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Abstract 

The nitrogen-fixing mutualism between legumes and rhizobia is ecologically and 

agriculturally important and is a model for the molecular genetics of plant microbe 

interactions and the evolution of mutualism. The goal of this research was to investigate 

the evolutionary forces shaping genetic diversity in two species of rhizobia, 

Sinorhizobium meliloti and S. medicae by integrating population genetic tools, 

experimental evolution, and whole-genome sequencing. In Chapter 1, I characterize the 

diversity and divergence of S. meliloti and S. medicae and ask how selection and 

horizontal gene transfer (HGT) have shaped nucleotide variation. I find limited evidence 

for HGT between S. meliloti and S. medicae, indicating that recombination with closely 

related species does not have much impact on nucleotide diversity in Sinorhizobium spp. 

and does not prevent species from diverging. I also find that the targets of strong positive 

selection are different in the two species, suggesting that S. meliloti and S. medicae may 

be subject to different selective pressures in nature. The goal of Chapter 2 was to examine 

gene content and copy number variation. While I find that S. meliloti and S. medicae both 

have extensive variation in content and copy number, most of this variation seems to be 

deleterious. This suggests that the large size of bacterial pangenomes is due, in part, to 

many short-lived, deleterious gains and losses of genes rather than adaptation. Finally, in 

Chapter 3, I use experimental evolution to tests for costs of mutualism. I do not find clear 

evidence of costs, but I do identify a mutation in the purM gene that may affect host 

range. Overall, this contributes to our understanding of both the evolution of rhizobia, 

and the evolutionary forces shaping variation in prokaryotes. 
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Introduction 
Biology is in the midst of a rapid transformation in the resolution and scale at which 

we can observe genetic variation. The first non-viral genome to be sequenced - the yeast 

Saccharomyces cerevisiae, completed in 1996 - required eight years of effort from 92 

laboratories (Goffeau et al. 1996). At that time, sequencing costs were more than $10,000 

per million base pairs. Now, sequencing costs less than 10 cents per million base pairs, 

and a single research group can go from DNA extraction to genome assembly in a matter 

of weeks or months for dozens of genomes simultaneously.   

 Evolutionary biologists seek to understand the processes responsible for genetic 

change in populations. From the perspective of evolutionary biologists, among the most 

important consequences of this dramatic increase in sequencing capability is the ability to 

sequence multiple individuals from the same evolutionary lineage. This allows analysis 

of genetic variation among closely related individuals from a particular time and place, 

rather than than just the variation among species separated by millions of years of 

divergence. Many challenges remain in inferring evolutionary processes from the patterns 

in genomic data (e.g. Travisano and Shaw 2013; Rockman 2012; Nielsen 2005). 

Nevertheless, genomics has enriched our understanding of many aspects of evolution, 

including the process of adaptation (Tenaillon et al. 2012), the nature of mutation 

(Schrider et al. 2013), the potential mechanisms behind major evolutionary transitions 

(Ratcliff et al. 2012), the process of speciation (Gompert and Buerkle 2009), the genetic 

architecture of traits (e.g. Stanton-Geddes et al. 2013), and the history of the human 

species (Lachance and Tishkoff 2013). 
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 In my dissertation research, I apply the tools of genomics and population genetics 

to study the genetic diversity and evolution of bacteria in the genus Sinorhizobium (now 

officially known as Ensifer). The Sinorhizobium species I study are members of the 

alpha-Proteobacteria that fix atmospheric nitrogen in a symbiotic mutualism with certain 

species of legumes. Sinorhizobium, and other rhizobia, make an important contribution to 

the terrestrial nitrogen cycle (Gruber and Galloway 2008) and are important to numerous 

crop plants (Vance 2001). They have been used as a model to study the evolution of 

mutualism (e.g. Sachs et al. 2011; Heath and Tiffin 2009; West et al.  2002) and the 

molecular mechanisms of plant microbe interactions (e.g.  Jones et al. 2007). The work 

presented in this dissertation is the first analysis of deep-coverage, whole genome 

sequencing data from multiple rhizobia of the same species. 

 In my first chapter (Population genomics of nucleotide variation in Sinorhizobium 

meliloti and S. medicae), I examine the structure of nucleotide variation in S. meliloti and 

S. medicae. In particular, I ask how much of the genome has been affected by horizontal 

gene transfer between these closely related species, characterize patterns of variation 

within the genome, and compare the genes under strong positive selection in the two 

species.   

 In my second chapter (Selection on structural variation in S. meliloti and S. 

medicae), I characterize the structural variation in S. meliloti and S. medicae. Bacterial 

species have long been known to harbour extensive variation in gene content (e.g. Perna 

et al. 2001). Here I also look for variation in copy-number, and I ask how much of the 

variation in gene content and copy-number is likely to be adaptive.   
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 In my third chapter (Experimental evolution of rhizobial host range), I focus on 

the results of experimentally evolving Sinorhizobium spp. in a host-free environment to 

see whether maintaining the ability to be a symbiont - to be able to interact with a legume 

- has a fitness cost. I also use genomic tools to identify a mutation that may be important 

for variation in rhizobial host range. 

 In summary, I use population genomic approaches to better understand the 

evolutionary forces shaping genetic variation in rhizobia. I reveal some interesting and 

surprising patterns and highlight avenues for future work. 
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Chapter 1 

 

Population genomics of nucleotide variation 
in Sinorhizobium meliloti and S. medicae 

 

 

 

 

 

 

 

 

 

 
A version of this chapter was published in PLoS Genetics (Epstein et al. 2012 - see 
Bibliography). 
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Summary 
 The symbiosis between rhizobial bacteria and legume plants has served as a 

model for investigating the genetics of nitrogen fixation and the evolution of facultative 

mutualism. We used deep sequence coverage (> 100X) to characterize genomic diversity 

at the nucleotide level among 12 Sinorhizobium medicae and 32 S. meliloti strains. 

Although these species are closely related and share host plants, based on the ratio of 

shared polymorphisms to fixed differences we found that horizontal gene transfer (HGT) 

between these species was confined almost exclusively to plasmid genes.  Three multi-

genic regions that show the strongest evidence of HGT harbor genes directly involved in 

establishing or maintaining the mutualism with host plants. In both species, nucleotide 

diversity is 1.5 – 2.5 times greater on the plasmids than chromosome. Interestingly, 

nucleotide diversity in S. meliloti but not S. medicae is highly structured along the 

chromosome – with mean diversity (θπ) on one half of the chromosome five times greater 

than mean diversity on the other half. Based on the ratio of plasmid to chromosome 

diversity, this appears to be due to severely reduced diversity on the chromosome half 

with less diversity, which is consistent with extensive hitchhiking along with a selective 

sweep. Frequency-spectrum based tests identified 82 genes with a signature of adaptive 

 evolution in one species or another but none of the genes were identified in both species. 

Based upon available functional information, several genes identified as targets of 

selection are likely to alter the symbiosis with the host plant, making them attractive 

targets for further functional characterization. 
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Introduction 
 The analysis of genome sequences can provide a nearly complete description of 

the nature and extent of nucleotide diversity segregating within and among species. There 

have been multiple investigations into genomic diversity in microbial communities using 

library-based and metagenomic approaches (Gilbert and Dupont 2011) and phylogenomic 

studies of relatedness among microbial species (Jaureguy et al. 2008). By contrast, there 

have been few genome-wide surveys of nucleotide diversity within a prokaryotic species, 

and those studies have often focused on variation in genome content (Tian et al. 2012; 

Lefébure and Stanhope 2007; Tettelin et al. 2005) rather than nucleotide diversity. Yet it 

is clear that population-genomic analyses provide an opportunity to greatly expand our 

understanding of the evolutionary forces shaping diversity within prokaryotic lineages 

(Takuno et al. 2012; Croucher et al. 2011; Tenaillon et al. 2010; Touchon et al. 2009) and 

identify targets of strong positive selection without the bias that may be introduced when 

focusing on a limited number of genes or phenotypes of prior interest (Falush 2009). 

 Prokaryotic species are often studied because they are either pathogens, of 

environmental or industrial importance, or because they form mutualistic associations 

with eukaryotes. The latter group includes members of the genera Rhizobium, 

Sinorhizobium (now Ensifer), Bradyrhizobium, Azorhizobium, and Mesorhizobium, 

collectively referred to as the rhizobia, a group of gram-negative bacteria that form 

symbiotic associations with legume plants. When growing in symbiosis with legumes, 

rhizobia convert atmospheric nitrogen (N2), which is unavailable to plants, into ammonia, 

which plants can use for the synthesis of amino acids. This symbiosis is estimated to 

contribute nearly half of all current biological nitrogen fixation (Gruber and Galloway 
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2008) and is a key component of agricultural systems that are not dependent on synthetic 

fertilizers (Vance 2001). 

 One of the best characterized rhizobial species is Sinorhizobium meliloti (now 

Ensifer meliloti). The interaction between S. meliloti and the closely related species S. 

medicae with the model legume M. truncatula, the genome of which was recently 

sequenced (Young et al. 2011), has been the subject of extensive biochemical, molecular 

genetic (Gibson et al. 2008; Cooper 2007; Jones et al. 2007), and evolutionary 

investigation (Friesen and Mathias 2010; Heath and Tiffin 2009; Bailly et al. 2007; Bailly 

et al. 2006). The genomes of both S. meliloti and S. medicae, consist of a single circular 

chromosome (~ 3.65 Mb) plus two large symbiotic (sym) plasmids (~1.3 and ~1.6 Mb) 

(Reeve et al. 2010; Galibert et al. 2001). Sinorhizobium spp. also contain auxiliary 

plasmids, the number and identity of which vary widely among strains (Kuhn et al. 2008) 

and the functional importance of which is largely unknown. In Sinorhizobium, the genes 

required for forming nodules with legume hosts (including nod, exo, and nif genes) are 

distributed across both the chromosome and each of the two mega plasmids (hereafter 

referred to as plasmids) (Reeve et al. 2010; MacLean et al. 2007; Galibert et al. 2001). 

Bailly et al. (2011) recently used low-coverage (~ 0.8X average) genomic sequence data 

to characterize variation in gene content and nucleotide diversity on the chromosomes 

and two plasmids among 12 S. medicae strains. Their coverage was, however, too 

shallow to robustly characterize nucleotide variation along the genome or search for 

signatures of recent selection. 

In this study we used Illumina technology to sequence the genomes of 12 S. 
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medicae and 32 S. meliloti strains to over 100X mean depth. We aligned the Illumina data 

to the S. meliloti RM1021 and S. medicae WSM419 reference genomes (the chromosome 

and two plasmids) from each species and then used the aligned sequences to i) search for 

evidence of recent horizontal gene transfer between species, ii) characterize genome-wide 

nucleotide diversity within each species, and iii) identify genes that bear the signature of 

recent positive selection. 

Methods 
 We used Illumina sequencing technology to sequence the genomes of 32 strains of 

S. meliloti and 12 strains of S. medicae. These strains were chosen to capture diversity 

found within the USDA-ARS Rhizobium Germplasm Collection (van Berkum et al. 

2007), as representative of different multi-locus genotypes, or because they had been 

recently sampled from natural populations and used in experiments to investigate 

interactions between Sinorhizobium and M. truncatula (Heath 2010). From each strain, 

DNA was extracted from culture grown cells using the Wizard Genomic DNA 

Purification kit (Promega Corp. Madison, WI, USA), with further purification by phenol 

extraction. DNA was then used to construct Illumina paired end libraries using Illumina’s 

phusion-based library kits following the manufacturer’s protocols. Insert sizes averaged 

332 nt (range = 245 nt to 443 nt). Four samples were multiplexed per lane and sequenced 

on Illumina GAIIx machines following the manufacturer’s protocols. Samples averaged 

just over 1 Gb of sequence (range = 724 Mb to 1584 Mb) translating into an average and 

minimum coverage of 174X and 108X, respectively, of the ~6.7 Mb genome before 

aligning reads. 
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 For SNP discovery, reads were aligned to the genome sequence of either S. 

meliloti Rm1021 (Galibert et al. 2001), pSymA megaplasmid (Barnett et al. 2001), 

pSymB megaplasmid (Finan et al. 2001) and the accessory plasmids pSmeSM11a (Stiens 

et al. 2006), pSMeSM11b (Stiens et al. 2007) and pRm1132f (Barran et al. 2001), or S. 

medicae WSM419 chromosome and plasmids pSMED01, pSMED02 and pSMED03 

(Reeve et al. 2010), using GSNAP (Wu and Nacu 2010) with a 91% minimum identity 

using the Alpheus pipeline (Miller et al. 2008). For this work, only SNPs discovered in 

the alignment to the chromosome or the megaplasmids (pSymA, pSymB, pSMED01, 

pSMED02) were used due to poor coverage of the accessory plasmids. Nucleotide 

identity at a site was called only if that site was covered by ≥ 10 but < 500 uniquely 

aligned reads (i.e. reads had maximum identity to only a single genomic location) and the 

nucleotide was supported by ≥ 70% of unique reads. Positions that did not meet these 

criteria were treated as ambiguous (N).  Sequence reads are available at SRP009881, and 

SNP data are available for download at http://medicagohapmap.org/. 

 To evaluate the accuracy of base calls we PCR amplified and Sanger sequenced 

25 loci from 4 - 6 strains (including 3 S. meliloti and 3 S. medicae) (Supplemental Table 

1-1).  For the 42,953 bp of sequence for which we had both high-quality Sanger and 

Illumina data that met our coverage criteria there were 157 variants identified by both 

Sanger and Illumina, 3 variants identified in Sanger but not Illumina, and no variants 

identified in Illumina but not Sanger data. 

 Sequences of protein-coding genes were constructed using the IMG version of the 

WSM419 annotation downloaded on 1 December 2010  and the Rhizobase version of the 
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Rm1021 annotation downloaded on 19 August 2010. For gene-based analyses requiring 

an outgroup, Rm1021 and WSM419 genes with ≥ 80% amino acid similarity across ≥ 

80% of their length that were also bidirectional best hits were identified as homologous 

using the MaGe phyloprofile tool (Vallenet et al. 2009). Gene sequences from the 

resequenced strains were aligned prior to analyses using the profile alignment tool in 

ClustalW (Larkin et al. 2007). 

Statistical analyses 
 We calculated nucleotide diversity for 10 kb non-overlapping windows and for 

each gene model for which we had data for > 90% of the gene length for ≥ 80% of the 

strains. The number of replacement and synonymous sites for each gene within each 

species were estimated using the polydNdS program of the libsequence "analysis" 

software package (Thornton 2003). Tajima’s D (DT) (Tajima 1989), the average number 

of segregating sites (θW) (Watterson 1975) and the average pairwise number of 

segregating sites (θπ) (Kimura 1968) were all estimated using the compute program in 

libsequence. Fay and Wu's H (H) (Fay and Wu 2000) was estimated using a custom 

libsequence-based program. Because DT is not defined for genes that have no 

polymorphism and the distribution of DT is highly skewed for genes with a single 

segregating site, we excluded genes with < 2 segregating sites from the analysis. The 

number of fixed differences between S. medicae and S. meliloti were calculated on 

biallelic sites in alignments of orthologs using the sharedPoly program (in libsequence). 

Summary statistics for each of the annotated genes which met coverage criteria are in 

Dataset S1. 
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 We used the joint DTH test (Zeng et al. 2006) to look for genes that have 

experienced recent selective sweeps, considering genes in the lower 5% tail of the 

distribution for both DT and H as likely targets of selection. We restricted these tests of 

selection to genes with unambiguous nucleotide calls for > 90% of the length from ≥ 80% 

of the strains and for which there was no evidence for horizontal gene transfer. For 

defining the 5% tails we took the ratio of genes that met the coverage and HGT 

requirement to the total number of genes. Genes with < 2 SNPs or without a value for H 

were excluded. 

We identified genes likely to have experienced recent horizontal gene transfer by 

comparing the ratio of polymorphisms that were shared between species to fixed 

differences between species. Based on the whole-genome distribution of this ratio 

(Supplemental Figure 1-1) we identified putatively transferred genes as those with a ratio 

of shared polymorphisms to fixed differences > 0.2. 

Genealogical relationships 
 To characterize the genealogical relationships among strains we constructed 

genealogies using the Neighbor joining algorithm (Saitou and Nei 1987) implemented in 

the dnadist and neighbor programs in Phylip (Felsenstein 1989) with the F84 model of 

DNA evolution (Felsenstein and Churchill 1996). Genealogies were constructed using 

concatenated gene sequences for the chromosome and each of the plasmids separately 

(2,741 chromosomal genes, 2,668,564 bp; 408 genes on pSymA / pSmed02, 416,009 bp 

and 1,049 pSymB / pSmed01 genes, 1,084,937 bp). Statistical support for clades in 

whole-replicon trees was evaluated using 200 bootstrap replicates created with the 
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seqboot program. The topology of the trees shown in the figures is the majority rule 

consensus tree obtained from  consense, with branch lengths added using the fitch 

program. NJ trees for genes bearing a signature of horizontal gene transfer were 

constructed using similar methods, with statistical supported evaluated using 400 

bootstrap replicates. 

Origin and terminus of replication 
 Several analyses were conducted separately for the first and second halves of the 

S. meliloti chromosome. In these cases, we used position 1,735,000 as the dividing line: 

this position seemed to correspond to the location of the sharp change in DT along the 

chromosome. This is also the location of a change in sign of the GC skew in the reference 

genome, indicating that the terminus of replication is located near this position (Capela et 

al. 2001) (Supplemental Figure 1-2). GC skew was calculated using a custom R script (R 

Core Development Team 2011) on all nucleotide positions in 10 kb sliding windows with 

a 5 kb step. The origin of replication for S. meliloti Rm1021 (the reference strain) has 

been experimentally determined to be near position 0 (Sibley et al. 2006). 

Results 
 We aligned an average of ~ 1,287 Mbp of sequence from each of 12 S. medicae 

and 32 S. melliloti strains resulting in median aligned coverage of  > 100 reads site-1 

(Supplemental Tables 1-2 and 1-3). For all six replicons (the chromosome and two 

plasmids of each species) the vast majority of sites were covered by either > 50 or < 2 

reads (Supplemental Figure 1-3). The regions with very low coverage are likely either 

present in the reference genome but not the resequenced strains, are < 91% identical to 
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the reference strain, and thus too diverged to have aligned using our alignment 

parameters, or do not align to a single region in the reference genome. Because sequence 

reads were required to have a single alignment to the reference genome, reads that align 

to multiple locations were not included in the final analysis. In S. medicae, an average of 

95%, 79%, and 95% of the positions along the reference chromosome, pSMED02, and 

pSMED01 sequences, respectively, were covered by ≥ 10 uniquely aligned reads for each 

resequenced strain (Supplemental Table 1-2). In S. meliloti, an average of 95%, 71%, and 

93% of the positions along the reference chromosome, pSymA, and pSymB, respectively, 

were covered by ≥ 10 uniquely aligned reads for each resequenced strain (Supplemental 

Table 1-3. Note, pSMED02 is orthologous to pSymA and pSMED01 is orthologous to 

pSymB). The high percentage of the reference sequence that can be aligned to the 

sequence data from the resequenced strains indicate that the vast majority of the sequence 

found in the reference genomes in each species is also found in all of our resequenced 

strains 

Species relatedness 
  Sinorhizobium medicae and S. meliloti are closely related and have very similar 

host ranges and at least partially overlapping geographic ranges (Bena et al. 2005; Rome 

et al. 1996), characteristics that would provide considerable opportunity for horizontal 

gene transfer (HGT). Nevertheless, these are clearly distinct species; the chromosomes 

and plasmids from each species were reciprocally monophyletic (Figure 1-1) and the 

number of fixed differences between species greatly exceeded the number of shared 

polymorphisms (Table 1-1, Supplemental Figure 1-1). 
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Although we found no evidence for interspecific transfer of whole plasmids, there 

are 97 genes (1 located on the chromosome, 21 on pSymB/Smed01, and 75 on 

pSymA/Smed02) with a ratio of shared polymorphisms to fixed differences > 0.2, 

indicative of transferred alleles segregating within the recipient lineage (Table 1-1, 

Supplemental Figure 1-1). Among these 97 genes (Supplemental Table 1-4) are many 

with clear potential to alter the efficacy of nodulation or nitrogen metabolism including 

11 fix, 13 nod, 8 nif, 2 noe, 2 nol, 5 rkp and 3 syr genes. By contrast, only 12 fix, 7 nod, 7 

rkp, and no nif, noe, nol, or syr genes for which the data meet the coverage criteria had a 

ratio of shared polymorphisms to fixed differences < 0.2. 

To gain insight into the origin and fate of horizontally transferred genes we 

clustered the putatively transferred genes into contiguous genomic regions (horizontally 

transferred genes separated only by genes which did not have a putative ortholog in the 

reference genome of the other species or by ≤ 2 genes with ratios of shared 

polymorphism < 0.2) then used neighbor joining trees to examine within and between 

species relationships. On pSymB/pSMED01, 20 of the 21 putatively transferred genes 

were found within a single 38kb region. On pSymA/pSMED02, 6 of the putatively 

transferred genes are located within a 10.5 kb region of the S. medicae reference genome 

and 62 are located within an ~ 300 kb region of the reference genomes. This 300 kb 

region also contains 236 genes that are present in the S. medicae genome (~ 102 in S. 

meliloti) for which there was no identifiable ortholog in the reference genome of the other 

species (Supplemental Table 1-4). 

Neighbor joining trees of the large transferred regions (Figure 1-2), as well as 
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other putatively transferred genes (Supplemental Figure 1-4), suggest the history of HGT 

is complex. For all regions harboring genes with evidence of transfer, the majority of 

sequences from each species are monophyletic but the branch length separating 

sequences from the two species is much shorter than the length of the branch separating 

the two species at genes that show no signal of HGT (Figure 1-2). There are five regions, 

all of them on pSymA/pSMED02, for which the putatively transferred genes are not 

monophyletic (Supplemental Figure 1-4); three for which a single S. medicae-like 

sequence was sampled from an S. meliloti strain, one for which a S. meliloti-like 

sequence was sampled from an S. medicae strain, and one for which the longest branch 

on the tree separates four sequences (three sampled from S. meliloti and one from S. 

medicae) from all other sequences. Interestingly, for this latter case, these four sequences 

were all sampled from Syria, suggesting geographic structuring of horizontal gene 

transfer and symbiotic gene alleles. 

Within-species diversity 
 Consistent with previous multi-locus sequence (Bailly et al. 2007; Silva et al. 

2007; Bailly et al. 2006) and genomic hybridization data (Giuntini et al. 2005) we found 

1.5 – 2 times greater nucleotide diversity on each of the S. medicae plasmids than on the 

S. medicae chromosome (Table 1-2). For the S. medicae chromosome, Tajima’s D (DT) 

was unimodal and centered near zero (Figure 1-3), a distribution consistent with a 

panmictic, neutrally evolving population (i.e. the standard neutral model [SNM]). 

Diversity within the full 32 strain sample of S. meliloti (Table 1-2) was two to three times 

greater than diversity within S. medicae but showed the same broad pattern of higher 
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diversity on the plasmids than the chromosome (Table 1-2). The distribution of 

chromosomal DT values in the 32 strain S. meliloti sample was negatively centered 

(Figure 1-3) and the frequency spectrum of chromosomal polymorphisms revealed a 

mode of minor alleles found in four strains (Supplemental Figure 1-5). This pattern is not 

consistent with a sample drawn from a single panmictic population and the chromosomal 

genealogy shows that the 32 strain sample was comprised of three distinct clades; one 24 

strain clade and two 4-strain clades (Figure 1-1). 

