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Abstract

Symbiosis often occurs between partners with distinct life history characteristics and dispersal mechanisms. BacterialMany bacterial symbionts often have genomes comprised of multiple replicons with distinct rates of evolution and horizontal transmission. Such differences might drive differences in population genetic structure between hosts and symbionts and among the elements of the divided genomes of bacterial symbionts. These differences might, in turn, shape the evolution of symbiotic interactions and bacterial evolution. Here we use whole genome resequencing of a hierarchically-structured sample of 191 strains of EnsiferSinorhizobium meliloti collected from 21 locations in the native rangesouthern Europe to characterize population structurestructures of this bacterial symbiont and its host plant Medicago truncatula. E.Sinorhizobium meliloti genomes showed high local (within-site) variation and little isolation by distance. This was particularly true for the two symbiosis elements pSymA and pSymB, which have population structures that are similar to each other, but distinct from both the bacterial chromosome and the host plant. The differences in population structure may result from among-replicon differences in mobilitythe extent of horizontal gene transfer, although given limited recombination of the chromosome, different levels of purifying or positive selection driving bacterial adaptationmay also contribute to life in the soil versus in association with plants.among-replicon differences. Discordant population structure between hosts and symbionts indicates that geographically and genetically distinct host populations in different parts of the range might interact with genetically similar symbionts, potentially minimizing the potential for local specialization.


Introduction
Host-microbe symbioses are ubiquitous in nature, underlying and underly crucial processes at every level of biological organization (Moran, 2007). Our understanding of the functions of microbial symbionts in natural systems, and how the information encoded by their genomes cascades up through hosts to affect communities and ecosystems, is growing rapidly (Pita, Rix, Slaby, Franke, & Hentschel, 2018; Rosenberg & Zilber-Rosenberg, 2018; Simon, Marchesi, Mougel, & Selosse, 2019). Because many symbioses occur between species with distinct life histories, range sizes, mating systems, and modes of dispersal, they are likely to have very different population structures , Gehring, & Johnson, 2016; Thrall, Hochberg, Burdon, & Bever, 2007).. Because many symbioses occur between species with distinct life histories, range sizes, mating systems, and modes of dispersal, they are likely to have very different population structures . This is important because how hosts and symbionts influence each others’ demography and evolution is likely to vary across the landscape and through time (Carlsson‐Granér & Thrall, 2015; Fernandes, Lemos-Costa, Guimarães, Thompson, & Aguiar, ; Laine, 2005; Tack, Horns, & Laine, 2014; Thompson, 2005). The. Comparisons of the population structures of interacting species has variedhosts and symbionts appear to vary widely, from findinglargely congruent (Anderson, Olivieri, Lourmas, & Stewart, 2004; Caldera & Currie, 2012; Feurtey et al., 2016; Hartmann et al., 2020; Smith, Godsoe, Tank, Yoder, & Pellmyr, 2008), to largely discordant patterns, where one species exhibits substantially less population structure than its partner (Baums, Devlin‐Durante, & LaJeunesse, 2014; Dybdahl & Lively, 1996; Strobel, Alda, Sprehn, Blum, & Heins, 2016).
To add to this complexity, bacterial symbionts are often host to mobile genetic elements (MGEs), which drive non-vertical inheritance and highly dynamic genomes of functional importance in symbiosis (Batstone, 2021; Drew, Stevens, & King, 2021; Porter, Faber-Hammond, Montoya, Friesen, & Sackos, 2019; Wardell, Hynes, Young, & Harrison, 2022). Many bacterial genomes are even “divided”, with non-chromosomal replicons, often referred to as megaplasmids or chromids, that vary in size and the essentiality of the genes they contain (diCenzo & Finan, 2017; Harrison, Lower, Kim, & Young, 2010). These differentGenes on these elements move horizontally between individuals independently of eachgenes on other elements, potentially resulting in different parts of the genome having distinct patterns of population