012; Thilakarathna and Raizada, 2017). 63 

Roadblocks hindering the eaectiveness of bio-inoculant applications include establishment 64 

and persistence in the soil and successful association with the host plant (Kaminsky et al., 65 

2019; Mendoza-Suárez et al., 2021). The host association process can be particularly complex 66 

and is shaped by plant exudates, plant genotype, soil conditions, and even the timing of 67 

application (Venturi and Keel, 2016; Rybakova et al., 2017). Instead of striving for a single 68 

inoculant that overcomes these barriers in all environments, an alternative, underexplored 69 

approach is to utilize plant hosts that better select and reward beneficial bacteria that are 70 

already in the soil (Thies et al., 1995; Denison and Kiers, 2004; Kiers et al., 2007; Mendoza-71 

Suárez et al., 2021; Westhoek et al., 2021).  Here, we assess whether multiple varieties of 72 

alfalfa, an important forage crop, can select and reward better partners using a new rhizobial 73 

collection derived from a single agricultural field. 74 

 75 

Legume-rhizobia symbiosis is a resource-based mutualism in which legumes provide carbon to 76 

rhizobia in exchange for nitrogen (Garau et al., 2005), thereby deriving fitness benefits from 77 

each other (Denison, 2000). The carbon rhizobia receive from plant photosynthates supports 78 

cell division and resource storage, eventually allowing rhizobia to achieve a higher cell density 79 

within nodules than in soil (Burghardt et al., 2018; Oono et al., 2020; Burghardt et al., 2026). In 80 

natural soil environments, a legume interacts with scores of genotypically diverse, co-existing 81 

rhizobia from which it chooses partners for nitrogen fixation (Gellért et al., 2026). Host-imposed 82 

selection is critical for the success of legume-rhizobia mutualism, and experiments 83 

consistently show that the fitness benefits received from the interacting partners depend on 84 

both the host and strain identity . Hosts differ in how selective they are (e.g., some hosts 85 

associate with multiple genera of rhizobia and others with a single subspecies) (Andrews and 86 

Andrews 2017). Genetic variation within a host species can also alter strain selection. This can 87 

occur both between different accessions of a single species (Burghardt et al., 2018; Mendoza-88 

Suárez et al., 2024) and when individual genes are disrupted (Yang et al., 2010; Burghardt et al., 89 

2020; Guha et al., 2026). Moreover, host selection of rhizobia can shift across environments. 90 
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For example, nitrogen availability can shift host partner preference in Medicago truncatula, in 91 

which roots under greater nitrogen limitation show a stronger preference for the more efficient 92 

strains (Zhang et al., 2020). Similarly, pH shifts can dramatically change host preferences: 93 

Sinorhizobium medicae (S. medicae) associates with acid-soil-adapted medics while S. meliloti 94 

prefers medics growing in alkaline soil  (Garau et al., 2005). Similarly, soybeans associate with 95 

Sinorhizobium in alkaline soils and Bradyrhizobium in acidic soils(Li et al., 2023). In sum, 96 

legume hosts vary in which rhizobia they select and host, and strain genetic variation, as well as 97 

the environment, all contribute to which strains are inside nodules. 98 

 99 

However, just because legumes preferentially associate with certain strains does not mean 100 

that the strains they select are their most effective nitrogen-fixing partners (Porter et al., 2024). 101 

For a legume to exhibit adaptive partner choice, it must preferentially associate with or invest in 102 

certain strains over others (selectivity), and the selected strains must be beneficial ones 103 

(adaptive). Evidence of adaptive partner choice has been found for legumes like pea and Lotus 104 

strigosus where hosts preferentially reward a wild type fixing strain over a non-fixing mutant 105 

strain (Regus et al., 2017; Westhoek et al., 2017). But in natural and agricultural soils, strains 106 

vary continuously and subtly in symbiotic quality (Burdon et al., 1999; Gano-Cohen et al., 107 

2019), and evidence for adaptive partner choice is less clear when hosts are given a choice 108 

among such strains. For instance, when the wild legume Lupinus arboreus is forced to choose 109 

between binary combinations of a good, bad, and a moderately fixing strain, originally isolated 110 

from the same host, the good strain is not consistently selected (Simms et al., 2006). Similarly, 111 

host discrimination depends on the identity of the strain population and can be relative rather 112 

than absolute—nodule occupancy of an intermediate-fixing strain shifted depending on 113 

whether it was competing against a poor fixer or a good fixer (Westhoek et al., 2021). Adaptive 114 

partner choice can also depend on host genotype (Heath and Tiain, 2009; Bourion et al., 2018; 115 

Burghardt et al., 2018). For instance, Medicago truncatula accession A17 supports a more 116 

beneficial nodule community than accession R108 (Burghardt et al., 2018). Because root 117 

nodule symbiosis is context-dependent, strains that are ineffective on one genotype or 118 

environment can be beneficial in others. Taken together, the nascent picture of adaptive 119 

partner choice is not one of clear host control but of imperfect, context-dependent processes, 120 

and at present, we still have little clarity about how, when, and to what extent adaptive choice 121 

mechanisms operate within and between legume species.  122 

 123 

Part of the reason for this gap is that it is challenging to quantify a legume's selection and 124 

enrichment abilities in multi-strain contexts. Recent advances in genome sequencing and 125 
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genome engineering have enabled the development of high-throughput methods such as Select 126 

and Resequence (S&R) and Plasmid-ID that allow the simultaneous tracking of rhizobial strain 127 

frequencies across different environments (Burghardt et al., 2018; Burghardt et al., 2020; 128 

Burghardt et al., 2022; Schumacher et al., 2025; Guha et al., 2026). The S&R technique relies on 129 

estimating strain frequencies in an initial mixed inoculum and, after selective pressure is 130 

applied, calculating relative strain fitness (log fold change). Previous selective pressures have 131 

included different host accessions, individual host mutations, and abiotic environmental 132 

conditions such as soil temperature, salinity, drought, and soil particle size (Burghardt et al., 133 

