
Loyola University Chicago Loyola University Chicago 

Loyola eCommons Loyola eCommons 

Biology: Faculty Publications and Other Works Faculty Publications and Other Works by 
Department 

2022 

Combining GWAS and Population Genomic Analyses to Combining GWAS and Population Genomic Analyses to 

Characterize Coevolution in a Legume-rhizobia Symbiosis Characterize Coevolution in a Legume-rhizobia Symbiosis 

Brendan Epstein 
University of Minnesota, St Paul 

Liana T. Burghardt 
University of Pennsylvania 

Katy D. Heath 
University of Illinois at Urbana-Champaign 

Michael A. Grillo 
Loyola University Chicago, mgrillo1@luc.edu 

Adam Kostanecki 
University of Minnesota, St Paul 

See next page for additional authors 
Follow this and additional works at: https://ecommons.luc.edu/biology_facpubs 

 Part of the Biology Commons 

Recommended Citation Recommended Citation 
Epstein, Brendan; Burghardt, Liana T.; Heath, Katy D.; Grillo, Michael A.; Kostanecki, Adam; Hämälä, 
Toumas; Young, Nevin D.; and Tiffin, Peter. Combining GWAS and Population Genomic Analyses to 
Characterize Coevolution in a Legume-rhizobia Symbiosis. Molecular Ecology, 31, 24: 1-14, 2022. 
Retrieved from Loyola eCommons, Biology: Faculty Publications and Other Works, http://dx.doi.org/
10.1111/mec.16602 

This Article is brought to you for free and open access by the Faculty Publications and Other Works by Department 
at Loyola eCommons. It has been accepted for inclusion in Biology: Faculty Publications and Other Works by an 
authorized administrator of Loyola eCommons. For more information, please contact ecommons@luc.edu. 

This work is licensed under a Creative Commons Attribution-NonCommercial 4.0 International License 
© 2022 The Authors. Molecular Ecology published by John Wiley & Sons Ltd. 

https://ecommons.luc.edu/
https://ecommons.luc.edu/biology_facpubs
https://ecommons.luc.edu/faculty
https://ecommons.luc.edu/faculty
https://ecommons.luc.edu/biology_facpubs?utm_source=ecommons.luc.edu%2Fbiology_facpubs%2F141&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/41?utm_source=ecommons.luc.edu%2Fbiology_facpubs%2F141&utm_medium=PDF&utm_campaign=PDFCoverPages
http://dx.doi.org/10.1111/mec.16602
http://dx.doi.org/10.1111/mec.16602
mailto:ecommons@luc.edu
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/


Authors Authors 
Brendan Epstein, Liana T. Burghardt, Katy D. Heath, Michael A. Grillo, Adam Kostanecki, Toumas Hämälä, 
Nevin D. Young, and Peter Tiffin 

This article is available at Loyola eCommons: https://ecommons.luc.edu/biology_facpubs/141 

https://ecommons.luc.edu/biology_facpubs/141


Molecular Ecology. 2022;00:1–14.	﻿�   | 1wileyonlinelibrary.com/journal/mec

1  |  INTRODUC TION

Rhizobial bacteria and legume hosts form a symbiosis that is 
clearly the result of selection imposed by symbiotic partners, that 

is, coevolution (Masson-Boivin & Sachs,  2018). Less clear is the 
nature of ongoing coevolution between these symbiotic partners. 
One possibility is that fitness conflicts between hosts and rhizo-
bia drive selection and adaptation (Hoeksema,  2010; Queller & 
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Abstract
The mutualism between legumes and rhizobia is clearly the product of past coevolu-
tion. However, the nature of ongoing evolution between these partners is less clear. 
To characterize the nature of recent coevolution between legumes and rhizobia, 
we used population genomic analysis to characterize selection on functionally an-
notated symbiosis genes as well as on symbiosis gene candidates identified through 
a two-species association analysis. For the association analysis, we inoculated each 
of 202 accessions of the legume host Medicago truncatula with a community of 88 
Sinorhizobia (Ensifer) meliloti strains. Multistrain inoculation, which better reflects the 
ecological reality of rhizobial selection in nature than single-strain inoculation, allows 
strains to compete for nodulation opportunities and host resources and for hosts to 
preferentially form nodules and provide resources to some strains. We found exten-
sive host by symbiont, that is, genotype-by-genotype, effects on rhizobial fitness and 
some annotated rhizobial genes bear signatures of recent positive selection. However, 
neither genes responsible for this variation nor annotated host symbiosis genes are 
enriched for signatures of either positive or balancing selection. This result suggests 
that stabilizing selection dominates selection acting on symbiotic traits and that vari-
ation in these traits is under mutation-selection balance. Consistent with the lack of 
positive selection acting on host genes, we found that among-host variation in growth 
was similar whether plants were grown with rhizobia or N-fertilizer, suggesting that 
the symbiosis may not be a major driver of variation in plant growth in multistrain 
contexts.

K E Y W O R D S
bacteria, Medicago, microbes, mutualism, population genomics
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2  |    EPSTEIN et al.

Strassmann, 2018; Sachs et al., 2018). Under this scenario, symbio-
sis genes would be enriched for signatures of positive or balancing 
selection (Ebert & Fields, 2020). Alternatively, the fitness of hosts 
and mutualists may be largely aligned (Frederickson,  2013, 2017; 
Friesen,  2012) resulting in symbiotic partners imposing stabilizing 
selection on one another. Under this scenario, variation in the genes 
underlying symbiotic traits may reflect mutation-selection balance 
(Gano-Cohen et al.,  2020; Heath & Stinchcombe,  2014; Kiester 
et al., 1984).

The symbiosis between rhizobial bacteria and legume hosts orig-
inated ~60 million years ago (Ma), and both legumes and rhizobia 
have adapted to each other (Doyle, 1998; Sprent, 2008). The symbi-
osis is formed when a rhizobium invades a plant root hair, and then 
the plant forms a symbiotic organ called a nodule. Within nodules, 
hosts and rhizobia exchange resources. The rhizobia convert atmo-
spheric N2 to a plant usable form, thereby enabling plant growth and 
reproduction in environments where N is limiting. In turn, rhizobia 
inside the nodule obtain both sugars and an environment that en-
ables high rates of bacterial reproduction (Denison & Kiers, 2011)—a 
single rhizobium that forms a nodule can leave hundreds of thou-
sands of offspring at the end of a plant's growing season (Oono 
et al., 2011; Ratcliff et al., 2011). Nevertheless, neither legumes nor 
rhizobia are fully dependent on their symbiotic partner. Legumes do 
not need rhizobia when soil N is available, and rhizobia, which are 
horizontally transmitted, cycle between living as mutualists inside of 
plants and as saprotrophs in the soil. In experimental settings, each 
plant host can form tens to hundreds of nodules, with each nodule 
potentially founded by a different rhizobium strain.

