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Abstract

Many bacterial species, such as the alphaproteobacterium Sinorhizobium meliloti, are characterized by open pangenomes and
contain multipartite genomes consisting of a chromosome and other large-sized replicons, such as chromids, megaplasmids, and
plasmids. The evolutionary forces in both functional and structural aspects that shape the pangenome of species with multipartite
genomes are still poorly understood. Therefore, we sequenced the genomes of 10 new S. meliloti strains, analyzed with four publicly
available additional genomic sequences. Results indicated that the three main replicons present in these strains (a chromosome, a
chromid, and a megaplasmid) partly show replicon-specific behaviors related to strain differentiation. In particular, the pSymB
chromid was shown to be a hot spot for positively selected genes, and, unexpectedly, genes resident in the pSymB chromid were
also found to be more widespread in distant taxa than those located in the other replicons. Moreover, through the exploitation of a
DNA proximity network, a series of conserved “DNA backbones” were found to shape the evolution of the genome structure, with
the rest of the genome experiencing rearrangements. The presented data allow depicting a scenario where the pSymB chromid has a
distinctive role in intraspecies differentiation and in evolution through positive selection, whereas the pSymA megaplasmid mostly
contributes to structural fluidity and to the emergence of new functions, indicating a specific evolutionary role for each replicon in the
pangenome evolution.

Key words: chromid, pangenome, bacteria, selection.

Introduction component. The dispensable genome, which can account

The dynamics of prokaryotic genome evolution are different
from those of eukaryotic organisms (Koonin and Wolf 2010;
Koonin 2011), due to the undefined boundaries between
species (Gogarten and Townsend 2005), the horizontal gene
transfer (Boto 2010), and the tendency to genome reduction
in bacteria (Koonin 2009; Kuo et al. 2009). In particular, at the
intraspecies scale, genomes of different bacterial strains often
present large genomic differences, and the concept of pan-
genome has been developed to take into account these dif-
ferences (Tettelin et al. 2008). More precisely, a bacterial
pangenome is composed by a core fraction, common to all
strains, and a dispensable part that comprises, in turn, a
unique (including all singleton genes) and an accessory

for a large fraction of the entire pangenome, has been
shown to harbor genes related to local adaptation, originated
by relatively recent horizontal gene transfer events (Medini
et al. 2008), and it may explain phenotypic differences
found in natural strains (Biondi et al. 2009) and the lifestyle
of a given species (Tettelin et al. 2008). Concerning genome
structure, several species contain multipartite genomes, which
are composed by several replicons, often showing sizes as
large as that of the chromosome. Such additional large repli-
cons are collectively called megaplasmids, but recently a new
term, “chromid,” has been proposed to better describe the
biological features of several megaplasmids, which present
housekeeping functions, so they are chromosome-like and
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plasmid replication and partition systems (Harrison et al.
2010). Chromids have been claimed as genera-specific
elements, whereas megaplasmids, because of their possible
more recent origin, could better define interspecies bound-
aries inside a genus. However, it is still unclear whether chro-
mosome, chromids, and megaplasmids may have common or
distinct evolutionary routes at the intraspecific level.

Sinorhizobium meliloti is one of the most investigated bac-
terial species for symbiotic interaction with plants (Gibson
et al. 2008); it is found as a free-living bacterium in most of
temperate soils, as a symbiont in the root nodules of host
leguminous plants, mainly of genera Medicago, Melilotus,
and Trigonella (Fabaceae) (Sprent 2001), and also an endo-
phyte in host legumes (Pini et al. 2012) or nonhost plant spe-
cies (Chi et al. 2005). As a model in evolutionary genomics,
S. meliloti is particularly attractive because strains of this
species harbor large and typically multipartite genomes with
a chromosome, a chromid, a megaplasmid, plus additional
smaller plasmids (Krawiec and Riley 1990; Galibert et al.
2001; Galardinietal. 2011; Tian et al. 2012). This organization
could in principle favor three levels of genome variability, the
smaller plasmids and the megaplasmids being more strain
specific and of recent origin, whereas the chromid and the
chromosome being less variable and more genus specific and
of ancient origin. Consequently, the S. meliloti pangenome
can be considered as a “time machine” of pangenome
evolution.