structure. Moreover these genome elements can have widely differing rates of evolutionmutation and patterns of recombination, leading to higher rates of evolution in plasmids not required for bacterial survival (Cooper, Vohr, Wrocklage, & Hatcher, 2010; Epstein et al., 2012; Epstein, Sadowsky, & Tiffin, 2014; Epstein & Tiffin, 2021). Indeed the very existence of dividedDivided genomes in bacteria has beenare hypothesized to be adaptive, by allowing an adaptation that has allowed for the functional division of genes across elements and thus, thereby facilitating independent adaptation to distinct environments (diCenzo & Finan, 2017)). Thus the, This adaptive “divided genome” hypothesis contrasts with the “selfish operon” hypothesis, which proposes that operons (and by extension entire MGEs) act as their own evolutionary agents, with fitness interests separate from their bacterial hosts . In either of these non-mutually exclusive scenarios, we expect that elements within a bacterial genome might differ in population structure from each other, as well as from the population structure of their eukaryotic host species.
The legume-rhizobium mutualism is a tractable model system for studying microbial symbiosis across the landscape, due to the relative ease of isolating populations andindividuals and the availability of genetic resources for several legume-rhizobium partnerships (Kaneko et al., 2002; Yates et al., 2015). In this symbiosis, rhizobia form nodules on plant roots, wherein they fix atmospheric nitrogen in exchange for carbon derived from plant photosynthesis. However, rhizobia inhabit the soil as saprophytes when not in symbiosis with a host, thereby experiencing profoundly different environmental conditions and likely different selective pressures (Burghardt, 2019; Burghardt, Epstein, & Tiffin, 2019). In rhizobia, the canonical symbiosis genes (e.g., nod genes for signaling the host, nif and fix genes for fixing atmospheric nitrogen) are carried onby MGEs (Wardell et al., 2022). These can be in symbiosis islands on the chromosome itself, flanked bywithin integrative and conjugative elements (Greenlon et al., 2019; Hollowell et al., 2016; Porter et al., 2019; Sullivan, Patrick, Lowther, Scott, & Ronson, 1995.. In rhizobia with divided genomes, however, symbiosis genes are oftenoccur on separate, horizontally-transmissable elements (e.g., the symbiosistransmissible megaplasmids and chromids or “pSyms” of Rhizobium and Ensifer species). The. These pSyms have distinct evolutionary histories, diversity levels, and recombination rates compared tothat differ from the chromosome (Bailly et al., 2011; Cavassim et al., 2020; Epstein et al., 2012, 2014; Epstein & Tiffin, 2021; Wardell et al., 2022). Whether the mobility of these large symbiosis plasmids results in distinct population genetic structurestructures, which might affect adaptation to local environments in and out of host plants, is an unaddressed question in microbial evolution.
Metagenomic studies suggest that rhizobial taxa have characteristics associated with large geographic ranges and, by extension, large dispersal ability (Choudoir, Barberán, Menninger, Dunn, & Fierer, 2018). However, the extent of geographic structure within these large ranges, necessary for understanding local adaptation, coevolution with hosts, and other microevolutionaryevolutionary processes, is not characterized (Hoeksema & Forde, 2008; Hoetzinger, Pitt, Huemer, & Hahn, 2021; Kraemer & Boynton, 2017; Thompson, 2005; Whitaker & Banfield, 2006). Here we sequencesequenced whole genomes of 191 isolates of the rhizobium EnsiferSinorhizobium meliloti (Becker et al., 2009; Tang et al., 2014) from 21 sites in the native range to test whether the chromosome and two symbiosis elements (megaplasmid pSymA and chromid pSymB) in this divided genome have congruent population genetic structurestructures. We also reanalyzed sequenceRADseq data from 192 M. truncatula plants sampled from these same locations (Grillo, Mita, Burke, Solórzano-Lowell, & Heath, 2016) to test whether patterns of population structure in the symbiont (at all three genome elements) match that of the host, which past population genetics research indicates has a pattern of isolation by distance and genetic structure at both the population and regional levels (Bonhomme et al., 2015; Bonnin, Huguet, Gherardi, & al, 1996; Grillo et al., 2016; Ronfort et al., 2006; Siol, Prosperi, Bonnin, & Ronfort, 2008).