To remove confounding effects that population structure can have on nucleotide 

diversity, we recalculated diversity statistics using the sample of 24 S. meliloti strains that 

comprised the largest subpopulation found in our 32 strain sample (Figure 1-1). Unlike 

the 32 strain sample, for which the distribution of θW was unimodal, the distribution of 

θW values from the 24 strain sample was distinctly bimodal – with a considerable portion 

of genes having very low diversity (Figure 1-3). Similarly, the distribution of DT values 

from the 24 strain sample was multi-modal and both far more widely dispersed and more 

negative than the distribution in the 32 strain sample. This strongly skewed distribution 

appears to be largely due to genes located on the second half of the chromosome (bp 

1,735,000 – 3,654,135); genes on this half have both low θW and low DT values (Figure 

1-4). At both sides of this region, near the origin and terminus of replication there are 

sharp increases in the per-gene θW and DT values. Moreover, neither the first half of the 

chromosome (Supplemental Figure 1-6) nor the plasmids show the well defined 24-strain 

clade seen in the whole-chromosome genealogy (Figure 1-1). Taken together, the lack of 

congruence between genealogies constructed from the two chromosome halves and 
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plasmids as well as the sharp breaks in patterns of diversity provide evidence for transfer 

of large parts of the plasmids and chromosome among strains of S. meliloti. 

Targets of selection 
 To identify targets of recent adaptation we used the joint DTH statistic that 

provides a relatively powerful test of selection that is robust against demographic effects 

(Zeng et al. 2006). In S. medicae, 27 chromosomal, 9 pSMED01, and 4 pSMED02 genes 

were identified as putative targets of recent selection. Because the 32 strain sample of S. 

meliloti was strongly affected by population structure we searched for targets of selection 

in only the 24 strain sample. Moreover, because diversity in this sample was strongly 

structured along the length of the chromosome, we applied the DTH test to the first and 

second halves of the chromosome separately. This analysis identified 15 and 11 genes on 

the first and second halves of the chromosome, respectively, 11 pSymB, and 5 pSymA 

genes that harbored signatures of selection (Supplemental Table 1-5). None of the genes 

identified as targets of selection were identified in both species, although different fts 

genes, which are annotated as being involved in cell division and are down-regulated in 

bacteroids (Barnett et al. 2004) were identified as targets of selection in both species 

(ftsW in S. medicae, ftsZ1 and ftsZ2 in S. meliloti). Consistent with the lack of between 

species overlap in the genes that harbor signatures of recent selection, between-species 

correlations in nucleotide diversity (θW, DT) were low for each of the three replicons (all r 

< 0.26). Such low correlations are unexpected if selective constraints or among-gene 

variance in mutation rates are important determinants of nucleotide diversity and are 

similar in the two species. 
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 The genes identified as putative targets of selection have a variety of annotated 

functions. Some of these functions are related to survival or reproduction either inside of 

nodules or in the soil environment, i.e. osmotic tolerance and stress (gst9, cysK2, guaB, 

hutH2, oxyR) and nutrient acquisition (phoU,  thuR). Other putatively selected genes have 

functions that may be directly related to symbiosis, including hemA which is essential for 

symbiotic nitrogen fixation in many rhizobia, glgC and rkpJ which affect 

exopolysaccharide biosynthesis or export which is required that is essential for 

nodulation, as well as ftsW, ftsZ1, ftsZ2. 

Discussion 
 Rhizobia species are important symbionts of legume plants and this symbiosis is 

responsible for approximately half of all current biologically fixed nitrogen (Gruber and 

Galloway 2008). Because of this importance the biochemical and genetic basis of the 

symbiosis has been subject to extensive investigation (Gibson et al. 2008; Cooper 2007; 

Jones et al. 2007). To gain insight into genomic diversity segregating within rhizobial 

species, we sequenced to high coverage the genomes of 32 strains of S. meliloti and 12 

strains of S. medicae, the two primary rhizobial symbionts of the model legume 

Medicago truncatula. Our work provides insight into the genome-scale extent of 

horizontal gene transfer (HGT), the structuring of nucleotide diversity within rhizobial 

genomes, and identifies genes that have been subject to recent adaptive evolution in these 

species. 

 Previous analyses of genetic diversity within Sinorhizobium and other groups of 

rhizobia (Bailly et al. 2007; Sun et al. 2006; Vinuesa et al. 2005; Sullivan et al. 1995) 
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have found clear evidence that genes directly involved in nodule formation can be 

transferred between species; indeed, in prokaryotes, genes involved in symbiosis are 

often found on mobile elements (Ochman and Moran 2001). Consistent with these 

previous analyses, our whole-genome analyses revealed 97 genes, most of which are 

clustered on just three symplasmid regions, for which S. medicae and S. meliloti genes 

had a high ratio of shared to fixed polymorphisms, suggestive of recent horizontal 

transfer between these species. Genes with potential to alter nodulation or nitrogen 

fixation are overrepresented among the putatively transferred genes, suggesting that HGT 

may be important in the evolution of symbiosis. At the same time, the importance of 

HGT in shaping nucleotide diversity is largely restricted to the plasmids and appears to 

have very little effect on nucleotide variation in genomic regions outside of nodulation-

gene islands. 

 Neighbor-joining trees constructed from plasmid genes show striking differences 

between genes that show signatures of HGT and those that do not. For genes that do not 

show evidence of transfer the branch separating sequences from different species is 

considerably longer than the branches separating sequences sampled from the same 

species. By contrast, genes that show evidence of transfer have comparatively short 

branches separating sequences sampled from the two species and relatively long branches 

separating sequences sampled from the same species. The short branch separating the 

sequences sampled from the two species suggests that transfer has occurred relatively 

recently, followed by the transferred sequence spreading through the recipient species. 

Interestingly, however, sequences from even these transferred genes are largely 
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monophyletic. The sequence similarity of these transferred regions may facilitate ongoing 

transfer through homologous recombination (Matic et al. 1996) – thereby preserving 

these as islands of HGT. The single chromosomal gene with a high ratio of shared to 

fixed polymorphisms indicates that HGT of chromosomal genes is possible, even if HGT 

doesn’t have an important effect on chromosomal sequence diversity. 

Nucleotide Diversity 
 The picture of diversity segregating in S. meliloti is highly dependent upon the 

composition of the sample. In our sample of 32 strains, the distributions of summary 

statistics (i.e. θW and DT) are largely consistent with a panmictic population. However, 

the frequency spectrum of polymorphic sites and genealogical relationships indicate that 

the 32 strain sample is composed of several distinct subpopulations with 24 strains 

forming a single well defined clade. The reasons for this substructure are not clear; the 

members of the 24 strain group were sampled from a wide geographic area (including 

France, Jordan, Syria, Tunisia), from the full spectrum of geographic locations that the 32 

strains were sampled, and from multiple species of host plant (including M. truncatula, 

M. rigidula, and M. sativa, Supplemental Table 1-3 and Supplemental Figure 1-7). 

Regardless of the causes of the population structure, we found a close correspondence 

among the three major clades identified by whole-genome sequence data and 

relationships inferred from a 10 locus MLST (Multi-Locus Sequence Typing) 

characterization of population structure within S. meliloti (van Berkum et al. 2007; van 

Berkum et al. 2006).  There were 17 strains in common between the two studies, 15 of 

these were part of the 24 strain group we identified and were monophyletic in the MLST 
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analysis (13 were members of a single MLST group) and the two additional strains were 

each members of different MLST clusters. The similarity suggests that MLST data 

provide robust descriptions of population structure in this species. 

 Interestingly, patterns of diversity segregating among the 24 strain subpopulation 

are fundamentally different than those found in the 32 strain sample. Most strikingly, for 

the 24 strain sample, the two halves of the chromosome harbor distinctly different 

patterns of diversity, with one half of the chromosome having very low values of DT and 

θW relative to the other half. There are several possible causes for the two halves of the 

chromosome having such different patterns. One possibility is that recent HGT or 

balancing selection in the 24 strain sample has led to excess diversity and intermediate 

frequency variants on the high-diversity half of the chromosome. In fact, a neighbor-

joining tree made with data from only the high-diversity half of the chromosome shows 

that some of the strains included in the 24 strain group cluster with strains that are not 

included in this group (Supplemental Figure 1-6). The alternative possibility is that the 

low-diversity half of the chromosome has experienced a recent selective sweep, leading 

to reduced diversity and an excess of low-frequency variants. A recently introgressed 

region segregating at low frequency or the inclusion of a sequence from a divergent 

subpopulation could also explain the excess of low-frequency variants (low DT values) 

found on the second half of the chromosome. Either of these possibilities would cause 

elevated nucleotide diversity. By contrast, nucleotide diversity in this chromosomal half 

is reduced relative to the rest of the genome. 

 To determine if the data are more consistent with excess diversity on the first half 
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of the chromosome or low diversity on the second half of the chromosome we compared 

nucleotide diversity on each chromosome half to diversity found segregating on the 

plasmids. For S. medicae the chromosome harbors 33 or 60 % of the diversity segregating 

on pSMED02 and pSMED01, respectively. The ratio of chromosomal to plasmid 

diversity is similar for the S. meliloti chromosome from the 32 strain group and the first 

half of the chromosome from the 24 strain group, these samples harbor > 30% and > 50% 

of the diversity segregating on pSymA and pSymB, respectively. By contrast, the low-

diversity, second half of the chromosome in the 24 strain group harbors 6% and 10% of 

the diversity segregating on pSymA and pSymB respectively. To the extent that plasmid 

diversity can be used as a reference, these data suggest that the distinctly different 

patterns of diversity found on the two chromosome halves of the 24-strain group may be 

due to a recent selective sweep that was strong enough to reduce diversity along the 

entire 1.8 Mb half of the chromosome through genetic hitchhiking (Smith and Haigh 

1974). 

 If a selective sweep is responsible for the low diversity on the second half of the 

chromosome, the sharp borders near the origin and terminus of replication suggests that 

recombination at the borders is much higher than recombination along the second half of 

the chromosome or that selection favored the entire region, perhaps due to epistasis 

between genes located near the borders of the low-diversity region. If a selective sweep is 

the reason for the reduced diversity than it indicates that genetic hitchhiking along with 

selective variants could be an extremely important force shaping diversity within natural 

populations of prokaryotic species and may contribute to driving the divergence between 
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prokaryotic lineages (Cohan 2001). 

 

Targets of Selection 
We identified 82 genes that bear a signature of recent adaptive evolution. These 

species have similar geographic ranges, life history, and share a common host plant, and 

as such they may be expected to experience similar selective forces. Nevertheless, the 

targets of selection in the two species show almost no overlap – no orthologous genes 

were identified as targets of selection in both species although fts genes, involved in cell 

division, are identified as targets in both species. The lack of overlap in the targets of 

selection suggest that these two ecologically similar species either experience very 

different selective forces or that selection acting similarly at the phenotypic level acts on 

very different genetic targets. 

 It is notable that no fix, nif, nod, nol, noe, or exo genes, which mutational screens 

identified as necessary for nodule establishment and nitrogen fixation (Jones et al. 2007), 

are among the genes we identified as bearing a signature of a recent selective sweep. 

However, nearly all of the nif, nod, and approximately one-half of the fix genes in the 

Sinorhizobium genome showed evidence of HGT or had no reciprocal best sequence 

match in the other species. Because these genes had no reciprocal best sequence matches 

we excluded them from our analysis of selection and therefore, their absence from the list 

of selected genes does not mean they have not been the subject of recent adaptation. 

Conclusion 
 Population genetic analyses of nucleotide diversity segregating within 
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Sinorhizobium medicae and S. meliloti have provided unprecedented insight into the 

evolutionary history of these ecologically important facultative symbionts. While 

previous analyses have detected evidence for horizontal gene transfer between these 

species, our data reveal that gene transfer is restricted almost exclusively to plasmid 

genes and that the plasmid regions that show evidence of transfer have less interspecific 

divergence than other genomic regions. Interestingly, nucleotide variation segregating 

within a 24-strain subpopulation of S. meliloti is highly structured along the chromosome, 

with one half of the chromosome harboring approximately one-fifth as much diversity as 

the other. The causes of the difference between the two chromosome halves may be a 

selective sweep coupled with extensive hitchhiking, if this is correct it would suggest that 

bouts of strong selection may be important in driving the divergence of bacterial species. 

Finally, we’ve identified genes that bear a signature of having evolved in response to 

recent positive selection. Functional characterization of these genes will provide insight 

into the selective forces that drive rhizobial adaptation. 
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Tables and Figures 
Table 1-1:  Number of fixed differences and shared polymorphisms and the ratio of 

shared polymorphisms to fixed differences between S. meliloti and S. medicae protein 

coding genes.  Genes are separated by genomic location and whether they bore a 

signature of horizontal gene transfer (HGT). 

 
  

HGT 

 

Genes 

 

Fixed 
differences 

 

Shared 
polymorphisms 

 

Ratio 

      

Chromosome No 2719 273,091 390 0.0015 : 1 

 Yes 1 19 8 0.42:1 

      
pSymA / pSMED02 no 230 25,480 246 0.0010 : 1 

 yes 75 563 1,964 3.49 : 1 

      
pSymB / pSMED01 no 940 107,991 354 0.003 : 1 

  yes 21 383 567 1.48 : 1 
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Table 1-2: Total number of SNPs, nucleotide diversity (mean θπ) and mean DT for all data 

and for gene regions separated by species and replicon. Data are only from genes for 

which > 90% of the sites have unambiguous base calls from ≥ 80% of the strains and 

were not identified as recently transferred between S. meliloti and  S. medicae. 

 Global  Genes 
 SNPs θπ Dt  SNPs θπ θπ  syn Dt 
S. medicae         
   Chromosome 19,547 0.0019 0.014  13,865 0.0016 0.0042 0.04 
   pSMED02 16,178 0.0056 - 0.56  16,178 0.0045 0.0105 - 0.14 
   pSMED01 17,853 0.0031 - 1.07  17,853 0.0027 0.0070 - 1.04 
         
S. meliloti         
   Chromosome 74,037 0.0048 - 0.43  59,390 0.0045 0.0135 - 0.38 
   pSymA 50,553 0.0126 - 0.91  32,619 0.0116 0.0308 - 0.86 
   pSymB 56,398 0.0078 - 0.57  41,590 0.0072 0.0193 - 0.89 
         
S. meliloti  S. meliloti 

 
        

   Chromosome 39,618 0.0022 - 1.20  32,185 0.0020 0.0059 - 1.11 
      First half 26,953 0.004 - 0.66  22,042 0.0034 0.010 - 0.63 
      Second half 12,665 0.0008 - 2.23  10,143 0.0008 0.002 - 1.68 
   pSymA 46,192 0.0134 - 0.73  29,617 0.0123 0.0380 - 0.74 
   pSymB 51,829 0.0079 - 0.49  39,221  0.0075 0.0200 - 0.51 
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Figure 1-1.  Neighbor-joining trees showing relationships among 32 S. meliloti (blue 

squares) and 12 S. medicae (red circles) A) chromosomes, B) pSymA and pSMED02, and 

C) pSymB and pSMED01. Trees were constructed using sequences from coding regions 

only. The length of the branch separating S .medicae from S. meliloti strains is shown at 

5% of the true scale. The 24 strain subgroup is marked by asterisks. All branches had 

100% bootstrap support unless otherwise indicated. Branches with less than 80% 

bootstrap support were collapsed into polytomies. An identical tree with strain 

identifications is provide as Supplemental Figure 1-7. 
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Figure 1-2: Neighbor joining trees showing relationships among sequences sampled from 

S. meliloti (blue squares) and S. medicae (red circles) for genes showing evidence of 

horizontal gene transfer.  The largest three regions of transferred genes are shown A) 11 

genes from pSMED02, concatenated length of 9,291 bp, B) 69 genes from pSMED02, 

concatenated length of 69,048 bp, C) 23 genes from pSMED01, concatenated 22,493 bp, 

and D) genes on pSymB for which there was no evidence of horizontal transfer between 

species (944 genes concatenated 977,757 bp).  Black dots indicate major branches with 

bootstrap support > 95%, bootstrap support for shorter branches within single-species 

clades not shown. 
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Figure 1-3: Distributions of chromosomal nucleotide diversity statistics A) θW and B) DT 

calculated on non-overlapping 10,000 base pair sliding windows.  Only windows for 

which > 8,000 bp were covered in > 80% of strains are included. Plots were drawn using 

the R density function with the cosine smoothing kernel (R Core Development Team 

2013). 
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Figure 1-4: Tajima’s D (DT) values for protein coding genes along the length of the 

chromosome: A) all 32 S. meliloti strains, B) the S. meliloti 24 strain group, and C) S. 

medicae. Genes identified by the DTH test as targets of recent selection are shown in dark 

blue. Chromosomes are represented linearly, using the coordinate system of the 

respective reference genomes, with 0 on the far left (and far right); orthologous 

homologous positions in the two species are not aligned to each other. The origin of 

replication in S. meliloti is at position 0 (Sibley et al. 2006), and the putative location of 

the terminus is marked with a dotted vertical line. 
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Supplemental Tables and Figures 
Supplemental Table 1-1. Fragments used to assess the accuracy of Illumina sequence 

data. For each fragment the start and approximate length of the usable sequence in the S. 

melililoti reference genome is given (S. medicae in parentheses). If strains differed in the 

length of high-quality sequence, the range of fragment lengths is given. S. meliloti strains: 

KH12g, KH16b, KH46c. S. medicae strains: KH36d, KH53a, KH53b. PCR conditions 

were: Cycle 1: 34 cycles 95 ºC for 0:30, 55 ºC  1:00, 72 ºC 2:00. Cycles 2 – 4 are the 

same but with 52, 60, or 50 ºC annealing temperature. 
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St
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asd Chrom F: 
CGGCCGGGAGATGCTGAA
CA 

R: 
ATGCGCTTGGTGAACTTCT
TG 

1 3617425 
(3347795) 

401 KH12g KH16b KH36d 
KH46c KH53a KH53b 

edD Chrom F: 
GGCATCATCACCTCCTACA
A 

R: CGGCGTGCCGGGATT 

1 767751 
(318657) 

441 KH12g KH16b KH36d 
KH46c KH53a KH53b 

gap Chrom F: 
CGGTCCGGTCGAGACCAA 

R: 
CGGTAGAGATCCTTGTGCA
T 

1 2975612 
(2755361) 

376 KH12g KH16b KH36d 
KH46c KH53a KH53b 

glnD Chrom F: 
GTGCGCTGCCACATGCAYT
T 

R: CCGGRTCRCGCTTGAA 

1 32205 
(32205) 

216 KH12g KH16b KH36d 
KH46c KH53a KH53b 
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gnd Chrom F: 

GGGCCGGCTCAACTCCTA 

R: CGGCATCGGCAGGTT 

1 2091418 288 KH12g, KH16b, KH46c 

nodD1 pSymA / 
pSMED02 

F: 
TTCAGGGTTCTCTAATAGG 

R:  AAGTTAAKGCTCTTGGC 

4 (1105981) 903 KH36d, KH53a, KH53b 

nodD3 pSymA / 
pSMED02 

F: 
TTCGCCTTTACTGATTGGT
CGG 

R: 
ATCCGTCAATGTCTAACGC 

1 462810 
(1132988) 

882 KH16b, KH46c, KH53a, 
KH53b 

nodH pSymA / 
pSMED02 

F: 
TAGAAGCACGAAACTAGC
AAA CG 

R: 
AAGCTCAAAGAACCTCGC
G 

1 468267 
(1119739) 

676 KH12g, KH16b, KH36d, 
KH46c, KH53b 

nodP2 pSymB / 
pSMED01 

F: 
ATTGCGATATGTCTCTTCCC 

R: 
ATCGACTTGTTGTCGTGC 

2 786682 
(1046202) 

399 
– 

899 

KH12g KH16b KH36d 
KH46c KH53a KH53b 

nolR Chrom F: 
TCTTCGCGAACGATTCCTT
CGC 

R: 
TTCATGGCGCGATCATGTA
GCACG 

3 2594603 829 KH12g, KH16b, KH46c 

nuoE1 Chrom F: 
GCGCGCKCAGGAGCAGGA 

R: 
CGCAGGCGCCCTGACATT 

1 1381488 
(963622) 

204 KH12g KH16b KH36d 
KH46c KH53a KH53b 

ordL2 Chrom F: GCGGCGCGGTCGTCAT 

R: CGCCATGGCCGGAATA 

1 771164 
(322085) 

337 KH12g KH16b KH36d 
KH46c KH53a KH53b 
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recA Chrom F: 

CCGGTTCGCTCGGCCTCGA
TA 

R: 
CGCCCATCTCGCCCTCGAT
TT 

1 1948820 
(1607544) 

229 KH12g KH16b KH36d 
KH46c KH53a KH53b 

sucA Chrom F: GCTCGGCCTCGAATA 

R: CCGTCAGCGACAGGT 

1 3315057 
(3089072) 

432 KH12g KH16b KH36d 
KH46c KH53a KH53b 

syrM pSymA / 
pSMED02 

F: ATATTGTGACGACCTGG 

R: 
ATTCATTATGCTCACCCATC
C 

1 466411 
(1126442) 

977 
– 

986 

KH16b, KH36d, KH53a 

val_a4 pSymA F: 
AAAGCAGCCGATATCCAGA
A 

AAGCCGCGAATATCGAAGT
A 

2 989078 578 
– 

591 

KH12g, KH16b, KH46c 

val_b1 pSymB F: 
AGCTGTCTTTCGGCGTAAT
G 

R: 
GCCATGACCTCCTTCGAT 

1 937793 481 
– 

570 

KH12g, KH16b, KH46c 

val_b2 pSymB F: 
CATCAATCCTTCGCTGTCC
T 

R: TGGAAA 
ACTTGTGCAGAATGAC 

2 342840 557 
– 

586 

KH12g, KH16b 

val_b3 pSymB F: 
AAGGAACATCTGGGCCTG
C 

R: TTTCCTCGGCGCTTTCG 

1 1635399 404 - 
531 

KH12g, KH16b, KH46c 
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val_b4 pSymB F: ATA 

AGGCTGCCGAGGTTCTT 

R: 
ATGATGACCCCAGGATTGC 

1 633180 429 
– 

455 

KH16b, KH46c 

val_b5 pSymB F: 
ATTGCCGGAGAAGTTCATG
T 

R: 
AGGAGCCGATGGTTTTCAA
G 

2 1677556 392 KH16b 

val_p0
1_1 

pSMED01 F: 
GAGAGGTCGCACTCGTCA
AC 

R: 
TGCTGACTGTCTCTCGTAT
GC 

1 (1104074) 425 
– 

565 

KH36d, KH53b 

val_p0
2_1 

pSMED02 F: 
GGTGACAGATGGCCGAGA
T 

R: 
CTCGACGATCGGGCTCTTA
C 

1 (761420) 403 
– 

467 

KH36d, KH53b 

zwf Chr F: 
GGGGGCACCGGCGATCTT
G 

R: 
AGCGCAGTGCCATCAGATT
CT 

1 770205 404 KH12g, KH16b, KH46c 
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Supplemental Table 1-2. Sampling and sequencing information for S. medicae strains, listed in alphabetical order, including country of 

origin, Medicago species from which the strain was collected, and sequence coverage data. The percent of the total reads that were 

aligned to the reference genome is shown for all alignments and for unique alignments (reads that mapped to only one location in the 

reference). Because most aligned reads aligned uniquely, the rest of the table presents only statistics for uniquely aligned reads. 
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A321 France truncatula 9.20 80.6 79.3  106.6 86.1 93.3  109 91 96  0.95 0.89 0.94 