2018; Burghardt et al., 2020; Polo et al., 2025; Guha et al., 2026). Because this high-throughput 134 

methodology simultaneously assesses scores of strains, it allows us to evaluate the host’s 135 

ability to select among strains in diverse biotic and abiotic environments. Pairing these strain-136 

relative fitness assessments with the host-benefit data from single-strain experiments allows 137 

us to determine whether the strains that provide the highest growth benefit to the host under 138 

single-strain inoculation assays are selected and enriched when hosts have a mix of all strains 139 

to choose from (Heath and Tiffin, 2007).   140 

 141 

Alfalfa (Medicago sativa) is an important legume forage crop that, due to efficient nitrogen 142 

fixation, provides nutritious forage for the dairy industry (Zhang and Wang, 2025). Alfalfa is an 143 

ideal system for assessing whether breeding for maintenance of mutualism is possible. First, it 144 

has the same host specificity as the model legume, Medicago truncatula, primarily associating 145 

with the same two Sinorhizobium species that were used to develop the S&R methodology 146 

(Young et al., 2011). Second, as a perennial, alfalfa can impose repeated selection on rhizobial 147 

populations over multiple years, unlike Medicago truncatula, an annual, thereby creating an 148 

opportunity to study the evolutionary consequences of a stable selection regime on rhizobia 149 

(Burghardt, 2020).  The high throughput mutualism screening provided by the S&R methodology 150 

could be utilized to enable mutualism-informed breeding programs for alfalfa. If successful, 151 

this could further increase the sustainability of this key agricultural forage, especially when 152 

combined with the additional root-associated ecosystem services it provides, such as reducing 153 

nitrogen runoff and improving soil health via its deep taproot and fibrous root (Issah et al., 154 

2020).   155 

 156 

Here, we assessed the ability of three alfalfa varieties to choose the most beneficial partner 157 

from 117 S. meliloti strains that were isolated from a single alfalfa field in Pennsylvania. This 158 

strain collection is an important and novel aspect of our study—many strains in existing 159 

rhizobial collections have become lab-adapted and/or represent strains from multiple 160 
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countries that may not co-occur in a single field.  After isolating and sequencing this new strain 161 

collection, we performed a greenhouse experiment under nitrogen-free conditions, inoculating 162 

three alfalfa varieties, both singly and with a mix of all 117 strains. We then quantified the 163 

benefit each strain provides in single-inoculation greenhouse experiments and inferred strain 164 

frequencies in nodules on each plant to determine whether each variety selected and enriched 165 

strains that fix more nitrogen when given a choice. Specifically, we ask: 1) How genetically 166 

diverse are rhizobial strains available to hosts in a single alfalfa field at one time? 2) Do the 167 

rhizobial strains differ in the nitrogen-fixing benefits they provide to each alfalfa variety? 3) Do 168 

alfalfa varieties preferentially associate with and enrich more beneficial strains when given a 169 

choice? We found that two of three alfalfa varieties were weakly able to select and enrich better 170 

partners from the diverse strain population found in a single field. 171 

 172 

Materials and methods: 173 

Development of the AVT strain collection:  Sampling of alfalfa root nodules for the development 174 

of the Alfalfa Varietal Trials (AVT) strain collection occurred in late summer of 2020. We 175 

collected nodules from three alfalfa varieties (Vernal, Oneida, and SW-4107) grown at the 176 

Russell E. Larson Agricultural Research Center (Rock Springs, PA). Vernal and Onieda are both 177 

used as baseline or ‘check’ plants in the variety trials. These are varieties that are planted 178 

across many locations and years to allow performance comparisons. Vernal and Oneida were 179 

derived over 50 years ago from distinct but related breeding pools in Wisconsin and Cornell, 180 

respectively. Vernal has little pest resistance, whereas Oneida is resistant to pervasive soil 181 

pathogens (Vandemark et al., 2006). SW-4107 is a commercial variety with dormancy similar to 182 

the check varieties and high pest resistance. All varieties received Exceed Alfalfa/True Clover 183 

inoculum, and were grown in 3 × 20 ft plots arranged in a randomized block design in a field with 184 

a history of maize and alfalfa cultivation. All plots received the same phosphorus fertilizer 185 

additions over time; no extra nitrogen was added. We sampled a total of ~100 nodules by 186 

combining ~5-10 plants from each variety across three physically adjoining plots. We sampled 187 

nodules 4.5 years post establishment, because 1) that was when yield sampling was 188 

completed, and we were allowed to destructively sample, and 2) because at that point the 189 

rhizobial population had been exposed to the same hosts for 4 years.  190 

Following collection, the nodules were washed with 10% bleach and rinsed three times with 191 

sterile water in a tea strainer. Next, they were ground in a sterile mortar using a pestle and 3 mL 192 

sterile phosphate-buffered saline (PBS), then filtered through a 10-um filter into a clean tube. 193 
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The filter was rinsed with PBS, and 400 μL of the filter wash was added to each tube. The nodule 194 

homogenate was then serially diluted in Yeast-Mannitol (YM) broth or Reasoner's 2A Broth (R2A) 195 

broth to obtain a cell density of 109 CFU/mL. This was further diluted 1:10,000 and mixed with 196 

resazurin (Prospector® Dye Reagent), which was added to a final concentration of 100 µM. 197 

Finally, the samples were vacuum loaded onto a Prosector® array, which was sealed according 198 

to the manufacturer’s instructions. After incubating the cultures at three time points – 0, 1, and 199 

5 days, Prospector personnel transferred 51% of the samples to a larger-volume destination 200 

plate, where isolate-level growth yielded 2627 isolates. We then subcultured 371 wells, 201 

focusing on the 5-day time point. We purified them three times on YM plates, then grew the 202 

isolated colonies in Tryptone Yeast (TY) broth and stored the liquid cultures in 25% glycerol at -203 

80°C. To narrow the collection down to the final 117 strains that were the most proteomically 204 

diverse, isolates were subjected to Matrix-assisted laser desorption/ionization time-of-flight 205 

(MALDI-TOF) protein mass spectrometry and the strains with distinct protein spectra were 206 

selected. Lastly, we used 16S rRNA Sanger sequencing (Forward primer_27F: 5’ 207 

AGAGTTTGATCCTGGCTCAG 3’, Reverse primer 342R : 5’ CTGCTGCSYCCCGTAG 3’) to confirm 208 

these strains belonged to the genus Sinorhizobium.   209 

 210 

Long-read sequencing and genome assembly of the strain collection: We sequenced all 117 211 

strains on the PacBio Sequel IIe sequencing platform (Pacific Biosciences) at the Penn State 212 