Previous population genetics investigations have shown
that strains of S. meliloti are highly variable, and various studies
explored the relationship between the pattern of genetic var-
iation and environmental variables (Paffetti et al. 1996, 1998;
Carelli et al. 2000; Jebara et al. 2001; Bailly et al. 2006; Talebi
Bedaf et al. 2008; Trabelsi et al. 2010), highlighting the influ-
ence of both host plant genotype and geographical separation
on S. meliloti populations. More recently, both S. meliloti and
its cogeneric species S. medicae have been used in parallel for
population genomics investigations (Guo et al. 2009; Bailly
et al. 2011; Epstein et al. 2012). Finally, the first comparative
genomic study with three complete genomes (Galardini et al.
2011) showed that the pangenome of S. meliloti is indeed
highly variable, providing the basis for more detailed genomic
comparison and microevolutionary investigations. Further in-
vestigation of those strains showed a high phenotypic variabil-
ity for both symbiotic and nonsymbiotic phenotypes (Biondi
et al. 2009); however, their relevance for environmental ad-
aptation is still unknown.

Several studies in the last years have applied comparative
genomics to describe the pangenome and genome-to-
genome variability at the intraspecific scale in bacteria (see
e.g., Brosch et al. 2001; Edwards et al. 2002; Deng et al.
2003, 2010; Mols 2007; Rasko et al. 2008; Cho et al. 2010;
Frandi et al. 2010; Lukjancenko et al. 2010; Galardini et al.
2011; Epstein et al. 2012; Tian et al. 2012), emphasizing the
potential importance of the dispensable genome for virulence

and adaptation; however, the evolutionary explanation of the
existence of large multipartite genomes in bacteria and espe-
cially the role of chromids in strains differentiation are still
obscure. The aim of this work was consequently to use the
genomic sequences of S. meliloti strains to investigate
multireplicon genome dynamics at the intraspecies level in
bacteria, trying to understand what was the role of core
and dispensable genome in intraspecific differentiation and
if different replicons followed different evolutionary routes.

Materials and Methods

Bacterial Strains Isolation

Supplementary table S1, Supplementary Material online, lists
all S. meliloti strains used in this work. All strains indicated as
Italian, but H1, were isolated at the Italian Agricultural
Research Council-Fodder and Dairy Productions Research
Centre (CRA-FLC), Lodi, Italy, from root nodules of alfalfa
(Medicago sativa) in the course of a long-term experiment
(Carelli et al. 2000). H1 was isolated as endophyte from sur-
face-sterilized leaves of M. sativa grown in a field in Prato,
ltaly, after plating the leaf homogenate on TY medium
(Beringer 1974) and then screening the obtained bacterial
isolates (~300) with S. meliloti-specific primers (Trabelsi
et al. 2009). This screening procedure allowed to identify
one S. meliloti isolate, which was confirmed by 16S ribosomal
RNA (rRNA) gene sequencing and designed with the code S.
melilotiH1. Original specimen for this strain is conserved in the
strain collection of the Department of Biology, University of
Florence (BIO). All specimens for the other Italian strains are
conserved both at BIO and at the strain collection of the Italian
Agricultural Research Council-Fodder and Dairy Productions
Research Centre (CRA-FLC), Lodi, ltaly. All AK-coded strains
were initially isolated from root nodules of Medicago plants in
the North Aral Sea region in Kazakhstan and are deposited, as
original specimens after initial isolation, in the culture collec-
tion of All-Russia Institute of Agricultural Microbiology (St.
Petersburg, Russia) and as duplicated at BIO. Strain 1A42
was isolated from root nodules of alfalfa in Iran (Talebi
Bedaf et al. 2008) and deposited at BIO by M. Talebi Bedaf.
Rm1021 is the model strain for S. meliloti. It was originally
isolated as a Tn5 mutant of strain SU47 (RCR2011=
NZP4009 = LMG 6130) (Meade et al. 1982), and its genome
was completely sequenced in 2001 (Galibert et al. 2001).
Sinorhizobium meliloti BL225C and AK83 strains (Galardini
et al. 2011), whose genomes have been completely se-
guenced (Galardini et al. 2011), are also deposited at the
German Collection of Microorganisms and Cell Cultures
(DSMZ). Strain SM11 was sequenced by CeBiTec (Bielefeld,
Germany) and was originally isolated as the dominant, indig-
enous S. meliloti strain during a long-term field release exper-
iment in Germany with genetically modified S. meliloti strains
(Schneiker-Bekel et al. 2011).
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Whole-Genome Shotgun Sequencing and Assembly