KH36b France truncatula 12.70 83.8 82.3  145.5 121.5 144.8  151 147 150  0.95 0.77 0.96 

KH36c France truncatula 15.88 82.5 81  180.6 149.1 180.1  185 175 185  0.96 0.77 0.96 

KH36d France truncatula 8.95 88.4 87  110.6 86.5 109.0  113 99 111  0.95 0.77 0.96 
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KH53a France truncatula 12.34 81.0 79.6  138.2 111.5 137.7  141 131 144  0.96 0.81 0.95 

KH53b France truncatula 12.44 87.4 86  152.8 119.0 147.7  157 142 156  0.96 0.79 0.94 

M1 Syria  orbicularis 12.97 82.8 81.2  147.8 121.0 142.3  153 137 148  0.94 0.84 0.95 

M102 Syria  truncatula 14.60 83.7 82.2  191.9 104.3 140.3  193 123 144  0.95 0.77 0.95 

M161 Syria  noeana 17.61 78.9 77.6  215.7 120.4 166.7  217 147 170  0.96 0.70 0.95 

M2 Syria  blancheana 12.89 82.7 81  146.3 125.6 142.6  150 140 147  0.94 0.84 0.95 

M22 Syria  polymorpha 11.90 85.1 83.8  153.7 103.0 118.9  156 113 123  0.96 0.86 0.95 

M58 Jordan  rotata 12.84 82.0 80.8  161.4 93.0 130.8  166 116 135  0.94 0.70 0.95 

                  

Mean - - 12.86 83.24 81.82  154.3 111.8 137.8  157.6 130.1 142.4  0.95 0.79 0.95 
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Supplemental Table 1-3. Sampling and sequencing information for S. meliloti strains listed in alphabetical order. Strains in the 24 

strain group are marked with an asterisk. 
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HM006-1* France truncatula 9.3 79.7 78.8  107 73.8 95.4  106 76 95  0.95 0.70 0.92 

HM007-10 France truncatula 11.9 79.2 78.3  138 88.7 124.6  147 114 132  0.93 0.67 0.94 

HM007-12* France truncatula 37.4 85.7 84.7  96 57.3 76.6  98 67 80  0.95 0.80 0.95 

HM007-17* France truncatula 24.2 85.7 84.7  85 53.4 67.5  86 56 68  0.95 0.84 0.95 
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HM013-1* France truncatula 13.5 83.8 82.8  173 102.7 139.5  179 127 149  0.95 0.74 0.92 

HM015-1* France truncatula 12.1 81.7 80.8  157 77.0 119.0  163 99 123  0.95 0.67 0.96 

KH12g France truncatula 14.2 79.6 78.9  175 90.1 132.5  183 112 142  0.94 0.72 0.92 

KH16b* France truncatula 14.0 77.4 76.7  162 91.0 130.1  167 107 137  0.95 0.76 0.93 

KH30a France truncatula 9.6 80.2 79.5  119 66.6 92.4  125 84 98  0.93 0.70 0.92 

KH35b France truncatula 13.4 79 78.3  149 117.1 141.5  159 147 153  0.93 0.73 0.91 

KH35c France truncatula 10.8 71.9 71.2  109 61.6 96.1  114 75 100  0.93 0.66 0.93 

KH46b* France truncatula 8.0 90 89.1  114 61.0 85.2  119 75 91  0.95 0.71 0.91 

KH46c* France truncatula 14.4 76.4 75.4  164 104.2 128.4  170 123 134  0.95 0.79 0.93 

KH48e France truncatula 8.6 74.1 73.5  92 53.2 77.1  96 64 79  0.93 0.74 0.95 

M10 Syria blancheana 10.3 72.6 71.7  121 56.9 87.5  127 71 92  0.93 0.66 0.93 

M156* Syria rigidula 12.5 78.6 77.7  161 66.0 118.8  165 75 126  0.95 0.58 0.92 

M162* Syria truncatula 13.7 80.2 79.3  176 72.8 137.6  182 86 146  0.95 0.65 0.92 

M195* Turkey rigidula 12.9 83.5 82.8  163 101.6 132.4  166 119 135  0.95 0.77 0.96 

M210* Turkey noeana 12.8 84.2 83.1  169 83.2 134.1  174 110 141  0.95 0.66 0.95 

M243* Jordan rotata 11.5 79.6 78.8  143 76.0 113.9  148 97 122  0.95 0.66 0.91 

M249* Jordan truncatula 12.3 79.3 78.4  152 79.1 121.5  156 101 129  0.95 0.63 0.93 

M268* Jordan orbicularis 12.9 79.9 79  157 87.5 128.4  161 106 135  0.95 0.66 0.93 
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M270* Jordan truncatula 11.0 74.5 73.3  130 63.7 95.9  135 80 102  0.95 0.65 0.92 

M30* Syria polymorpha 12.5 77.8 77  152 82.6 116.3  156 101 121  0.95 0.70 0.94 

N6B1* Nepal falcata 14.0 78.1 76.9  169 100.7 126.6  174 121 132  0.95 0.74 0.94 

N6B7* Nepal falcata 13.4 80 78.7  164 103.8 125.1  169 116 131  0.95 0.85 0.94 

Rm41* Hungary sativa 9.0 73.6 72.8  96 77.2 80.7  99 90 86  0.94 0.79 0.91 

T027 Tunisia truncatula 13.0 81.9 81.2  175 74.8 121.2  179 86 126  0.94 0.64 0.92 

T073* Tunisia truncatula 10.1 77 76.1  126 57.6 92.9  125 66 94  0.95 0.63 0.93 

T094* Tunisia truncatula 8.7 75.7 74.9  105 54.4 76.7  106 63 79  0.94 0.71 0.92 

USDA1002* USA sativa 9.6 79.8 78.6  124 64.1 81.4  118 65 78  0.95 0.74 0.91 

USDA1021* USA sativa 15.0 79.5 78.4  172 129.8 149.6  176 155 159  0.95 0.78 0.92 

                  

Mean - - 13.0 79.4 78.5  140 79.0 110.8  145 94.8 116  0.95 0.71 0.93 
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Supplemental Table 1-4. Number and size of putatively transferred regions. Regions were 

identified in S. meliloti, and the size of the region is based on S. meliloti. The column 

labeled "Transferred genes in tracts" tallies the number of genes that had strong evidence 

for horizontal gene transfer - they had a shared polymorphisms: fixed differences ratio > 

0.2 and the gene had adequate coverage in both species. The next two columns tally the 

total number of genes in the tracts, including those nested between transferred genes. The 

final column lists the named genes found in the tracts. 
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pSymA / pSmed02    

1 26 5 11 30 fixP3   fixI2   fixS2   aqpZ2   fixK 

3 1 1 1 1  

4 300 62 164 298 arcB   arcC    dgoK2   cspA6   groEL2   groES2   nodD2   
fixT2   fixK2   fixN2   fixO2   fixQ2   fixP2   nodL   noeA   
noeB   gabD4   syrB3   fixU   fdxN   nifB   nifA   fixX   fixC   
fixB   fixA   nifH   nifD   nifK   nifE   nifX   fdxB    

orf10.5   syrA   nodD3   syrM   nodH   nodF   nodE   nodG   
nodP1   nodQ1   nodJ   nodI   nodC   nodB   nodA   nodD1   
orf110    nifN   nodN   nolG   nolF   nodM   dnaE3   traG   
traD   traC   traA1   atrA   atrB   atrC   fabG   ntrR2   actP   
hmrR   cyaE2   nex18   tspO   cycB1   cyaP   hspC2   degP4   
cycB2   nosR   nosZ   nosD   nosF   nosY   nosL   nosX   fhp   
nnrS   fixS1   fixI1   fixH   fixG   fixP1 

5 1 1 1 1 fixJ 

6 4 4 6 6 napC    napB   napA   napD    napG 

7 2 2 2 2 msrA3 
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pSymB / pSmed01    

1 23 20 23 19 kdsB2   kpsF1   msbA1   mocD   mocE   rkpT2   kpsF2   
rkpR/kpsE   rkpS   rkpT1   rkpZ1 

2 2 2 2 2  
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Supplemental Table 1-5. Targets of selection listed in order of the unique tags within 

replicon and species.  Gene tags are from IMG annotation of S. medicae WSM419 and 

the Rhizobase annotation of S. meliloti Rm1021, annotation information and gene names 

come from the Rhizobase annotation of S. meliloti. 

 

Gene tag S. meliloti annotation Potential role in symbiosis Gene 
name 

 

S. medicae chromosome 

  

Smed_0123 phosphate transporter  PhoU mutations suppress the symbiotic and phosphate-
dependent phenotypes associated with mutations 
in the phoCDET locus [1]. 

phoU 

Smed_0193 capsular polysaccharide 
biosynthesis/export 

KBP production/export, in S. fredii mutants show 
reduced nodulation on soybean but not cowpea 
[2] 

rkpJ 

Smed_0787 putative signal peptide   

Smed_0925 putative 2-component 
receiver domain 

cellulose synthesis, which is induced upon 
contact with roots during attachment [29] and 
biofilm formation [3]. 

celR1 

Smed_1265 putative peptidyl-prolyl cis-
trans isomerase A signal 

Down-regulated in hfq mutant: hfq is essential 
for nodulation and N-fixation [4]. 

ppiA 

Smed_1266 putative peptidyl-prolyl cis-
trans isomerase B 

Same as ppiA ppiB 

Smed_1274 putative oxidoreductase   

Smed_1363 cysteine synthase A Other cys genes (cysG) has delayed nodulation 
and white nodules [5]; cysK1 downregulated in 
hfq mutants. 

cysK2 

Smed_1528 hypothetical   

Smed_1588 putative amino-acid binding 
periplasmic 
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Smed_1600 putative sensor histidine 

kinase transmembrane 
  

Smed_1723 hypothetical   

Smed_1728 putative periplasmic binding 
ABC transporter signal pep. 

  

Smed_1785 hypothetical   

Smed_1994 hypothetical   

Smed_1997 RNA polymerase sigma 
factor 

Differentially expressed by Sinorhizobium 
exposed to M. sativa compared to M. truncatula 
roots [6]. 

rpoE1 

Smed_2083 cell division FtsW 
peptidoglycan synthesis 

Down regulated in bacteroids [7]; required for 
cytokineseis 

ftsW 

Smed_2200 hypothetical   

Smed_2205 putative transcription 
regulator 

  

Smed_2668 hypothetical   

Smed_2708 putative membrane-bound 
lytic murein 
transglycosylase 

  

Smed_2730 putative RNA polymerase 
sigma-E factor (sigma-24) 

Gene regulation in response to oxidative, saline, 
and osmotic stress; upregulated when in contact 
with M. sativa or M. truncatula [6]. 

rpoE4 

Smed_2741 glucose-1-phosphate 
adenylyltransferase 

Affects exopolysacharides (glycogen 
production).GlgA mutant in R. tropici affects 
nodulation.[3,8] 

glgC 

Smed_2756 putative 
adenylate/guanylate cyclase 

 cyaG
1 

Smed_2880 5-aminolevulinate synthase Mutants (defective in ALA synthase) able to 
elicit nodules but nodules unable to fix nitrogen 
[9,10]. 

hemA 

Smed_2901 putative oxidoreductase   

Smed_3323 putative glutathione S-
transferase 

expression affects nitrogenase activity and 
antioxidant defenses ([11]). Glutathione has 
fundamental role in symbiosis capacity ([12]). 

gst9 
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Smed_3491
, 3493 

hypothetical   

 

S. medicae pSMED01 

  

Smed_3766 putative oxidoreductase   

Smed_3813 putative ThuR  regulatory 

for trehalosemaltose 
transport 

Alanine metabolism important in pea nodules 
[13]. 

 

thuR 

Smed_3819 putative sugar ABC 
transporter permease 

  

Smed_3821 putative ABC transporter 
periplasmic sugar-binding 

  

Smed_3864 putative D-amino acid 
dehydrogenase 

  

Smed_3922 Transketolase  cbbT 

Smed_4152 bifunctional aldehyde 
dehydrogenase 

 paaZ 

Smed_4155 putative 3-hydroxyacyl-
CoA dehydrogenase 

  

Smed_4620 xanthine dehydrogenase  xdhA1 

 

S. medicae pSMED02 

  

Smed_5148 transmembrane-transport 
protein 

  

Smed_5275 AdeC4 adenine deaminase ureide formation in soybean nodules [14]. adeC
4 

Smed_5328 ABC transporter ATP-
binding 

  

Smed_5361 sensor   
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S. meliloti chromosome 

SMc00037 putative transcription 
regulator 

  

SMc00185 ABC transporter ATP-
binding transmembrane 

one of twelve genes upregulated during infection 
with either M. sativa or M. truncatula compared 
to no-plant controls [6]. 

 

SMc00355 hypothetical   

SMc00489 hypothetical   

SMc00595 nucleoside diphosphate 
kinase 

 ndk 

SMc00669 putative histidine ammonia-
lyase 

osmoregulation and symbiosis in S. meliloti [15]. hutH2 

SMc00677 hypothetical   

SMc00782 hypothetical   

SMc00783 hypothetical   

SMc00815 inositol-5-monophosphate 
dehydrogenase 

thermal sensitivity; mutants form nodules but 
have no rhizobia [16]. 

guaB 

SMc00818 putative hydrogen peroxide-
inducible genes activator 

Hydrogen peroxide produced inside of nodules 
during N fixation: oxyR mutants more sensitive 
to H2O2 [17]; regulates katA [18]. 

oxyR 

SMc00861 putative signal peptide   

SMc00878 putative transcription 
regulator 

  

SMc00898 glutathione-regulated 
potassium-efflux system   

 kefB1 

SMc00932 DNA mismatch repair  mutL 

SMc01874 cell division FtsZ Down regulated in bacteroids  [7]. ftsZ1 

SMc02257 putative transport system 
permease ABC transporter 

  

SMc02334 putative pentose kinase 
transmembrane 
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SMc02342 transketolase  tkt1 

SMc02553 hypothetical   

SMc04134 putative transcription 
regulator 

  

SMc04142 hypothetical   

SMc04296 cell division FtsZ Overexpression causes altered cell morphology 
similar to branched and filamentous form found 
in bacteroids [19]. 

ftsZ2 

SMc04315 putative transcription 
regulator 

  

SMc04407 putative transport 
transmembrane 

  

 

S. meliloti pSymA 

  

SMa0166 hypothetical protein   

SMa1597 Pilus assembly chaperone   

SMa2325 transcriptional regulator   

SMa2349 putative xanthine 
dehydrogenase iron-sulfur-
binding 

  

SMa2355 DNA polymerase IV   

 

S. meliloti pSymB 

  

SMb20255 hypothetical   

SMb20699 protein secretion   

SMb21155 hypothetical   

SMb21164 putative 
formiminoglutamase 

 hutG 

SMb21284 uricase   

SMb21292 membrane   
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SMb21324 putative glucose-1-

phosphate 
thymidyltransferase 

 wgaG 

SMb21378 hypothetical   

SMb21534 putative dehydrogenase   

SMb21536 hypothetical   

SMb21586 glutathione synthetase downregulated in hfq mutants [4]; glutathione has 
fundamental role in symbiosis [20]. 

gshB2 
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Supplemental Figure 1-1:  Distribution of per site coverage on each of the three main 

replicons (chromosome and two plasmids) from S. meliloti and S. medicae. The 

distributions are cumulative distributions for all sequenced strains. 
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Supplemental Figure 1-2: Identical neighbor-joining trees as those shown in Figure 1 

with the strain IDs of the 32 S. meliloti and 12 S. medicae strains labeled. Shown are trees 

made from A) chromosomes, B) pSymA and pSMED02, and C) pSymB and pSMED01 

sequence. Trees were constructed using sequences from coding regions only. The length 

of the branch separating S. medicae from S. meliloti strains is shown at a scale that is 5% 

of the true scale. The 24-strain S. meliloti group is marked by asterisks. All nodes were 

supported by 100% bootstrap support unless otherwise indicated and nodes with < 80% 

bootstrap support were collapsed into polytomies. Strains included in the MLST study by 

van Berkum et al.` (2006; 2007) are indicated by numbers in parentheses. The strain 

marked "S" was not assigned to an MLST group by van Berkum et al., but fell in the 

same clade as the "1" group strains. 
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Supplemental Figure 1-3: Distribution of the ratio of shared polymorphism: fixed 

differences among protein coding genes with an ortholog in both species that met our 

coverage criteria. For clarity, the bin on the far right includes genes with a ratio greater 

than three. (A) pSymB /  pSMED01, (B) pSymB / pSMED01, (C) Chromosomes. 
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Supplemental Figure 1-4. Neighbor joining trees showing relationships among sequences 

sampled from S. meliloti (blue squares) and S. medicae (red circles) for genes showing 

evidence of horizontal gene transfer. The number of genes and base pairs listed for each 

tree are the numbers concatenated to create the trees, including only genes with that met 

the coverage criteria in both species and had evidence of horizontal transfer (ratio of 

shared polymorphisms to fixed differences >0.2). These trees are made from transferred 

regions based on gene location in the S. meliloti genome, whereas those in Figure 2 were 

based on location in the S. medicae reference genome. A) Region 1 on pSymA / pSmed02 

(5 genes, 4416 bp). B) Region 2 on pSymA / pSmed02 (1 gene, 942 bp). C) Region 3 on 

pSymA / pSmed02 (1 gene, 1026 bp). D) Region 4 on pSymA / pSmed02 (55 genes, 

52248 bp). E) Region 5 on pSymA / pSmed02 (3 genes, 3293 bp). F) Region 6 on pSymA 

/ pSmed02 (2 genes, 1383 bp). G) Region 1 on pSymB / pSmed01 (16 genes, 15951 bp). 

H) Region 2 on pSymB / pSmed01 (1 gene, 876 bp). I) The transferred gene on the 

chromosome: SMc02396 and Smed_0668 (1 gene, 1038 bp). 
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Supplemental Figure 1-5: Minor allele frequency spectrum for the S. meliloti 

chromosome. The MAF spectrum for the full set of strains (A) shows a mode at 4. 

Reducing the sample to just the 24 strain lineage brings the MAF spectrum closer to 

neutral expectations (B). 
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Supplemental Figure 1-6. Separate trees for the two halves of the chromosome. The trees 

presented are majority-rule consensus trees generated from neighbor joining trees created 

using 500 bootstraps of the concatenated genes that had a putative ortholog in the other 

species. A) The first half (position 1 to 1735000; 1359 genes, 1314114 bp). B) The 

second half of the chromosome (position 1735001 to the end; 1361 genes, 1334737 bp). 

(Positions are given according tothe S. meliloti annotation.) The taxa marked with an 

asterisk (*) belong to the 24 strain group. Bootstrap values are only shown if they are less 

than 100%, and nodes with bootstrap values less than 80% were collapsed to polytomies. 
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Supplemental Figure 7. GC skew along the S. meliloti Rm1021 chromosome in 10 kb 

windows with a 5 kb step. The vertical dotted line at position 1.735 Mbp is the dividing 

line between the first and second halves of the chromosome and marks a change in sign 

of the GC skew statistic, a pattern also noted by Capela et al. (2001). 
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Chapter 2 
 

Selection on structural variation in S. meliloti 
and S. medicae 
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Summary 
 Structural variation, including variation in gene copy number and presence or 

absence of genes, is a widespread and important source of genomic variation. We used 

whole genome sequences from 32 strains of Sinorhizobium (recently renamed Ensifer) 

meliloti and 12 strains of S. medicae to study the fitness effects of new structural variants 

created by duplication and horizontal gene transfer. We find that derived duplications and 

horizontally transferred (HT) genes segregate at lower frequency than synonymous and 

non-synonymous nucleotide variants in S. meliloti and S. medicae. Furthermore, the 

differences in frequency among types of variants are greater in S. meliloti, the species 

with the larger effective population size. These results are consistent with most 

duplications and HT genes having deleterious effects. Diversity of duplications, as 

measured by segregating duplicated genes per gene, is greater than nucleotide diversity, 

suggesting a high rate of duplication. Our results suggest that the majority of structural 

variants found among closely related bacterial strains are short-lived and unlikely to be 

involved in adaptation. 

Introduction 
 The study of genomic variation within species has focused primarily on variation 

in nucleotide sequence. However, genomes also vary in structure (e.g. Zhang et al. 2009; 

Alkan et al. 2011; Sloan and Moran 2013) and gene content (e.g. Perna et al. 2001; 

Tettelin et al. 2005; Swanson-Wagner et al. 2010). In eukaryotes there is substantial 

variation in gene copy number and gene presence (e.g. Emerson et al. 2008; Cridland and 

Thornton 2010; Swanson-Wagner et al. 2010), and in humans it is estimated that more 
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nucleotide bases are affected by structural variants than SNPs (reviewed in Zhang et al. 

2009; Alkan et al. 2011). While gene content variation is common in eukaryotes, it may 

be a more important source of variation and adaptation in bacteria (e.g. Perna et al. 2001) 

in which horizontal gene transfer (HGT) is common (reviewed in Gogarten and 

Townsend 2005; Kuo and Ochman 2009b; Zhaxybayeva and Doolittle 2011).  

 Horizontally transferred (HT) genes provide the genetic basis for some important 

bacterial adaptations, including symbiosis with eukaryotes (Sullivan and Ronson 1998; 

Ochman and Moran 2001; Blyton et al. 2013), antibiotic resistance (Ochman et al. 2000; 

Forsberg et al. 2012), and the ability to metabolize novel substrates (Pál et al. 2005). 

Despite a clear selective advantage of some HT genes, the majority of HT genes 

segregating in bacterial lineages are found at low frequency and have a short life span 

(Gogarten and Townsend 2005; Hao and Golding 2006; Achtman and Wagner 2008; van 

Passel et al. 2008; Kuo and Ochman 2009b). The low frequencies and short life spans of 

most HT genes are consistent with strong purifying selection on gene content. Purifying 

selection may result from fitness costs due to transferred gene products interfering with 

protein interaction networks (Ochman et al. 2007; Wellner et al. 2007; Cohen et al. 2011), 

altered gene dosage (Sorek et al. 2007), misfolding of transferred gene products 

(reviewed in Baltrus 2013), transcription and translation of unnecessary genes (Stoebel et 

al. 2008), or overrepresentation of deleterious mutations in the sequences available for 

transfer (reviewed in Moradigaravand and Engelstädter 2013). However, low frequencies 

and short residence times are not enough to conclude that HT genes are subject to 

purifying selection because neutral mutations subject only to drift are also expected to be 
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primarily rare and have short residence times in populations (Hartl and Clark 1997). 