Genotype-by-genotype interactions (G × G) for partner fitness, 
the basis of reciprocal selection between hosts and symbionts 
(Wade, 2007), has been found in both host-associated rhizobial fit-
ness (Burghardt et al., 2018; Heath & Tiffin, 2009; Mendoza-Suárez 
et al., 2020; Porter & Simms, 2014; Simonsen & Stinchcombe, 2014) 
and the benefits hosts obtain from specific rhizobial strains, at least 
in single-strain inoculation experiments (e.g., Bamba et al.,  2020; 
Gano-Cohen et al., 2020; Heath, 2010; Porter & Simms, 2014; Regus 
et al., 2017; Sugawara et al., 2013; Torkamaneh et al., 2020). Plant 
genotypes also vary in symbiotic traits, such as the number and size 
of the nodules they produce, two proxies of the plant-associated 
reproductive success of rhizobia (Friesen,  2012; Gano-Cohen 
et al., 2020; Heath, 2010; Ossler & Heath, 2018). The G × G varia-
tion that these experiments reveal can result from a combination of 
some strains being more successful at forming nodules with certain 
hosts and from variation in either the rewards the symbiotic part-
ners receive from each other after nodules are formed (Bohlool & 
Schmidt,  1974; Wang et al.,  2012; Young & Johnston,  1989) or in 
costs of symbiosis (Quides et al., 2021). Importantly, however, G × G 
variation has been found primarily in experiments in which each host 
is inoculated with only a single strain of bacteria. Whether such vari-
ation is found when hosts are able to preferentially form a symbiosis 
with some strains or reward more beneficial strains after the sym-
biosis is established is less clear. Among-host variation in symbiont 
composition is also found in other host-symbiont, host-microbiome, 

and host-pathogen systems (e.g., Bálint et al.,  2015; Goodrich 
et al., 2014; Zhao et al., 2016).

Given that symbionts can strongly affect their partner's re-
productive success, among-host and G × G variation in host-
associated reproductive success of rhizobia could reflect ongoing 
reciprocal selection and adaptation (Heath & Nuismer, 2014; Heath 
& Stinchcombe,  2014; Sachs et al.,  2011; Thrall et al.,  2007; 
Yoder, 2016). Alternatively, selection on symbionts by hosts may be 
weak because processes happening outside the host are far more 
important in shaping rhizobial evolution. For instance, in field soils 
where plants form nodules with multiple strains (Bailly et al., 2006), 
the performance of an individual strain might have little effect on 
host fitness (Burghardt et al., 2019; Wendlandt et al., 2019).

Analyses of genomic data from the model legume Medicago trun-
catula have revealed evidence for selection acting on a few function-
ally annotated symbiosis genes, but most symbiosis genes appear 
to be under purifying selection (De Mita et al., 2006, 2007; Grillo 
et al., 2016; Paape et al., 2013; Yoder, 2016), suggesting pervasive 
stabilizing selection and that rhizobia are not driving adaptation in 
the Medicago host. In rhizobia, there is some evidence of balancing 
selection on introgressed symbiosis genes, possibly due to frequency 
dependent selection (Ostrowski et al., 2015), and some genes affect-
ing host-associated fitness in single-strain inoculations bear signa-
tures of balancing selection (Batstone et al.,  2021). Nevertheless, 
the among-species divergence of annotated symbiosis genes, pri-
marily nodulation and N-fixation related genes, suggests a history of 
mostly purifying selection, with only a small number of genes show-
ing signatures of positive selection (Epstein & Tiffin, 2021). Notably, 
these previous studies have focused on a limited set of functionally 
annotated symbiosis genes or relied on single-strain inoculation ex-
periments to identify candidate genes contributing to variation.

The primary goal of this study was to investigate whether G × G 
variation in the legume-rhizobia symbiosis reflects ongoing recip-
rocal selection and adaptation. To address this goal, we first con-
ducted a select and resequence (S&R) experiment in which each 
of 202 accessions of M. truncatula was inoculated with a synthetic 
community of 88 strains of Sinorhizobium meliloti. We used whole-
genome sequence data to estimate the representation of each of 
the 88 strains on each host, enabling us to conduct association 
analyses to identify both plant and rhizobial genes that contribute 
to among-host variation in the rhizobial strain composition of the 
nodule community. We then used population genomic analyses to 
search for evidence that these genes, as well as genes that func-
tional analyses have identified as being involved in symbiosis, bear 
signatures of selective sweeps or balancing selection. A secondary 
goal of this study was to evaluate the extent to which variation in 
host growth is driven by variation in the benefits hosts derive from 
symbiosis. If rhizobia-imposed selection on hosts is strong, then we 
expect among-host variation in growth will be much larger when 
plants are dependent on rhizobial symbionts rather than fertilizer 
for nitrogen. To address this second goal we compared the extent 
of among-host variation in plant size between plants growing with 
rhizobia versus N-fertilizer.
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    |  3EPSTEIN et al.

2  |  MATERIAL S AND METHODS

We grew eight replicates of each of 202 accessions of Medicago 
truncatula, which is the majority of the Medicago HapMap collec-
tion (Stanton-Geddes et al., 2013, Dataset S1). Five of these repli-
cates were inoculated with a synthetic community of 88 strains of 
Sinorhizobia meliloti. To compare among-accession plant growth with 
rhizobia versus inorganic N we also grew three replicates of each 
accession with N-fertilizer and no rhizobia. Prior to planting, seeds 
were scarified by gently abrading with sandpaper, surface sterilized 
by soaking for 90 s in 10% bleach, washed in dH20, then stratified 
on wet filter paper, in the dark, for 3 days at 4°C. After stratification, 
seeds were planted into 650 ml containers (Stuewe & Sons) filled 
with a steam sterilized mixture of five parts Sunshine Mix LP5 to 
one part Turface. Each replicate was distributed into one of eight 
randomized blocks across five greenhouse benches. After germina-
tion, we removed seedlings, leaving three plants per pot (each pot 
was a replicate–we left three plants to increase the number of nod-
ules to pool for each genotypic replicate). Two days after planting, 
five replicates of each accession were inoculated with a mixture of 
88 strains derived from a collection of 165 Ensifer (Sinorhizobium) 
meliloti strains (Dataset  S2). These strains were collected by Riley 
et al. (2022) from 21 locations in the native range of M. truncatula in 
Spain and France. The 88 strains were chosen such that no pair of 
strains differed by <1000 of the ~160,000 variable sites that were 
genotyped in all strains. Details on the strain sequencing and variant 
calling are provided in Appendix S1: Methods.