Total DNA was isolated from S. meliloti cultures on liquid
TY medium (Beringer 1974) with a cetyl trimethylammonium
bromide (CTAB) method (Galardini et al. 2011). Genome se-
guencing was performed at the IGA Technology Services
(http:/Avww.igatechnology.com/), Udine, Italy, using an
lllumina HiSeq2000 with pair-end sequencing (Bennett
2004), yielding reads with length of 100bp. The raw se-
guences were checked with FastQC (http:/Avww .bioinformat-
ics.babraham.ac.uk/projects/fastqc/), then the first four bases
at the 5’-end were trimmed to remove low-quality bases and a
dynamic trimming was applied on reads ends, imposing a min-
imum read length of 34 bases and a minimum quality of 20.
The trimmed reads were assembled using Abyss v1.3.0
(Simpson et al. 2009), using the default parameters and with
a k size of 35 or 45, depending on the number and average
length of the output contigs. Phrap (de la Bastide and
McCombie 2007) was then used to find putative contigs over-
lap, using the following parameters: repeat_stringency =0.99,
maxgap =0, minmatch =45, forcelevel=0, and penalty =
—20. The putative contigs overlap were checked with Tablet
(Milne et al. 2010), merging those contigs with no mismatches
or gaps in the overlapping regions. Contigs below 1,000 bp
were discarded. The number of reads, contigs, and the degree
of coverage are reported in supplementary table S2, Supple-
mentary Material online. The sequences have been deposited
in GenBank: The BioProject and GenBank IDs are reported in
supplementary table S1, Supplementary Material online.

Annotation and Storage

Protein-coding sequences predictions were performed using
Prodigal v2.0 (Hyatt et al. 2010), rRNA were predicted using
rnammer v1.2 (Lagesen et al. 2007), whereas transfer RNA
(tRNA) were predicted using tRNAscan-SE v1.3 (Lowe and
Eddy 1999). Protein sequences were annotated using blast2go
(Conesa et al. 2005), Interproscan v4 with domain database
v34 (Zdobnov and Apweiler 2001), the KAAS web server
(Moriya et al. 2007); homologies with RhizoBase (http:/
genome.kazusa.or.jp/rhizobase) and Clusters of Orthologous
Groups (COG) (Tatusov et al. 2001) were assessed using
Blast+ v2.2.25 (Camacho et al. 2009). Replicon sizes in the
newly sequenced genomes were estimated using
CONTIGuator v2.5 (Galardini, Biondi, et al. 2011), using the
average number of base pairs mapping to the four S. meliloti
complete genomes. All the sequences, plus annotations, and
analyses were stored in a MySQL relational database.

Orthology

Two distinct algorithms were used for orthologous clusters
construction, using the protein sequences as inputs: a recip-
rocal best-blast hit (BBH) approach (Altenhoff and Dessimoz
2009), with e-value threshold of 1e'°, BLOSUMS80 matrix,
and the combination of InParanoid (Remm et al. 2001) and

MultiParanoid (Alexeyenko et al. 2006). The BBH algorithm
was applied in a sequential fashion, picking up one genome
at a time and using each protein as a query for a BBH search
against each other genome, thus constructing a group of
orthologs: If a genome was found as not represented in a
group, the BBH search is done again using the orthologs of
the starting protein, thus avoiding the bias introduced by the
specific genome order used (Popa et al. 2011). The similarity at
the gene level between the genomes of this study has been
estimated using the genomic fluidity metric (Kislyuk et al.
2011), using the InParanoid approach, via the calculation of
all the possible pairwise clusters, and also to verify the open-
ness of the S. meliloti pangenome using different pangenome
sizes(2,3,4,5,6,7,10, 13 and 14). Summary pie charts were
drawn using Krona (Ondov et al. 2011).

Phylogenetic Reconstruction

The BBH clusters’ core genome phylogenetic relationships
were analyzed by using a concatemer composed of 2,695
coding sequences (CDS), using the corresponding nucleotide
sequences for each protein and discarding those core genes
with a difference in length above 60bp in one of the 14
strains, to remove those genes present as fragments due to
the draft status of 10 genomes of the data set.
Replicon-specific alignments were performed dividing the
2,695 CDS according to the replicon of origin. Upstream re-
gions of the core genes were retrieved, discarding the se-
guences below 5bp, resulting in 2,004 sequences
concatemer. Nucleotide sequences were aligned using
MUSCLE (Edgar 2004), and the Bayesian dendrogram was
inferred with MrBayes v3.2.0 (Huelsenbeck and Ronquist
2001). The best DNA substitution model and distance matrices
were inferred with MEGA v5 (Tamura et al. 2011).
Neighbor-joining dendrogram of accessory genome was com-
puted with Past v2.13 (Hammer et al. 2001) from Jaccard
similarity distances among strains derived from the presence/
absence matrix of orthologs in the accessory genome.
TreeView v1.6.6 (Page 1996) was used to display dendrogram
topologies. The strains were clustered using the dendrogram
data, using the Phylo-MCOA R package (de Vienne et al.
2012) (to convert the dendrograms into distance matrices)
and the scikits.learn mean-shift unsupervised clustering algo-
rithm (Pedregosa et al. 2011 and http://scikit-learn.org/).
MantelTester (Bonnet and Van de Peer 2002) was used for
computing correlation values between distance matrices
within core portions (chromosome, megaplasmid pSymA,
and chromid pSymB) and between core and accessory
genome distance matrices.