 Similar to horizontal transfer, gene duplications can be an important source of 

genomic variation in prokaryotes (Hooper and Berg 2003; Andersson and Hughes 2009), 

and duplicated genes have been shown to confer adaptation to high temperatures (Riehle 

et al. 2005) and reduced nutrient density (reviewed in Andersson and Hughes 2009) and 

the ability to metabolize novel substrates (Blount et al. 2012). Despite their adaptive 

potential, population genetic analysis (Emerson et al. 2008) and approaches based on the 

age distribution of duplicated genes within a single genome in both eukaryotes (Lynch 

and Conery 2000) and prokaryotes (Hooper and Berg 2003) indicate that most duplicates 

are rapidly deleted or mutated into pseudogenes. These fates are consistent with purifying 

selection (Andersson and Hughes 2009; Reams et al. 2010) possibly due to the same 

reasons purifying selection may act against many HT genes: altered dosage of dosage-

sensitive genes (Papp et al. 2003) and costs associated with transcription and translation. 

Partial duplication also may disrupt coding sequences, causing frame-shift or null alleles 

with potentially large effects (Emerson et al. 2008). 

 Directly measuring the effect of mutations that occur in laboratory populations 

can be a powerful approach for examining the fitness consequences of individual 

mutations in specific environments. However, empirical manipulations are difficult to 

apply at a genomic scale, are usually conducted in unnatural environments, and do not 

provide insight into the actual history of mutations in natural populations. By contrast, 

the frequency of SNPs, duplications, and HT genes segregating in natural populations can 

be used to infer the relative importance of purifying and positive selection acting on 
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genomic variation (reviewed in Eyre-Walker and Keightley 2007), even if this approach 

does not establish the specific biological functions of adaptive mutations or the biological 

costs that are responsible for purifying selection. These population genetic methods can 

be applied to genome-wide data to compare the evolutionary forces that have acted in 

natural populations on various types of mutations – unbiased with regard to choice of 

genes or experimental conditions. 

 To better understand the relative importance of positive and purifying selection 

acting on duplicated and horizontally transferred genes, we analyzed whole genome 

sequence data from 32 strains of the alpha-Proteobacteria Sinorhizobium (renamed 

Ensifer) meliloti , 12 strains of S. medicae, and one or two strains from each of three 

other Sinorhizobium spp.. All five species are nitrogen-fixing symbionts of legume plants, 

and S. meliloti and S. medicae are the most closely related within this sample (Sugawara 

et al. 2013). Our specific objectives were to i) characterize the extent of horizontal gene 

transfer and gene duplication in each species, and ii) compare selection on new gene 

duplications and new horizontally transferred genes to selection on non-synonymous 

nucleotide variants. We also infer the distribution of fitness effects of non-synonymous 

mutations as a point of comparison to evaluate the fitness effects of duplicated and 

horizontally transferred genes. 

 

Methods 
 We obtained full genome sequence data from 48 strains of Sinorhizobium: 32 S. 

meliloti and 12 S. medicae strains that are the focus of the analyses and 2 S. fredii, 1 S. 
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saheli, and 1 S. terangae strains that are used as outgroups to identify horizontally 

transferred (HT) genes. The full sequencing methods are described in Epstein et al. 

(2012) and in Sugawara et al. (2013). In brief, paired end libraries (average insert size of 

332 nt) were created from DNA extracted from freshly grown cultures and sequenced to 

90 bp read length on Illumina GAIIx machines (reads available from NCBI SRA048718). 

On average, we obtained approximately 1 Gb of sequence per strain (minimum = 0.72 

Gb) resulting in an average of 140X coverage per genome (average assembled genome 

size = 7.13 Mb). De novo genome assemblies constructed using Abyss (Simpson et al. 

2009) yielded 131 to 528 contigs per strain with lengths ranging from 1 kb - 535 kb, with 

among-strain average minimum length = 1kb, average maximum length = 325 kb, and 

average N50 = 92 kb. The genomes were annotated by using MaGe (Vallenet et al. 2009) 

and the annotated and assembled sequences are available at 

genoscope.cns.fr/agc/microscope/SinorhizoScope and in Genbank under project number 

PRJNA172127. A reference genome is available for both S. meliloti (Galibert et al. 2001) 

and S. medicae (Reeve et al. 2010). 

 Below, we describe how we identified duplicated genes, HT genes, and 

synonymous and non-synonymous single nucleotide polymorphisms (SNPs) and then 

describe statistical analyses applied to each type of variant. In Chapter 1, we identified 

genes that were horizontally transferred between S. meliloti and S. medicae (Epstein et al. 

2012). Here, we instead look for genes that were gained through HGT by one of the two 

species in the time since their divergence from a common ancestor. Also in Chapter 1, we 

report that the chromosomes of S. meliloti exhibit very strong population structure. For 
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this reason, we present results based on the largest subpopulation, with 24 strains, except 

for early data processing and identification of variants. 

Identification of duplicated genes 
 The mutational processes that generate duplications in bacteria usually produce 

tandem copies (reviewed in Romero and Palacios 1997). De novo assembly often 

collapses tandem repeats and can also erroneously expand single copy sequence 

(Salzberg et al. 2011), so we identified duplications by aligning reads to a reference 

genome and searching for regions with significantly deeper than average coverage. Both 

reference genomes have three large replicons: a chromosome and two large plasmids, 

which we refer to as pSymA and pSymB, following the notation of Galibert et al. (2001). 

S. medicae WSM419 also has a smaller plasmid ("pSMED03") that we did not include in 

the tests for duplication because the coverage of this plasmid is very low in the re-

sequenced population (Chapter 1: Epstein et al. 2012). The 90 bp Illumina reads from 

each strain were aligned to the reference genome of the same species using GSNAP (Wu 

and Nacu 2010) in paired-end mode, allowing up to 8 mismatches per read and treating 

indel-openings as 3 mismatches, as described by Epstein et al. (2012). We used samtools 

rmdup (Li et al. 2009) to remove PCR duplicates, which removed 0.5 - 19% of reads (< 

2% of reads from the majority of strains). Reads that aligned equally well to multiple 

locations in the reference genome were randomly assigned to one of the aligned 

locations. Thus, repetitive regions were expected to have the same coverage as the rest of 

the genome. The depth of coverage across the genome was estimated for 100 bp windows 

by counting the number of aligned reads that started in each window. 
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 Genomic regions with especially high or low GC content tend to have lower 

coverage (Bentley et al. 2008), so we corrected for this bias using the method described 

by Yoon et al. (2009). In particular, each of the windows in each replicon were binned by 

% GC content (e.g. windows with 1% GC, 2% GC, ...), and then an adjustment factor for 

each GC bin (adjustment_factor[GCi]) was calculated as:  

 

 

 adjustment_factor[GCi] = M / m(GCi +/- 

3%) (1) 

 

where [GCi] is the i percent GC in the window, M is the median replicon-wide coverage 

and m(GCi +/- 3%) is the median coverage of windows with % GC content equal to i-3, i-2, 

i-1,…., i+3. For example, for windows with i = 50% GC, m would be equal to the median 

GC content of windows with 47 - 53% GC. The adjustment factors were first calculated 

separately for each strain (because average coverage varies among strains) then the mean 

of adjustment factors for each GC bin, across strains, was used to calculate corrected 

coverage =  

mean_adjustment_factor[GCi] * coverage[GCi].  (2) 

  

 The corrected coverage was used to identify duplicated regions in each strain 

using the event wise testing framework described by Yoon et al. (2009). In brief, for each 

strain, a Z-score was calculated for each window by subtracting the mean depth of 
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coverage of the replicon and dividing by the standard deviation of the depth of coverage. 

Because much of the reference S. meliloti pSymA is not found in the re-sequenced 

strains, we calculated the mean and standard deviation (separately for each strain) using 

only windows that had > 0 coverage in the strain being tested. This reduces the number of 

false positive duplications because the mean is not decreased by reference-strain-specific 

regions. The Z-score for each window for each strain was then converted to an upper-tail 

p-value, assuming a normal distribution, using the pnorm function in R (R Development 

Core Team 2013). Contiguous intervals of windows were considered to represent a single 

duplication event if: 

 max(p) < (FPR / (L / n))(1 / n) (3) 

 

where max(p) is the largest p-value of the windows in the interval, L is the number of 

windows on the replicon, n is the number of windows in the interval, and the false 

positive rate (FPR) = 0.001. We tested even-sized intervals from 2-16 (2, 4, 6, ..., 16), and 

intervals were slid along the replicons in steps equal to half the size of the interval. 

 Contiguous stretches of duplicated windows separated by one unduplicated 

window were combined into a single region, and then regions with less than 1.5, 1.8, or 

2.0 times the mean coverage of the replicon were removed (we compare the effects of 

using different filters in the Results). This filtering reduces the false positive rate, but 

may increase the false negative rate and also makes the approach insensitive to copy 

number changes in large gene families. To identify regions with reduced copy number in 

the re-sequenced strains we used the same approach as we used to identify duplicated 
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genes except the the lower-tail p-value from the normal distribution was used when 

calculating the Z-score, and we filtered out regions that had more than 0.65, 0.55, or 0.5 

times the mean coverage. 

 For the purpose of determining whether duplications were ancestral or derived, 

we inferred orthologous outgroup sequences in S. meliloti and S. medicae reference 

genomes using the MaGE phyloprofile tool 

(www.genoscope.cns.fr/agc/miscroscope/compgenomics/phyloprofil.php?): syntenic 

genes that were ≥ 90% identical in amino acid sequence along > 95% of gene length were 

considered orthologs. 

Identification of homologous genes in the de novo assembly 
 As described by Sugawara et al. (2013), we used the program CD-hit (Li and 

Godzik 2006) to cluster gene models annotated in the de novo assemblies of all 48 re-

sequenced strains with 70% amino acid identity. This identified 34,150 gene clusters. 

Sequences within each gene were then aligned to one another using muscle (Edgar 2004) 

and were used to identify HT genes and nucleotide variants, as described below. 

Identification of horizontally transferred genes 
 In bacteria, horizontal gene transfer (HGT) refers to both homologous 

recombination, which results in the exchange of orthologous genes between evolutionary 

lineages, and transfer of a gene from one evolutionary lineage to another. In this work, 

when we discuss HT genes, we are referring to genes that were acquired by either the S. 

meliloti or S. medicae lineage after the divergence from their most recent common 

ancestor, so we were looking for genes that were present in only one of these two species. 
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Because S. meliloti and S. medicae are sister taxa within our sample (Figure 2-1) any 

gene acquired after their split should also be missing from the other three species. Thus, 

we identified HT genes as those genes that were present in only S. medicae or only S. 

meliloti. 

Assignment to replicons 
 Based on nucleotide diversity, the chromosome and two large plasmids of each 

species appear to have different evolutionary histories; i.e. the phylogenies of each 

replicon are not parallel to one another (Epstein et al. 2012). For this reason, we 

attempted to assign genes from the de novo assemblies to a reference replicon. To do this 

we first masked repeat regions, identified as those that were ≥ 80% identical to another 

region in the same genome, by running the nucmer program from MUMmer v3.23 (Kurtz 

et al. 2004). After masking repeat regions, re-sequenced contigs were mapped to the 

masked reference genome of the same species with nucmer. Contigs from the de novo 

assembly were assigned to a replicon if the contig had ≥ 80 % identity to the reference 

genome along ≥ 20% of the contig length. If these criteria were not met, the contig was 

unmatched. Unmatched contigs may be from small accessory plasmids not present in the 

reference genome or from regions with large numbers of HT genes not present in the 

reference. Contigs that matched multiple replicons were assigned to the single best match 

if the best match was at least twice the length of the other matches combined, otherwise 

the contig assignment was ambiguous. Finally, genes were assigned to a particular 

replicon if ≥ 20% of the individual sequences were on contigs assigned to that replicon 

and the most common assignment was twice as common as the other assignments 
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combined.  

Diversity of duplicates and nucleotide variants 
 In order to compare population level diversity of duplicates to diversity of 

nucleotide sequences we modified two standard estimates of nucleotide diversity: θw, the 

number of segregating sites per nonsynonymous nucleotide site (Watterson 1975), and θπ, 

the average pairwise nucleotide diversity (Tajima 1989) for duplication events (hereafter 

referred to as θw dup and θπ dup) by using segregating duplicates instead of segregating sites 

and treating the number of genes in the genome as the number of sites sampled. We also 

used estimates of θw dup and θπ dup to calculate a modified (i.e. duplicate-based) Tajima’s D 

(DT dup) statistic. For comparison, we also estimated θw, θπ, and DT for four-fold 

synonymous (θw syn, θπ syn, and DT syn) and non-synonymous (θw non, θπ non, and DT non) 

nucleotide sites.  

Frequency spectra 
 We created a derived allele frequency spectrum for S. meliloti duplicates using S. 

medicae as an outgroup, and S. medicae duplicates using S. meliloti as an outgroup. To 

construct the derived duplication frequency spectra, we used only genes with a single 

ortholog and for which the ortholog showed no evidence of duplication in the outgroup 

population (28 out of 317 (S. meliloti) and 258 (S. medicae) duplicates were segregating 

in both species). Because we identified duplications relative to a reference genome, the 

allele frequency spectrum is biased towards low frequency variants. To correct for this 

bias, each frequency bin (i.e.. the proportion of strains in which the duplication is 

detected) was divided by 1 – p, where p is the probability that a duplication at frequency 
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p is undetectable because it is in the reference genome (Schrider and Hahn 2010; 

Emerson et al. 2008). To identify fixed differences in gene copy number between S. 

medicae and S. meliloti we identified gene families (defined as loci with > 95% amino 

acid identity) within each reference genome using the MaGE phyloprofile tool as 

described above. Gene families that differed in the number of copies between species, 

and for which coverage statistics revealed no evidence of copy number variation within 

species were considered fixed differences. 

 We constructed frequency spectra of derived synonymous and non-synonymous 

SNPs segregating in genes that were present in the core genome of the ingroup and at 

least one member of the outgroup species and were found in only one copy in the de novo 

assemblies. Because genes recently transferred between S. meliloti and S. medicae or into 

these species from other taxa will skew allele frequency spectra we removed 16 likely HT 

genes on the basis of the ratio of shared polymorphisms to fixed differences (Epstein et 

al. 2012) (between S. meliloti and S. medicae) or with an SNN test statistic < 1 (or the 

maximum otherwise possible), indicative of a sequence being more similar to a sequence 

from a different species than to sequences from the same species (Hudson 2000). We 

removed an additional 37 S. meliloti and 59 S. medicae genes 

that were more diverged than 99% of the core genome because some copies of these 

genes may have been replaced by sequences from distantly related organisms (Treangen 

and Rocha 2011) (for each gene we took the maximum of all pairwise Ks values between 

the re-sequenced S. medicae and S. meliloti strains with Ks calculated using Comeron's 

(1995) method as implemented in libsequence (Thornton 2003)). Finally, to ensure that 
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we had high-quality alignments, genes in which more than 10% of the positions had gaps 

(247 S. meliloti genes, 201 S. medicae genes) were removed. 

 For the 1,736 S. meliloti and 1,683 S. medicae genes for which ancestral state 

could be inferred (the number of genes is different because we required the gene to be 

present in all ingroup strains but not all outgroup strains) we inferred the allele frequency 

spectrum for non-synonymous and four-fold synonymous sites. Four-fold synonymous 

sites were identified as those in which every codon in the alignment was four-fold 

degenerate and non-synonymous sites were identified as zero-fold degenerate sites for 

which any mutation at that position in any codon in the alignment was non-synonymous. 

The derived allele frequency spectrum was inferred using the first step of the dfe-

adaptive pipeline (Schneider et al. 2011). Sites segregating > 2 alleles or that were 

polymorphic within the outgroup (S. medicae as the outgroup for S. meliloti and S. 

meliloti as the outgroup for S. medicae) were removed prior to inferring the frequency 

spectrum. The allele frequency spectra for HT genes were constructed by treating gene 

presence as the derived allele and absence as the ancestral allele. 

 To test whether the allele frequency spectra of HT and duplicated genes differed 

from non-synonymous SNPs, we performed a permutation test on pairs of variant classes: 

non-synonymous vs. HT genes and non-synonymous vs. duplicated genes. For each 

permutation we pooled variants from both classes, drew two random samples without 

replacement, each the same size as the original samples, and calculated the difference in 

frequencies for each allele frequency class. For each comparison we conducted 1,000 

permutations and calculated the frequency spectra for each.  
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 We estimated the proportion of non-synonymous point mutations that are 

deleterious using the method described by Eyre-Walker et al. (2006), which uses the 

minor allele frequency spectrum to estimate the proportion of mutations that are 

effectively neutral, weakly, moderately, or strongly deleterious using a minimum of 

1,000,000 iterations. We also inferred the distribution of fitness effects (DFE) using the 

method described by Eyre-Walker and Keightley (2009), which uses divergence data in 

addition to segregating sites. For S. meliloti the results from this method were 

qualitatively similar to the results from the Eyre-Walker et al. (2006) method (not 

shown). For S. medicae, however, the chain did not converge even after 50 million 

iterations and thus we obtained no results.  

Results 
 We used the depth of coverage of the reference genome to identify duplicated 

regions segregating within S. medicae and S. meliloti. We first found regions with 

coverage that was significantly greater than average, using the method described by Yoon 

et al. (2009). Then we filtered out any regions with less than 1.5, 1.8, or 2.0 times the 

mean coverage within each strain. We explored the accuracy of the duplication calls and 

the affect of varying the filtering parameters in several ways. First, we re-sequenced the 

strain used to construct the S. meliloti reference genome, strain Rm1021, and ran it 

through the duplication pipeline. We found that as the stringency of the filtering 

increased, the number of duplicated windows in the re-sequenced Rm1021 and the other 

re-sequenced strains decreased. The most marked decrease was between the 1.5X and 

1.8X cutoffs (Table 2-1). Second, we used additional sequence data from another 
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experiment (see Chapter 3) in which we sequenced four or five evolved lines descended 

from three of our re-sequenced strains. Because these lines are separated from the 

progenitors by less than 200 generations, we would expect that most of the duplications 

present in the progenitors would be present in the evolved lines as well. We find that 10 - 

79% of the duplications are present in all or all but one of the descendant lines, 

depending on parameter values and the strain (Table 2-2). With the exception of 

USDA1002, which had a very low rate of validation, the 1.8X coverage showed the 

greatest consistency between progenitors and evolved lines. Third, we looked for 

"heterozygous" base calls in the duplicated regions. If the copies of the duplicated regions 

have diverged in sequence, then we would expect to find sites in the duplicated regions 

with about half the reads supporting one base call and half supporting another (assuming 

two copies). We compared the rate ("heterozygous" sites / total sites) of positions in 

which < 60% of the uniquely mapping reads supported the most common allele in 

duplicated regions and unduplicated regions and found that duplicated regions, as 

expected, had greater rates of ambiguous calls (Supplemental Tables 2-1 and 2-2). The 

1.8X cutoff had the greatest rate for S. medicae and was very close to the rate for the 

2.0X in S. meliloti. Based on these criteria, we chose 1.8X as the filter cutoff. Finally, we 

looked at variation in the number of duplications found in each strain (Figure 2-2): The 

re-sequenced reference strain has fewer duplicated bases (relative to the original 

reference) than any other strain, and there are four S. meliloti strains that are clearly 

outliers. This include the strain (USDA1002) with the lowest validation rate based on the 

evolved lines. For the rest of the duplication results, we exclude these four strains. While 
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there tended to be a greater number of duplicated windows in S. medicae than S. meliloti, 

there were not obvious outliers, so all strains were retained. 

 Using depth of coverage-based criteria to identify duplicated genes segregating 

within populations we found that 0.4% to 1.4% of the genes found in individual strains of 

S. meliloti and S. medicae are affected by segregating duplicates. In total, 317 of 6,811 

genes (5%) found in the S. meliloti reference genome (317 out of 3,520 chromosomal 

genes, 192 out of 1,597 pSymA genes, and 69 out of the 1,694 pSymB genes), and 258 of 

6,758 genes in the S. medicae reference genome (93 out of 3,764 chromosomal genes, 

144 out of 1,431 pSymA genes, and 21 out of 1,563 pSymB genes) were duplicated in at 

least one of the re-sequenced strains (Table 2-3). Fewer than 15% of the duplicated genes  

were transposon-related genes. There was approximately two-fold greater synonymous 

and non-synonymous site diversity (θW and θπ) found in S. meliloti relative to S. medicae 

(Table 2-3). In S. meliloti nucleotide diversity at both synonymous and non-synonymous 

sites is approximately three-fold greater on the first half of the chromosome than the 

second (Table 2-3, see Chapter 1), but this pattern is not seen for diversity of duplicates 

(Table 2-3).  

 Among replicons, the proportion of genes duplicated was approximately two-fold 

greater for those on pSymA (per strain average of 1.3% of genes in S. meliloti, 1.9% in S. 

medicae) than on the chromosome (0.8% in S. meliloti and 0.2% in S. medicae) and 

approximately two- to five-fold greater than those on pSymB (1.5% and 0.5%). 

Interestingly, the genes showing no evidence of segregating duplicates had faster 

evolutionary rates (as estimated by Ka and Ks) in both species and all three replicons, 
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although the difference was statistically significant only for certain replicons (Table 2-4; 

Figure 2-3). We found no fixed duplications in either S. meliloti or S. medicae. 

 Under the assumption that putative duplicates adjacent to one another may 

represent a common duplication event, we identified 205 duplication events in S. meliloti 

and 128 in S. medicae. There was a mean of 18 events in each S. meliloti strain and 19 

events per S. medicae strain. The duplicated regions comprised a mean of 2.4 genes in S. 

meliloti and 3.8 genes in S. medicae, with the largest of the duplicated regions containing 

31 genes. In total, 56% (S. meliloti) and 85% (S. medicae) of duplicated genes were 

found near another duplicated gene in at least one strain. Frequency spectra constructed 

from these events were qualitatively similar (not shown) to spectra constructed with 

genes. In addition, the population frequencies of genes within an event were not always 

the same, indicating that either these genes were not duplicated at the same time or that 

they may spread independently, so we only present results for frequency spectra 

constructed using genes. 

HT genes 
 Under the assumption that genes present in only one of the five species sequenced 

were acquired through horizontal transfer (HT), individual strains harbored 1,389 – 2,433 

HT genes (~ 20 – 35% of the genome) with a total of 10,247 HT genes in S. meliloti 

(2,318 chromosomal, 1,985 on pSymA, 1, 271 on pSymB, 3,790 not matched to a 

reference replicon, and 883 ambiguously assigned). S. medicae had a total of 4,521 HT 

genes (1,399 chromosomal, 823 on pSymA, 515 on pSymB, 1,586 unmatched, and 198 

genes with an ambiguous assignment). As expected if these genes originated in distantly 
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related taxa, the distribution of GC content for these genes is different from the 

distribution of GC content for the core genome (Figure 2-4). The number of HT genes 

was more than 10-fold greater than the number of  genes that were duplicated within 

species. We also found far more HT than duplicated genes that were fixed in one species 

and absent in the other; approximately 9% of HT genes were fixed in S. medicae (394 

genes) and 3.3% fixed in S. meliloti (341 genes), comprising ~ 5 - 8% of the genome of 

each species. Fixed genes were also distributed throughout the genome. In S. meliloti, 

178 were on the chromosome, 94 on pSymA, 65 on pSymB, and 4 ambiguously assigned. 