Following Burghardt et al. (2018), we grew each of the 88 strains 
in TY media on a shaker set to 120 rpm for 72 h at 30°C, and then 
mixed 3 ml of each single-strain culture to form the multistrain in-
oculum with approximately equal representation of each strain 
(median: 1.1%, min: 0.7%, max: 2.1%). The inoculum was diluted 
100-fold with 0.85% NaCl and 15 ml was added to each pot in five of 
the blocks (approximately 5 × 107 cells per pot, 80,000 cells/ml soil). 
Plants were fertilized once or twice weekly with N-free Fahraeus 
medium (0.5 mM MgSO4, 0.7 mM KH2PO4, 50 uM Fe-EDTA, 0.8 mM 
Na2HPO4, 1.0 mM CaCl2, and 1  mg/L of MnCl2, CuSO4, ZnSO4, 
H3BO3, and Na2MoO4).

Nine weeks after planting, on a single day, we measured the 
length of the longest branch of each plant. At this time we also 
started harvesting plants. At the time of harvest, we separated 
above-ground growth from roots; removed, cleaned, and photo-
graphed nodules; and extracted rhizobia following the protocol in 
Burghardt et al.  (2018) with minor modifications to improve yield. 
In brief, we placed nodules and 3  ml 0.85% NaCl in a 15 ml tube, 
homogenized for 90 s using an Omni TH tissue homogenizer, cen-
trifuged the homogenized slurry at 400  g for 8 min at 10°C, then 
centrifuged the supernatant at 10,000 g for 5 min. The pellet from 
this spin, which is heavily enriched for undifferentiated rhizobia, was 
frozen until DNA was extracted using QIAgen DNEasy plant kits. 
Data on above ground biomass was collected from all five blocks, but 
due to time constraints (harvesting coincided with the onset of the 
COVID pandemic) we harvested nodules from only four of the five 

inoculated blocks. Biomass was measured after drying the above-
ground growth at 60°C for a minimum of 48 h.

We estimated the number and mean area of nodules from each 
plant using ImageJ. To enhance contrast, we photographed nodules 
on a green background. Images were colour corrected in “Photos for 
Mac” and uploaded into FIJI. We batch processed images by split-
ting out the green channel and thresholding to a black and white 
image “SetThreshold(0,105)”. All thresholded images were checked 
visually and rerun or manually cleaned if necessary. We selected 
the area of the image with nodules using the polygon tool and fur-
ther cleaned images manually. Finally, we used Particle Analyser to 
batch assess nodule number, size, shape, and variance. We set the 
scale (393.5 pixels/cm), made the image binary, removed outliers <5 
pixels, and thresholded particle size minimum (0.002 cm 2.4 cm2 to 
remove media particles). Nodule number was manually counted on 
~5% of images to check reliability of the pipeline.

Three replicates (blocks) of each plant accession, on a green-
house bench adjacent to the five replicates of inoculated plants, 
were not inoculated with rhizobia. These uninoculated plants were 
grown using the same protocols as the inoculated plants but were 
given 25 ml of N-fertilizer once or twice each week (5 mM KNO3 the 
week seeds were planted, 10 mM KNO3 the second week, 20 mM 
KNO3 twice during the third week, 80 mM NH4NO3 once a week for 
the next 4 weeks, and 80 mM NH4NO3 twice a week for the rest of 
the experiment). The root systems from approximately half of these 
plants were examined for nodules; none were found.

2.1  |  Estimates of strain frequencies

We estimated the frequencies of rhizobial strains in the nodule 
community of each plant using the approach used in Burghardt 
et al.  (2018). In brief, bacterial DNA extracted from the nodules 
of each plant was sequenced to a mean depth of 120 (range = 73–
344) using paired end 150  bp reads on an Illumina Novaseq (li-
brary construction and sequencing was done by the University of 
Minnesota Genomics Center). We used TrimGalore! (version 0.5.0) 
to trim adapters and low quality bases, with the minimum adapter 
length set to three (−-stringency), error rate set to 0.1 (−e), quality 
threshold set to 30 (−-quality), and minimum read length set to 99. 
Trimmed reads were aligned to the S. meliloti USDA1106 genome 
(GCA_002197065.1) using bwa mem (version 0.7.17) with default 
settings. We then used HARP (Kessner et al., 2013) to estimate strain 
frequencies from these alignments, using 162,255 SNPs that were 
genotyped in each of the 88 strains and had variant quality scores 
>20 (501,228 invariant sites were also included in the analysis). Most 
of the subsequent analyses were performed on median relative fit-
ness (Burghardt et al., 2018). We calculated relative fitness by divid-
ing strain frequencies for each replicate pot by the mean frequency 
in the initial community, log2-transforming those values, and then 
taking the median across replicates for each host-strain combina-
tion. Our analyses rely on relative fitness because HARP provides 
estimates of the relative frequencies of each strain in each sample 
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4  |    EPSTEIN et al.

but does not provide estimates of the absolute reproductive success 
of strains on different hosts.

2.2  |  Analyses of phenotypes, strain 
composition of nodule communities, and 
rhizobial fitness

We used the glm function in R to test for genetic variation in each 
of five symbiotic traits: length of longest branch, above-ground dry 
mass, nodule number, mean nodule area, and Shannon-Wiener's 
diversity (hereafter Shannon's) of the strains found in nodules. In 
these analyses we included block as a cofactor. For measures of 
above-ground plant growth we also included whether plants were 
on the edge of a bench (these plants received more sun). Plant loca-
tion explained a very small portion of the variance in below-ground 
traits (all p  > .5) and thus was not included as a cofactor in those 
analyses.

Host-specific strain composition of the nodule communities – 
that is, the relative frequencies of each of the 88 rhizobia strains 
in the nodules on each of 202 M. truncatula accessions – is a highly 
multidimensional phenotype. We used two principal component 
analyses (PCA), both based on a matrix of median relative fitness of 
each strain on each host, to identify different aspects of this com-
plex phenotype. Both PCAs were implemented using the R function 
prcomp using data that were centred but not scaled. We did not 
scale the data because all values were measured in the same units 
and on the same scale. The first PCA differentiated among-host vari-
ation in the composition of rhizobial strains found in nodules (host 
accessions were rows, rhizobial strain identities were columns). We 
used each of the first two PCs from this analysis as a response vari-
able in an association analysis to identify plant genes that poten-
tially contribute to among-host variation in the strain composition 
of nodule communities. The second PCA focused on variation in the 
frequency of rhizobial strains among hosts (rhizobial strain identities 
were rows, host accessions were columns). We used the two major 
dimensions from this PCA as response variables in association anal-
ysis to identify rhizobial genes that potentially contribute to among-
strain variation in host-associated rhizobium reproductive success. 
Lastly, we characterized the nodule community by calculating the 
Shannon's index on the median frequency of strains in each host 
genotype. The PCs, unlike Shannon's index, incorporate information 
on strain identities, for example, two host accessions, each of which 
form nodules with 44 strains but with no overlap in strain identities, 
would have equal Shannon values but would have very different PC 
values.