Purifying and Positive Selection Signatures Detection

The protein sequences derived from the concatemer used in
the phylogenetic reconstruction were aligned with MUSCLE
(Edgar 2004), and the alignments were then converted to
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nucleotide sequences and used as input for the codeml pro-
gram, from the PAML package, version 4.6 (Yang 1997), using
models M1a and M2a and the tree generated by the phylo-
genetic reconstruction as guide. A gene was considered to be
positively selected with dn/ds > 1 at Pvalue < 0.01 for both %2
test and Posterior Bayesian Probability. The same alignments
were used as an input for the SLR program version 1.4.1
(Massingham and Goldman 2005), used to confirm the posi-
tive selection signatures and to detect the genes under purify-
ing selection: A probability score of 99% and a likelihood ratio
test (LRT) score >9.21 were used as thresholds. Signs of re-
combination were checked using the PhyML_multi software,
but no gene was found to harbor signs of recombination
(Boussau et al. 2009). The proportional differences in the
COG categories have been analyzed by computing the pro-
portion of each category for the positively selected genes and
all the other genes, then for each category by computing the
difference between the two proportions divided by the pro-
portion seen for the genes not positively selected.

Taxonomic Distribution

Taxonomic distribution of the pangenome CDS was assessed
using TaxonomyBlaster (available upon request) with the same
approach described in the work of Pini et al. (2011): The pro-
teins contained in the nr database (downloaded on
September 2011) have been divided according to the NCBI
taxonomy in a series of smaller databases, one for each
phylum inside the kingdom Bacteria (excluding the “environ-
mental classes”). The Proteobacteria phylum has been divided
into distinct classes, including also the Alphaproteobacteria
class. Each one of these smaller databases has been queried
with all the proteins of the pangenome through a Blast search,
with the same parameters of Pini et al. Each taxonomic group
has been analyzed independently, using the InParanoid clus-
ters: An orthologous group (OG) was considered as mapped
to a certain taxonomic group if existed at least one hit with
e-value 1'%, index >0.33, and coverage >0.66. The pro-
portional differences in the COG categories have been ana-
lyzed by computing the proportion of each category for the
Proteobacteria classes and the other taxonomic phyla, then for
each category by computing the difference between the two
proportions divided by the proportion seen for the other bac-
terial phylum.

Structural Genomics

The newly sequenced genomes replicons were estimated
using CONTIGuator v2.6 (Galardini, Biondi, et al. 2011),
using as reference the closest closed genome in the phyloge-
netic tree. Pairwise whole-genome alignments were per-
formed on the whole-genome concatemer produced by
CONTIGuator using the megablast algorithm from Blast+
(Camacho et al. 2009), with an e-value threshold of 1e~'°
and an alignment size above 10,000bp; The alignment

were visualized using the GenomeDiagram (Pritchard et al.
2006) module inside the BioPython library (Cock et al.
2009). The orthologs’ contiguous regions were constructed
using the InParanoid clusters. The DNA proximity network
was constructed using the backbone file from a Progressive
Mauve analysis using the CONTIGuator scaffolds as input as
an approximation of the complete genome (Darling et al.
2004). Each node in the network represents a nucleotide
region present in one or more strains, whereas the edges
represent the proximity of each region to the others, the
weight of the edge being proportional to the number of
times each link is observed in the pangenome. The DNA back-
bones were found via the application of a pruning filter over
the edges, keeping those edges with higher weight: A weight
range between 10 and 14 was chosen, considering the pres-
ence of four complete genomes in the data set. Replicon-
specific backbones were found by removing those nodes
not mapped to the replicon of interest. Network parameters
were computed using networkx (http:/networkx.lanl.gov/),
using Gephi (Mathieu et al. 2009) for the visualization.

COG Categories and Replicons Enrichment

The significance of the observed differences in the COG cat-
egories and in the presence of the positively selected genes in
each replicon was validated with a Fisher’s exact test, as im-
plemented in the DendroPy package (Sukumaran and Holder
2010).