In S. medicae, 230 genes were on the chromosome, 62 genes on pSymA, 87 on pSymB, 

and 14 ambiguously assigned, and 1 not assigned to a replicon. 

 There was significant variation in the fixation of HT genes among COG (Clusters 

of Orthologous Groups) categories (χ2 contingency test dfmeliloti=16, dfmedicae=9, p < 

0.001). Notably, genes involved in transport and metabolism, were significantly over-

represented among the fixed HT genes (Figure 2-5), while genes involved in DNA 

replication and repair were underrepresented. Although genes assigned to COG 

categories related to transcription and translation were likely to be fixed, many of these 

genes are annotated as "unknown function," suggesting that the COG classification is 

uncertain. 

 HT genes also tended to be clustered with more than half of HT genes within 

three genes of another HT gene. The largest of the HT clusters harbored 47 genes in S. 

medicae and 99 genes in S. meliloti, with an average of 2.8 and 3.8 HT genes in S. 

medicae and S. meliloti, respectively. In both species there was a highly significant 
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negative correlation between the population frequency of a gene and the median size of 

the cluster in which it was found (S. meliloti: rdf = 10,176 = -0.17, S. medicae: rdf = 4,481 = -

0.15, both p < 0.0001). 

Excess of low frequency duplications and HT genes 
 As expected, in both S. meliloti and S. medicae, non-synonymous mutations 

showed an excess of low-frequency variants and a scarcity of high frequency variants 

relative to synonymous mutations (Figure 2-6). This is consistent with stronger purifying 

selection acting against non-synonymous mutations. Based on the minor allele frequency 

spectrum, 10% of non-synonymous mutations in S. meliloti are effectively neutral, while 

nearly two-thirds are subject to very strong (probably negative) selection (Table 2-5). S. 

medicae harbored a larger portion of putatively neutral and weakly deleterious mutations. 

This is consistent with a smaller effective population size in S. medicae, as indicated by 

the lower level of nucleotide diversity in S. medicae than in S. meliloti. The proportion of 

strongly deleterious mutations was, however, similar in the two species. 

 In S. meliloti, purifying selection appears to be acting more strongly on duplicates 

than non-synonymous mutations: for all three replicons DTdup was more negative than 

DTnon-syn (Table 2-3) and genome-wide segregating duplications were almost entirely 

found at low frequency (Figure 2-6). The pattern is not as clear in S. medicae, in which 

values of DTdup, DTnon-syn, and DTsyn were similar to one another, consistent with weaker 

purifying selection and the smaller effective population size of this species. Likewise, 

genome-wide in both species, segregating duplications were found at lower frequency 

than segregating non-synonymous polymorphisms (Table 2-6, Figure 2-6), but these 
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differences between non-synonymous sites and duplications were statistically significant 

only in S. meliloti (Table 2-6). Interestingly this pattern did not hold for duplications of 

genes found in only one of the reference genomes; for these genes there was an excess of 

intermediate frequency variants (Supplemental Figure 2-1), although there were still very 

few at high frequency. It is possible that these species-specific duplications were gained 

by HGT. If this is true then copy number in HT genes is under less constraint than other 

genes. Alternatively, they could be genes that were duplicated in the ancestral genome, 

but then lost from the reference strain of one species. 

 Similar to duplicated genes, in both species there was a significantly greater 

proportion of singleton HT genes than non-synonymous SNPs. Similarly, in both species 

there are fewer common HT genes than non-synonymous mutations (Figure 2-6). These 

patterns are largely consistent across replicons, with the exception of the S. medicae 

chromosome for which there is an excess of common HT genes, and the S. medicae 

pSymB, for which there is not an excess of low frequency HT genes (Supplemental 

Figure 2-2). In all S. meliloti replicons, the mean segregating frequency of HT genes is 

significantly lower than non-synonymous SNPs; this is not the case for the S. medicae 

chromosome or pSymA (Table 2-6). Many HT genes could not be assigned to a replicon, 

possibly because they occur on small plasmids; these unassigned genes also showed an 

excess of rare variants. 

Discussion 
 We used whole-genome sequencing of multiple strains from two species of 

Sinorhizobium, S. meliloti and S. medicae, to investigate the extent of HGT and gene 
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duplication and compare the evolutionary forces acting on new horizontally transferred 

genes (HT genes) and duplicated genes to those acting on new nucleotide mutations. By 

comparing the derived allele frequency spectrum for duplications and HT genes to point 

mutations we found that both whole gene duplications and HT genes showed an excess of 

low frequency variants and lower mean frequency relative to non-synonymous SNPs. 

These results suggest that purifying selection acting against HT and duplicated genes is 

stronger than purifying selection acting against non-synonymous mutations.  

HT genes 
 Many previous studies have found that most genes in a bacterial pangenome are 

rare (reviewed in Gogarten and Townsend 2005), and the finding of an excess of low 

frequency HT genes is consistent with previous studies that examined the fate of HT 

genes by mapping gain and loss onto a phylogeny (Hao and Golding 2006; van Passel et 

al. 2008), by the age distribution of HT genes inferred from codon usage data (Lawrence 

and Ochman 1998), and by the age distribution of pseudogenes (Liu et al. 2004; Kuo and 

Ochman 2010). To the extent that synonymous sites are selectively neutral, the skew 

towards rare variants is consistent with HT genes being primarily subject to purifying 

selection. In fact, the strength of purifying selection against HT genes appears to be 

stronger than that acting against mutations at non-synonymous sites. However, there is 

evidence that bacterial genomes experience a higher neutral deletion rate than neutral 

insertion rate: pseudogenes tend to accumulate more small deletions than insertions (Kuo 

and Ochman 2009a) and mutation accumulation experiments show high genome-wide 

deletion rates (Nilsson et al. 2005). Even in the absence of selection this deletion bias 
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could result in a skew toward rare HT and gene duplication variants if the deletion rate of 

neutral HT genes and duplications was greater than the back mutation rate of neutral 

nucleotide mutations. That said, some of the patterns in our data suggest that the 

frequency spectrum of HT genes and duplications is shaped by selection. First, the 

frequency distribution of both HT and duplicated genes is more similar to the frequency 

distribution of nucleotide variants in S. medicae (Figure 2-6, Table 2-6), consistent with 

less effective purifying selection in S. medicae, the species with the smaller effective 

population size. Second, the highly significant differences in the probability of fixation of 

HT genes among COG categories (Figure 2-5) indicates that HT genes are not fixed at 

random, which might be expected in the absence of selection. Recent work in other 

systems also suggests selection acting against new genes: there is an excess of young 

pseudogenes in natural populations of Salmonella (Kuo and Ochman 2010), and many 

deletions increase fitness in experimental populations of Salmonella (Koskiniemi et al. 

2012) and Methylobacterium (Lee and Marx 2012). 

 We note that it also is possible that many HT genes are beneficial, but only at a 

very local scale (more local than non-synonymous mutations), so they remain at low 

frequency in the species as a whole (Hao and Golding 2006; Doolittle and Zhaxybayeva 

2009). Nevertheless, our results clearly suggest that very few transferred genes offer 

widespread, long-term benefits.  

 Although purifying selection appears to be an important force acting against many 

HT genes, HGT is common in many bacterial species (reviewed in Kuo and Ochman 

2009b) including rhizobia. In the Sinorhizobium spp. we sampled, 20-35% of the genome 
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of each strain was made of recently transferred genes. Consequently, it is logical to ask 

why bacteria maintain the ability to pick up pieces of foreign DNA so easily if the effects 

are often deleterious. Recombination in bacteria may be maintained for the same reasons 

that eukaryotes maintain the ability to recombine, in spite of a potential cost: for example, 

to avoid the accumulation of deleterious mutations and in response to rapidly evolving 

pathogens (Narra and Ochman 2006). Levin and Cornejo (2009) showed that homologous 

recombination could be maintained in bacterial populations because it increases the rate 

of adaptation (by reducing competition between beneficial mutations) even if it carries a 

moderate fitness cost, and Moradigaravand and Engelstädter (2013) found a similar result 

and also suggested that a nutritional benefit from consuming free DNA may be important 

in some circumstances. Consistent with a beneficial role for some HT genes, several 

hundred were fixed in both S. meliloti and S. medicae.  

 To study selection on HT genes, we examined the derived allele frequency 

spectrum for new HT genes. However, gene presence-absence variation is often 

described by the size of the "pan-genome" - the set of all genes found in a lineage 

(Tettelin et al. 2005; Medini et al. 2005). For many bacterial species, pan-genome size 

increases steadily as the number of strains sequenced increases (Tettelin et al. 2008), 

representing a large amount of standing genetic variation. Our results suggest that little of 

this variation is selectively advantageous or likely to spread beyond a few strains. 

Another way of viewing gene presence-absence variation is the gene frequency spectrum: 

a distribution of the number of strains genes are found in, much like the derived allele 

frequency spectra we present for HT genes but without an attempt to infer derived or 
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ancestral state. The gene frequency spectrum is used by some recently developed 

methods for testing for variation in rates of gene gain and loss in the pan-genome (e.g. 

Baumdicker et al. 2012; Collins and Higgs 2012; Lobkovsky et al. 2013), but these 

models are not yet able to infer the distribution of fitness effects (e.g. Eyre-Walker et al. 

2006). 

Duplicated genes 
 We found that the stringency of the filters used to detect duplications affected the 

number of duplications identified. We presented results from a level of stringency that 

had an apparently low false positive rate, as measured by the number of duplications 

detected in a re-sequenced reference genome (Table 2-1), and removed four S. meliloti 

strains that had a particularly large number of duplications (Figure 2-2). Our estimates of 

the amount of duplication diversity may be too high or too low depending on how many 

of the duplications we identified are true duplications and how many duplications we 

failed to identify. 

 Given our choice of filtering criteria, we found that gene duplication 

polymorphism was greater than nucleotide diversity in S. medicae; population level 

estimates of the number of gene duplicates per gene (θdup) were two- to three-fold greater 

than the number of segregating sites per synonymous site (θsyn) in all replicons except 

pSymB.  On the other hand, in S. meliloti, the level of gene duplication diversity was 

similar to the level of nucleotide diversity (Table 2-3), in spite of potentially strong 

purifying selection acting against new duplications. Even if only 70-80% of our 

duplications are real (see Table 2-2) and there are no duplications that we failed to 
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identify, the genome-wide level of duplication diversity would be greater than (S. 

medicae) and similar to (S. meliloti) the level of nucleotide diversity. These results 

suggest that the rate of duplication is greater than the rate of base substitution, consistent 

with results from mutation accumulation experiments in C. elegans (Lipinski et al. 2011), 

the age distribution of paralogs in E. coli (Hooper and Berg 2003), and observations of 

spontaneous duplications in Salmonella typhimurium (Pettersson et al. 2009). A higher 

rate of duplication than point mutation may also explain why duplication diversity does 

not differ between the two halves of the S. meliloti chromosome – in contrast with the 

much greater nucleotide diversity in the first (position 1 - 1,735,000) than second half 

(Epstein et al. 2012; Table 2-3). The sharp difference in nucleotide diversity was 

interpreted as possible evidence for a strong selective sweep – if that interpretation was 

correct, than the different patterns at nucleotide sites than duplications may be due to the 

higher mutation rate of duplications having already erased the evidence for the selective 

sweep. 

  Like HT genes, there are many duplications segregating within species, yet these 

tend to segregate at lower frequency than non-synonymous SNPs. The short life-span of 

most gene duplications has been noted before. For example, Hooper and Berg (2003) 

looked at the age distribution of paralogs and concluded that most new duplications are 

rapidly deleted and estimated only ~ 1 / 1000 duplications is beneficial in E. coli. 

Laboratory studies of duplications in bacteria have suggested that many reduce fitness 

(Reams et al. 2010; Pettersson et al. 2009), and results of a mutation accumulation 

experiment in Drosophila melanogaster indicated that > 99% of duplications are 
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deleterious (Schrider et al. 2013). Our results suggest that duplications are mostly 

deleterious in Sinorhizobium as well, although this is subject to the same caveats (i.e. 

mutational bias and local adaptation) that apply to the HT genes. In addition, our finding 

that there are very few recently fixed gene duplications is consistent with previous 

findings that horizontal gene transfer contributes more than duplication to differences in 

gene family size among bacterial species (Treangen and Rocha 2011). 

Conclusion 
 Despite the clear adaptive potential of some HT and duplicated genes, purifying 

selection appears to be the prevailing force acting acting against both duplications and 

HT genes in Sinorhizobium and potentially other bacterial lineages. The prevalence of 

purifying selection in these bacteria is similar to the apparently strong purifying selection 

acting against the majority of duplications and structural variants in model eukaryotes 

(Emerson et al. 2008;  Li et al. 2011). If the prevalence of purifying selection in 

Sinorhizobium is representative of selection acting on HT and duplicated genes in other 

bacterial species then the majority of the differences between bacterial core and pan-

genomes may not be adaptively important, but rather reflect new mutations that are 

unlikely to shape the evolutionary trajectory of a species or its ability to move into new 

environments. 
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Tables and Figures: 
Table 2-1. Counts of 100 bp windows duplicated in the reference across the genome 

(66,919 windows total) strain at 3 stringency levels, and the mean, median, minimum, 

and maximum in the 32 re-sequenced S. meliloti strains. 

 
Coverage cutoff Reference 

window count 
Re-sequenced 

minimum 
Re-sequenced 

mean 
Re-sequenced 

median 
Re-sequenced 

maximum 

1.5 286 226 830 579 2,894 

1.8 14 136 486 361 2,246 

2.0 8 95 323 266 1,424 
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Table 2-2. Counts of windows duplicated in both the progenitor strains and their 

descendants. The table gives the number of windows duplicated in the progenitor that are 

also duplicated in 0, 1, 2, 3, 4, or 5 of its descendants. The last column gives the 

percentage of duplicated windows in the progenitor that are duplicated in all or all but 

one of the descendants. 

  Count of duplicated windows shared with 0, 1, ..., 5 
descendants 

 

Progenitor Cutoff 0 1 2 3 4 5 All but one descendant 

USDA1002 1.5 2,476 127 8 13 270  10% 

 1.8 1,947 8 10 36 245  13% 

 2.0 1,127 37 4 11 245  18% 

Rm41 1.5 144 28 32 32 219  55% 

 1.8 52 14 19 84 155  74% 

 2.0 61 27 20 20 149  61% 

KH46c 1.5 64 37 24 19 38 304 70% 

 1.8 19 22 17 21 48 258 79% 

 2.0 24 2 57 42 66 140 62% 
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Table 2-3. Mean percent of genes duplicated (among strain range shown in parentheses), 

number of horizontally transferred (HT) genes, and pairwise diversity of segregating 

duplicates and nucleotide variants. 

 % duplicates 
HT 

genes  θπ dup θπ rep θπ syn  DT dup DT rep DT syn 
           

S. meliloti 0.6 (0.4 - 0.9) 10,247  0.010 0.0011 0.0079  -1.14 -0.97 -0.78 

chr. - full 0.1 (0.0 - 0.5) 2,318  0.003 0.0006 0.0044  -1.80 -0.99 -0.87 

chr. - 1a 0.1 (0 - 0.6) 804c  0.002 0.0009 0.0073  -1.88 -0.79 -0.59 

chr. - 2b 0.2 (0 - 0.7) 1,014c  0.003 0.0003 0.0020  -1.64 -1.18 -1.23 

pSymA 1.3 (0.6 - 2.6) 1,985  0.023 0.0017 0.0148  -1.30 -1.00 -0.46 

pSymB 0.8 (0.0 - 1.4) 1,271  0.011 0.0022 0.0169  -0.12 -0.66 -0.33 

           

S. medicae 0.8 (0.2 - 1.4) 4,521  0.012 0.0008 0.0038  -0.13 -0.28 -0.12 

chr. 0.7 (0.1 - 1.6) 1,399  0.009 0.0007 0.0025  0.66 -0.06 0.15 

pSymA 1.9 (0.4 - 3.8) 823  0.030 0.0019 0.0082  -0.46 -0.09 0.15 

pSymB 0.2 (0.1 - 0.4) 515  0.003 0.0012 0.0070  -1.38 -0.71 -0.82 

aBefore position 1,735,000 

bAfter position 1,735,000 

 cDoes not sum to 2,318 because some HT genes had an ambiguous location 
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Table 2-4. Mean Ka, Ks, and Ka / Ks between the S. meliloti and S. medicae reference 

genomes for duplicated and unduplicated genes, including only genes in both S. meliloti 

and S. medicae. 

 Unduplicated  Duplicated 

S. meliloti count Ka Ks Ka/Ks  count Ka Ks Ka/Ks 

Chr. 1,963 0.027 0.40 0.068  17 0.020 0.35 0.085 

pSymA 233 0.026 0.29 0.15  32 0.023 0.24 0.13 

pSymB 666 0.032* 0.45 0.073  7 0.024* 0.40 0.076 

          

S. medicae          

Chr. 1,961 0.027 0.40* 0.068  9 0.019 0.24* 0.018 

pSymA 22 0.027* 0.32* 0.13  34 0.018* 0.17* 0.17 

pSymB 690 0.031 0.44 0.075  2 0.018 0.26 0.12 

* p < 0.05 (two-sided t-test for difference between duplicated and unduplicated genes) 
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Table 2-5. Distribution of fitness of effects (DFE) of non-synonymous mutations 

(standard error). 

Species Nes 0 - 1 Nes 1 - 10 Nes 10 - 100 Nes > 100 

S. meliloti 10 (0.4) 8.3 (0.4) 15 (1.2) 66 (1.4) 

S. medicae 19 (0.7) 6.7 (0.8) 9 (1.5) 65 (2) 
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Table 2-6. Mean population frequency of segregating synonymous (Syn.), non-

synonymous (Non-syn.) SNPs, HT genes (HT), and duplication (Dup.) and results of 

testing whether duplications and HGT genes are segregating at lower mean frequency 

than synonymous and non-synonymous SNPs. Duplicated genes were included if they 

were present in both S. meliloti and S. medicae but only duplicated in one of the two 

species. 

 Syn. Non-syn. Dup. HT Non-syn. vs. 
duplicationa 

Non-syn. vs. 
HTa 

S. meliloti 0.34 0.26 0.13 0.14 0.002* 0* 

Chr. 0.37 0.28 0.06 0.18 0.01* 0* 

pSymA 0.25 0.22 0.13 0.20 0.05* 0.09 

pSymB 0.32 0.25 0.27 0.19 0.63 0* 

       

S. medicae 0.36 0.30 0.22 0.24 0.15 0.0* 

Chr. 0.30 0.24 0.29 0.29 0.85 1.0 

pSymA 0.36 0.32 0.21 0.32 0.77 0.75 

pSymB 0.42 0.38 b 0.30 b 0* 

aLoci (SNPs or genes) were randomly assigned to a variant class 1,000 times; value 

shown is proportion of trials in which the difference in mean frequency between non-

synonymous SNPs and duplications or HT genes was greater than the true difference. 
bThere were no duplications on pSymB of S. medicae that were present in both species, 

but only duplicated in one. 
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Figure 2-1: Neighbor-joining tree based on concatenated sequences for 645 protein 

coding genes. Strains that were sequenced in other studies are in bold font and type 

strains are in italic font. Support for splits was assessed using 1000 bootstraps, and splits 

with less than 60% support were collapsed to polytomies. For clarity, the bootstrap values 

are only shown for the deep branches. Bar indicates number of substitutions per site. 
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Figure 2-2: Plot of the number of duplicated 100 bp windows per strain, with strains 

ranked in order of increasing duplications. Strains that were progenitors for experimental 

evolution data are labeled and marked with a red star. A) S. meliloti; B) S. medicae. 
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Figure 2-3. Distribution of Ka/Ks values for duplicated and unduplicated genes. A - C) S. 

meliloti. D-F) S. medicae. A and D) Chromosome; B and E) pSymA; C and F) pSymB. 

Ka/Ks values were calculated using the reference genomes. 
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Figure 2-4: Distribution of GC content for HT genes and core genes used for the 

nucleotide variant dataset in S. meliloti. S. medicae distributions are nearly identical. 
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Figure 2-5. Derived allele frequency spectrum for four classes of mutations in A) S. 

medicae and B) S. meliloti. The y-axis is the proportion of sites (for synonymous and 

non-synonymous SNPs) or genes (for duplications and HGTs) within a class of 

mutations. Duplication and HT gene bars marked with an asterisk ("*") are significantly 

different from non-synonymous sites. The values in the legends are the number of 

segregating sites for nucleotide variants or segregating genes for duplications and HT 

genes used to construct the spectra. Note that only derived duplications and nucleotide 

sites for which the ancestral state could be easily inferred were used to construct the 

spectra.
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Figure 2-6. Proportion of HT genes in each COG category that are fixed within A) S. 

meliloti or B) S. medicae. Only categories with at least 50 HT genes were included. 
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Supplemental Tables and Figures 
 

Supplemental Table 2-1. Ratio of the rate (occurences per bp) of "heterozygous" 

positions (positions for which the most common base call is supported by > 60% of the 

reads) in duplicated to the rate in unduplicated windows in S. meliloti strains. Strains 

marked with an asterisk ("*") are outlier strains. 

Cutoff 1.5 1.8 2.0 

Strain Ratio Count Ratio Count Ratio Count 

HM006-1* 4.4 2,189 5.4 1,231 8.3 771 

HM007-12 3.8 728 5.0 366 3.8 241 

HM007-17 1.4 443 1.5 252 0.7 218 

HM013-1 25 576 37 290 31 259 

HM015-1 42 568 44 490 51 405 

KH16b 18 1,180 38 283 34 269 

KH46b 46 328 67 209 67 122 

KH46c 32 486 37 385 33 332 

M156 21 530 16 332 20 166 

M162* 24 1,389 36 987 42 391 

M195 16 519 28 163 30 145 

M210 20 331 21 272 22 223 

M243 11 981 18 337 22 211 

M249 23 504 22 356 36 139 

M268 11 921 25 464 22 299 

M270 25 581 29 450 34 365 

M30 15 420 23 209 15 188 

N6B1 34 708 36 541 31 399 

N6B7 24 618 37 383 35 334 

Rm41 35 455 46 324 46 277 
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T073* 9.6 2,154 21 952 29 696 

T094 7.7 882 11 385 19 263 

USDA1002
* 

3.6 2,894 4.2 2,246 6.6 1,424 

USDA1021 44 495 42 441 33 327 

Mean S. 
meliloti (24 

strains 
only) 

20.7 858 27.2 515 28.0 353 
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Supplemental Table 2-2. Same as previous table, but for S. medicae. 

Cutoff 1.5 1.8 2.0 

       

Strain Ratio Count Ratio Count Ratio Count 

A321 55 406 115 189 33 152 

KH36b 42 667 42 571 41 481 

KH36c 26 890 33 630 34 472 

KH36d 24 993 43 627 53 372 

KH53a 38 721 45 426 22 268 

KH53b 63 596 62 406 68 290 

M1 46 1001 55 567 56 403 

M102 16 1021 23 587 28 427 

M161 30 1124 35 845 47 648 

M2 43 1074 53 608 43 520 

M22 26 563 63 190 110 98 

M58 32 1,639 69 725 74 469 

Mean S. 
medicae 

36.7 891 53.0 531 50.7 383 
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Supplemental Figure 2-1. Folded frequency spectra similar to Figure 2-2, except that only 

duplications of genes not found in both reference genomes are included. 
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Supplemental Figure 2-2. Frequency spectra for derived variants split by replicon. 
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Chapter 3 
 

Experimental evolution of rhizobial host 
range 
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Summary 

 Facultative symbiotic mutualists may experience a tradeoff between maximizing 

fitness when living in a host and maximizing fitness when living independently in the 

environment, potentially leading to the loss of the ability to associate with the host. 