Methods:
Study system: Ensifer (formerly Sinorhizobium (formerly Ensifer) meliloti is a rhizobium species in the Alphaproteobacteria Young & Haukka, 1996) that forms N-fixing nodules on the roots of multiple species in the genus Medicago, and is one of two EnsiferSinorhizobium species that forms root nodules on M. truncatula (Zribi, Mhamdi, Huguet, & Aouani, 2004). M.Medicago truncatula is a self-fertilizing annual native to the Mediterranean region of Europe (Bonnin et al., 1996; Siol et al., 2008). The genome of ES. meliloti is ~6.79Mb, divided betweeninto three major genomic elements: the chromosome (3.69Mb), megaplasmid pSymA (1.41Mb), and chromid pSymB (1.69Mb), as well as smaller plasmids in some strains (Galibert et al., 2001; Nelson, Guhlin, Epstein, Tiffin, & Sadowsky, 2018). Metabolic modeling, along with genetic manipulation of the ES. meliloti genome, have shown that gene content differs functionally between the three genomic elements (diCenzo, MacLean, Milunovic, Golding, & Finan, 2014; Galibert et al., 2001). The chromosome carries primarily genes related to core metabolic function in soil, pSymA carries the majority of genes required for symbiotic N fixation, and pSymB carries primarily genes important for life in rhizosphere environments (diCenzo et al., 2014).
 