Huck Institutes of Life Sciences Genomic Core Facility, which produces long, highly accurate 213 

DNA reads (HiFi reads).  Sequencing generated ~48,000–57,000 reads per strain (3.3–4.0 × 10⁸ 214 

bases), corresponding to 50-60X coverage per isolate, assuming a genome size of ~6.7 Mb.  215 

Assembly was performed with hifiasm v0.25.0 using default parameters to generate primary 216 

and alternate contig sets (Cheng et al., 2021). Genome completeness, contamination, and 217 

assembly quality metrics (including N50; median 3.93 Mb, range 2.01–5.60 Mb), contig count 218 

(median 4, range 2–6), genome size (mean 7.45 Mb, range 5.43–8.03 Mb), and GC content 219 

(mean 62.0%) were assessed with CheckM2 v1.1.0 (Chklovski et al., 2023). All assemblies 220 

exhibited very high completeness (median 100%, range 98.9–100%) and low contamination 221 

(median 0.75%, range 0–3.04%). Given these high-quality metrics, no additional pre-annotation 222 

filtering for contaminating contigs was performed. Based on genome assembly quality and 223 

comparative coverage across the replicons, AVT118 was chosen as the in-house reference 224 

genome for downstream analyses. 225 

 226 

Gene prediction, genome annotation, and average nucleotide identity: Gene prediction and 227 

functional annotation of the assemblies were performed using Prokka v1.14.6 with its default 228 
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Prodigal v2.6.3 gene caller (Hyatt et al., 2010; Seemann, 2014). Pairwise average nucleotide 229 

identity (ANI) was calculated across 117 strain assemblies using the ANIm method as 230 

implemented in pyANI package v0.2.12 (Pritchard et al., 2016). Genome nucleotide sequences 231 

were extracted from the GFF files prior to analysis. All pairwise ANI comparisons were 232 

performed using NUCmer from the MUMmer 3.0 package, with default parameters using shell 233 

script run_anim_from_gff.sh (Marçais et al., 2018). 234 

 235 

Pangenome construction for comparative genomics: To evaluate the core and accessory gene 236 

contents of the strains, annotated assemblies were analyzed with Panaroo v1.5.2 to construct 237 

a pan-genome (Tonkin-Hill et al., 2020). Panaroo was run with strict cleaning of spurious 238 

annotations (--clean-mode strict), MAFFT as the aligner (--aligner mafft), and generation of a 239 

core-gene alignment (--alignment core).   240 

 241 

Defining the core-soft core-shell-cloud genes categories and calculating the presence-absence 242 

variance: The Core (>99%); Soft Core (99%- 95%); Shell (95%-15%); Cloud (< 15%) genes were 243 

defined based on (Gonzalez-Diaz et al., 2022). The Presence-Absence variance (PAV) matrix 244 

was evaluated based on the accessory (Soft Core+Shell+Cloud) genes. In-house custom 245 

Python scripts (pangenome_accessory_figure.py and pangenome_ucurve.py) were used to map 246 

the PAV matrix against the AVT strain phylogeny and calculate the distribution of the accessory 247 

gene categories and individual accessory genes within the strain collection.  248 

 249 

Replicon assignment of the AVT strains and PAV distribution on the replicons: Replicon 250 

assignment to the AVT strain genomes was performed using a custom shell pipeline composed 251 

of three shell scripts: ￼1) code1_deduplicate_reference_db.sh: removes redundant sequences 252 

from a S. meliloti reference genome database composed of 139 strains downloaded from NCBI, 253 

2) code2_homogenize_via_rm1021.sh: standardizes replicon nomenclature by BLASTing the 254 

deduplicated reference sequences against S. meliloti RM1021, ensuring uniform nomenclature 255 

of the plasmids in the database, and 3) code3_classify_avt_strains.sh: parses assembly contigs 256 

to record the contig number and length. Contigs were then queried via BLASTn against the 257 

reference database. Contigs <100,000 bp were flagged as assembly fragments and merged into 258 

their corresponding replicon category based on percent identity (Fragment_); all remaining 259 

unassigned contigs were classified as accessory plasmids (Plasmid_other). Following the 260 

replicon assignment, the PAV data were superimposed on the newly annotated replicons to 261 

determine the PAV proportions on the replicons.  262 
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Single copy core gene identification: A gene was classified as core if it was present (non-empty, 263 

non-missing entry) in all 117 AVT strains. Genes for which any strain carried a semicolon-264 

delimited entry- indicating multiple paralogs detected by Panaroo were additionally excluded. 265 

To identify genes suitable for concatenated phylogenetic inference, the same single-copy core 266 

gene were applied to the combined set of 117 AVT strains and two S. meliloti reference 267 

genomes (RM1021 and USDA1106). 268 

Maximum likelihood-based phylogenetic tree construction: Single-copy core genes were 269 

extracted and concatenated using custom R v4.6.1 scripts from the Panaroo PAV output for all 270 

AVT genomes and the two additional reference genomes, which served as the outgroups. 271 

Briefly, for each gene in the alignment directory, we retained only those alignment files in which 272 

all target strains were represented exactly once. Alignments passing these filters were 273 

concatenated in order, with sequences from each strain appended end-to-end to produce a 274 

single multi-locus alignment. The concatenated alignment was used as input to construct the 275 

maximum-likelihood phylogenetic tree using IQ-TREE 3 (Wong et al., 2025). The best-fit 276 

nucleotide substitution model was determined using ModelFinder (–m MFP), which evaluates 277 

multiple candidate models and selects the optimal model based on Bayesian Information 278 

Criterion (Kalyaanamoorthy et al., 2017). The selected model (MK+FQ+I+R9) was used for tree 279 

reconstruction for this study. Branch support was assessed using two complementary 280 

approaches: ultrafast bootstrap approximation (UFBoot2) with 1000 replicates (–bb 1000) and 281 

Shimodaira-Hasegawa (SH)-like approximate likelihood ratio test (SH-aLRT) with 1000 282 

replicates (–alrt 1000).  283 

Variant calling on the AVT genomes: To call variants based on the reference genome, we wrote a 284 

custom script to convert the long reads to 250 bp short reads that retained quality information 285 

for downstream analyses. Specifically, we combined long reads with spacer characters and 286 

created 250-bp chunks until a spacer was reached. This resulted in a FASTQ file for each strain. 287 