Consistent with this theory, rhizobia living in soil seem to frequently lose the ability to 

associate with their host legumes. We experimentally evolved 60 lines of the rhizobial 

species S. meliloti and S. medicae in liquid culture to test whether non-nodulating 

mutants would invade a nodulating population, as expected if being a symbiotic mutualist 

is costly outside the host. While no lines lost the ability to form nodules, one line evolved 

a narrower host range and reduced nodulation. Whole genome sequencing revealed three 

mutations in this strain, including a frameshift in the purM gene, which has previously 

been shown to affect nodulation. We also characterized mutations occuring in 11 other 

lines during the experiment. 

Introduction 

 Facultative mutualistic symbionts - organisms that form a non-obligate, mutually 

beneficial close association with a host - experience selection from both the host and the 

external environment. Traits that are beneficial in symbiosis may be costly outside the 

host, potentially leading to the loss of the ability to form an association with a host (Day 

et al. 2008; Sachs and Simms 2008; Douglas 2008; Denison and Kiers 2004) or 

maladaptation to the external environment (Soto et al. 2012). Rhizobia, the facultative, 

nitrogen-fixing, bacterial mutualists of legumes, receive potentially large fitness benefits 
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from inside nodules on the roots of host plants (reviewed in Denison and Kiers 2004) but 

may spend multiple generations living as free-living saprophytes in the soil between host 

interactions. In spite of the fitness benefits of symbiosis, non-symbiotic strains are 

abundant at some natural sites (Sachs et al. 2009) and agricultural fields (Pongsilp et al. 

2002; Laguerre et al. 1993 Segovia et al. 1991; Soberón-Chávez and Nájera 1989; Jarvis 

et al. 1989) even when potential hosts are present. At some locations, symbiotic and non-

symbiotic clades are closely related and intermingled, consistent with frequent loss of 

symbiotic ability (Sachs et al. 2009; Segovia et al. 1991). Although this pattern is 

consistent with a cost of maintaining symbiotic ability outside the host, it is also possible 

that symbiotic ability is lost due to drift (Sachs et al. 2011). 

 If maintaining the genetic capacity to associate with a host is costly, then rhizobia 

evolving in the absence of hosts should become non-symbionts. To test for such costs of 

symbiosis, we grew 50 lines of Sinorhizobium meliloti (derived from five progenitor 

strains) and 10 lines of S. medicae (derived from a single progenitor strain) for 

approximately 175 generations in rich liquid media. Each line was started from a single 

colony but maintained at large population sizes so that selection would act to prevent the 

fixation of non-beneficial mutations that arose during the experiment. If symbiosis is 

costly, then mutations that eliminate the ability to form a symbiosis should be beneficial 

and spread through the experimental lines. By contrast, if we had reduced the population 

size of the lines to a single cell, neutral or deleterious mutations that eliminated symbiotic 

ability could also fix in the lines. 
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 Mutation accumulation experiments also provide insight into the spectrum (e.g. 

number and type) of spontaneous mutations. Mutation generates the variation that all the 

other evolutionary processes act on, and the rate and spectrum of mutations is important 

for understanding the relative importance of selection, mutation, and drift (Sung et al. 

2012; Ellegren 2009; Hahn 2008; Lynch et al. 2008). Most mutation accumulation 

experiments force the experimental lines through single cell bottlenecks to reduce the 

effective population size, and allow the accumulation of neutral and deleterious 

mutations. Because the effective population size of our experiment is much greater than 

one, it cannot provide an unbiased view of the spectrum or rate of mutation, unless we 

assume that certain classes of mutations are always neutral (Wielgoss et al. 2011). 

However, it can provide a view of the spectrum of mutations that make it through 

filtering by selection during adaptation to growth in liquid culture (Barrick et al. 2009). 

 After 175 generations of growth in liquid media, none of the experimental lines 

lost their symbiotic ability, but one line evolved reduced nodule number and narrower 

host range among Medicago truncatula genotypes. We used whole genome sequencing to 

determine that the purM gene, previously shown to be important for interaction with 

legumes, has an eight bp frameshift deletion in the mutant strain, potentially explaining 

the phenotype. We also examined the mutations found in the symbiotic mutant and 11 

other lines from the same experiment and find that two of the progenitor strains may have 

an unusually high mutation rate. 
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Methods 

 We conducted a serial transfer experiment in liquid medium to determine whether 

rhizobia would lose the ability to be symbionts when not under selection from a host. 

From each of six fully sequenced strains of Sinorhizobium spp. (Table 3-1), we 

haphazardly picked 10 colonies to start 60 total independent experimental lines (see 

overview in Figure 3-1). Each colony was grown separately in 2 mL of tryptone-yeast 

(TY) medium (5 g yeast extract, 3 g tryptone, 0.87 g CaCl2 * 2H2O / L) for 2 days, then 

10 μl was transferred to 2 ml of fresh media for 20 total transfers. After the 11th transfer, 

only 2 μl was transferred. Visual inspection of the opacity of the media indicated that 2 

days was sufficient for every line to return to stationary phase. 

 To estimate the number of generations, we calculated the number of cell divisions 

necessary for each line to return to its original population size after a transfer. For the first 

10 transfers, we transferred 10 μl into 2000 μl of fresh media. Assuming exponential 

growth and that cultures returned to the same population size after each transfer, the 10 μl 

to 2000 μl dilution requires log2(2000 / 10) = 7. 6 generations / transfer, or about 75 

generations through transfer 10. Because we transferred 2 μl after the 11th transfer, there 

were about 175 generations by transfer 20. 

Greenhouse tests 

 To determine whether any lines had lost the ability to form nodules, we conducted 

two greenhouse screens. We screened the strains for loss of nodulation ability after 10 

transfers by inoculating 1 ml of 1:100 dilution of 3-day-old cultures of both the first and 
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10th transfer of each line onto three replicates of M. truncatula Jemalong A17 (Medicago 

Hapmap HM101 [Stanton-Geddes et al. 2013]) in a completely randomized design. The 

plants were grown in a greenhouse in 150 ml conetainers (Stuewe and Sons, Tangent, 

OR) filled with a 50:50 mixture of Turface and low nitrogren Sungro LP5 potting mix. 

After four weeks, the plants were harvested and nodules were counted. Only one out of 

the 14 uninoculated controls had nodules, and we were able to collect nodule data from 

350 out of the 360 plants originally inoculated. Line 9 (from USDA1002) showed 

evidence for a change in nodule number between transfer 1 (strain USDA10029,t1) and 10 

(strain USDA10029,t10). 

 After 20 transfers, we screened all 60 lines (transfer 1 and transfer 20) for loss of 

nodulation using the same methods as described above. For this experiment, we included 

three replicates each of three M. truncatula genotypes (A17, A20/HM018, and 

A10/HM017). The plants were grown for four weeks before harvesting and counting 

nodules. Only one out of the 20 uninoculated controls formed nodules, after we excluded 

a few racks at one end of the experiment that were accidentally contaminated by a 

neighboring experiment. 

Sequencing and identification of mutations 

 We used paired-end Illumina data from 12 evolved strains and 3 progenitors to 

identify mutations that occurred during the serial transfer experiment. To determine the 

mutation responsible for the change in nodulation phenotype of line 9 during the first 10 

transfers (see Results), we sequenced strain USDA10029,t10 and three other randomly 
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chosen strains from the strain same progenitor - USDA10024,t10, USDA10025,t10, 

USDA10026,t10 - for comparison. To examine the spectrum of mutations that occurred 

during the serial transfer experiment, we also sequenced four lines derived from S. 

meliloti Rm41 (Rm411,t10, Rm412,t10, Rm415,t10, and Rm419,t10) at transfer 10 and four 

lines from S. meliloti KH46c at transfer 20 (KH46c5,t20, KH46c6,t20, KH46c7,t20, 

KH46c9,t20). To allow us to verify that putative mutations were not due to errors 

introduced in a particular library or sequencing run, we also sequenced two pooled 

libraries (Table 3-1). In addition, we sequenced KH46c9,t1, a strain from the first transfer. 

Because this strain is separated from the progenitor by relatively few generations, 

mutations identified in this strain are likely to be false positives, allowing us to estimate 

the accurracy of our pipeline. All sequencing was done on a single colony haphazardly 

chosen from the evolved lines. Between 5.9 and 13.1 million 100 bp paired end reads 

were generated for each single strain, and 20 - 24 million reads for pooled samples, on an 

Illumina HiSeq machine, yielding 94 - 501 unique mean coverage after alignment to the 

reference genome (Table 3-1). The progenitor strains were sequenced previously using 90 

bp paired-end reads to an average depth of 96 - 163 (Epstein et al. 2012; Sugawara et al. 

2013; Table 3-1, Figure3-1). We manually examined quality statistics created with fastqc 

and used Trim Galore! to clean descendant reads that were of low quality. 

 We aligned the reads from the descendant strains and progenitor strains to the S. 

meliloti Rm1021 reference genome (Galibert et al. 2001; NCBI accession numbers 

NC_003047.1, NC_003037.1, NC_003078.1) using GSNAP (Wu and Nacu 2010) in 

paired-end mode. We allowed up to 8 mismatches and counted indel-opening as 3 
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mismatches. Because parts of the progenitor genomes may not be present in the reference 

strain, we also aligned the progenitor and descendant reads to a de novo assembly of the 

progenitor genomes (Figure 3-2). The de novo progenitor assemblies were generated 

using Abyss (Simpson et al. 2009) as previously described (Sugawara et al. 2013). We 

aligned reads to the de novo assemblies using GSNAP with the same settings as above 

except that the max-mismatch parameter was set to 4, instead of 8, because we expected 

the reads to be more similar to the assemblies than to the reference genome. Henceforth, 

we will refer to the alignment of reads to the de novo assemblies as the "de novo 

pipeline." 

 We searched for point mutations and small indels using both the reference and de 

novo pipeline. To make an unambiguous base call at a position, we required 10 uniquely 

mapping reads with a quality score greater than 20 aligned to that position, and at least 

90% of the reads had to support the same allele. We excluded sites with ambiguous ("N") 

reference sequence. Mutations were considered to be sites at which the progenitor and all 

but one of the descendant strains unambiguously matched the reference allele, while the 

remaining descendant strain unambiguously supported a different allele. We manually 

examined the alignment around all candidate mutations, and performed local realignment 

using srma (Homer and Nelson 2010) around the two short deletions. We verified the 

presence of the deletion in the purM gene in strain USDA10029,t10 using PCR. We 

searched for large deletions by looking for genomic regions at least 10 bases long with 

zero coverage in one descendant strain and at least 10X coverage in the progenitor and 

the other descendants from the same progenitor. We identified duplications using the 
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framework described in Chapter 2 and retained duplications that were unique to a single 

descendant strain. 

 We examined the small plasmid content of strain USDA10029,t10 and its 

progenitor using a modified Eckhardt gel protocol as described by Crook et al. (2012): 

We pelleted 150 μl of an overnight culture and then lysed by resuspending in 20 μl of a 

lysis buffer (900 μl SBE buffer, 100 mg sucrose, 10 μl of 100 mg / ml lysozyme, and 3 μl 

of 5 mg / ml RNase A). The lysed cells were loaded onto an 0.8% agarose gel prepared in 

SBE buffer with SDS (2.5 ml 10% SDS per 50 ml of buffer). Then the gel was run for 20 

min at 15 V and 8 hrs at 100 V in a 4º C cold room. The bands were visualized by 

staining the gel in ethidium bromide. We used S. fredii USDA205, which has been 

previously shown to have four plasmids (approximately 1 Mb, 0.3 Mb, 0.2 Mb, and 0.09 

Mb; Masterson et al. 1985) as a standard for size comparison. 

Results 

Identification of nodulation mutant 

 By screening all lines from transfers 1, 10 (~ 75 generations), and 20 (~ 175 

generations) for strains that did not form nodules we found that no evidence for loss of 

symbiotic ability during the serial transfer experiment. However, line 9 (from 

USDA1002) at transfer 10 (strain "USDA10029,t10") was nod +/- on M. truncatula 

Jemalong A17 (some replicates formed nodules and some did not) and showed a 

statistically signficant decrease in nodule number between transfer 1 and 10 (one-sided t-

test, pdf=2 = 0.0004, p < 0.05 after Bonferroni correction for multiple tests). We re-tested 
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this strain with Jemalong A17 and A20 and found that strain USDA10029,t10 did not form 

nodules with M. truncatula A20, as well as verified that there was a statistically 

significant reduction in nodule number between transfers 1 (mean = 19 on A17, 9.5 on 

A20) and 10 (mean = 2.3 on A17, 0 on A20; one-sided t-test pdf=2 < 0.05). We did not 

find evidence for changes in nodulation in other lines. 

 To further verify that strain USDA10029,t10 had an altered nodulation phenotype, 

we tested it and a sibling strain, USDA10026,t10, on 18 M. truncatula genotypes (Table 3-

2). We found that on 14 genotypes, strain USDA10026,t10 formed nodules, while 

USDA10029,t10 did not (on four genotypes, both strains formed nodules). 

Mutations 

 There were 0 - 2 point mutations identified in the four descendants of USDA1002 

after 10 transfers; 0 - 3 in the four descendants of Rm41 after 10 transfers; and 0 - 1 in the 

four descendants of KH46c after 20 transfers (Table 3-3). Of the 10 total point mutations, 

five were replacement mutations, one was synonymous, two were intergenic base 

substitutions, and two were frame-shift deletions (Table 3-3). Four additional putative 

base substitutions were removed: three because they were adjacent to each other, which is 

indicative of poor read alignment, and one because it occurred at the beginning of a 

homopolymer run (a long string of "C"s), which is also an area of uncertain alignment. 

Evidence for all the remaining base substitutions was detected in the pooled sequencing 

samples, mutations located in regions found in both the reference genome and the de 

novo assemblies were supported by both the reference and de novo pipelines, and no 
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point mutations or small indels were found in strain KH46c9,t1. Both small deletions and 

three of the base substitutions occurred in descendants of USDA1002 (0 - 3 mutations per 

line) after 75 generations, four of the base substitutions occurred in descendants of Rm41 

(0 - 3 mutations per line) after 75 generations, and one base substitution occurred in a 

descendant of KH46c after 175 generations. We detected no small insertions. The eight 

bp deletion in USDA10029,t10 was verified using PCR. For USDA1002, we calculated a 

base substitution rate of 1.4 * 10-9 (95% CI: 5.2*10-10, 4.9*10-9, calculated assuming a 

binomial distribution and a 7 Mb genome) per nucleotide per generation. For Rm41, we  

found a base substitution rate of 1.9*10-9 (5.2*10-10, 4.9*10-9), and for KH46c 2.0*10-10 

(5.2*10-12, 1.1*10-9). 

 We identified two putative larger deletions, ranging from 25 to 49 bp (74 bp 

total), all in strain USDA10025,t10, but we were unable to verify the deletions with PCR; 

examination of the alignment of reads to the region and the PCR sequences suggests that 

there may be a complex structural variant that predates the serial transfer experiment and 

makes alignment to the region difficult. Strain USDA10029,t10, the nodulation mutant, 

showed no evidence for deletions, and the plasmid profile was no different from the 

progenitor (Figure 3-3).  

 We found that 1,100 - 9,500 bp in 3 - 16 regions are duplicated in the strains 

descended from USDA1002, 700 - 31,100 bp in 4 - 45 regions in the strains descended 

from Rm41, and 900 - 5,900 bp in 4 - 14 regions in the lines descended from KH46c 

(Table 3-4). We also found that strain KH46c9,t1, separated from the progenitor by only 10 
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generations, had 600 bp duplicated in 4 regions (Table 3-4). 

Discussion 

Costs of symbiosis 

 Although rhizobia likely receive large fitness benefits from symbiosis with 

legumes (reviewed in Denison and Kiers 2004), there is evidence that they frequently 

lose this ability: non-symbiotic strains are abundant in the soil, and non-symbiotic and 

symbiotic strains are often closely related (Sachs et al. 2011; Pongsilp et al. 2002; 

Segovia et al. 1991), indicative of a cost of maintaining symbiotic ability. We tested for 

costs of symbiosis by experimentally evolving 50 independent lines of S. meliloti and 10 

lines of S. medicae in liquid culture under competitive conditions. We found that all lines 

maintained the ability to form nodules with M. truncatula through 175 generations. 

However, one line (USDA10029) evolved reduced nodule number and narrowed host 

range after 75 generations. 

 If there are costs to maintaining symbiotic ability in Sinorhizobium, we would 

have expected to see the evolution of non-symbiotic lines during the transfer experiment. 

That we did not observe any loss of symbiotic ability suggests one of several 

possibilities. First, there are truly no costs to maintaining symbiotic ability, and the large 

number of non-symbiotic rhizobia in some soils is due to genetic drift. Second, there are 

costs of maintaining symbiosis, but our experiment was mutation-limited - 175 

generations was not long enough for loss of symbiosis to fix in the experimental lines. In 

soil, mutations may not be limiting: soil population sizes are likely much larger than in 
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test tubes, and mutation rates can be increased by stressors found in the soil, including 

heat or osmotic stress (Bjedov et al. 2003; Trevors 1986). Third, there are costs of 

maintaining symbiosis, but they are caused by factors not present in liquid culture, such 

as predators congregating near senescing nodules or high concentrations of antibiotics 

near roots (Denison and Kiers 2004). While we do not have the data to distinguish among 

these hypotheses, the mutation that occurred in line USDA10029, resulting in reduced 

nodule number and narrowed host range, had almost certainly fixed by transfer 10 (or we 

would not have been able to observe the phenotypic change). This suggests that some 

mutations that lead to a reduction in nodulation may be beneficial. 

   Our results are consistent with Sachs et al. (2011), who evolved 10 symbiotic 

lines of Bradyrhizobium japonicum for 450 generations in liquid culture, maintaining 

large population sizes, and also found no loss of symbiotic ability but did find that some 

lines evolved reduced nodule number. The B. japonicum reference genome (strain 

USDA110) has the symbiotic genes integrated into the chromosome, while the S. meliloti 

(Galibert et al. 2001) and S. medicae (Reeve et al. 2010) reference genomes have many of 

the symbiosis genes on plasmids that can be lost without killing the cell (Oresnik et al. 

2000). That we observed the same result suggests that the location of symbiosis genes on 

large plasmids does not necessarily affect the stability of symbiotic traits, although in the 

soil, heat stress may lead to the loss of plasmids (Zurkowski 1982). 

Nodulation mutant 

 We used the genomic data to search for candidates to explain the nodulation 
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phenotype of strain USDA10029,t10. Strain USDA10029,t10 had three mutations: one 

frameshift deletion in the purM gene (starting at position 110 out of 1071), one frameshift 

deletion in an ATPGTP-binding hydroxymethyl-transferase, and one non-synonymous 

base substitution in a hypothetical protein (Table 3-3).  Of these three genes, the purM 

gene is the only one known to be involved in nodulation. It is a 

phosphoribosylformylglycinamidine cyclo-ligase and functions in the synthesis of purine 

(Smith and Daum 1986). In S. fredii NGR234, purM mutants have altered lipo-

polysaccharide (LPS) production and an altered nodulation phenotype (Djordjevic et al. 

1996), and in Aseschynomene-nodulating Bradyrhizobium, purM mutations can prevent 

nodulation (Giraud et al. 2007). In general, genes in the purine synthesis pathway have 

been shown to affect LPS production and nodulation in S. fredii (Djordjevic et al. 1996; 

Buendía-Clavería et al. 2003), and LPS are known to play an important role in the 

rhizobia-legume interaction after the rhizobia have penetrated the root hair (reviewed in 

Jones et al. 2007).  

 Host specificity varies widely among rhizobia: some strains can form nodules 

with large numbers of legume species, and others are limited to a few genotypes of a 

single species (Bena et al. 2005; Triplett and Sadowsky 1992). Within the the Medicago - 

Sinorhizobium interaction, there is abundant evidence for variation in host specificity and 

genotype by genotype interactions for mutualism-related traits (Sugawara et al. 2013; 

Rangin et al. 2008; Heath and Tiffin 2007), meaning that the benefit each partner obtains 

from the association depends on the genotype of both partners. Genotype by genotype 

(G-x-G) interactions are important because they are a prerequisite for the maintenance of 
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genetic diversity in mutualisms by frequency-dependent selection (Molofsky et al. 2001; 

Bever 1999; Parker 1999). Despite the evolutionary importance of host range and G-x-G 

interactions, the molecular genetics of host range in rhizobia is not well established 

(reviewed by Wang et al. 2012). This study suggests that genes involved in purine 

metabolism and subsequent pathways may prove to be important modulators of host 

specificity. 

Mutations 

 Genetic diversity is ultimately the result of mutation, but the patterns of diversity 

observed in studies of natural variation are the result of many evolutionary processes 

acting on mutations. Directly studying the process of mutation offers an opportunity to 

separate the results of mutation from other processes. To gain insight into the rate and 

spectrum of mutations in S. meliloti, we searched for mutations in 12 strains from the 

serial transfer experiment. Assuming a genome size of 7 Mb, we found that the rate of 

base substitution was 1.4 * 10-9 (95% CI: 5.2*10-10, 4.9*10-9),  1.9*10-9 (5.2*10-10, 

4.9*10-9), and 2.0*10-10 (5.2*10-12, 1.1*10-9) for USDA1002, Rm41, and KH46c, 

respectively. Previous estimates of the spontaneous base substitution rate in Escherichia 

coli by mutation accumulation with small effective population sizes were 2 - 3 * 10-10 per 

nucleotide per generation (Lee et al. 2012) or by accumulation of synonymous mutations 

in large experimental populations were 8.9 * 10-11 per nucleotide per generation 

(Wielgoss et al. 2011). These estimates are within the 95% confidence interval of our 

estimate for KH46c, but are an order of magnitude less than our estimate of for the lines 

descended from Rm41 and USDA1002 and outside (Rm41) or on the edge of 
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(USDA1002) the 95% confidence intervals. 

 Our mutation rate estimates are based on an experiment in which the lines were 

maintained at a large effective population size. In a larger population, it takes longer for 

mutations to spread to fixation and selection is more effective at removing deleterious 

mutations; thus, we would expect a slower rate of mutation accumulation. We sequenced 

single colonies from the experimental lines, so the mutations we identified do not have to 

be fixed, but deleterious mutations will still be purged by purifying selection. Our 

estimates of the rate of base substitution may be faster than previous bacterial estimates 

for several reasons. First, two of our progenitor strains may have a faster mutation rate 

than E. coli. Second, some of the mutations we identified may have been under strong 

positive selection in liquid culture. The large effective population size of our cultures 

increases the total number of mutations in the culture. While this should not change the 

number of mutations accumulated by any lineage (within an experimental line) in the 

absence of recombination (Wielgoss et al. 2011), in the presence of  recombination, 

positively selected mutations could be acquired by a lineage in addition to the mutations 

that spontaneously occurred in that lineage.  