Sample collection: We isolated ES. meliloti strains from 21 sites in the native range ofwhere host plants M. truncatula are found using a hierarchical sampling design: 3 populations were sampled within 337 km of each other in Southern Spain, 14 populations were sampled from within 328 km of each other in southern France, and 4 populations were sampled from within 91 km of each other in Corsica. Sampling locations in Spain and Southern France were separated by a minimum of 619 km, between Southern France and Corsica 457 km, and Spain and Corsica 968 km (Table S1). We also sampled M. truncatula plants from eight of these 21 sites (Grillo et al., 2016). At each site we collected soil surrounding the top six inches of the roots of multiple host plants. To avoid cross-contamination within each site, the sampling shovel was wiped clean of excess soil between samples and was pierced into the ground adjacent to a plant numerous times before sampling soil. Between sampling locations, the shovel was sterilized with dilute bleach. Soil samples were kept at 4℃ prior to isolating cultures.  
EnsiferSinorhizobium strains were isolated or “trapped” in the laboratory from the field samples following standard protocols (Heath, 2010; Vincent, 1970). In brief, M. truncatula seeds were nicked with a razor blade, surface sterilized with 30% bleach, rinsed with sterile water, and imbibed in sterile water for approximately 30 minutes. Seeds were then directly sown into a given soil sample housed in a sterilized, fully self-contained Magenta box (Brown, Grillo, Podowski, & Heath, 2020). Magenta boxes were randomly placed in a temperature-controlled grow room (23° C) with light set to 12-h days. After four weeks, plants were harvested, and the soil was washed from the roots. Individual nodules were removed with forceps, surface sterilized by soaking in 30% bleach for 10 minutes, and then rinsed with sterilized water. Surface sterilized nodules were crushed with sterilized forceps and streaked on tryptone-yeast (TY) media plates. Plates were incubated at 30℃ for 48 hours, then colonies were streaked onto TY plates and again incubated at 30℃. Strains were replated until individual colonies could be isolated; isolates were grown in liquid TY media and these pure cultures were stored in 50% TY 50% glycerol at -80℃. Given variation among host genotypes in rhizobium infection rates (Batstone, Dutton, Wang, Yang, & Frederickson, 2017; Heath & Tiffin, 2009), we used ten host genotypes planted in each soil to trap rhizobia in a common garden experiment and maximize strain variation from all populations (strains per host genotype in this analysis varied from 4 to 38). While host genotypes undoubtedly differ in the frequency of strains sampled from a mixed rhizobium population (and we cannot rigorously assess this here), our host genotypes were found with a diversity of strain lineages. Moreover, closely related pSymA clusters (see results) were sampled by 6-7 host genotypes each (see Table S1 for details on final host-strain composition). Because both ES. meliloti and ES. medicae infect the roots of M. truncatula, we used a post-PCR restriction enzyme (RsaI) digestion of the 16S to assign strains to species (following Biondi et al. 2003), resulting in 199 putative ES. meliloti strains sequenced.

Sequencing: We extracted DNA from cultures of ES. meliloti grown in liquid TY media using Qiagen DNeasy (Hilden, Germany) and sent samples to the DOE Joint Genome Institute (JGI) for sequencing (Berkeley, CA, USA). JGI prepared a paired end library for each strain, and sequenced samples on an Illumina HiSeq-2500 1TB platform (101nt read length; Illumina, Inc., San Diego, CA, USA). Of the 199 strains submitted to JGI, we received high quality whole genome sequences for 166. We re-grew the remaining 33 strains from frozen cultures (as above), extracted DNA using the Zymo Quick-DNA kit for Fungi or Bacteria (Irvine, CA, USA). These samples were sequenced (2 X 150 or paired end 150 nt read length) on the Novaseq 6000 platform (Illumina, Inc, San Diego, CA, USA) by the Roy J. Carver biotechnology center at the University of Illinois at Urbana-Champaign (USA). We successfully recovered quality ES. meliloti genome sequences from 25 of these 33 isolates, for a total of 191 ES. meliloti strains analyzed in this study.

Genome assembly, annotation, and SNP calling: To ensure high quality SNP calling and genome assembly, we trimmed PCR adaptors and removed PCR duplicates and PhiX contamination using HT-Stream (github.com/s4hts/HTStream), followed by further adaptor removal, removal of bases with quality scores < 30 from the ends of reads, and removal of reads < 80 bp long with TrimGalore! (github.com/FelixKrueger/TrimGalore). We aligned reads to the ES. meliloti reference genome USDA1106 using BWA with default settings (Li & Durbin, 2009). We then used Freebayesfreebayes (Garrison & Marth, 2012) to identify haplotype variants, which we split into SNPs using VCFtools (Danecek et al., 2011). We found 491,277 variable SNPs with variant qualities above 20. We thenWe filtered SNPs to retain only those with depth values between 20 and 230, ; the minimum was set to ensure enough coverage to correctly call the allele, and the maximum was set to avoid inaccurate SNP calls due to duplications and other misalignments. We retained sites with minor allele frequencies ≥ 0.009 (i.e. present in at least two strains), and in genes present in to eliminate singletons (except for diversity analyses, see below). Finally we retained SNPs present in >80% of strains; to capture loci present in most strains while allowing some presence-absence variation . After applying these filters, 72,311 SNPs remained after applying these filter (chromosome: 34,689 SNPs, pSymA: 15,162 SNPs, pSymB: 22,460 SNPs; see Table S2). 
For variable gene content, we assembled genomes de novo using SPADES (Bankevich et al., 2012) with default parameters, followed by annotation using PROKKA (Seemann, 2014) and scanned these annotations for presence-absence variants using default settings in ROARY (Page et al., 2015).
 ROARY indicated that the variable gene content did not saturate even in our sample of 191 strains, but that the core gene content stabilized quickly as strains were added to the analysis (Figure S1). Because our data came from Illumina sequencing runs from two sequencing facilities that differed in read length, we down-sampled the larger set (JGI) and re-ran ROARY on the two datasets separately; we found little evidence that the size of the core and variable genomes were influenced by this difference in read length (Table S3).