We then mapped these short reads to our reference genome AVT118 to call variants using bwa 288 

mem v0.7.17 (Li & Durbin, 2009) with 20 threads. Read group information was assigned during 289 

mapping using the -R flag with sample identifiers. Resulting alignments were coordinate sorted 290 

with samtools sort (Li et al., 2009) and were indexed with samtools index. . Variants were called 291 

jointly across all 117 strains using bcftools mpileup followed by bcftools call (v1.23.1) (Danecek 292 

et al., 2021) with the --ploidy 1 flag to correctly model the haploid bacterial genome. Only 293 

variant sites were retained (-mv flag). Pairwise SNP differences between all strain pairs were 294 
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calculated using bcftools gtcheck on genotype calls converted to biallelic format following 295 

normalization with bcftools norm -m -. 296 

  297 

Inoculum preparation for the single and multi-strain inoculation experiments in the greenhouse: 298 

We performed a two-pronged experiment at the same time in a greenhouse at Penn State. For 299 

the single-strain inoculation experiment, we grew each AVT strain separately for 48 hours in 2 300 

mL Tryptone-Yeast extract (TY) media at 28°C, shaking at 120 rpm. We adjusted the optical 301 

density of each strain culture to 0.1 (OD600). The inoculum was prepared by diluting 4 mL of the 302 

OD600-adjusted culture in 50 mL of DI water. A total of 4 mL was applied to each pot, eight days 303 

after seed sowing. Each pot received approximately 107 CFU. For the multi-strain inoculation 304 

experiment, we mixed 100 μL of each strain's OD600-adjusted culture, brought the volume to 305 

100 mL with sterile DI water, and inoculated each pot with 4 mL of this solution (~107 CFU per 306 

pot).  A subset of the inoculum was reserved for genomic DNA isolation, which was performed 307 

by centrifuging eight 1 mL aliquots at 18,000 x g for 2 min, removing the supernatant, and 308 

freezing the pellet at -20°C prior to DNA extraction. Initial communities were sequenced, and 309 

frequencies were inferred as outlined in the Rhizobial Fitness section below.  310 

 311 

Alfalfa germination and maintenance conditions in the greenhouse: For the single-strain 312 

inoculation experiment, we grew four replicates of each of the three alfalfa varieties (Vernal, 313 

Oneida, and SW-4107) in nitrogen-limited conditions (N = 1140; 4 reps x 3 varieties x 117 314 

isolates) (Fig. 1). For the multi-strain inoculation experiment, we planted 6 replicates per alfalfa 315 

variety (N = 18; 6 reps x 3 varieties). Single-strain and multi-strain experiments were conducted 316 

in the same greenhouse bay but on separate benches. Before planting, seeds were surface 317 

sterilized by soaking in a 10% bleach solution for 90 seconds, then rinsed in deionized water. 318 

Surface-sterilized seeds were stratified on wet filter paper at 4°C in the dark for 2 days, then 319 

planted in duplicate in Deepot™ Support Tray (D20T for 2.5” & 2.7”; item number: D20T), filled 320 

with a 50:50 sand-calcined clay media, arranged in four blocks for the single-strain and six for 321 

the multi-strain experiment. The seeds were covered with ¼ to ½ inch of sterile vermiculite. The 322 

pots were kept moist with twice-daily misting, and humidity was maintained during germination 323 

by covering them with a clear plastic tarp. After one week, pots were moved to their randomized 324 

locations and inoculated. Each pot was watered as needed, with care taken to avoid cross-325 

contamination between pots. The pots were fertilized weekly with  2x Fahräeus medium (David 326 

G. Barker et al., 2006). Uninoculated plants were included in each block to monitor cross-327 

contamination from watering. Four weeks post-sowing, we thinned all pots to one plant per pot. 328 

Nine weeks post-inoculation, we harvested the plants.  329 
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 330 

Measurement of plant traits: Chlorophyll content and total biomass were selected as proxies to 331 

evaluate plant performance. These traits were measured in both the single- and mixed-332 

inoculation experiments. The chlorophyll content for each replicate was measured using an 333 

MC-100 Chlorophyll Concentration Meter (Apogee Instruments) 9 weeks post-inoculation. We 334 

measured the chlorophyll content of three leaves per plant and averaged the values. Total 335 

biomass/plant was measured by weighing the above-ground (shoot) and the below-ground 336 

(root) biomass together after oven-drying at 75 °C for 3 days.  337 

 338 

Assessment of relative strain fitness: Rhizobial relative fitness was evaluated only for the multi-339 

strain inoculation experiment. To assess rhizobial relative fitness, we pooled all nodules from 340 

individual alfalfa plants, surface-sterilized them in 10% bleach for 1 min and then rinsed them 341 

thoroughly in DI water. Nodule pools were then homogenized for 90 s in 4 mL of sterile 0.85% 342 

sodium chloride solution using an Omni TH tissue homogenizer.  The nodule homogenate was 343 

then spun at 400 x g for 10 min at 10 °C to pellet the bacteroids and plant debris. We collected 344 

the supernatant enriched in undifferentiated rhizobial cells, pelleted them at 18,000 x g for 5 345 

min, pipetted off the supernatant, and froze the pellets at -20 °C until DNA extraction. DNA was 346 

extracted using a Qiagen DNeasy® Plant extraction kit following the manufacturer’s protocol, 347 

except we used 3 μL of RNase in the first step and 50 μL of nuclease water for the final 348 

elution. Samples were sequenced using Illumina short-read technology at the Penn State Huck 349 

Institutes of Life Sciences Genomic Core Facility. Indexed libraries were generated using the 350 

Illumina DNA Prep Kit. Libraries were pooled and sequenced on a 150 x 150 paired-end NextSeq 351 