 Our estimates of the mutation rate for lines descended from KH46c was less than 

the estimate for the lines descended from USDA1002 and Rm41. Genetic variation in 

mutation rate has been observed in several species in the lab (Schrider et al. 2013; Denver 

et al. 2011; Matic et al. 1997), but little is known about variation in mutation rates in 

natural populations. However, the number of base substitutions we observed was small, 
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and this difference could be due to chance. 

 In Chapter 2, we reported evidence that the rate of duplication in Sinorhizobium 

might be greater than the rate of base substitution.  Our results are consistent with this 

finding (Table 3-4). However, as we noted in Chapter 2, not all of our duplication calls 

are accurate. If 70-80% of the calls are accurate (Table 2-2), we still find that duplications 

affect more bases than point mutations. Likewise, if we assume all the duplications 

identified in strain KH46c9,t1 are false positives (about 600 false positive bp per strain), 

there is still a substantial portion of the genome affected by duplication during the 

experiment. Nevertheless, because we are not sure which duplications are real and which 

are errors, our results should be interpreted with caution. 
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Tables and Figures 

Table 3-1. Strains and sequencing information. Aligned coverage is the mean coverage of 

the Rm1021 reference genome by uniquely mapping reads. 

Strain Read length Total read pairs Mean aligned 
coverage 

USDA10024,t10 100 10,399,750 259 

USDA10025,t10 100 5,915,063 96 

USDA10026,t10 100 8,822,161 220 

USDA10029,t10 100 9,073,337 222 

Rm411,t10 100 11,503,626 233 

Rm412,t10 100 11,008,830 215 

Rm415,t10 100 9,953,043 191 

Rm419,t10 100 5,915,063 94 

KH46c5,t20 100 13,179,566 275 

KH46c6,t20 100 10,350,832 214 

KH46c7,t20 100 13,110,737 267 

KH46c9,t20 100 13,515,979 353 

KH46c9,t1 100 10,649,331 277 

Pooled-1 (USDA1002 
descendants) 

100 20,690,944 393 

Pooled-2 (Rm41 and KH46c 
descendants) 

100 24,017,931 501 
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USDA1002 90 4,815,095 107 

Rm41 90 4,501,929 96 

KH46c 90 7,217,038 163 
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Table 3-2. Genotypes tested with  USDA10029,t10 and  USDA10026,t10. Genotypes are 

named by Medicago Hapmap project number (Stanton-Geddes et al. 2013). 

Genotype USDA10029,t10 nodules USDA10026,t10 nodules 

HM037 0 45 

HM042 0 68 

HM051 3 24 

HM053 0 5 

HM054 0 65 

HM058 0 46 

HM061 4 47 

HM081 0 41 

HM083 0 79 

HM091 2 91 

HM099 0 20 

HM108 1 78 

HM117 0 15 

HM134 0 51 

HM138 0 45 

HM139 0 7 

HM155 0 104 

HM159 0 13 
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Table 3-3. Well-supported base substitutions and small indels. 

Strain Contig/Replicon Position Ancestr-
al allele 

Descend-
ant Allele 

Gene Name Type of mutation 

USDA10024,t10 Chr. 1,012,21
6 

C A  SMc00078 
(livJ) 

Non-syn. 

USDA10025,t10 Chr. 2,007,32
9 

G A SMc04438 
and 

SMc00195 

(cgmB and 
cgmA) 

Syn. in cgmB and 
Non-syn. in cgmA 

USDA10029,t10 pSymB 944,968 A G SMb21195 
(hypothetical 

protein) 

Non-syn. 

USDA10029,t10 pSymB 610,165 GGCG ---- (4 bp 
deletion) 

SMb20821 
(ATPGTP-

binding 
hydroxymethy
l-transferase) 

Frameshift 
deletion 

USDA10029,t10 Chr. 

 

1,287,82
7 

CGCCG
GGA 

------- (8 
bp 

deletion) 

SMc00615 
(purM) 

Frameshift 
deletion 

KH46c5,t20 Chr. 1,217,15
2 

C T SMc02543 
(hypothetical 

protein) 

Syn. 

Rm412,t10 Rm41_contig0023 43,552 A G N/A Intergenic 

Rm415,t10 pSymB 1,554,16
1 

G C SMb20761 
(phnI) 

Non-syn. 

Rm415,t10 pSymB 922,113 G C N/A Intergenic 

Rm415,t10 pSymB 538,142 A C SMb20515 
(chemotaxis 

methyltransfer
-ase) 

Non-syn. 
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Table 3-4. Number and base pairs of duplications detected in each strain. 

Strain Number of regions Total base pairs 

USDA10024,t10 3 1,100 

USDA10025,t10 16 9,500 

USDA10026,t10 8 2,200 

USDA10029,t10 11 3,100 

Rm411,t10 4 2,000 

Rm412,t10 14 4,900 

Rm415,t10 4 700 

Rm419,t10 45 31,100 

KH46c5,t20 11 5,900 

KH46c6,t20 10 3,200 

KH46c7,t20 4 900 

KH46c9,t20 14 4,300 

KH46c9,t1 4 600 
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Figure 3-1. Overview of experimental evolution and sequencing. 
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Figure 3-2. Mutation identification strategy. 
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Figure 3-3. Plasmid gel results. The lanes marked "R" are S. fredii USDA205, the lane 

marked "1" is USDA10029,t1, and the lane marked "10" is USDA10029,t10. The other 

lanes are strains not included in this study. 
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Concluding Remarks 

 

 The time, labor, and expense involved in sequencing a genome have fallen by 

several orders of magnitude since the first non-viral genome (yeast) was sequenced in the 

1990s (Goffeau et al. 1996) in large part due to advances in sequencing technology 

(Hudson 2008). Evolutionary biologists now have the ability to sequence multiple 

individuals from a single species or population and to directly examine the genetic 

variation relevant for ongoing evolution. Prokaryotes are well-suited to evolutionary 

genomic approaches due to their small, gene-rich genomes, yet relatively few population 

genomic studies have been conducted in prokaryotes outside of the causative agents of 

human disease (e.g.  Tenaillon et al. 2010; Touchon et al. 2009). In this dissertation, I 

have characterized genome-wide patterns of genetic diversity in the mutualistic, nitrogen-

fixing alpha-Proteobacteria Sinorhizobium meliloti and S. medicae and interpreted those 

patterns in terms of the evolutionary processes acting on the two species. Here, I review 

my key findings and suggest directions for future work. 

 In Chapter 1, I examined nucleotide diversity in S. medicae and S. meliloti. These 

two species are closely related and have (as far as we know) similar geographic and host 

ranges (Béna et al. 2005). Nevertheless, population genomic analysis revealed several 

differences among them. First, the level of nucleotide diversity across the whole genome 

is two- to three-fold lower in S. medicae than S. meliloti, indicating that S. medicae has a 

smaller effective population size. Second, the genes that show the strongest signs of 

recent positive selection (selection favoring new mutations) are different in the two 

species. This suggests that in spite of some gross similarities, S. meliloti and S. medicae 
 129 



 
may occupy different ecological niches. 

 I also uncovered an intriguing pattern on the S. meliloti chromosome. The 

chromosome shows strong population structure, and within one of the subpopulations, 

half of the chromosome is sharply different from the other half. In particular, the second 

half of the chromosome has much less nucleotide diversity than the first half. My analysis 

suggests that this is due to a selective sweep, but the specific loci or the selective pressure 

responsible for the sweep remain unknown. 

 There is little doubt that horizontal gene transfer (HGT) is widespread in 

prokaryotes or that it has contributed to some important adaptations (reviewed in 

Lawrence and Gogarten 2005). However, there is vigorous debate over how HGT affects 

the process and signal of divergence among bacterial lineages (Achtman and Wagner 

2008; Zhaxybayeva and Doolittle 2011; Cadillo-Quorez et al. 2012). In Chapter 1, I 

compared divergence in nucleotide sequence between S. meliloti and S. medicae at the 

approximately 4,000 genes they have in common. I found that most genes show no 

evidence for transfer or recombination between species, and genome-wide, the two 

species are reciprocally monophyletic. This is true even for genes found on pSymA and 

pSymB, the two megaplasmids. Only about 100 genes (2.5% of the genes tested), many 

of them important for mutualistic interactions with legumes, have been transferred 

between S. meliloti and S. medicae. This suggests that, at least for Sinorhizobium, 

recombination among closely related species is uncommon and has little impact on 

nucleotide diversity or divergence outside of mutualism-related genes. 

 By contrast, gene content diversity seems to have been strongly shaped by HGT. 
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In Chapter 2, I identify thousands of genes - comprising 20 - 35% of the genome of each 

strain - that have likely been acquired from distantly related species since the divergence 

of S. medicae and S. meliloti. As expected based on previous studies of the bacterial 

"pangenome" (e.g. Hao and Golding 2006; Kuo and Ochman 2009b), most of these genes 

were found in only one or a few strains. By comparing the frequency spectrum of HT 

genes to synonymous and non-synonymous nucleotide variants, I found evidence that the 

vast majority of transfer events are deleterious. I found a similar pattern for variation in 

gene copy-number. This suggests that much of the gene content diversity and copy 

number diversity found among closely related strains is not the result of adaptation and 

future studies of the pangenome will have to consider non-adaptive processes. 

 Taken together, this work suggests several fruitful avenues for future studies. 

First, ecological studies aimed at understanding how and why S. meliloti and S. medicae 

differ could suggest reasons for the difference in population size and selection. Coupled 

with the nucleotide and gene content diversity data, these ecological studies could link 

ecological divergence to specific genetic variants. Furthermore, these data could be used 

to sort out how much of the ecologically relevant phenotypic variation is due to 

nucleotide, gene content, or copy-number variation. Second, development of evolutionary 

models for gene content and copy-number variation would allow us to more precisely 

estimate important parameters, such as the distribution of fitness effects, for these types 

of variation. Some progress toward this goal has been made (e.g. Collins and Higgs 2012; 

Lobkovsky et al. 2013), but there is still a large gap between our models of nucleotide 

sequence evolution and our models of other genetic changes. 
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 The strains of S. meliloti and S. medicae studied in this dissertation are all 

symbiotic mutualists - they fix atmospheric nitrogen for legumes in exchange for carbon, 

like other groups of rhizobia. However, there is much variation in this interaction, 

depending on both the species and genotype of the legume host and the bacterial strain 

(Sugawara et al. 2013; Rangin et al. 2008; Heath and Tiffin 2007). Moreover, many 

rhizobia sampled from the soil are not capable of forming nodules at all (reviewed in 

Sachs and Simms 2008; Denison and Kiers 2004). Understanding the processes that 

create and maintain this variation is critical to understanding the evolution of mutualisms 

(Heath 2010; Sachs and Simms 2008). In Chapter 3 I grew 60 lines of Sinorhizobium in 

liquid medium for 175 generations to see how the nodulation phenotype would evolve in 

the absence of a host. I found that one strain evolved a narrowed host range and reduced 

nodule number, and genome sequencing suggested that a frameshift deletion in the purM 

gene - a gene involved in purine synthesis - may have been responsible for the change. 

Future studies might focus on molecular characterization of this mutation and survey 

natural populations to see if variation in the purine synthesis pathway is linked to 

variation in host range in nature. In addition, experiments to determine whether this 

mutation spread through the experimental line by chance (genetic drift) or whether it 

carries a fitness benefit would provide insights into the potential costs of mutualism. 

 

  

 132 



 
Bibliography 

 

Achtman M, Wagner M. 2008. Microbial diversity and the genetic nature of microbial 

species. Nat Rev Micro 6:431–440. 

Alkan C, Coe BP, Eichler EE. 2011. Genome structural variation discovery and 

genotyping. Nat Rev Genet 12:363–376. 

Andersson DI, Hughes D. 2009. Gene amplification and adaptive evolution in bacteria. 

Annu Rev Genet 43:167–195. 

Bailly X, Giuntini E, Sexton MC, Lower RP, Harrison PW, Kumar N, Young JPW. 2011. 

Population genomics of Sinorhizobium medicae based on low-coverage sequencing of 

sympatric isolates. ISME J 5:1722–1734. 

Bailly X, Olivieri I, Brunel B, Cleyet-Marel J-C, Béna G. 2007. Horizontal gene transfer 

and homologous recombination drive the evolution of the nitrogen-fixing symbionts of 

Medicago species. J Bacteriol 189: 5223 –5236.  

Bailly X, Olivieri I, De Mita SÉ., Cleyet-Marel JC, Bena G. 2006. Recombination and 

selection shape the molecular diversity pattern of nitrogen-fixing Sinorhizobium sp. 

associated to Medicago. Mol Ecol 15: 2719–2734. 

Baltrus D. 2013. Exploring the costs of horizontal gene transfer. TREE 28:489-495. 

Barnett MJ et al. (26 coauthors). 2001. Nucleotide sequence and predicted functions of 

the entire Sinorhizobium meliloti pSymA megaplasmid. Proc Natl Acad Sci USA 98: 

9883 –9888. 

Barnett MJ, Toman CJ, Fisher RF, Long SR. 2004. A dual-genome symbiosis chip for 

coordinate study of signal exchange and development in a prokaryote–host interaction. 

Proc Natl Acad Sci USA 101: 16636 –16641.  

Barran LR, Ritchot N, Bromfield ESP. 2001. Sinorhizobium meliloti plasmid pRm1132f 

 133 



 
replicates by a rolling-circle mechanism. J Bacteriol 183: 2704 –2708.  

Barrick JE, Yu DS, Yoon SH, Jeong H, Oh TK, Schneider D, Lenski RE, Kim JF. 2009. 

Genome evolution and adaptation in a long-term experiment with Escherichia coli. 

Nature 461:1243–1247. 

Baumdicker F, Hess WR, Pfaffelhuber P. 2012. The infinitely many genes model for the 

distributed genome of bacteria. Genome Biol Evol 4:443–456.. 

Béna G, Lyet A, Huguet T, Olivieri I. 2005. Medicago – Sinorhizobium symbiotic 

specificity evolution and the geographic expansion of Medicago. J Evol Biol 18: 1547–

1558.  

Bentley DR et al. (194 co-authors). 2008. Accurate whole human genome sequencing 

using reversible terminator chemistry. Nature 456:53–59. 

Bever JD. 1999. Dynamics within mutualism and the maintenance of diversity: 

inference from a model of interguild frequency dependence. Ecol Lett 2:52–61. 

Bjedov I, Tenaillon O, Gérard B, Souza V, Denamur E, Radman M, Taddei F, Matic I. 

2003. Stress-induced mutagenesis in bacteria. Science 300:1404–1409. 

Blount ZD, Barrick JE, Davidson CJ, Lenski RE. 2012. Genomic analysis of a key 

innovation in an experimental Escherichia coli population. Nature 489:513–518. 

Blyton MDJ, Banks SC, Peakall R, Gordon DM. 2013. Functional genotypes are 

associated with commensal Escherichia coli strain abundance within-host individuals and 

populations. Molec Ecol 22:4112-4122. 

Buendía-Clavería AM, Moussaid A, Ollero FJ, et al. 2003. A purL mutant of 

Sinorhizobium fredii HH103 is symbiotically defective and altered in its 

lipopolysaccharide. Microbiology 149:1807–1818. 

 134 



 
Cadillo-Quiroz H, Didelot X, Held NL, Herrera A, Darling A, Reno ML, Krause DJ, 

Whitaker RJ. 2012. Patterns of gene flow define species of thermophilic Archaea. PLoS 

Biol 10:e1001265. 

Capela D et al. (28 coauthors). 2001. Analysis of the chromosome sequence of the 

legume symbiont Sinorhizobium meliloti strain 1021. Proc Nat Acad Sci USA  98: 9877–

9882. 

Cohan FM (2001) Bacterial species and speciation. Syst Biol 50: 513 –524.  

Cohen O, Gophna U, Pupko T. 2011. The complexity hypothesis revisited: connectivity 

rather than function constitutes a barrier to horizontal gene transfer. Mol Biol Evol 

28:1481–1489. 

Collins RE, Higgs PG. 2012. Testing the infinitely many genes model for the evolution of 

the bacterial core genome and pangenome. Mol Biol Evol 29:3413-3425. 

Comeron JM. 1995. A method for estimating the numbers of synonymous and 

nonsynonymous substitutions per site. J Mol Evol 41:1152–1159. 

Cooper JE (2007) Early interactions between legumes and rhizobia: disclosing 

complexity in a molecular dialogue. J Appl Microbiol 103: 1355–1365. 

Cridland JM, Thornton KR. 2010. Validation of rearrangement break points identified by 

paired-end sequencing in natural populations of Drosophila melanogaster. Genome Biol 

Evol 2:83–101. 

Crook MB, Lindsay DP, Biggs MB, Bentley JS, Price JC, Clement SC, Clement MJ, 

Long SR, Griffitts JS. 2012. Rhizobial plasmids that cause impaired symbiotic nitrogen 

fixation and enhanced host invasion. Mol Plant Microbe In 25:1026–1033. 

Croucher NJ et al. (23 coauthors). 2011. Rapid pneumococcal evolution in response to 

clinical interventions. Science 331: 430 –434.  

 135 



 
Day T, Nagel L, van Oppen MJ., Caley MJ. 2008. Factors affecting the evolution of 

bleaching resistance in corals. Am Nat 171. 

Denison RF, Kiers ET. 2004. Lifestyle alternatives for rhizobia: mutualism, parasitism, 

and forgoing symbiosis. FEMS Microbiol Lett 237:187–193. 

Denver DR, Wilhelm LJ, Howe DK, Gafner K, Dolan PC, Baer CF. 2012. Variation in 

base-substitution mutation in experimental and natural lineages of Caenorhabditis 

nematodes. Genome Biol Evol 4:513–522. 

Djordjevic SP, Weinman JJ, Redmond JW, Djordjevic MA, Rolfe BG. 1996. The 

addition of 5-aminoimidazole-4-carboxamide-riboside to nodulation-defective purine 

auxotrophs of NGR234 restores bacterial growth but leads to novel root outgrowths on 

siratro. Mol Plant Microbe In 9:114–124. 

Doolittle WF, Zhaxybayeva O. 2009. On the origin of prokaryotic species. Genome Res 

19:744–756.  

Douglas AE. 2008. Conflict, cheats and the persistence of symbioses. New Phytol 

177:849–858. 

Edgar RC. 2004. MUSCLE: multiple sequence alignment with high accuracy and high 

throughput. Nucl Acids Res 32:1792–1797. 

Ellegren H. 2009. A selection model of molecular evolution incorporating the effective 

population size. Evolution 63:301–305. 

Emerson JJ, Cardoso-Moreira M, Borevitz JO, Long M. 2008. Natural selection shapes 

genome-wide patterns of copy-number polymorphism in Drosophila melanogaster. 

Science 320:1629–1631. 

Epstein B et al. (10 co-authors). 2012. Population genomics of the facultatively 

mutualistic bacteria Sinorhizobium meliloti and S. medicae. PLoS Genet 8:e1002868. 

 136 



 
Eyre-Walker A, Keightley PD. 2007. The distribution of fitness effects of new mutations. 

Nat Rev Genet 8:610–618. 

Eyre-Walker A, Keightley PD. 2009. Estimating the rate of adaptive molecular evolution 

in the presence of slightly deleterious mutations and population size change. Mol Biol 

Evol 26:2097–2108. 

Eyre-Walker A, Woolfit M, Phelps T. 2006. The distribution of fitness effects of new 

deleterious amino acid mutations in humans. Genetics 173:891–900. 

Falush D. 2009. Toward the use of genomics to study microevolutionary change in 

bacteria. PLoS Genet 5:e1000627.  

Fay JC, Wu C-I. 2000. Hitchhiking under positive Darwinian selection. Genetics 155: 

1405 –1413. 

Felsenstein J. 1989. PHYLIP -- Phylogeny Inference Package (Version 3.2). Cladistics 5: 

164. 

Felsenstein J, Churchill GA. 1996. A hidden markov model approach to variation among 

sites in rate of evolution. Mol Biol Evol 13:93 –104. 

Finan TM, Weidner S, Wong K, Buhrmester J, Chain P, Vorholter FJ, Hernandez-Lucas I, 

Becker A, Cowie A, Gouzy J, Golding B, Puhler A. 2001. The complete sequence of the 

1,683-kb pSymB megaplasmid from the N2-fixing endosymbiont Sinorhizobium meliloti. 

Proc Nat Acad of Sci USA 98:9889 –9894. 

Forsberg KJ, Reyes A, Bin W, Selleck E, Sommer M, Dantas G. 2012. The shared 

antibiotic resistome of soil bacteria and human pathogens. Science 337:1107–1111. 

Friesen ML, Mathias A. 2010. Mixed infections may promote diversification of 

mutualistic symbionts: why are there ineffective rhizobia? J Evol Biol 23: 323–334.  

Galibert F et al. (56 co-authors). 2001. The composite genome of the legume symbiont 

Sinorhizobium meliloti. Science 293:668 –672. 

 137 



 
Gibson KE, Kobayashi H, Walker GC. 2008. Molecular determinants of a symbiotic 

chronic infection. Annu Rev Genet 42:413–441.  

Gilbert JA, Dupont CL. 2011. Microbial metagenomics: beyond the genome. Annu Rev 

Marine Sci 3: 347–371.  

Giraud E et al. (34 coauthors). 2007. Legumes symbioses: absence of nod genes in 

photosynthetic Bradyrhizobia. Science 316:1307–1312. 

Giuntini E, Mengoni A, De Filippo C, Cavalieri D, Aubin-Horth N, Landry C, Becker A, 

Bazzicalupo M. 2005. Large-scale genetic variation of the symbiosis-required 

megaplasmid pSymA revealed by comparative genomic analysis of Sinorhizobium 

meliloti natural strains. BMC Genomics 6:158. 

Goffeau A, et al. (16 coauthors). 1996. Life with 6000 Genes. Science 274: 546–567. 

Gogarten JP, Townsend JP. 2005. Horizontal gene transfer, genome innovation and 

evolution. Nat Rev Micro 3:679–687. 

Gompert Z, Buerkle CA. 2009. A powerful regression-based method for admixture 

mapping of isolation across the genome of hybrids. Mol Ecol 18:1207–1224. 

Gruber N, Galloway JN. 2008. An Earth-system perspective of the global nitrogen cycle. 

Nature 451:293–296. 

Hahn MW. 2008. Toward a selection theory of molecular evolution. Evolution 62:255–

265. 

Hao W, Golding GB. 2006. The fate of laterally transferred genes: Life in the fast lane to 

adaptation or death. Genome Res 16:636–643. 

Hartl DL, Clark AG. 1997. Principles of population genetics. 3rd edition. Sinauer 

Associates. 

Heath KD. 2010. Intergenomic epsistasis and coevolutionary constraint in plants and 

 138 



 
rhizobia. Evolution 64:1446–1458. 

Heath KD, Tiffin P. 2007. Context dependence in the coevolution of plant and rhizobial 

mutualists. Proc R Soc B 274:1905–1912. 

Heath KD, Tiffin P. 2009. Stabilizing mechanisms in a legume–rhizobium mutualism. 

Evolution 63:652–662. 

Homer N, Nelson SF. 2010. Improved variant discovery through local re-alignment of 

short-read next-generation sequencing data using SRMA. Genome Biol 11:R99. 