Population Genomic Analyses: We used PopGenome  implemented in R 4.0.2 with the full SNP dataset (without minor allele frequency filter; see Table S2) to calculate nucleotide diversity (p) and Tajima’s D (DT) for our entire sample as well as within individual sampling sites, and site frequency spectra (SFS). To estimate p, we divided the total diversity by the length of the appropriate element after removing sites with freebayes variant calls that had quality score < 30, indel sites, and sites with coverage from < 80% of the strains (chromosome: 3,379,577, pSymA: 839,391, pSymB: 1,534,650). To explore the extent of linkage disequilibrium across the three elements, we used plink  to calculate linkage disequilibrium (r2) for all pairwise comparisons between sites on each element, then used a random subsample of 10,000 pairwise comparisons for visualization using ggplot2 . To explore the population structure of the three genomic elements of ES. meliloti, we first used principal components analysis (PCA). We used the glPca function in the adegenet (Jombart & Ahmed, 2011) library in R on a random subsample of 15k SNPs (to equilibrate dataset size) for each element of the ES. meliloti genome to naively cluster individuals by genome-wide similarity. We used and ggplot2 (Wickham, 2016) to plot the positions of individuals along the first three axes of variation. To explore geographic structure in the variable genome (i.e., genes present in only some strains), we performed an additional PCA, as above, using the matrix of E. meliloti gene presence-absence variants (91,840 genes) and plotted the first three principal components for visual inspection. 
	We used the LEA package (Frichot & François, 2015; Frichot, Mathieu, Trouillon, Bouchard, & François, 2014) implemented in R to further characterize population structure, using the SNP datasetsdata for each element. We used non-negative matrix factorization algorithms via the sNMF function to naively cluster individuals into populations (Frichot et al., 2014), performing ten repetitions for each number of clusters (K) ranging from 1- to 20. We calculated the cross-entropy criterion and usedperformed visual inspection of plots to determine the numbervalue of K where the criterion began leveling off and after which additional groups were composed of admixed individuals.
	To quantify genetic differences, we calculated individual and population-level DXY (Nei, 1972) using the stamppNeisD function from the package StAMPP (Pembleton, Cogan, & Forster, 2013) on all variants for each element. To test whether genetic distances among ES. meliloti strains were congruent across the three genome elements, we used these matrices of individual-based distance metrics in pairwise Mantel tests comparing the three ES. meliloti genome elements (chromosome vs. pSymA, chromosome vs. pSymB. pSymA vs. pSymB). Mantel tests were implemented in the R package ade4 (Dray & Dufour, 2007). 
We used AMOVA (poppr.amova) with clone correction and 101,000 random permutations (Kamvar, Tabima, & Grünwald, 2014) to partition the genetic variance among individuals, sites, and regions, as well as to assess the probability of obtaining these levels of variance by chance. To test the hypothesis of isolation by distance, we calculated Pearsonused Mantel tests of correlations between individual-level DXY and geographic distances between sampling sites. For each of the three elements, we built phylogenies based on the same random subsample of 15k core genome SNPs used for PCA. We used the neighbor joining (nj) function in the R package ape  (Paradis & Schliep, 2018) with 1000 bootstrap replicates and visualized trees in FigTree (Rambaut, 2018).
To compare the spatial genetic structurestructures of rhizobia and host plants, we reanalyzed RAD-seq data from the 192 M. truncatula genotypes studied in Grillo et al (2016). We first called SNPs using Stacks with default parameters (Catchen, Hohenlohe, Bassham, Amores, & Cresko, 2013), then filtered the resulting variants using VCFtools (Danecek et al., 2011) to ensure that all variants were present in at least 80% of linesgenotypes, had minor allele frequencies > 0.05 to minimize the effects of rare variants, and were > 5kb apart, given previous studies of linkage disequilibrium in M. truncatula ; 10,814 SNPs remained after these filters. We performed AMOVA, calculated individual and population-based DXY, used LEA to perform population structure analyses, and tested for isolation by distance in M. truncatula as detailed above for ES. meliloti. For the subset of eight sites for which we had both hosts and symbionts, we used Mantel tests to askof whether the three matrices of pairwise population DXY values from symbionts (chromosome, pSymA, and pSymB) were correlated with that of the host, to test forevaluate congruent population genetic structure between hosts and symbionts. 
To explore geographic structure in the variable genome (i.e., genes present in only some strains), we performed an additional PCA, as above, using the matrix of S. meliloti gene presence-absence variants (91,840 genes) and plotted the first three principal components for visual inspection. We also used AMOVA (as described above) on the matrix of presence-absence variants to quantify the spatial variation in the pangenome.