2.3  |  Association analyses—Medicago

We conducted association analyses to identify Medicago variants as-
sociated with variation in nodule phenotype (nodule number, nodule 
area) and strain composition of the nodule community (Shannon's 

index and PC1 & PC2 differentiating variation among hosts). These 
analyses were conducted using 10,774,972  M. truncatula variants 
with MAF >5% (9.12 M SNPs, 1.66 M indels), identified by mapping 
previously collected sequence reads (Stanton-Geddes et al., 2013; 
accession numbers in Dataset S1) to the Mt version 5.0 reference 
genome (Pecrix et al., 2018) (details on read alignment and variant 
calling are in the Appendix S1: Methods). Gene-based analyses used 
the version 1.8 annotation available from INRA (accessed 26 August 
2021) combined with the assembly from NCBI (GCA_003473485.1).

We conducted association analyses, both with and without a K-
matrix of among-sample relatedness included as a covariate, using 
GEMMA (version 0.98.1, Zhou & Stephens,  2012). It is standard 
practice to include population structure covariates in association 
analysis to reduce potential bias arising from covariance between 
phenotypes and populations. However, including such covariates 
can prevent the identification of phenotypically important genes 
if causal variants are themselves geographically structured (Atwell 
et al., 2010). We calculated the K-matrix in GEMMA with the stan-
dardized K matrix option. Results from analyses with and without a 
K-matrix (linear-mixed model versus linear model) were quite similar 
(Figure S1), indicating that unequal relatedness among plant acces-
sions or rhizobium strains did not greatly affect results. Thus, we 
focus our presentation on linear mixed model results. We consid-
ered the 1% of genomic windows harbouring the most strongly asso-
ciated genomic variants, based on effect size, as candidate windows, 
and the genes in those windows were considered candidate genes. 
We also generated null expectations for association analyses by run-
ning 100 analyses, for each trait, on phenotypic data that had been 
permuted using the R package MVNPermute (Abney, 2015) follow-
ing the method in Voichek and Weigel (2020), which maintains the 
mean and genetic covariance structure of the original data. In the 
main text we focus on the 1% of windows with strongest associa-
tions as candidates, but results are qualitatively similar when the 50 
or 100 windows of strongest association are considered as candi-
dates (Table S1), suggesting our results are not strongly dependent 
on the stringency applied for identifying candidate genes.

2.4  |  Association analyses—Sinorhizobia

Sinorhizobia association analyses were conducted using GEMMA 
(version 0.98.1) on phenotype values (PC1 and PC2) transformed to 
a normal distribution using an inverse rank-based normal transfor-
mation. As with the Medicago analyses, we used MVNPermute to 
permute the GWA traits. Because of the nature of recombination 
in bacteria, linkage disequilibrium (LD) can be extensive, including 
among variants in discontiguous regions of the genome. Moreover, 
the extent of LD differs among the three Sinorhizobia replicons. We 
used two approaches to reduce the potential for variants in high 
LD with many other variants to bias association results by captur-
ing not only their own effects but also the effects of linked variants 
(e.g., Bulik-Sullivan et al., 2015). First, following the approach used in 
Epstein et al. (2018), we included only one variant from each group 
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of variants in strong LD (R 2 ≥ 0.95, MAF >0.05) with one another. 
Due to differences in allele frequencies, SNPs in the same coding 
region can be members of different LD groups. The full set of 17,626 
LD groups contained 81,920 variants (MAF >0.05) distributed across 
8780 genes. To limit the difficulties of interpreting results due to 
extensive LD, we considered only variants in the 16,324 LD groups 
that harboured variants in three or fewer genes (“small LD groups”). 
These groups contained 33,052 variants and tagged 4039 genes. 
Second, because LD differs among replicons, we conducted associa-
tion analyses on each of the replicons separately.

We considered the 20 genes with the largest effect size on each 
Ensifer replicon as candidate genes. Twenty represents approx-
imately 2% of chromosomal and 1.3% of both pSymA and pSymB 
genes included in the analyses. Although this cutoff is slightly more 
lenient than that used for the host, we selected it to provide some 
power to evaluate whether the empirical results deviated from ran-
dom expectations. To calculate an FDR for the Sinorhizo association 
analyses, we analysed 1000 sets of permuted data, and counted the 
number of genes that had an effect size equal to or greater than the 
smallest effect size among the candidate genes (i.e., for the top 20, 
this would be the effect size of the 20th gene). As with Medicago, 
the set of candidates identified with and without a standardized K-
matrix included as a covariate were similar (Figure S1), indicating that 
unequal relatedness among rhizobial strains did not greatly affect 
results.

2.5  |  Population genetic analyses

We focused on two statistics, β and RAiSD μ to compare the selec-
tive history of candidate genes (identified through association analy-
ses) and annotated symbiosis genes to genome-wide expectations. 
The β statistic is designed to detect evidence of balancing selec-
tion (Siewert & Voight, 2020). The μ statistic of RAiSD (Alachiotis & 
Pavlidis, 2018) is a composite measure that is based on the expected 
effects of selective sweeps on nucleotide diversity, LD, and the site 
frequency spectrum. These two statistics were chosen because of 
their reported power to detect evidence of selection (we also re-
port Tajima's D in Datasets S3 and S4). We examined both candidate 
and annotated symbiosis genes because focusing only on candidate 
genes identified through genome-wide association studies (GWAS) 
may miss genes that have recently been driven to fixation through 
coevolution (MacPherson et al., 2018). We considered the Medicago 
genes that Roy et al. (2020) identified as playing important roles in 
the symbiosis to be annotated symbiosis genes.

Roy et al. (2020) identified 224 Medicago genes, which we mapped 
to the Mt5.0 annotation using a liftover file provided by INRA (https://
medic​ago.toulo​use.inra.fr/Mtrun​A17r5.0-ANR/downl​oads/1.8/
Mtrun​A17r5.0-ANR-EGN-r1.8.vs.JCVI-Mt4.0v2-gene.zip). Twelve 
of the 224 genes were not included in the Mt4-to-Mt5.0 annota-
tion liftover; we identified nine of these genes (Medtr5g094210, 
Medtr7g063220, Medtr7g078700, Medtr8g067470, 

Medtr8g465280, MT35v5_contig_51603_1, MT35v5_con-
tig_52215_1, MT35v5_contig_55897_1, MT4Noble_057132) in 
Mt5.0 using BLAST, but were unable to confidently locate three 
microRNAs and do not include those in our analyses (mtr-miR160a 
(miR160), mtr-miR167a (miR167), and mtr-miR172c (miR172c)). 
Four genes in Roy et al. (2020), (Medtr1g027020, Medtr4g073400, 
Medtr5g007630, Medtr5g026460) matched to two Mt5 genes, but 
in all cases those genes were adjacent to each other and because we 
conducted our analyses on 10 kb genomic windows, these have little 
effect on our results.