1000 High Output run, resulting in an average read depth of ~75. We trimmed the reads using 352 

TrimGalore! v0.4.1 (www.bioinformatics.babraham.ac.uk/projects/trim_galore/) with default 353 

settings and minimum read length: 100 bp. Quality threshold was 30 (−-quality); and minimum 354 

adapter match was 3 (−stringency). We used bwa mem v0.7.17 with default settings to align 355 

reads to AVT118, and strain frequencies were estimated using HARP￼￼. Strain frequencies 356 

were used to calculate the relative strain fitness of each strain by taking the log2 of the ratio of 357 

the final strain frequency in the nodules to the initial frequency in the inoculum (median initial 358 

frequency = 0.0090, 5%-95% quantile: 0.006–0.01). The logarithmic transformation puts 359 

proportional increases and decreases on the same scale (e.g., a fourfold decrease and 360 

increase have values of −6 and 6, respectively). Strains with frequency estimates of 0 in the 361 

selected communities were assigned a fitness value of −6, less than the lowest measurable 362 

reductions in other strains.   363 

 364 
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Statistical analyses: All analyses were run in the R statistical environment v4.3.2. We used 365 

linear models with analysis of variance (ANOVA) to test the effects of host variety, strain 366 

identity, and their interaction on total biomass per plant (Total Biomass~ Strain*Variety) and 367 

chlorophyll content per plant (Chlorophyll Content~ Strain*Variety) as the proxies for host 368 

benefit.  For all the linear models, replicates were included as an additive predictor. To monitor 369 

strain selection across varieties, we performed an RDA using the rda() function from the vegan  370 

v2.6-4 package, with relative strain fitness as the response matrix and variety as the 371 

explanatory variable. The significance of each model was assessed by extracting the adjusted 372 

R2 and via permutation-based ANOVA (1,000 permutations) using the anova() function with by = 373 

"terms". Predictors with P value < 0.05 indicated significant changes in relative strain fitness. To 374 

identify which host variety pairs drove the overall signal, we performed pairwise RDAs for all 375 

three variety combinations (O vs V, O vs S, V vs S) using the same approach, with the host 376 

variety as the sole explanatory variable in each subset. Significance was assessed via 377 

permutation-based ANOVA (9999 permutations), and adjusted R2 (Adj.R2) and proportion of 378 

variance explained were extracted for each comparison. 379 

 380 

Results 381 

 382 

High genetic variability among the AVT strains is observed at the gene and SNP levels:  383 

 384 

To characterize the breadth of genetic variation in this unique strain collection, we assessed 385 

gene content variation, phylogenetic relatedness, and single-nucleotide polymorphisms. 386 

Whole-genome sequencing and Average Nucleotide Identity (ANI) analysis confirmed that all 387 

117 strains were S. meliloti with ANI values >99% (except strains AVT18 and AVT 105) (Fig S1, 388 

Table S1). We detected approximately 12,135 gene clusters across the entire pangenome, 389 

which can be categorized by their occurrence in the strain collection, of which 3,925 were 390 

present in all strains, 1,809 in 95–99% of strains, 2,464 in 15–95% of strains, and 3,937 in <15% 391 

of strains (Figure 2, Table S2). S. meliloti success in the soil and rhizosphere (diCenzo et al., 392 

2014). As expected, genes on the chromosome had the highest likelihood of being present in all 393 

strains, at 48.4%. Interestingly, while 39.9% of pSymB genes were found in all strains, only a 394 

few pSymA genes (0.1%) were shared across all strains (Figure S2). pSymA harbored the highest 395 

proportion of Shell genes, while the Cloud genes were found across all replicons but were most 396 

prevalent on accessory plasmids as expected (Figure S2, Table S2). Examination of genetic 397 

diversity at the SNP level revealed 57,076 bi-allelic SNPs on the chromosome, 34,349 on 398 

pSymA, and 48,722 on pSymB (Table S3). Of the replicons, the chromosome had the lowest 399 
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SNP densities (14.58 SNPs/kb, e.g., was most conserved) while pSymB was the most 400 

polymorphic (29.44 SNPs/kb) (Table S4).  The minimum number of SNPs differentiating two 401 

strains was 16 SNPs (AVT49 vs AVT48), whereas the maximum was 76,504 SNPS (AVT18 vs 402 

AVT78) (Table S5). Interestingly, we found that strains from all three host varieties are dispersed 403 

across a maximum-likelihood phylogeny based on SNP variation in 3774 single-copy core genes 404 

and across presence-absence variation (Figure 2). In sum, despite being collected at a single 405 

time point from a single field, this collection is genetically diverse at both the gene-content and 406 

sequence levels, making it an interesting resource for assessing adaptive host choice.  407 

 408 

Strains vary widely in the benefits provided to hosts, and beneficial strains vary by host: 409 

 410 

Variation in nitrogen fixation efficiency was assessed using host biomass acquisition and 411 

chlorophyll content in nitrogen-free conditions, two commonly used proxies for symbiotic 412 

performance (Fritschi and Ray, 2007; Heath and Tiffin, 2009). For host biomass acquisition, 413 

strain, host, and their interaction explained 49% of trait variation. The significant interaction 414 

between strain identity and host variety (P value = 0.02) indicates that a given strain has 415 

different effects across host varieties (Fig 3 A-C). Chlorophyll content, an indicator of nitrogen 416 

content in leaves, showed a broadly similar pattern for strain-level effects (27% of the variance, 417 

P value <0.001) and revealed a significant main effect of host variety (6% of the variance, P 418 

value <0.001) (Fig S4). However, unlike biomass, no significant strain-by-variety interaction was 419 

detected for chlorophyll content (P value = 0.53) (Table 1 ). Taken together, our results suggest 420 

that the pool of strains alfalfa hosts have to choose from in a single alfalfa field varies widely in 421 

their nitrogen-fixing abilities, and the strains that are most beneficial tend to differ by host.  422 

  423 

Alfalfa varieties differ in their ability to associate with the most beneficial strains when given a 424 

choice:  425 

 426 

To determine which rhizobial strains hosts select and enrich when given a choice, we 427 

performed a multi-strain inoculation experiment. Each host variety was inoculated with a 428 

mixture of all 117 strains, and we quantified the relative fitness of each strain within the pooled 429 

nodules using the Select-and-Resequence approach (Burghardt et al., 2018). A redundancy 430 

analysis, constrained by host variety and replicate (Fig 3D, Fig S6, Table S6), followed by an 431 