Results
Our sample of 191 E. To characterize population structure, we sequenced the full genomes of 191 S. meliloti genomes,strains sampled from 21 locations (2 to 21 strains per population; Table S1 and S4) in Spain and France, (mainland and Corsica). Across the entire sample, we detected 287,978 segregating sites: 149,061 on the chromosome, 49,861 on pSymA, and 89,056 on pSymB. Pairwise diversity of segregating sites was higher on pSymA (p = 0.0027) than pSymB (p = 0.0021) or the chromosome (p = 0.0020). Sample wide, all three elements (but particularly the pSyms) harbored an excess of rare variants, relative to expectations under a standard neutral model (Tajima’s D or DT = -0.18, -.0.97, and -1.18 for the chromosome, pSymA, and pSymB respectively). This excess is also seen in site frequency spectra plots (Figure S2), though the chromosomal distribution is bimodal and includes a high proportion of intermediate frequency alleles. Individual populations (sampling sites) varied considerably in diversity, with even some lesser-sampled populations harboring more diversity than the entire sample (e.g., chromosomal p = 0.0025 in site 17 with N = 5 strains; Table S4), and some well-sampled populations possessing little diversity (e.g., sites 3 and C3; Table S4). Average linkage disequilibrium among SNPs (Fig. S3) was much higher overall and decayed less with distance on the chromosome (mean r2 = 0.14, stdev = 0.27, Figure S3) than pSymA (mean r2 = 0.03, stdev = 0.09) or pSymB (mean r2 = 0.02, stdev = 0.08), reflecting higher rates of horizontal gene transfer on the pSyms than the chromosome .
Our sample of 191 S. meliloti genomes revealed that the chromosome and symbiosis elements of ES. meliloti to have distinct population structures.  Although the population structure varied among elements, diversity of all For each of the elements was structured among geographic regions (Spain, S. France, and Corsica) and among populations within regions (Table 1). For all three elements, and gene content in the entire pangenome, the majority (66-7680%) of genetic variation was found within each of the populations (Table 1). Consistent with the extensive diversity found within each sampling location, PCA did not reveal strong among-region differentiation (core-genome Fig. 1a and variable genome,; Fig. S11a, and pangenome; Fig. S4), although differentiation was stronger for the chromosome than symbiosis plasmids (Table 1, Fig 1). Despite the stronger differentiation of the chromosome, there were multiple instances of individuals sampled from separate locations having nearly identical chromosomal sequences (points overlap in the chromosome PCA; Fig. 1a and Fig. S3).  
The chromosome was also the only genomic element to exhibit significant isolation by distance (IBD) (Fig 1b), although there was extremely large variation in the genetic distances between chromosomes isolated from even the most distant locations (DXY distances ranged from 0 - 0.5 even when strains were sampled from approximately 1350 km apart; Table 1 and Fig 1b). The two symbiotic elements in ES. meliloti (pSymA and pSymB) were less structured at the among-region and among-population scales (Table 1), and neither exhibited significant IBD (Fig. 1b). Thus, although populations differed in genetic composition (significant structure in Table 1), ES. meliloti strains from distant populations were often as closely related to each other as strains from the same sampling site. Trees are useful in visualizing 
The topology of the finer-chromosomal tree showed five tightly clustered groups of sequences, with almost all strains from Corsica closely related and forming a distinct group (orange cluster; Fig. 2a), and strains from Spain somewhat interspersed with those from France, mostly in the blue and yellow clusters. The diversity of strains from mainland France (the best sampled region) included representatives from each major chromosomal lineage; with two lineages (pink and purple clusters) found only in mainland France (except strain 710A from Corsica; Fig. 2a; Table S1). Differentiation of the chromosome at the regional scale distinctions(i.e., among the three genome elements of E. meliloti (see results in Supp. Text and Fig. S4Spain, France, and Corsica; Table 1 and Fig. 1) is likely driven in large part by the strains sampled from Corsica, as short branch lengths were found among most Corsica strains on the chromosomal tree (within the orange cluster; Fig 2a), and genetic distances were high between Corsica populations and the rest of the range (Table S5).
We next tested whether the patterns of geographic structure were congruent across the three ES. meliloti elements. Mantel tests of among-population genetic distances indicated tight congruence between pSymA and pSymB (Fig 23), but weak correlationscongruence between the among-population genetic distances at the chromosome and symbiosis elements either pSymA or pSymB (Fig. 2). Estimation of the number of genetic clusters3). Analyses in LEA indicated much shallower entropy plots (i.e., much less information gained with each additional cluster) and fewer clusters (best estimate of K =3; Fig. S2, S3S5, S6) for both pSymA and pSymB than for the chromosome (K = 5; Fig. S2, S3S5, S6). Mapping these genetic groups onto sampling locations illustrates the incongruence of population genetic structure across the genomic elements; the chromosome (Fig. 34) shows strains from Corsica falling into distinct clusters, whereas the largest genetic clusters for both pSymA and pSymB (green and purple, respectively) contained strains sampled from throughout the range. These results are largely consistent with the PCA results (Fig. 1). 
Annotating pSymA and pSymB trees with colors corresponding to the chromosomal clusters helps visualize how pSym lineages are interspersed across the chromosomal tree (colored outer rings in Fig. 2b,c), indicative of plasmid transfer (whole or partial) across chromosomal lineages. Some strains were closely related at all three elements of their genomes; for example, the chromosomal lineages in pink from the western coast of France appear together in all three trees (with the exception of strain 78), indicating little transfer of pSym genes among these and other lineages. On the other hand, the other chromosomal clusters (purple, orange, and yellow clusters in Fig. 2a), appear throughout the pSymA and pSymB tree (see same colors interspersed; Fig. 2b,c), indicating that these chromosomal lineages are found with diverse pSym genotypes. For example, the tightly clustered group of closely related chromosomal lineages in orange (2a) were found with lineages from across both the pSymA and pSymB trees (2b,c). 
Host plants were more strongly structured than any element of the symbiont genome, and their population structure was incongruent with the structure in ES. meliloti. This was particularly true at the among-population and among-region scale, with only 44% of variation remainingfound within populations (compared to 66-76% in the symbiont; Table 1). PCA revealed regional differentiation, particularly between individuals from Spain (purple ellipse in Fig. 1a) along PC1 (21.9% of genome-wide variance) as well as differentiation between individuals sampled from Corsica (green ellipse) along PC3 (8.4% of genome-wide variance). As in previous studies , we recapitulatedfound a strong pattern of IBD for M. truncatula (Fig. 1b), much stronger than for any element of the symbiont genome. While both the host plant and the symbiont chromosome did exhibit significant IBD (though again the latter was weak), their spatial patterns of genetic variation were distinct;. For the eight overlapping populations, we found no significant correlations between the among-population differentiation (DXY) between M. truncatula hosts and any element in the ES. meliloti genome (all p > 0.05; Fig. S5S7). Host plants primarily clustered along axes that separated Spain from France and Corsica (Fig. 1a, Fig. 34; Grillo et al. 2016 and references therein). By contrast, the ES. meliloti chromosome was most clearly differentiated into mainland Europe versus Corsica (PC1, Fig. 1a and Fig. 34; Table S3S5). The lack of IBD and little regional structure in pSymA and pSymB indicate that host plants at a given site, from all five M. truncatula geneticsgenetic clusters, have the potential to interact with the diversity of symbiosis plasmids from across this part of the species range. 