For M. truncatula, we calculated β and μ using SNP data from 
266 accessions aligned to the Mtv5.0 reference genome; only non-
imputed biallelic variants with <20% missing data were included. 
These 266 accessions include the 202 accessions of the GWA panel 
and 64 sequenced M. truncatula accessions that are part of the 
Medicago HapMap collection Stanton-Geddes et al., 2013. β was es-
timated for each variant with MAF >0.05, using the default window 
size of 1 Kb and the folded version of the statistic. RAiSD was run 
using the default window size of 50 SNPs. We then combined β and 
μ estimates within 10 Kb regions into nonoverlapping windows and 
characterized selective signals at each window using the maximum 
β and μ estimates. We compared the values for each statistic from 
candidate windows (the 1% of windows harbouring variants of larg-
est effect sizes from the association analyses) to the genome-wide 
values of each statistic.

For each Sinorhizobia gene included in the association analysis, 
we calculated β and μ using genome sequence data from the 165 
strains from which the 88 strains used for association analyses were 
chosen. We used the 165 strains because the 88 strains were cho-
sen to increase diversity and thus may represent a biased sample 
of diversity in the population from which they were sampled. To 
avoid biases that might arise from few polymorphisms, β and μ were 
calculated only on biallelic SNPs genotyped in at least 80% of the 
strains, and we included only genes that were segregating ≥10 SNPs. 
Because of the potential for extensive genomic rearrangements as 
well as PAVs segregating within Sinorhizobia (Nelson et al., 2018) we 
calculated statistics for each coding region, rather than using the 
windows-based approach that we used for the M. truncatula data. 
We compared the mean and median value of each statistic calcu-
lated for candidate genes to the values on all other genes on each of 
the three replicons.

For each replicon, the 20 genes with the greatest effect size 
were considered candidate genes and the nodulation and N-fixation 
genes compiled by Epstein and Tiffin (2021) were considered anno-
tated symbiosis genes. We used t-tests and Wilcoxon tests to esti-
mate the probability of observing mean and median values obtained 
for candidates and annotated symbiosis genes different from the 
genome-wide values by chance. To account for potential bias in the 
identification of candidate genes, we also compared the means and 
medians of permutation candidates, which we identified through as-
sociation analysis of 1000 data sets generated by MVNPermute, as 
described above. We compared the minor allele frequencies (MAF) 
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of the variant with the largest effect size in each candidate gene to 
the genome-wide MAF of nonsynonymous and presence-absence 
variants, which we chose so that candidate alleles were compared to 
other putatively functional variants.

3  |  RESULTS

3.1  |  Among-host variation in symbiosis traits and 
strain fitness

We characterized symbiotic traits of each of 202 accessions of M. 
truncatula hosts inoculated with a synthetic community of 88 rhizo-
bial strains. This experiment revealed extensive among-accession 
variation in symbiotic traits and plant growth. Host genotype ex-
plained 42% of variation in nodule number, 67% of variation in av-
erage nodule area, 37% of variation in Shannon-Wiener's index of 
nodule community diversity, and approximately 50% of variation in 
plant biomass (all p < .001, Figure 1a, Table S2). Rhizobial fitness also 
varied among strains and host accessions (Figure 1b); strain identity 
explained 43% of variance in rhizobial fitness, whereas 49% of the 
variance was attributed to host × strain interactions (Table S2).

To test whether among-accession variation in biomass reflects 
variation in the net benefits of symbiosis, we compared the among-
accession variation in biomass of plants in the rhizobia inoculation 
experiment to the variation in a parallel experiment in which plants 
were not inoculated, but were given N-fertilizer. This experiment was 
conducted at the same time and on adjacent benches in the same 
greenhouse room as the inoculation experiment. In the N-fertilizer 
conditions, host accession explained 50% of the total among-plant 
variance in plant size, approximately equal to the 49% of the total 
variance explained in the inoculated experiment. Because N-
fertilized plants were grown on benches adjacent to the inoculated 
plants, we used a permutation analysis to evaluate the extent to 
which symbiosis-dependent plant growth was genotype-dependent. 
Specifically, we randomly assigned blocks of plants to either the in-
oculated or N-fertilizer treatment and evaluated the magnitude of 
the variation due to the accession X N-source interaction. Across 
the permutations, this interaction accounted for a mean of approxi-
mately 5% of the total variance – not greatly less than the 8% of vari-
ance in the empirical data (Figure S2). Taken together, these results 
suggest that the efficacy of symbiosis has a much smaller effect on 
host-genotype variation in plant growth than factors independent 
of N source.

F I G U R E  1  Both hosts and rhizobia 
exhibit genetic variation for symbiotic 
traits. (a) Percentage of host trait variance 
(PVE) explained by host genotype, (b) 
Distribution of relative fitness (mean 
across host genotypes, top) for each of 
the 88 rhizobial strains and strain relative 
fitness (rows) on each host accession 
(purple or green points), (c) distributions 
(diagonal) and genetic correlations (off 
diagonal) between host traits, and (d) 
number of association candidates shared 
among traits
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3.2  |  Association analysis - Medicago

To identify host genes that contribute to variation in rhizobial fit-
ness, we conducted association analyses on nodule number, average 
nodule size, Shannon's diversity of the nodule community, and the 
first two PCs of a PCA that characterized the relative frequencies 
of the 88 rhizobial strains in the nodules of the 202 host accessions 
(Dataset S5). The first two PCs from this analysis explained 16% and 
9% of the among-host variation in strain composition of the nodule 
community (Figure S3). Although both PC1 and PC2 are correlated 
with values of Shannon's diversity (r = 0.57 and −0.26 for PC1 and 
PC2, respectively, Figure  1c), the PCs incorporate information on 
the identity of each strain whereas Shannon's diversity does not 
(e.g., two hosts that each form nodules with a different subset of 
half of the strains would have equal values of Shannon's diversity 
but would have different PC values). Nodule community metrics 
(PC1, PC2, and Shannon's) also were correlated with the number of 
nodules plants produced (Figure 1c, all p < .001) and average nodule 
area (p < .001 except for Shannon's p < .01). While the 25% of vari-
ance (16% + 9%) is considerably more than expected if the variance 
was equally distributed among the 88 PC dimensions, we note that 
a considerable portion of the among-host variance is not captured 
by these two PCs.