ANOVA-like permutation-based test, revealed that host variety alone explained 36.1% of the 432 

variation in strain fitness (P value = 0.01, full model adj R² = 0.11, Table S7). Pairwise 433 

comparisons further revealed that strain fitness differed significantly between Oneida and 434 
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Vernal (Adj R² = 0.19, P value = 0.002) and between Vernal and the commercial variety (Adj R² = 435 

0.12, P value = 0.01) but not between Oneida and the commercial variety (O vs S: Adj R² ≈ 0, P 436 

value = 0.37) (Table S8). However, we note that there is variability across pots, even within a 437 

host variety, in which strains show high (or low) relative fitness in a host’s nodules (Fig S7). This 438 

pattern could be due to genetic variation within a single alfalfa variety or to unaccounted 439 

environmental variation (Fig S7).   440 

 441 

To determine whether host varieties could select and enrich beneficial strains in their nodules, 442 

we ran linear models regressing relative strain fitness from the multi-strain inoculation 443 

experiment on host-benefit data from the single-strain inoculation experiment (Fig 4).  For the 444 

Oneida variety, strain fitness in the mixed inoculations was positively correlated with host 445 

benefit (Adj R² = 0.12, P = 0.0001). While weaker, the commercial variety also showed a 446 

significant positive correlation (Adj R² = 0.04, P = 0.01). In contrast, Vernal exhibited no 447 

association between strain fitness and host benefit (Adj R² = 0.01, P = 0.1). Because of our 448 

observation of high pot replicate-level variation in strain relative fitness, we also calculated 449 

regression lines for each pot. We observe similar correlation trends for each variety at the pot 450 

level. Although we observed a negative relationship between strain fitness and host benefits, 451 

Vernal recruited a compositionally distinct strain community(Fig 4D). This decoupling suggests 452 

that Vernal is unable to select for strains based on mutualistic quality within a diverse field 453 

mixture. Taken together, we show that some alfalfa varieties can preferentially select and 454 

enrich beneficial strains from a realistic pool of naturally varying field strains, but this ability is 455 

weak and varies across hosts. 456 

 457 

Discussion 458 

 459 

This study addresses a foundational challenge in sustainable agriculture: whether legume 460 

varieties can preferentially enrich beneficial symbionts and whether it is possible to maximise 461 

nitrogen fixation in field contexts by selecting host varieties better equipped to choose partners 462 

with higher nitrogen fixation abilities. Using an ecologically and agronomically important crop, 463 

alfalfa (Medicago sativa), and its bacterial symbiont, S. meliloti, we show that alfalfa's capacity 464 

to enrich for beneficial rhizobial strains from a diverse rhizobial community differs across 465 

varieties. Our results reveal that 1) even in a single field, hosts have a genetically diverse 466 

population of strain partners to choose from both in terms of gene presence-absence and SNP 467 

diversity 2) these strains vary substantially in the benefits they provide to hosts, with the most 468 

beneficial strains differing between alfalfa varieties 3) two of three alfalfa varieties were able to 469 
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select and enrich more beneficial strains during symbiosis, though the strength of selection is 470 

weak and variable. These findings highlight the nuanced interplay between legume host 471 

varieties and their symbionts and underscore the importance of considering both partners in 472 

efforts to optimize nitrogen fixation. By integrating host-mediated microbial selection into plant 473 

breeding strategies, we can better harness the full potential of plant–microbe mutualisms for 474 

sustainable agriculture. 475 

High rhizobial diversity within a small field site 476 

Our strain collection, which was sampled from a small area at a single time, has a diversity 477 

level consistent with the high genomic variation observed in past studies of strain collections 478 

sampled across continents (Epstein et al., 2012; Epstein and Tiffin, 2021). Similarly, at a 479 

comparatively narrower geographic scale, a collection of 191 strains of S. meliloti sampled 480 

from 21 sites across the native Mediterranean range of Medicago truncatula demonstrated high 481 

local genomic variation and minimal isolation-by-distance, indicating that even geographically 482 

constrained populations harbor considerable standing diversity (Riley et al., 2021).  Earlier 483 

studies evaluating natural genetic variation within S. meliloti populations from single sites have 484 

been limited either by small sample sizes or by the use of Multi Locus Sequence Typing (MLST) 485 

rather than whole-genome sequencing. Despite these limitations, (Van Berkum et al., 2007) 486 

detected as many as 21 sequence types through MLST in a collection of 148 isolates from a 487 

single site. In contrast, (Toro et al., 2017)sampled 21 S. meliloti from a single site, but found 488 

them to be largely clonal. Here, we expand upon their work by using a larger sample and high-489 

quality genome assemblies to demonstrate a high level of intraspecific genetic diversity within 490 

a single S. meliloti population. The observed intraspecific diversity, while striking, is not limited 491 

to S. meliloti and has been previously observed within Rhizobium leguminosarum and 492 

Bradyrhizobium sp., sampled from spatially constrained sites (Kumar et al., 2015; Weisberg et 493 

al., 2022). While the AVT collection showed a high degree of overall nucleotide similarity (ANI > 494 

99%), SNP variation and gene presence-absence data captured natural genetic variation 495 

occurring in nodules located within 3 meters of each other in a single field. A similar pattern has 496 

been documented across other members of the Rhizobiales, where comparative genomics 497 

across multiple species has shown that core genomes comprise only 10% of the genome, with 498 

accessory genes being an important source of adaptive variation (Galardini et al., 2011; Rosselli 499 

et al., 2021). The documented genetic diversity reflects the complexity of the soil population 500 

each host chooses from, as well as the competition any introduced strain must face (Kaminsky 501 

et al., 2019). Understanding how hosts cope with and interact with this diversity requires 502 
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continued characterization of diversity at the individual field level (Thies et al., 1995; Burghardt, 503 

2020). 504 

Nitrogen fixation outcomes are strongly affected by standing natural genetic variation within a 505 

rhizobial population and among host varieties   506 

Our study showed a significant strain-by-variety interaction, reaffirming the importance of 507 

genotype-by-genotype interactions in shaping symbiosis outcomes (Heath and Tiffin, 2009; 508 

Burghardt et al., 2018; Burghardt et al., 2020; Guha et al., 2026). The substantial variation 509 

observed in individual strain performance across host varieties further reaffirms the importance 510 

of strain-level variation in determining symbiotic outcomes in Medicago . In the Sinorhizobium-511 