Hooper SD, Berg OG. 2003. On the nature of gene innovation: Duplication patterns in 

microbial genomes. Mol Biol Evol 20:945–954. 

Hudson ME. 2008. Sequencing breakthroughs for genomic ecology and evolutionary 

biology. Molec Ecol Resources 8:3–17. 

Hudson RR. 2000. A new statistic for detecting genetic differentiation. Genetics 

155:2011–2014. 

Jarvis BDW, Ward LJH, Slade EA. 1989. Expression by soil bacteria of nodulation genes 

from Rhizobium leguminosarum biovar trifolii. Appl Environ Microbiol 55:1426–1434. 

Jaureguy F, Landraud L, Passet V, Diancourt L, Frapy E, Guigon G, Carbonelle E, 

Lortholary O, Clermont O, Denamur E, Picard B, Nassif X, Brisse S. 2008. Phylogenetic 

and genomic diversity of human bacteremic Escherichia coli strains. BMC Genomics 9: 

560.  

Jones KM, Kobayashi H, Davies BW, Taga ME, Walker GC. 2007. How rhizobial 

symbionts invade plants: the Sinorhizobium–Medicago model. Nat Rev Microbiol 5:619–

633. 

Kimura M (1968) Evolutionary rate at the molecular level. Nature 217:624–626. 

 139 



 
Koskiniemi S, Sun S, Berg OG, Andersson DI. 2012. Selection-driven gene loss in 

bacteria. PLoS Genet 8:e1002787. 

Kuhn S, Stiens M, Pühler A, Schlüter A. 2008. Prevalence of pSmeSM11a-like plasmids 

in indigenous Sinorhizobium meliloti strains isolated in the course of a field release 

experiment with genetically modified S. meliloti strains. FEMS Microbiol Ecol 63:118–

131.  

Kuo C-H, Ochman H. 2009a. Deletional bias across the three domains of life. Genome 

Biol Evol 1:145–152. 

Kuo C-H, Ochman H. 2009b. The fate of new bacterial genes. FEMS Microbiol Rev 

33:38–43.  

Kuo C-H, Ochman H. 2010. The extinction dynamics of bacterial pseudogenes. PLoS 

Genet 6:e1001050. 

Kurtz S, Phillippy A, Delcher AL, Smoot M, Shumway M, Antonescu C, Salzberg SL. 

2004. Versatile and open software for comparing large genomes. Genome Biol 5:R12. 

Lachance J, Tishkoff SA. 2013. Population genomics of human adaptations. Annu Rev 

Ecol Evol S 44:(online ahead of print). 

Laguerre G, Bardin M, Amarger N. 1993. Isolation from soil of symbiotic and 

nonsymbiotic Rhizobium leguminosarum by DNA hybridization. Can J Microbiol 

39:1142–1149. 

Larkin MA, Blackshields G, Brown NP, Chenna R, McGettigan PA, McWilliam H, 

Valentin F, Wallace IM, Wilm A, Lopez R, Thompson JD, Gibson TJ, Higgins DG. 2007. 

Clustal W and Clustal X version 2.0. Bioinformatics 23:2947 –2948.  

Lawrence JG, Ochman H. 1998. Molecular archaeology of the Escherichia coli genome. 

Proc Natl Acad Sci USA 95:9413–9417. 

 140 



 
Lee H, Popodi E, Tang H, Foster PL. 2012. Rate and molecular spectrum of spontaneous 

mutations in the bacterium Escherichia coli as determined by whole-genome sequencing. 

Proc Natl Acad Sci USA 109:E2774-E2783. 

Lee M-C, Marx CJ. 2012. Repeated, selection-driven genome reduction of accessory 

genes in experimental populations. PLoS Genet 8:e1002651. 

Lefébure T, Stanhope MJ. 2007. Evolution of the core and pan-genome of Streptococcus: 

positive selection, recombination, and genome composition. Genome Biol 8:R71. 

Levin BR, Cornejo OE. 2009. The population and evolutionary dynamics of homologous 

gene recombination in bacteria. PLoS Genet 5:e1000601. 

Li H et al. (7 coauthors). 2009. The Sequence Alignment/Map format and SAMtools. 

Bioinformatics 25:2078–2079. 

Li W, Godzik A. 2006. Cd-hit: a fast program for clustering and comparing large sets of 

protein or nucleotide sequences. Bioinformatics 22:1658–1659. 

Li Y et al. (27 co-authors). 2011. Structural variation in two human genomes mapped at 

single-nucleotide resolution by whole genome de novo assembly. Nat Biotech 29:723–

730. 

Lipinski KJ, Farslow JC, Fitzpatrick KH, Lynch M, Katju V, Bergthorsson U. 2011. High 

spontaneous rate of gene duplication in Caenorhabditis elegans. Curr Biol 21:306–310. 

Liu Y, Harrison PM, Kunin V, Gerstein M. 2004. Comprehensive analysis of 

pseudogenes in prokaryotes: widespread gene decay and failure of putative horizontally 

transferred genes. Genome Biol 5:R64. 

Lobkovsky AE, Wolf YI, Koonin EV. 2013. Gene frequency distributions reject a neutral 

model of genome evolution. Genome Biol Evol 5:233-242. 

Lynch M, Conery JS. 2000. The evolutionary fate and consequences of duplicate genes. 

Science 290:1151–1155. 

 141 



 
Lynch M et al. (11 coauthors). 2008. A genome-wide view of the spectrum of 

spontaneous mutations in yeast. Proc Natl Acad Sci USA 105:9272–9277. 

MacLean AM, Finan TM, Sadowsky MJ. 2007. Genomes of the symbiotic nitrogen-

fixing bacteria of legumes. Plant Physiol 144:615 –622.  

Masterson RV, Prakash RK, Atherly AG. 1985. Conservation of symbiotic nitrogen 

fixation gene sequences in Rhizobium japonicum and Bradyrhizobium japonicum. J. 

Bacteriol 163:21–26. 

Matic I, Radman M, Taddei F, Picard B, Doit C, Bingen E, Denamur E, Elion J. 1997. 

Highly variable mutation rates in commensal and pathogenic Escherichia coli. Science 

277:1833–1834. 

Matic I, Taddei F, Radman M (1996) Genetic barriers among bacteria. Trends Microbiol 

4: 69–73.  

Medini D, Donati C, Tettelin H, Masignani V, Rappuoli R. 2005. The microbial pan-

genome. Curr Opin Genet Dev 15:589–594. 

Miller NA et al. (21 coauthors). 2008. Management of high-throughput DNA sequencing 

projects: Alpheus. J Comput Sci Syst Biol 1:132–132. 

Molofsky J, Bever JD, Antonovics J. 2001. Coexistence under positive frequency 

dependence. Proc R Soc B 268:273–277. 

Moradigaravand D, Engelstädter J. 2013. The evolution of natural competence: 

disentangling costs and benefits of sex in bacteria. Am Nat 182:E112-126. 

Narra HP, Ochman H. 2006. Of what use is sex to bacteria? Current Biology 16:R705–

R710. 

Nielsen R. 2005. Molecular signatures of natural selection. Annu Rev Genet 39:197–218. 

 142 



 
Nilsson AI, Koskiniemi S, Eriksson S, Kugelberg E, Hinton JCD, Andersson DI. 2005. 

Bacterial genome size reduction by experimental evolution. PNAS. 102:12112–12116. 

Ochman H, Lawrence JG, Groisman EA. 2000. Lateral gene transfer and the nature of 

bacterial innovation. Nature 405:299–304. 

Ochman H, Liu R, Rocha EPC. 2007. Erosion of interaction networks in reduced and 

degraded genomes. Journal of Experimental Zoology Part B: Molecand Devel Evol 

308B:97–103. 

Ochman H, Moran NA. 2001. Genes lost and genes found: evolution of bacterial 

pathogenesis and symbiosis. Science 292:1096 –1099. 

Oresnik IJ, Liu S-L, Yost CK, Hynes MF. 2000. Megaplasmid pRme2011a of 

Sinorhizobium meliloti is not required for viability. J Bacteriol 182:3582 –3586. 

Pál C, Papp B, Lercher MJ. 2005. Adaptive evolution of bacterial metabolic networks by 

horizontal gene transfer. Nature Genetics 37:1372–1375. 

Papp B, Pál C, Hurst LD. 2003. Dosage sensitivity and the evolution of gene families in 

yeast. Nature 424:194–197. 

Parker MA. 1999. Mutualism in metapopulations of legumes and rhizobia. Am Nat 

153:S48–S60. 

Perna NT et al. (28 co-authors). 2001. Genome sequence of enterohaemorrhagic 

Escherichia coli O157:H7. Nature 409:529–533. 

Perna NT, Plunkett G, Burland V, Mau B, Glasner JD, et al.. 2001. Genome sequence of 

enterohaemorrhagic Escherichia coli O157:H7. Nature 409:529–533. 

Pettersson ME, Sun S, Andersson DI, Berg OG. 2009. Evolution of new gene functions: 

simulation and analysis of the amplification model. Genetica 135:309–324. 

 143 



 
Pongsilp N, Teaumroong N, Nuntagij A, Boonkerd N, Sadowsky MJ. 2002. Genetic 

structure of indigenous non-nodulating and nodulating populations of Bradyrhizobium in 

soils from Thailand. Symbiosis 33:39–58. 

R Development Core Team. 2013. R: A language and environment for statistical 

computing. Vienna, Austria http://www.R-project.org/. 

Rangin C, Brunel B, Cleyet-Marel J-C, Perrineau M-M, Béna G. 2008. Effects of 

Medicago truncatula genetic diversity, rhizobial competition, and strain effectiveness on 

the diversity of a natural Sinorhizobium species community. Appl Environ Microbiol 

74:5653–5661. 

Ratcliff WC, Denison RF, Borrello M, Travisano M. 2012. Experimental evolution of 

multicellularity. PNAS 109:1595–1600. 

Reams AB, Kofoid E, Savageau M, Roth JR. 2010. Duplication frequency in a population 

of Salmonella enterica rapidly approaches steady state with or without recombination. 

Genetics 184:1077–1094. 

Reeve W et al. (23 coauthors). 2010. Complete genome sequence of the Medicago 

microsymbiont Ensifer (Sinorhizobium) medicae strain WSM419. Standards in Genomic 

Sciences 2:77. 

Riehle MM, Bennett AF, Long AD. 2005. Changes in gene expression following high ‐

temperature adaptation in experimentally evolved populations of E. coli. Physiol 

Biochem Zool 78:299–315. 

Rockman MV. 2012. The Qtn Program and the alleles that matter for evolution: all that’s 

gold does not glitter. Evolution 66:1–17. 

Rome S, Fernandez MP, Brunel B, Normand P, Cleyet-Marel J-C. 1996. Sinorhizobium 

medicae sp. nov., isolated from annual Medicago spp. Int J Syst Bacteriol 46:972 –980.  

 144 



 
Romero D, Palacios R. 1997. Gene amplification and genomic plasticity in prokaryotes. 

Annu Rev Genet 31:91–111. 

Sachs JL, Kembel SW, Lau AH, Simms EL. 2009. In situ phylogenetic structure and 

diversity of wild Bradyrhizobium communities. Appl Environ Microbiol 75:4727–4735. 

Sachs JL, Russell JE, Hollowell AC. 2011. Evolutionary instability of symbiotic function 

in Bradyrhizobium japonicum. PLoS ONE 6:e26370. 

Sachs JL, Simms EL. 2008. The origins of uncooperative rhizobia. Oikos 117:961–966. 

Saitou N, Nei M. 1987. The neighbor-joining method: A new method for reconstructing 

phylogenetic trees. Mol Biol Evol 4:406–425. 

Salzberg SL et al. (13 co-authors). 2011. GAGE: A critical evaluation of genome 

assemblies and assembly algorithms. Genome Res 22:557-567. 

Schneider A, Charlesworth B, Eyre-Walker A, Keightley PD. 2011. A method for 

inferring the rate of occurrence and fitness effects of advantageous mutations. Genetics 

189:1427–1437. 

Schrider DR, Hahn MW. 2010. Gene copy-number polymorphism in nature. Proc R Soc 

B 277:3213–3221. 

Schrider DR, Houle D, Lynch M, Hahn MW. 2013. Rates and genomic consequences of 

spontaneous mutational events in Drosophila melanogaster. Genetics 194:937-954.  

Segovia L, Piñero D, Palacios R, Martínez-Romero E. 1991. Genetic structure of a soil 

population of nonsymbiotic Rhizobium leguminosarum. Appl Environ Microbiol 57:426–

433. 

Sibley CD, MacLellan SR, Finan TM. 2006. The Sinorhizobium meliloti chromosomal 

origin of replication. Microbiology 152:443–455. 

Silva C, Kan FL, Martínez-Romero E. 2007. Population genetic structure of 

 145 



 
Sinorhizobium meliloti and S. medicae isolated from nodules of Medicago spp. in 

Mexico. FEMS Microbiol Ecol 60:477–489.  

Simpson JT, Wong K, Jackman SD, Schein JE, Jones SJM, Birol İ. 2009. ABySS: A 

parallel assembler for short read sequence data. Genome Res 19:1117–1123. 

Sloan DB, Moran NA. 2013. The evolution of genomic instability in the obligate 

endosymbionts of whiteflies. Genome Biol Evol 5:783–793. 

Smith JM, Daum HA. 1986. Nucleotide sequence of the purM gene encoding 5’-

phosphoribosyl-5-aminoimidazole synthetase of Escherichia coli K12. J. Biol. Chem 

261:10632–10636. 

Smith JM, Haigh J. 1974. The hitch-hiking effect of a favourable gene. Genet Research 

23:23–35.  

Soberón-Chávez G, Nájera R. 1989. Isolation from soil of Rhizobium leguminosarum 

lacking symbiotic information. Can J Microbiol 35:464–468. 

Sorek R, Zhu Y, Creevey, CJ, Francino MP, Bork P, Rubin EM. 2007. Genome-wide 

experimental determination of barriers to horizontal gene transfer. Science 318:1449–

1452. 

Soto W, Punke EB, Nishiguchi MK. 2012. Evolutionary perspectives in a mutualism of 

Sepiolid squid and bioluminescent bacteria: combined usage of microbial experimental 

evolution and temporal population genetics. Evolution 66:1308–1321. 

Stanton-Geddes J et al. (17 coauthors). 2013. Candidate genes and genetic architecture of 

symbiotic and agronomic traits revealed by whole-genome, sequence-based association 

genetics in Medicago truncatula. PLoS ONE 8:e65688. 

Stiens M, Schneiker S, Keller M, Kuhn S, Pühler A, Schluter A. 2006. Sequence analysis 

of the 144-kilobase accessory plasmid pSmeSM11a, isolated from a dominant 

Sinorhizobium meliloti strain identified during a long-term field release experiment. Appl 

 146 



 
Environ Microbiol 72:3662 –3672.  

Stiens M, Schneiker S, Pühler A, Schlüter A. 2007. Sequence analysis of the 181-kb 

accessory plasmid pSmeSM11b, isolated from a dominant Sinorhizobium meliloti strain 

identified during a long-term field release experiment. FEMS Microbiol Lett 271:297–

309.  

Stoebel DM, Dean AM, Dykhuizen DE. 2008. The cost of expression of Escherichia coli 

lac operon proteins is in the process, not in the products. Genetics 178:1653–1660. 

Sugawara M et al. (21 coauthors). 2013. Comparative genomics of the core and accessory 

genomes of 48 Sinorhizobium strains comprising five genospecies. Genome Biol 14:R17. 

Sullivan JT, Patrick HN, Lowther WL, Scott DB, Ronson CW. 1995. Nodulating strains 

of Rhizobium loti arise through chromosomal symbiotic gene transfer in the environment. 

Proc Natl Acad Sci USA 92:8985. 

Sullivan JT, Ronson CW. 1998. Evolution of rhizobia by acquisition of a 500-kb 

symbiosis island that integrates into a phe-tRNA gene. Proc Natl Acad Sci USA 95:5145–

5149. 

Sun S, Guo H, Xu J. 2006. Multiple gene genealogical analyses reveal both common and 

distinct population genetic patterns among replicons in the nitrogen-fixing bacterium 

Sinorhizobium meliloti. Microbiology 152:3245 –3259.  

Sung W, Ackerman MS, Miller SF, Doak TG, Lynch M. 2012. Drift-barrier hypothesis 

and mutation-rate evolution. Proc Natl Acad Sci USA 109:18488–18492. 

Swanson-Wagner RA, Eichten SR, Kumari S, Tiffin P, Stein JC, Ware D, Springer NM. 

2010. Pervasive gene content variation and copy number variation in maize and its 

undomesticated progenitor. Genome Res 20:1689–1699.  

Tajima F. 1989. Statistical method for testing the neutral mutation hypothesis by DNA 

polymorphism. Genetics 123:585 –595. 

 147 



 
Takuno S, Kado T, Sugino RP, Nakhleh L, Innan H. 2012. Population genomics in 

bacteria: a case study of Staphylococcus aureus. Mol Biol and Evol 29:797–809. 

Tenaillon O, Rodríguez-Verdugo A, Gaut RL, McDonald P, Bennett AF, et al.. 2012. The 

molecular diversity of adaptive convergence. Science 335:457 –461. 

Tenaillon O, Skurnik D, Picard B, Denamur E (2010) The population genetics of 

commensal Escherichia coli. Nat Rev Microbiol 8:207–217. 

Tettelin H et al. (46 co-authors). 2005. Genome analysis of multiple pathogenic isolates 

of Streptococcus agalactiae: implications for the microbial ‘pan-genome’. Proc Natl 

Acad Sci USA 102:13950–13955. 

Tettelin H, Riley D, Cattuto C, Medini D. 2008. Comparative genomics: the bacterial 

pan-genome. Curr Opin Microbiol 11:472–477. 

Thornton K. 2003. libsequence: a C++ class library for evolutionary genetic analysis. 

Bioinformatics 19:2325 –2327. 

Tian CF, Zhou YJ, Zhang YM, Li QQ, Zhang YZ, Li DF, Wang S, Wang J, Gilbert LB, Li 

YR, Chen WX (2012) Comparative genomics of rhizobia nodulating soybean suggests 

extensive recruitment of lineage-specific genes in adaptations. Proc Natl Acad Sci USA 

109:8629-8634.  

Touchon M et al. (41 coauthors). 2009. Organised genome dynamics in the Escherichia 

coli species results in highly diverse adaptive paths. PLoS Genet 5:e1000344. 

Travisano M, Shaw RG. 2013. Lost in the map. Evolution 67:305–314. 

Treangen TJ, Rocha EPC. 2011. Horizontal transfer, not duplication, drives the expansion 

of protein families in prokaryotes. PLoS Genet 7:e1001284. 

Trevors JT. 1986. Plasmid curing in bacteria. FEMS Microbiol Lett 32:149–157. 

 148 



 
Triplett EW, Sadowsky MJ. 1992. Genetics of competition for nodulation of legumes. 

Annu Rev in Microbiol. 46:399–422. 

Vallenet D et al. (11 co-authors). 2009. MicroScope: a platform for microbial genome 

annotation and comparative genomics. Database: 2009:bap021. 

van Berkum P, Badri Y, Elia P, Aouani ME, Eardly BD. 2007. Chromosomal and 

symbiotic relationships of rhizobia nodulating Medicago truncatula and M. laciniata. 

Appl Environ Microbiol 73:7587–7604.  

van Berkum P, Elia P, Eardly BD. 2006. Multilocus sequence typing as an approach for 

population analysis of Medicago-nodulating rhizobia. J Bacteriol 188:5570–5577.  

Van Passel MWJ, Marri PR, Ochman H. 2008. The emergence and fate of horizontally 

acquired genes in Escherichia coli. PLoS Comput Biol 4:e1000059. 

Vance CP. 2001. Symbiotic nitrogen fixation and phosphorus acquisition. Plant nutrition 

in a world of declining renewable resources. Plant Physiol 127: 390. 

Vinuesa P, Silvaa C, Wernerb D, Martınez-Romeroa E. 2005. Population genetics and 

phylogenetic inference in bacterial molecular systematics: the roles of migration and 

recombination in Bradyrhizobium species cohesion and delineation. Mol Phyl Evol 34: 

29–54. 

Wang D, Yang S, Tang F, Zhu H. 2012. Symbiosis specificity in the legume – rhizobial 

mutualism. Cell Microbiol 14:334–342. 

Watterson GA. 1975. On the number of segregating sites in genetical models without 

recombination. Theor Popul Biol 7:256–276. 

Wellner A, Lurie MN, Gophna U. 2007. Complexity, connectivity, and duplicability as 

barriers to lateral gene transfer. Genome Biol 8:R156. 

West SA, Kiers ET, Simms EL, Denison RF. 2002. Sanctions and mutualism stability: 

why do rhizobia fix nitrogen? Proc R Soc Lond B 269: 685. 

 149 



 
Wielgoss S, Barrick JE, Tenaillon O, Cruveiller S, Chane-Woon-Ming B, Médigue C, 

Lenski RE, Schneider D. 2011. Mutation rate inferred from synonymous substitutions in 

a long-term evolution experiment with Escherichia coli. G3 1:183–186. 

Wu TD, Nacu S. 2010. Fast and SNP-tolerant detection of complex variants and splicing 

in short reads. Bioinformatics 26:873 –881. 

Yoon S, Xuan Z, Makarov V, Ye K, Sebat J. 2009. Sensitive and accurate detection of 

copy number variants using read depth of coverage. Genome Res 19:1586–1592. 

Young ND et al. (124 coauthors). 2011. The Medicago genome provides insight into the 

evolution of rhizobial symbioses. Nature 480:520-524. 

Zeng K, Fu Y-X, Shi S, Wu C-I. 2006. Statistical tests for detecting positive selection by 

utilizing high-frequency variants. Genetics 174:1431 –1439.  

Zhang F, Gu W, Hurles ME, Lupski JR. 2009. Copy number variation in human health, 

disease, and evolution. Annu Rev Genom Hum G 10:451–481. 

Zhaxybayeva O, Doolittle WF. 2011. Lateral gene transfer. Current Biology 21:R242–

R246. 

Zurkowski W. 1982. Molecular mechanism for loss of nodulation properties of 

Rhizobium trifolii. J Bacteriol 150:999–1007. 

 

 

 
 

 150 


	Introduction
	Summary
	Introduction
	Methods
	Statistical analyses
	Genealogical relationships
	Origin and terminus of replication

	Results
	Species relatedness
	Within-species diversity
	Targets of selection

	Discussion
	Nucleotide Diversity
	Targets of Selection
	Conclusion

	Tables and Figures
	Supplemental Tables and Figures
	Summary
	Introduction
	Methods
	Identification of duplicated genes
	Identification of homologous genes in the de novo assembly
	Identification of horizontally transferred genes
	Assignment to replicons
	Diversity of duplicates and nucleotide variants
	Frequency spectra

	Results
	HT genes
	Excess of low frequency duplications and HT genes

	Discussion
	HT genes
	Duplicated genes
	Conclusion

	Tables and Figures:
	Supplemental Tables and Figures
	Summary
	Introduction
	Methods
	Greenhouse tests
	Sequencing and identification of mutations

	Results
	Identification of nodulation mutant
	Mutations

	Discussion
	Costs of symbiosis
	Nodulation mutant
	Mutations

	Tables and Figures
	Concluding Remarks
	Bibliography