We focused our interpretation of the Medicago association anal-
ysis on the 1% of the 42,867 genomic windows that harboured the 
variants of strongest effect size for each trait (Dataset S3, Figure S4). 
Two-hundred windows were identified as candidates for two or 
more traits, 37 were associated with three traits, and four with four 
traits (Figure 1d). Two functional annotations, both associated with 
metabolism of xenobiotic molecules, were strongly overrepresented 
among these candidates: 10 of 71 ABC-type xenobiotic transporters 
were associated with three traits and seven of 14 flavin-containing 
monooxygenases, which facilitate secretion of xeno-compounds 
through oxidation (Eswaramoorthy et al.,  2006), were associated 
with two or more traits. The strongest association for both nodule 
number and nodule size was MtrunA17_Chr2g0300121, a putative 
NADH:ubiquinone reductase, that might be involved with energy 
provisioning (Lindström & Mousavi, 2020). We did not find evidence 
that the Medicago annotated symbiosis genes are major contributors 
to variation in symbiosis phenotypes. No more than five annotated 
symbiosis genes were among the top 1% of most strongly associated 
genes for any of the phenotypes (all p > .10, Dataset S6).

3.3  |  Association analysis—Sinorhizobia

To identify rhizobial genes that contribute to variation in rhizobial 
fitness, we first conducted a GWAS on each of the first two dimen-
sions (PCs) of a PCA of among-strain variation in fitness (Dataset S7). 
The first PC (PC1) captured 68% of variation in rhizobial fitness. This 
PC is effectively a measure of strains' across-host median fitness 
(correlation between PC1 and median fitness across hosts, r = −0.99, 
Figure S2). PC2 accounted for 12.5% of the remaining variance. We 

focused our interpretation of the association analyses on the 20 
genes on each replicon harbouring the strongest effect size variants 
(Dataset S4). The 20 genes represent approximately 2% of chromo-
somal and 1.3% of both pSymA and pSymB genes included in the 
analyses. Although permutation-based FDR estimates suggest these 
candidates may contain a considerable number of false positives 
(Table S3), we did find substantial variance in rhizobial fitness and 
the composition of the nodule community, evidence that these traits 
are under genetic control (Figure  1, Table  S2). Twenty candidates 
also provide some statistical power to test whether Sinorhizobia 
candidate genes harbour signals of selection that are different from 
noncandidates (see below).

The PC1 candidates on the Sinorhizobia pSymA replicon include 
multiple genes previously implicated as important for symbiosis 
(Table 1, Dataset S8): two are annotated as symbiosis genes, one was 
among the 24 pSymA genes identified by experimental evolution as 
increasing host-associated strain fitness or rhizobial partner qual-
ity (Batstone et al., 2020), two (nifK, and fixP2) were among the 20 
genes most strongly associated with fitness variation among Ensifer 
strains sampled from across Europe and North America Burghardt 
et al.,  2018 – completely different strains than those used in the 
current study – and three (nifK [CDO30_RS19300], a LysR family 
transcriptional regulator [CDO30_RS19615], and a NAD-dependent 
succinate-semialdehyde dehydrogenase [CDO30_RS19385]) were 
among the top 30 candidates influencing host biomass in sin-
gle strain inoculations using that same global community (Epstein 
et al.,  2018). The overlap between association candidates and an-
notated symbiosis genes is not limited to the 20 most strongly as-
sociated candidates; three additional annotated symbiosis genes 
(fixL, nolF, nodQ,) are among the 50 most strongly associated pSymA 
PC1-candidates (p <  .1). Moreover, the pSymA symbiosis gene 
nodM (CDO30_RS19120/WP_010967462.1), which may affect the 
strength of rhizobial signalling (Baev et al.,  1992), had the fourth 
strongest effect on variation along PC2.

3.4  |  Selective history of candidate genes 
underlying symbiosis traits

Our primary motivation for identifying genes associated with vari-
ation in symbiosis traits was to look for signatures of selection 
consistent with ongoing coevolution. We focused on two popula-
tion genetic statistics to search for evidence of recent selection: β 
and μ which are designed to detect histories of balancing and posi-
tive selection, respectively (Alachiotis & Pavlidis,  2018; Siewert & 
Voight, 2020). For Medicago, we calculated β and μ for each variable 
site and then characterized each 10 kb genomic window by the maxi-
mum value of each statistic. For Sinorhizobia, because of high levels 
of genomic rearrangement among strains (Nelson et al., 2018), we 
calculated β and μ for each gene.

The Medicago candidate windows had mean and median values 
of β that were slightly higher than the genome-wide values, but 
the differences were relatively small (Figure 2, Table S1; candidate 
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8  |    EPSTEIN et al.

averages  =  5.09–5.78, medians  =  3.66–4.12, genome wide aver-
age = 4.03, median 2.96). To test if these differences were due to 
association analyses being biased towards identifying alleles of in-
termediate frequency (Josephs et al., 2017; Myles et al., 2009), we 
repeated the association analyses on 100 permuted data sets, in 
which phenotypes were randomly assigned to accessions. The slight 
differences in β appears to be due to this bias; with the exception 

of the nodule number candidates, the mean and median β values of 
candidates were similar to or less than the averages from the permu-
tation analyses (Figure 2, Table S1). Similarly, the mean and median 
values of RAiSD μ were slightly smaller than either genome-wide 
values or values from the permutation analysis (Figure 2, Table S1), 
and thus provide no evidence for the candidate genes having expe-
rienced recent selective sweeps. The Medicago annotated symbiosis 

TA B L E  1  Sinorhizobia pSymA candidate genes (20 genes with strongest effect size) underlying variation in rhizobial fitness PC1 that have 
been previously implicated as playing a role in symbiosis. The genes are listed both by the NCBI gene locus tag (“CD…”), which uniquely tags 
all genes, as well as by the NCBI Refseq ID, for protein-coding genes, in parentheses

Annotated function pSymA candidate Other support for role in symbiosis

Type II toxin-antitoxin system HigB family toxin CDO30_RS18795
WP_003526630.1

Among top 20 candidates for PC2

fixP2 (ccoP), cytochrome-c oxidase, cbb3-type 
subunit III

CDO30_RS19540
WP_014989946.1

Annotated symbiosis, involved in respiration in 
microaerobic conditions in symbiosis (Delgado 
et al., 1998)

nifK, nitrogenase molybdenum- iron protein subunit 
beta

CDO30_RS19300
WP_003532776.1

Annotated symbiosis (Ruvkun et al., 1982), among top 
30 candidates affecting host biomass in Epstein 
et al. (2018)

LysR family transcriptional regulator CDO30_RS19615
WP_010967389.1

Experimental evolution candidate for both rhizobia 
fitness and host benefit (Batstone et al., 2020), 
among top 20 candidates affecting host biomass in 
Epstein et al. (2018)

EAL domain-containing protein CDO30_RS21505
WP_010967073.1

Among top 20 candidates underlying variation in host-
associated fitness in Burghardt et al. (2018)