Results and Discussion

Whole-Genome Microevolution: Sinorhizobium meliloti
Has a Typical Open Pangenome

The draft genome sequences of 10 S. meliloti strains reported
in table 1 were produced as described in Materials and
Methods section. The comparison of those 10 genomes
with the complete sequences of the four strains already avail-
able at December 2011 (Rm1021, AK83, BL225C, and SM11)
showed that genome sizes varied from 6.69 Mb (Rm1021) to
8.94 Mb (5A14), with an average GC content of 61.9%. The
number of ORFs ranged from 6,218 (Rm1021) to 8,735
(5A14). The partial assembly of the new genomes was per-
formed by contigs mapping with the four completely assem-
bled genomes (Rm1021, AK83, BL225C, and SM11):
Interestingly, the newly sequenced genomes also possessed
sequences belonging to “rare” accessory plasmids such as
pSINMEO1 and pSINMEOQ2 of strain AK83, and pSmelila
and pSme11b of strain SM11. In particular, all 10 newly se-
guenced genomes contained sequences found in the acces-
sory pSINMEQ1 plasmid of strain AK83. Finally, 30% of ORFs
had no predicted function, whereas the proportion of proteins
annotated by standard annotation sources ranged from
44.8% (Kyoto Encyclopedia of Genes and Genomes
[KEGG]) to 83.3% (Interpro). The highest annotation signal
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Fic. 1.—Sinorhizobium meliloti pangenome permutations statistics.

Each point indicates the number of orthologs that are found in each
pangenomic fraction. The trend lines on the median values are shown.

for all genomes was found, as expected, by homology with
genes present in the Rhizobase (86.4%).

The pangenome of the 14 strains used in this study has
been computed using two different methods (InParanoid and
BBH, see Materials and Methods); the first method allows the
detection of inparalogs (O'Brien et al. 2005) and its algorith-
mic complexity allows the classification of the pangenome as
“open” or “closed," because all the pairwise genomic com-
parisons are computed before the clusterization step, whereas
the BBH approach allows only one protein for each genome in
each OG, therefore being more suitable for the alignments
used in the phylogenetic analysis. The total 102,082 ORFs
found in the 14 genomes have been used for the definition
of the S. meliloti pangenome of 14 strains: A set of 12,162/
19,447 OGs (using InParanoid or BBH, respectively) was iden-
tified (supplementary tables S3a and S3b, Supplementary
Material online); a subset of 3,989/4,685 OGs was conserved
across all genomes (core genome) (supplementary fig. S1,
Supplementary Material online). The remaining 8,173/
14,762 OGs were defined as members of the dispensable
genome, with a similar number or accessory OGs (4,596/
4,602) and a slightly different number of unique OGs
(3,577/10,160). The differences in the number of OGs
found with the two methods (especially for the unique
genome fraction) is mostly due to the presence of paralogs
detected by the InParanoid method: In fact, 3,265 OGs have
been found to contain at least one paralog (totaling 8,025
paralog proteins). Figure 1 summarizes the results obtained
comparing the 14 genomes of S. meliloti strains in relationship
to the core and dispensable (accessory plus unique genes)
genome. Sinorhizobium meliloti appears to have an open pan-
genome, fitting the general Heaps law, n=«N", with y >0
(Tettelin et al. 2008) but has also a relatively stable core

genome, accounting for slightly less than 4,000 OGs.
Another measure of genomic similarity at the gene level is
genomic fluidity (@), which is 0.32 for these S. meliloti
genomes, in the range found for intraspecies polymorphism
(Kislyuk et al. 2011) and in agreement with that of other rhi-
zobial species (Tian et al. 2012).

Core and Dispensable Genome Microevolution:
Replicon-Based, Intraspecies Differentiation

Because the evolutionary dynamics in bacteria are different in
the core and the dispensable genomes, we analyzed sepa-
rately the genetic relationships among the 14 strains by
using core genome loci and the pattern of differential occur-
rence of genes in the accessory genome (see Materials and
Methods). Moreover, for the core genome, individual analyses
of the three main single replicons and also of noncoding
sequences were performed.

Concerning core genome diversity, four Bayesian dendro-
grams were reconstructed based on a concatemer of nucleo-
tide sequences of most of the core genome CDSs (see
Materials and Methods) and noncoding sequences mapped
to the chromosome, pSymB, and pSymA (fig. 2a). Moreover, a
dendrogram with a concatemer of nucleotide sequences of all
CDS shared between the 14 S. meliloti strains, S. fredii
NGR234, and S. medicae WSM419 was constructed (supple-
mentary fig. S2, Supplementary Material online), showing
that S. meliloti strains, even though they are similar to S.
fredii NGR234 and S. medicae WSM419, are well sepa-
rated from these two latter strains and form a monophyletic
group.