Medicago system, strain-specific effects on nitrogen fixation have been previously 512 

documented, ranging from complete loss to subtle quantitative variation in effectiveness 513 

(Heath and Tiffin, 2007; Rangin et al., 2008; Heath and Tiffin, 2009). Moreover, early cross-514 

inoculation studies of multiple Medicago genotypes demonstrated that nitrogen-fixation 515 

effectiveness depended on the S. meliloti  or S. medicae strains they associated with (Heath 516 

and Tiain, 2007). The wide variation we found in nitrogen fixation outcomes of the AVT strains 517 

aligns with previous observations of host-specific strain performance variation and significant 518 

strain-by-host interactions between S. meliloti strains and hosts from the same sampling site 519 

(Heath and Tiffin, 2009). In this study, we go a step further to find functional variation in nitrogen 520 

fixation at a very fine spatial scale: nodules collected at a single time point, sampled within 3 521 

meters of each other, and find that most rhizobial lineages were represented in nodules of all 522 

three host varieties. These observations point to a broader agronomic challenge: a strain that 523 

performs well in one variety may be mismatched in another (Wendlandt et al., 2019). This has 524 

direct implications for the use of rhizobial inoculants in agriculture, where a few elite strains 525 

selected for high nitrogen-fixation abilities are broadly deployed across genetically diverse 526 

crops. While striking, the diversity of strain-by-host outcomes we observe is perhaps 527 

unsurprising, as our host varieties had co-occurred and selected on this strain population for at 528 

least 4.5 years, and these Pennsylvania alfalfa fields have a long-term history of alfalfa 529 

production, as well as the presence of agricultural weeds such as Melilotus alba and Medicago 530 

lupulina, which also associate with Sinorhizobium.  531 

Alfalfa varieties differ in their ability to choose beneficial partners from a field strain community 532 

Whether and how legume hosts selectively associate with more beneficial rhizobial partners, 533 

i.e., do they exhibit adaptive partner choice, has long been a central question in the legume–534 
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rhizobia literature, with mixed empirical support that varies across host species, rhizobial 535 

strains, and environmental contexts (Porter et al., 2024). Here, we find that two out of the three 536 

tested alfalfa varieties were able, albeit weakly, to select and enrich beneficial strains from a 537 

diverse, field-derived strain community. Our results for alfalfa align with several previous 538 

studies of adaptive partner choice in other Medicago species. For instance, four M. truncatula 539 

lines inoculated with 225 Sinorhizobium isolates from a single Mediterranean soil 540 

demonstrated that nodule communities were influenced by plant genotype and bacterial 541 

competition for nodulation in addition to the fixation efficiencies of the bacterial genotypes 542 

(Rangin et al., 2008). Building on previous results showing that three different Medicago 543 

genotypes were weakly able to select and enrich beneficial strains from complex communities 544 

(Burghardt et al., 2018; Batstone et al., 2020), Burghardt et al. (2026) found that one 545 

mechanism underlying the adaptive partner-choice trait was that larger nodules tended to 546 

harbor more beneficial strains, and Medicago genotypes differed in this ability.. Another 547 

approach to infer the presence of adaptive partner choice is to compare plant biomass when 548 

plants are given a choice with that when they are given the most effective strains. Results in 549 

Medicago also vary based on this metric. While Rangin et al. (2008) observed that inoculation 550 

with the S. medicae community across multiple Medicago genotypes produced plants with 551 

biomass levels comparable to those of the most efficient strain in the absence of competition. 552 

Heath and Tiffin (2009) observed that Medicago truncatula plants were smaller when 553 

inoculated with a community of S. meliloti than with each strain individually. In our study, none 554 

of the alfalfa varieties derived as much benefit from the mixture as they did from the best single 555 

strains, suggesting ample opportunity to further improve adaptive partner choice.  To our 556 

knowledge, our study provides the first test of adaptive partner choice against an ecologically 557 

realistic strain pool, and our observation that two of the three can enrich beneficial strains, 558 

although weakly, suggesting that this trait is variable and potentially breedable in an 559 

agronomically important species.  560 

Conclusions 561 

Our finding of adaptive partner choice in alfalfa, a forage crop relative of the model species 562 

Medicago truncatula, strengthens the observation that adaptive partner choice is a common, if 563 

imperfect, feature of Medicago–Sinorhizobium symbiosis.  Expanded screening of existing 564 

commercial varieties against multiple locally sourced rhizobial communities can help identify 565 

varieties with superior adaptive partner-choice capacity. In the longer term, quantifying the 566 

heritability of host benefits and partner-choice traits in alfalfa using QTL mapping and GWAS 567 

approaches analogous to those already applied in soybean, common bean, and Medicago 568 
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truncatula could enable identification of genomic regions for marker-assisted selection for 569 

adaptive partner choice (Gorton et al., 2012; Kamfwa et al., 2019; Torkamaneh et al., 2020; 570 

Batstone et al., 2022). Such methods could accelerate the integration of rhizobial choice as a 571 

breeding target alongside yield, disease resistance, and stress tolerance (Li and Brummer, 572 

2012; Mendoza-Suárez et al., 2024). Moving forward, breeding for host partner choice abilities 573 

could be paired with the introduction of variety-specific elite inoculum development to create 574 

sustainable agro-evolutionary systems. While domestication has reshaped plant genomes, it 575 

has also reshaped microbiomes, raising the possibility of breeding strategies extending to 576 

microbiomes (De Zutter and Audenaert, 2026). Encouragingly, ours and others’ data suggest 577 

breeders may be working with the evolutionary grain rather than against it—recent evidence 578 

suggests that legume and rhizobium fitness interests are largely aligned (Batstone et al., 2022; 579 

Epstein et al., 2023). If adaptive partner choice is indeed a tractable, heritable trait in forage 580 

legumes, it could ultimately serve as a lever for reducing nitrogen fertilizer dependency while 581 

simultaneously ensuring the stability of mutualism. 582 
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Figure 1: Overview of strain collection development and greenhouse experiment to 846 

evaluate host benefits and rhizobial success.  (A) Development of the AVT strain collection - 847 

Sinorhizobium meliloti strains were isolated from nodules in an alfalfa variety trial at Penn State 848 