Adenylate/guanylate cyclase domain-containing 
protein

CDO30_RS22020
WP_027988995.1

Among top 20 candidates underlying variation in host-
associated fitness in Burghardt et al. (2018)

NAD-dependent succinate- semialdehyde 
dehydrogenase

CDO30_RS19385
WP_010967426.1

Among top 30 candidates affecting host biomass in 
Epstein et al. (2018)

VirB4 family type IV secretion system protein CDO30_RS25135
WP_014528660.1

VirB genes affect E.meliloti competitiveness for 
nodulation and have host-genotype specific effects 
on nodule number (Nelson et al., 2017). Candidate 
variants in these two genes are in strong LD 
(r2 > 0.95) with one another

TrbC/VirB2 family protein CDO30_RS25125
WP_010967695.1

F I G U R E  2  Distributions of β and 
RAiSD μ for the Medicago genomic 
windows harbouring association 
candidates and genome-wide values. 
The horizontal dashed line indicates the 
median values from the permutation 
analysis. Boxes indicate interquartile 
ranges with the horizontal solid line 
indicating the median. Whiskers indicate 
1.5 times the interquartile range. The y-
axis is on a linear scale below the break, a 
log2 scale above the break
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genes (Roy et al., 2020) had average values of β (3.52) and μ (2.62) 
that were slightly lower than genome-wide averages (Figure  2). 
The lack of evidence for either positive or balancing selection on 
Medicago candidates is not due to our decision to consider the 1% of 
genomic windows as candidates; results are similar if only the 50 or 
100 windows harbouring the strongest associations are considered 
(Table S1).

Examining only the mean or median values of the selection sta-
tistics might fail to identify a subset of genes that are subject to 
strong selection. For this reason, we looked at the number of can-
didates with β or μ values in the upper 1% of genome-wide values. 
Candidates for nodule number, nodule area, and PC1 had more 
high values of β (highest 1%) than expected by chance (12, 9, and 
9; p < .001, p = .02, and p = .02, respectively; Table S4). However, 
these probabilities fail to account for association analyses being bi-
ased towards identifying genes of intermediate allele frequencies. 
To account for this bias, we compared our empirical results to the 
β values of permutation candidates; the 1% of genes most strongly 
associated in a GWAS of phenotypes randomly assigned to genome 
sequences. Compared to the permuted data we found only a slight 
enrichment for genes with high β values; seven of 100 permuted 
data sets had ≥12 high β value windows for nodule number, nine 
had ≥9 for nodule area, and 51 had ≥9 for PC1 (Table S4). No more 
than two candidate windows were in the upper tail of μ values (all 
p > 0.9). Among the annotated symbiosis genes, only three were in 
windows with high values of β and none were in windows with high 
values of μ.

Although we do not find evidence for overall enrichment, the 
window with the fourth greatest β value contains NUP144, a nu-
cleoporin (MtrunA17_Chr5g0447511) essential for Ca2+ signalling 
in nodule development (Kanamori et al.,  2006). Moreover, three 
windows in the top 1% of β values were association candidates 
for three or more traits, including one containing two putative 
flavin-containing monooxygenases (MtrunA17_Chr2g0286671, 
MtrunA17_Chr2g0286681), and one containing a putative ABC-type 
xenobiotic transporter (MtrunA17_Chr8g035378), both functional 

annotations that were strongly enriched among Medicago associa-
tion candidates. Variants in the chromosomal region harbouring the 
two flavin-containing monooxygenases were also strongly associ-
ated with symbiosis phenotypes in Stanton-Geddes et al. (2013).

We searched for evidence of selection on Sinorhizobia candidate 
and annotated symbiosis genes using the same approach we used 
for Medicago genes. On all three replicons, the candidate genes had 
mean and median values of both β and μ similar to those of the ge-
nomic background (Figure 3, Table S5, Dataset S4). The annotated 
symbiosis genes also had values of β and μ similar to the genomic 
background. Several of the genes with highest β or μ values on 
pSymA were candidate or annotated symbiosis genes (Figure  3). 
Among the 20 pSymA genes with highest values of mu, there were 
three annotated symbiosis genes: fixK, fixN1, and fixN2, which might 
be important in regulating N-fixation (Rutten et al., 2021); two PC2 
candidates—one of which is annotated as being involved in transcrip-
tional regulation, the other (relE/parE) involved in a toxin-antitoxin 
system (Fic, RelE/ParE) (Fiebig et al., 2010; Veyron et al., 2018)—and 
one PC1 candidate, virB, which encodes a type IV secretion system 
protein that is essential for infection of plants in at least some bac-
teria (e.g., Fullner et al., 1994). Although we did not include type IV 
secretion system proteins in our list of annotated symbiosis genes, 
these proteins may play important roles in host-specificity (Nelson 
et al., 2017). Of the four type IV secretion system proteins included 
in our population genomic analysis, three had a μ value among the 
top 10 pSymA μ values. These genes might be important in the ad-
aptation of rhizobia to host environments; however, the probability 
of finding three annotated symbiosis genes among those with the 
twenty highest values of μ, by chance, is not improbable (p = .12).

4  |  DISCUSSION

The symbiosis between legumes and rhizobia is clearly the result 
of coevolution. The effect these mutualists can have on one anoth-
er's reproductive success, that hosts have evolved mechanisms to 

F I G U R E  3  β and μ values for 
Sinorhizobia pSymA candidate genes 
(20 genes with strongest effect sizes) 
underlying variation in rhizobial fitness 
(PC1 and PC2) and annotated symbiosis 
genes. Candidate and symbiosis genes 
with values in the top 20 are labelled. 
Solid horizontal lines indicate the medians 
for each gene class, for the pSymA data 
the box indicates the interquartile range, 
the whiskers indicate 1.5 times the 
interquartile range. The horizontal dashed 
line indicates the mean of the median 
values from 1000 permutations. Similar 
figures for chromosome and pSymB genes 
are in Figure S5
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10  |    EPSTEIN et al.

control symbionts, and that rhizobia have evolved to evade these 
control mechanisms (Gano-Cohen et al., 2020; Sachs et al., 2018), 
make it likely that these symbionts continue to coevolve. Here, we 
used population genomic analyses to characterize the nature of on-
going coevolution between the legume Medicago truncatula and the 
rhizobia Sinorhizobia meliloti. The premise of this approach is that if 
hosts and symbionts are coevolving in a manner that is stable and 
strong enough to be driving adaptive change in either partner, then 
the genes that contribute to variation in the symbiosis should bear 
signatures of recent selection. We focus on two sets of genes in each 
species: (1) genes that association analyses we conducted identify as 
contributing to host or strain symbiotic performance in contempo-
rary populations and (2) genes that functional analyses have previ-
ously identified as being involved in the formation or functioning of 
the symbiosis. The association candidates may include genes that 
functional analyses have not identified either because their effects 
are more subtle than might be identified through a genetic screen or 
their effects are only manifest in the multistrain inoculation we used 
in our experiments.