Additionally, to evaluate accessory genome relationships, a
dendrogram from differential occurrence of accessory OGs
was computed (fig. 2b). The intraspecific distances have
been extracted from the dendrograms and used to clusterize
the strains for each dendrogram (see Materials and Methods).
In general, two to five clusters were detected for the 14
strains. The overall trees showed differential clusterizations:
The coding fraction in the total tree and the coding fraction
of pSymB chromid showed a three-cluster arrangement that
was also found in all the partitions of the pSymA megaplas-
mid. The megaplasmid shows a similar signature, even at the
accessory genome level. The Kazakhstan strains clustered to-
gether in all the fraction of pSymA megaplasmid and in total
and pSymB chromid coding fraction in agreement with previ-
ous observations about the role of geographical isolation in
S. meliloti differentiation (Talebi Bedaf et al. 2008). The chro-
mosome showed a higher compactness, as expected for this
more evolutionary conserved replicon, with two clusters for
the coding and the accessory component and three clusters
for the noncoding component. The pSymB chromid showed
the highest number of clusters, 3 for the coding component
and 5 for the noncoding and the accessory components,
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Fic. 2.—Dendrograms of 14 Sinorhizobium meliloti strains based on pangenome content. Gray shades indicate the dendrogram’s clusters, and strain
names and branches are colored after the geographical origin of each strain (black: reference strain Rm1021; red: Germany; yellow: Iran; and blue:
Kazakhstan; green: Italy). (a) Bayesian consensus dendrogram of S. meliloti strains from core genome sequences alignments; both coding and noncoding
sequences dendrogram are reported. All represented nodes have a posterior probability equal to 1. (b) Neighbor-joining dendrograms with respect to the
pattern of occurrence of 4,602 accessory orthologs in the accessory genome. The concatemer for the dendrograms of coding sequences is formed by
883,803 sites (7,921 polymorphic, 4,626 parsimony informative) from the whole core genome; 629,418 sites (2,498 polymorphic, 1,104 parsimony
informative) from the chromosomal genes; 178,901 sites (4,023 polymorphic, 2,513 parsimony informative) from the chromid pSymB; and 75,291 sites
(1,400 polymorphic, 391 parsimony informative) from the megaplasmid pSymA. For the dendrograms of noncoding sequences, concatemer is formed by
210,215 sites (6,215 polymorphic, 3,608 parsimony informative) from the whole core genome; 295,554 sites (1,537 polymorphic, 414 parsimony infor-
mative) from the chromosomal genes; 109,256 sites (3,160 polymorphic and 2,083 parsimony informative) from the chromid pSymB; and 71,405 sites
(1,518 polymorphic and 1,111 parsimony informative) from the megaplasmid pSymA.

suggesting a prominent role of this replicon for the differen- comparing the distance matrices obtained from core
tiation within the S. meliloti species. genome and accessory genome (supplementary table S4,

To quantitatively evaluate the similarity in the pattern of Supplementary Material online). Significant values for r
differentiation among strains due to the core genome and Mantel's coefficient were found in all comparison, and
to the accessory genome, Mantel's tests were carried out the highest r value (r=0.778) was obtained for pSymA
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megaplasmid, confirming earlier reports on the main role of
pSymA megaplasmid on dispensable genome dynamics
(Giuntini et al. 2005; Guo et al. 2009; Galardini et al. 2011)
and then on strains differentiation. Moreover, distance matri-
ces based on the three main replicons CDSs were only partially
(though significantly) correlated with r=10.623 (P < 0.001) for
pSymB-pSymA, r=0.510 for pSymA-chromosome, and
r=0.524 (P<0.001) for pSymB-chromosome. The same
approach was used to compare distance matrices of CDSs
and surrounding noncoding regions, and, as expected, high
correlation values were found r=0.862, 0.902, and 0.930 for
chromosome, pSymB chromid, and pSymA megaplasmid,
respectively (P<0.001), suggesting a strong hitchhiking
between CDS and their flanking noncoding regions.