University. Pools of ~100 nodules were sampled from 5-10 alfalfa plants of each of the following 849 

varieties (Oneida (O), Vernal (V), and the commercial variety SW-4107 (S)). We used the 850 

Prospector system to obtain over 2,000 putative isolates. We selected 117 strains from the 851 

larger collection based on unique protein profiles as indicated by a Matrix-assisted laser 852 

desorption/ionization time-of-flight (MALDI-TOF) protein spectra analysis and confirmed 853 

membership in the genus Sinorhizobium using Sanger sequencing of 16S rRNA. Lastly, strains 854 

were sequenced using long-read PacBio technology and assembled using hifiasm v0.25.0 using 855 

default parameters. (B) Greenhouse experiment- We grew cultures of each of the 117 strains 856 

and used them to conduct two complementary randomized block experiments in nitrogen-free 857 

conditions. First, a single-strain experiment in which four replicate pots of each of the three 858 

host varieties were inoculated with each strain individually. 9 weeks post-inoculation, we 859 

measured chlorophyll content, above-ground biomass, below-ground biomass, and nodule 860 

count. Second, a mixed inoculation experiment in which all 117 strains were combined in equal 861 

amounts. Six replicate pots of each of the three varieties were inoculated with the mixture, and 862 

9 weeks post-inoculation, we measured the same traits. In addition, all nodules were dissected 863 

from the roots, rhizobia were enriched from the pools, rhizobial genomic DNA was extracted 864 

(Burghardt et al., 2018), and the pools were sequenced using Illumina short-read sequencing. 865 

The resulting reads were mapped to an in-house reference genome (AVT 118) to determine 866 

relative strain frequencies and evaluate individual strain fitness across the three varieties. 867 

Created in  https://BioRender.com 868 
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Figure 2: Phylogenetic relatedness and gene content variation in 117 strains sampled from 871 

a single alfalfa field: After using Panaroo to determine the pangenome of the strains, we 872 

generated a maximum likelihood tree from 3774 single-copy core genes using IQ-TREE 3.0.1, 873 

which showed three deep subclades. Popular strains USDA1106 and RM1021 were included as 874 

reference and were used as the outgroups to root the tree. The branch tip colours denote the 875 

original variety of alfalfa from which the strain was isolated [orange=SW4107(S), green= Oneida 876 

(O), purple = Vernal (V)]. The best fit substitution model (MK+FQ+I+R9) was selected based on 877 

the Bayesian Information Criterion. Branch support of the tree was assessed using two 878 

independent metrics: ultrafast bootstrap (UFBoot2; 1000 replicates) and the SH-like 879 

approximate likelihood ratio test (SH-aLRT; 1000 replicates). Accessory gene presence or 880 

absence on the right side of the figure revealed differences in the gene content across the 881 

isolates. The PAV matrix is based on ~5000 accessory genes, which include the Soft Core (99%- 882 

95%), Shell (95-15%), and Cloud (< 15%) (Gonzalez-Diaz et al., 2022).  883 

 884 
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 885 
 886 

Figure 3: AVT strains vary in host benefits conferred: Scatter plots showing the relationship 887 

between the growth benefits (biomass) each strain provides to each host variety in nitrogen-888 

free conditions (A-C). Each point reflects the mean plant biomass across 4 replicate pots. The 889 

dotted line represents y = x, and the solid line is the regression line; the shaded area indicates 890 

the 95% confidence interval. See Table 1 for model results 891 

.CC-BY-ND 4.0 International licensemade available 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 

The copyright holder for this preprintthis version posted July 29, 2026. ; https://doi.org/10.64898/2026.06.12.731664doi: bioRxiv preprint 

https://doi.org/10.64898/2026.06.12.731664
http://creativecommons.org/licenses/by-nd/4.0/


 892 
Figure 4: Alfalfa varieties differ in their ability to select beneficial partners from a mixture. 893 

(A-C) Relationship between strain relative fitness during multi-strain inoculations and host 894 

benefit provided by each strain as inferred from host biomass in nitrogen-free single-strain 895 

inoculation experiments. Points represent mean strain relative fitness and mean host benefits 896 

summarized across replicates to provide the overall pattern, while lines represent the 897 

estimated relationship for each replicate pot separately to visualize the relationship 898 

consistency (or not) across replicates. For model details, refer to Table S7. (D) Host identity 899 

explains ~50.33% of the total variation in strain relative fitness. Here we show the first two axes 900 

from a Redundancy Analysis (relative strain fitness ~ host variety). Points denote replicate pots, 901 

and colours are coded by host variety. Refer to Fig. S7 for details on the relative fitness of 902 

individual strains across replicates across host varieties. (E) No host varieties were able to 903 

derive as much benefit in a mixture (à = mean biomass acquired during multi-strain inoculation) 904 

as they did with the best single strain (·= mean biomass acquired during single strain 905 

inoculation with each strain), but Vernal, the host that did not exhibit the ability to select and 906 

enrich beneficial strains in (B), was particularly growth-limited. 907 
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Table 1: ANOVA results for linear models of host benefits from the AVT strains.  908 

 909 

 910 
1Adj. R², adjusted coefficient of determination for the full model; 911 
2Df= degrees of freedom; 912 
3%Var = Percentage of total variance explained by each predictor; 913 
4Fval= F-statistic from the ANOVA 914 
5PVAL= Significance level of the predictor effect.  915 
Significance codes: ***P < 0.001; **P < 0.01; *P < 0.05; .P < 0.1; ns, not significant. 916 
NA= not applicable. 917 

Model and terms Df2 %Var3 F value4 P value5 

Biomass/plant(Adj.R2=0.34)1 ***     

Strain 116 28.1 5.7  < 0.001*** 

Variety 2 6 54.5 < 0.001*** 

Rep 3 4 21.7 < 0.001*** 

Strain × Variety 232 15 1.2 0.02* 

Residuals 911 47.7 NA NA 

Chlorophyll/plant (adj.R2=0.28)***     

Strain 116 26.7 5.2  < 0.001*** 

Variety 2 6 55.5  < 0.001*** 

Rep 3 2 11.9 < 0.001*** 

Strain × Variety 232 13.2 0.9 0.5 

Residuals 911 51 NA NA 
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