Our analysis revealed little evidence that either positive or bal-
ancing selection is a dominant force driving the evolution of sym-
biosis genes. The lack of evidence for strong positive or balancing 
selection on Medicago symbiosis genes is consistent with results 
from Yoder  (2016), who searched for evidence of selection on a 
smaller set of Medicago, symbiosis genes as well as other genomic 
scans that have not revealed strong evidence for selection driving 
adaptation in Medicago symbiosis genes (Bonhomme et al.,  2015; 
Branca et al., 2011; Grillo et al., 2016). Similarly, the lack of a strong 
signal of selection on Ensifer symbiosis-related genes is consistent 
with results from Epstein et al. (2012), who did not find obvious sig-
nals of adaptation among annotated symbiosis genes in a smaller, 
far more geographically diverse sample of Sinorhizobia meliloti. 
Similarly, Epstein and Tiffin  (2021) found evidence for positive se-
lection having driven among-rhizobia divergence of only four (noeE, 
nolE, a nitrogenase, and fixK) of 120 annotated symbiosis genes. 
The consistency of these results indicates that Medicago and Ensifer 
are not coevolving in a way that strongly drives divergence in the 
genes that underlie symbiotic traits. Note, however, that coevolution 
might be driving adaptation in some Sinorhizobia symbiosis genes – 
although not more than expected by chance, three annotated sym-
biosis genes have high values of μ, consistent with recent positive 
selection. These three genes include fixK which also was identified 
as a target of selection in a comparative genomic analysis (Epstein & 
Tiffin, 2021).

While our population genomic analysis reveals little evidence 
for ongoing coevolution driving the divergence of symbiosis genes, 
it is important to acknowledge the limits of gene-based population 
genetic statistics to search for evidence of selection. Although pop-
ulation genomic analyses can be powerful for identifying evidence 
of strong selection acting on genes that have a major phenotypic 
effect, their power to detect evidence of selection acting on phe-
notypes with a polygenic basis is limited (Chevin & Hospital, 2008; 
Pritchard et al.,  2010). If adaptation in the Medicago and Ensifer 

symbiosis is primarily polygenic, then our gene-centric analysis may 
not have detected evidence for that adaptation, although the fact 
that the mean and median values of the symbiotic genes are largely 
consistent with random samples would argue against this.

The lack of evidence for rhizobia driving adaptation of host sym-
biosis genes may seem inconsistent with results from single-strain 
inoculation experiments that show that benefits legume hosts 
receive from symbiosis differ substantially, not only among rhizo-
bial strains but also between specific combinations of hosts and 
rhizobia (Burdon et al., 1999; Burghardt et al., 2018; Heath, 2010; 
Parker,  1995). Our experiment differs from those experiments in 
that we inoculated plants with a multistrain community of rhizobia. 
A multistrain inoculum may more closely mimic what plants expe-
rience in nature, where strains compete for nodulation opportuni-
ties, plants are exposed to and form nodules with multiple strains, 
and plants can differentially reward strains after nodules are formed 
(Bailly et al., 2006; Denison & Kiers, 2011; Rangin et al., 2008; West 
et al.,  2002). In fact, the majority of genetic variation segregating 
within the Sinorhizobia strains used here is found within discrete 
sampling locations (Riley et al., 2022). Plants that are grown in soil 
with multiple strains of rhizobia may preferentially associate with 
or reward strains that are more beneficial, and thereby may offset 
the negative effects of less beneficial strains that are observed 
when plants are inoculated with only one strain (Somasegaran & 
Bohlool, 1990; Wendlandt et al., 2019).

Although we do not find strong evidence for balancing or pos-
itive selection in either symbiotic partner, our results do not mean 
that symbiotic partners do not affect each other's fitness. Clearly, 
forming a symbiosis with rhizobia can greatly increase plant growth; 
and the reproductive success of rhizobia and some symbiotic traits, 
such as the number of nodules produced, can be environmentally 
dependent in at least some systems (e.g., Saturno et al., 2017). We 
also know that hosts can affect rhizobial strain fitness and drive 
adaptation in rhizobial populations (Batstone et al., 2020), at least 
when plants are fully dependent on rhizobia for nitrogen supply 
and the rhizobial communities are not complex. Rhizobial pop-
ulations also can diverge as a result of soil N availability (Weese 
et al., 2015), and this divergence may be driven by positive selec-
tion, perhaps associated with the loss of a symbiotic gene (Klinger 
et al., 2016). These empirical results suggest that local conditions 
may shape selection acting on the legume-rhizobia symbiosis. 
In fact, the Sinorhizobia genes our selection analyses identify as 
having strongest signals of positive or balancing selection, in the 
geographically restricted sample we analysed here, showed little 
overlap with genes identified in a much smaller but geographically 
widespread sample (Epstein et al., 2012). Moreover, two studies (De 
Mita et al., 2007; Grillo et al., 2016) have found evidence for local 
adaptation at DMI1, an important symbiotic gene in M. truncatula. 
Further supporting a potential role in rhizobia having driven local 
adaptation of DMI1, Grillo et al. (2016) found that DMI1 alleles were 
associated with preferential associations between hosts and two 
of three rhizobial strains. Here, however, in our range-wide sample 
of Medicago, we do not find evidence of strong selection on DMI1. 
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We also do not find that DMI1 was an important contributor to the 
strain composition in the nodule community of hosts, perhaps due 
to the inoculum community we used, which was far more complex 
than that analysed by Grillo et al. (2016).

Mutualistic relationships, such as that between Medicago and 
Sinorhizobia, are important for the reproductive success of their 
symbiotic partners. The potential for symbionts to extract bene-
fits without providing benefits to their hosts has raised the pros-
pect that symbiotic relationships may coevolve in a manner similar 
to that in antagonistic symbiosis. This coevolution would be char-
acterized by recurring bouts of adaptation associated with symbi-
onts evolving to cheat their hosts and hosts evolving mechanisms 
to prevent such cheaters. Our analyses are not consistent with such 
evolution. Rather, our results are consistent with fitness alignment 
between Medicago hosts and Ensifer symbionts (Friesen,  2012). If 
this conclusion is correct, then the genetic variation found in the 
Medicago-Ensifer symbiosis might reflect mutation-selection balance 
(Heath & Stinchcombe,  2014; Kiester et al.,  1984) or reflect com-
plex frequency-dependent or environmentally-specific tradeoffs 
(Bever, 2002; Parker, 1999; Wendlandt et al., 2021) that are not re-
flected in the population genomic analyses conducted.
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