Evolutionary Pressure on CDS: Replicon-Based Patterns of
Positive Selection

To detect whether the different evolutionary forces acting on
the three main replicons (chromosome, pSymB chromid, and
pSymA megaplasmid) affect gene evolution through purifying
and positive selection, a genome-wide scan for genes sub-
jected to these evolutionary forces was performed following
a general computational approach previously used in several
bacterial species (Biswas and Akey 2006; Petersen et al. 2007).
Within 2,695 core aligned OGs, a total of 10 OGs under
purifying selection were detected, as well as 313 positively
selected OGs (supplementary table S5 and fig. S3,
Supplementary Material online). The number of OGs
experiencing purifying selection may have been underesti-
mated due to the high sequence similarity found in the core
genome of the 14 strains of this study: In fact, 17.7% of the
core OGs have identical protein sequences in all the strains.
The genes under purifying selection were evenly distributed in
the three main replicons and comprised the fixO7 gene in-
volved in nitrogen fixation, as well as bacA, which encodes for
one of the key factors for the establishment of an effective
symbiosis (Glazebrook et al. 1993). The highest percentage of
genes under positive selection was found for OGs located (at
least in one strain) on pSymB chromid (11.4% of the OGs
mapped on this replicon, 150 OGs), whereas 5.8% of the
0OGs mapped on the pSymA megaplasmid showed signs of
positive selection (40 OGs), and only 4.7% of the OGs
mapped to the chromosome (153 OGs) showed signs of pos-
itive selection (fig. 3a); some of the positively selected OGs
have been mapped to more than one replicon, due to the
presence of 10 draft genome in the data set (supplementary
table S5, Supplementary Material online). This high fraction of
positively selected genes may match part of the phenotypic
variability observed in natural populations (Biondi et al. 2009).
Notably, within the positively selected genes on pSymB chro-
mid, we detected genes coding for putative short chain
oxidoreductases, which may have roles in hydroxybutyate ac-
cumulation (Jacob et al. 2008), or involved in osmotolerance,

o
2
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Fic. 3.—Detection of positively selected sites in the three main
S. meliloti replicons. (a) The proportion of positively selected sites detected
with respect to the total number of genes present in each replicon is
reported. Asterisks indicate significant enrichment (P<0.05 with a
Fisher's exact test) of positively selected genes. (b) Difference between
relative proportions of each COG category between selected and nonse-
lected core genes. Solid borders indicate a significant difference (P < 0.05
with a Fisher's exact test). See http:/Amww.ncbi.nlm.nih.gov/COG/grace/
fiew.cgi for the list of COG codes.

as eutA (Jebbar et al. 2005), or in rhizopine uptake, as mocBD
(Rossbach et al. 1994); interestingly, the mocD gene was
found to exhibit also signs of purifying selection.
Interestingly, on pSymA, we found positively selected genes
involved in Nod Factor biosynthesis and host plant preference,
such as nodCHLP (Roche et al. 1996), and the gene encoding
for NoeB host-specific nodulation protein, the FixB electron
transfer flavoprotein alpha chain, involved in nitrogen fixation
and rpoE6/rpoE (RNA polymerase ECF sigma factor). For the
chromosome, genes such as ntrB (nitrogen regulation pro-
tein), xylA (xylose isomerase), flgF (flagellar basal-body rod
protein), and ureE (urease accessory protein) were found as
positively selected, which may have a role in the adaptation to
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stress conditions (Bastiat et al. 2010). We computed for each
COG category, the ratio between selected and not selected
OGs (fig. 3b) to evaluate if several COG categories were more
represented in the positively selected genes with respect to
nonselected genes. Nine COG categories showed enrichment
in positive selection: Interestingly, within these 10 COGs, five
COG, namely K (Transcription), M (Cell envelope biogenesis,
outer membrane), N (Cell motility and secretion), G
(Carbohydrate transport and metabolism), and | (Lipid metab-
olism), showed the highest proportional differences (>15%).
On the opposite, one COG containing mainly housekeeping
functions (J, Translation, ribosomal structure, and biogenesis)
showed the lowest proportional differences (<—75%) with
the nonselected genes. It should be mentioned that indeed
the pSymB chromid is particularly rich in carbohydrate trans-
porters (Finan et al. 2001) and was supposed to play important
roles in the survival of the bacterium under highly variable
nutritional conditions encountered in the soil and rhizosphere.
Under this view, it is expected that a higher number of posi-
tively selected genes are resident on this replicon, suggesting
that the pSymB chromid is a hot spot for adaptation in free
living (nonhost) highly diverse conditions, which indeed chal-
lenge bacterium’s fitness. Up to now, most of genome-wide
searches for positively selected genes have been performed on
pathogenic species (Lefebure and Stanhope 2007; Petersen
et al. 2007; Soyer et al. 2009). These studies showed that
surface proteins encoding genes are among the most relevant
categories of positively selected genes, suggesting a strong
role of host immune system in strain diversification. By paral-
leling these data, we could suppose that the evolutionary role
played by host immune system variability for pathogenic bac-
teria is played by environmental carbohydrate scavenging by
soil and rhizosphere bacteria. However, statistical evidences of
positive selection should be considered with caution, because
different methods may yield very different results. In a recent
article on a panel of S. meliloti and S. mediicae strains (Epstein
etal. 2012), the use of a different metrics (DTH test [Zeng et al.
2006]) indicated that also some nonessential symbiotic func-
tions may be under positive selection, though curiously no
overlap of positively selected orthologs was found for the
two species.