Discussion
The potential importance of host-symbiont coevolution will depend, at least in part, on the extent to which symbiotic partners share similar population structures. Similarly, the abilityevolution of multi-partite bacterial genomes to evolve independently will depend, at least in part, on whether the replicons share similar population structure. Similarly, the population structures of bacterial symbionts and their eukaryotic hosts have the potential to alter the outcomes of coevolution by determining the spatial scale at which interactions occur, from local to global . Here we studied population genomicsstructure in a hierarchically-structured sample of rhizobial symbionts and find that: 1) the elements of the tripartite bacterial genome (chromosome and symbiosis elements pSymA and pSymB) have distinct population genetic structures at the local and regional scales, with more structure and IBD at the chromosome compared to the symbiotic elements, 2) M.Medicago truncatula host plants are more strongly structured than ES. meliloti symbionts, particularly when compared to the two symbiotic elements (pSymA and pSymB), and 3) population structure between hosts and symbionts is not congruent across this part of the native range. 

Spatial structure of the bacterial chromosome and symbiotic elements: 
The Despite the importance of population structure of in local adaptation and coevolution , the population structures of most microbes, including important symbiotic species, remain poorly understood (Chase et al., 2019; Hanson, Fuhrman, Horner-Devine, & Martiny, 2012; Martiny et al., 2006; VanInsberghe, Arevalo, Chien, & Polz, 2020). Population genomic data coupled with spatially-structured samples of both within- and among-population variation, are required for inferring population structure, which is key to local adaptation and can shape coevolution . LikeGenomic sequences of 191 strains of S. meliloti isolated from 21 geographic locations in Spain and France revealed that, like other microbial systems (Chase et al., 2019; Hoetzinger et al., 2021; Vos & Velicer, 2008), E.all three of the S. meliloti displaysgenomic elements display some population genetic structure (all elements) – with the extent of structure varying among the replicons. The chromosome showed the most regional structure and was the only element showing evidence of isolation by distance (just the chromosome); nevertheless– at least at the scale at which we sampled. Despite the isolation by distance, we found extremely closely-relatednearly identical chromosomes in strains sampled from up to 1350 km apart – indicating at least some (e.g., strains in chromosomal clade 1, which are 99.85% identical and overlapping in PC space in Fig. 1a), suggesting the possibility of long-distance dispersal. 
	Our population genomic evidence for high Previous work has found abundant symbiotic trait variation within local populations (Heath, 2010; 
Heath & Tiffin, 2009) or abundant genomic diversity from a single soil sample  and genomic (Bailly et al., 2011; Bailly, Olivieri, Mita, Cleyet-Marel, & Bena, 2006) levels. A striking feature of this and other mutualisms is the abundant genetic variation within and among populations, given that simple models predict the erosion of mutualistic trait variation . Our work suggests that most of the genome-wide variation in E. meliloti can be found within populations (particularly for the symbiosis plasmids, see below); thus, we might not need to invoke natural selection, coevolutionary or otherwise, to explain the persistence of mutualism variation at small spatial scales. . Here we demonstrate that the high proportion of local genomic diversity, relative to population structure, is a general characteristic of this part of the range.
Sampling many strains at a fine spatial scale allowed us to identify distinct patterns of population genetic The extent of population structure differed among the three elements of this divided bacterial genome; the chromosome and two mobile elements (pSymA and pSymB) were incongruent, whilethe S. meliloti genome; pSymA and pSymB had similar population structures, whereas both differed from the structure of the chromosome. This result is consistent with these three elements having distinct patterns of among-strain relatedness (Bailly et al., 2006; Epstein et al., 2014; Galardini, Pini, Bazzicalupo, Biondi, & Mengoni, 2013; Nelson et al., 2018. Similarly, chromosomes and symbiosis genes often have differing evolutionary histories in other rhizobial, as well as in other rhizobium taxa with symbiosis plasmids (Carrascal et al., 2016; Cavassim et al., 2020; Klinger, Lau, & Heath, 2016; Koppell & Parker, 2012; Kumar et al., 2015; Young et al., 2006), as well as those with or symbiosis integrative and conjugative elements (Hollowell et al., 2016; Porter et al., 2019.. What, though, drives these patterns, and what are the possible implications of this incongruence? All three elements are components of the same organismal genome and thus disperse together and share vertical transmission, but pSymA and pSymB have much higher rates of horizontal transmission . Thus for a given rate of bacterial dispersal, effective gene flow might be higher on the plasmids than the chromosome, resulting in even less population structure in pSymA and pSymB. The “divided genome”One hypothesis for why divided genomes evolve in bacteria is to separate theposits that strong within-chromosome linkage favors independent transmission of genes involved in different phases of complex bacterial life cycles like those of facultatively symbiotic rhizobia (diCenzo & Finan, 2017). Indeed functional genetic annotations, metabolic models, and gene expression data predict that the three major elements in the S. meliloti genome play distinct roles in its life history, with the chromosome for basic metabolism, pSymA for nodulation and N fixation, and pSymB for rhizosphere interactions (Barnett, Tolman, Fisher, & Long, 2004; diCenzo & Finan, 2017; diCenzo et al., 2014; Galibert et al., 2001). Our results add distinct population genetic structure to the list of differences among elements. predict that the three major elements in the E. meliloti genome play distinct roles in its life history: chromosome (basic metabolism), pSymA (nodulation and N fixation), and pSymB (rhizosphere). If divided genomes have indeed facilitated adaptation to distinct environments in the past, and those environments are spatially distinct, then we might expect these genomes to have distinct population structures, which is what our data show. Nevertheless, it is important to acknowledge that our results to not provide any tests of adaptation, and it is possible or even likely that differential population structure reflects differences in horizontal transfer rates. All three elements are components of the same organismal genome and thus disperse together and share vertical transmission, but pSymA and pSymB have much higher rates of horizontal transmission due to conjugation . 
Interestingly, the chromosomes found in Corsica are all nearly identical, but these chromosome lineages were found elsewhere in low frequency. The high frequency may be due to this chromosomal lineage having swept to high frequency as the result of recent selection. Epstein et al. (2012) found low diversity along half of the E. meliloti chromosome in a range-wide sample of 24 strains, likely indicating a recent selective sweep with little recombination. Given little recombination on the chromosome (Epstein et al. 2012; Nelson et al. 2018), targets of selection on this element are difficult to distinguish. It would be interesting to use genetic manipulations to uncouple the three elements  and test whether the three genome elements are locally adapted in ways consistent with their functional gene composition and geographic distributions.Interestingly, chromosomes found in Corsica are all nearly identical, and these chromosome lineages were found elsewhere in low frequency. This striking result might be due to a founder event on this island, or selection having swept this chromosomal lineage to high frequency. Although if a founder event is responsible, it is difficult to explain why the pSymA and pSymB from Corsica strains do not show severely reduced diversity. Given the high linkage disequilibrium across the chromosome compared to the pSyms (herein and found by Epstein et al. 2012; Nelson et al. 2018), targets of selection on this element are difficult to distinguish, a common problem in bacterial elements . Given these limitations, using genetic manipulations to uncouple the three elements  would enable strong tests of how the elements interact with each other and whether each the three genome elements are locally adapted.

Mismatched host-symbiont population structure: Our results indicate discordance in population structure between hosts and symbionts. Although both plants and symbionts are diverse within sites, hosts show strongstronger IBD, and much (56%) of the genome-wide variance in the host is structured among-populations and regions. By contrast, the majority (65-76%) of genome-wide variation in ES. meliloti is found within individual sites. More interestingly, our analyses indicate that regional differentiation in the symbiont is organized quite differently from that of host plants, since chromosomes from Corsica were distinct from most mainland populations (see discussion above), whereas hosts were most differentiated between Spain and elsewhere. Put another way, though most M. truncatula hosts from Spain are genetically distinct from those living elsewhere, they are likely to encounter similar ES. meliloti symbionts. These incongruent population structures may limit any advantages that might come from specialization between host genotypes and rhizobium strains (Fernandes; Lion & Gandon, 2015; Nuismer, Thompson, & Gomulkiewicz, 1999.. It is, however, important to note that thesemany S. meliloti strains inhabit populationscan form nodules with other sympatric Medicago species, and multiple Medicago species are sympatric with M. truncatula (Bailly et al., 2006; Bena, Lyet, Huguet, & Olivieri, 2005) and thus that interactions with other hosts are likely important for . A full understanding community dynamics . 
The degree of fitness alignment in mutualism, and thus the degree to which these interactions coevolve like better-studied antagonisms, is an unresolved question . For antagonistic interactions governed by negative frequency-dependent selection due to interspecific conflict, models suggest thatforces shaping the partner with a higher migration rate will benefit frompopulation structure in S. meliloti would require not only characterizing the influx of new, potentially adaptive alleles that provide a competitive edge . If conflict prevails in mutualisms, and increases in rhizobium fitness occur at the expense of the host , incongruent population structures between hosts and symbionts should make it harder for hosts to evolve mechanisms to exclude lower-quality symbionts , though this depends on the strength of selection. On the other hand, alignment between host and symbiont fitness might be common in mutualisms, as suggested by lab and experimental evolution studies . This scenario should ultimately result in positive frequency-dependent selection wherein novelty is disfavored (unless populations are far from their adaptive peak), leading to stable allele frequencies under purifying selection. Mismatched population structure, as identified here, could make stable positive frequency-dependent dynamics  less likely to establish of those other species, but to evaluate the role of selection, either to the soil or host environments. Identifying the genes responsible for fitness differences, and characterizing their evolutionary history, would be necessary to differentiate the role of gene flow, drift, and selection in shaping the population structure of this species.
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Table 1. AMOVA partitioning the genome-wide genetic variation for each of the three elements of the ES. meliloti genome for 191 strains sampled from 21 populations from three regions (Spain, France, or Corsica) in the native range of the symbiosis, compared to host plant M. truncatula. For each level of spatial division, the percent variance explained, phi statistic, and probability of that level of variance occurring by chance are given.
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	Chromosome
	pSymA
	pSymB
	M. truncatula

	 
	% variance
	Phi
	% variance
	Phi
	% variance
	Phi
	% variance
	Phi

	Among Region
	24.5
	0.34**
	7.7
	0.27**
	10.1
	0.24***
	19.6
	0.20***

	Among Population within Region
	9.7
	0.13***
	19.2
	0.21***
	13.8
	0.15***
	36.5
	0.45***

	Within Population
	65.8
	0.25***
	73.1
	0.08***
	76.1
	0.10***
	44.0
	0.56***



**p<0.01; ***p<0.001; ****p<0.0001 

Figure 1.  Genetic PCAs and isolation by distance in the tripartite symbiont genome and its host plant. Panel A shows principal component (PA) axis plots of genome-wide similarity and percent of variance explained for by PCs 1-3 for 191 individuals of EnsiferSinorhizobium meliloti for the chromosome, pSymA, and pSymB as well as for 192 Medicago truncatula host plants. The three ellipses and points are colored by region: Spain (purple), mainland France (orange), Corsica (green); many individual strains have nearly-identical PCA scores and thus are stacked under a single point, particularly for the chromosome. (top) PCA plot. Panel B depicts the relationship between geographic distance and individual genetic distance (DXY) for each of the three genome elements in ES. meliloti and the host plant (from top: chromosome, pSymA, pSymB, M. truncatula). Shown are Pearson r2 values from Mantel tests for each comparison (***p<0.001).
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Figure 2.Figure 2. Neighbor-joining trees of all E. meliloti strains on (A) chromosomal, (B) pSymA, and (C) pSymB variant data. For both trees individual tip labels (strain ID followed by soil population) are colored based on region of origin (orange from Corsica, green from mainland France, blue from Spain). The outer ring coloration in all trees represents the five major clusters of the chromosome (tree a), allowing for comparison across elements. Individual tip labels (strain ID followed by soil population) are colored based on region of origin (orange from Corsica, green from mainland France, blue from Spain). Branch support indicated in teal (<70) or pink (<50). 
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Figure 3. Pairwise comparisons of the matrices of among-population genetic distances, between the three genomic elements (chromosome, pSymA, and pSymB) in 191 strains of the bacterial symbiont ES. meliloti sampled from 21 populations in the native range. Each point represents a pairwise population mean DXY value (genetic distance between two populations), with the Mantel test of their correlation (*p < 0.05; ***p < 0.001).

[image: ]

Figure 34. Population genetic structure for each of the three genomic elements (chromosome, pSymA, and pSymB) in 21 populations of the bacterial symbiont ES. meliloti and 12 populations of the host plant M. truncatula. Shown is the proportion of each population assigned to each genetic cluster (K = 5 for the bacterial chromosome and the host plant; K = 3 for the bacterial pSymA and pSymB).
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