Taxonomic Distribution: Uneven Pattern of Core Genes
among Replicons

To infer the phylogenetic origin of dispensable genome and its
potential differences with respect to the phylogenetic
relationships of the core genome, a homology analysis on
taxonomic partitions of the nr database (Pini et al. 2011)
was carried out to define the bacterial (and proteobacterial)
phylogenetic groups to which each replicon shows the highest
similarity (fig. 4). When analyzing the orthologs with respect to
their position on the three main replicons (chromosome,
pSymB chromid, and pSymA megaplasmid, fig. 4a),

several bacterial classes, notably Betaproteobacteria and
Gammaproteobacteria had the highest number of matches
for orthologs harbored by pSymB chromid, whereas orthologs
located on the chromosome and on pSymA megaplasmid had
a (similar) lower proportion. This evidence suggests that chro-
mids could have originated from (very ancient) gene transfer
events from distant relatives, then contributing in the emer-
gence of new taxa (e.g., genera) (Harrison et al. 2010). Finally,
to provide functional insights over the orthologs that S. meli-
loti shares with proteobacterial and nonproteobacterial taxa,
the differences between hits on nonproteobacterial and pro-
teobacterial taxa were computed for each COG category.
Results of the analysis are shown in figure 4b. Interestingly,
positive values of proportional differences were obtained for
several COGs involved in housekeeping functions (as J, L, D,
M, O, C, F, H, and I), indicating that orthologs for these func-
tions are significantly shared also with nonproteobacterial
taxa, suggesting that these functions may be evolutionary
conserved inside the kingdom Bacteria. Conversely, COGs
coding for "accessory” functions, such as defense mecha-
nisms (V), carbohydrate and amino acid metabolism (G and
E), and secondary metabolites (P), are more represented in hits
on proteobacterial taxa than in nonproteobacterial taxa. These
data indicate that “accessory” functions are more taxonomi-
cally related than housekeeping functions. However, biases
due to different evolutionary rates among COGs (possibly
higher in certain "accessory” functions, such as defense
mechanisms, with respect to housekeeping functions) may
mask ancient sharing with nonproteobacterial taxa.

The Unique Gene Fraction Is Arranged in Clusters

To infer potential structural features, such as uneven or even
distribution along the replicons of the dispensable genome in
the 14 strains, the 10 draft genomes were assembled using
CONTIGuator (Galardini, Biondi, et al. 2011), and the resulted
reconstructed putative replicons were aligned (see Materials
and Methods) to the complete genomes of S. meliloti AK83,
BL225C, Rm1021, and SM11 strains (fig. 5a). Interestingly, the
dendrogram of genetic relationships between strains was well
mirrored by structural features of the same strains. It is worth
notice that, in fact, the three main clusters present in the den-
drogram, containing Rm1021, SM11, and AK83, respectively,
correspond to the presence of large inversions: Specifically, an
inversion on the chromosome was observed between strain
1A42 and SM11 and between strain C0438LL and AK83, as
well as two large inversions on megaplasmid pSymA between
strain C0438LL and AK83 and between strain AK75 and
BL225C. Both inversions observed on megaplasmid pSymA
have been found to be enriched in genes with signs of positive
selection, when compared with the rest of the replicon
(P<0.05), whereas the inversion on megaplasmid pSymA be-
tween strain C0438LL and AK83 was found to contain a sig-
nificant lower proportion of genes with signs of purifying
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Fic. 4—Taxonomic distribution of the S. meliloti pangenome. (a) Taxonomic distribution of the OGs mapped to each replicon: For each taxonomic group,
the proportion of the orthologs for each replicon having a significant hit is reported. (b) Difference between relative proportions of each COG category
between proteobacterial hits and nonproteobacterial hits. Solid histograms mark categories with significant differences (P < 0.05 with a Fisher’s exact test).

selection (P < 0.05). Another interesting feature is the evi-
dence that the dispensable genome, and especially unique
genes fractions, is mainly distributed in clusters (blue and
green zones, respectively). In particular, pSymA megaplasmid
contained, as expected, a higher proportion of accessory and
unique contiguous blocks, whereas pSymB chromid and the

chromosome contained a higher proportion of core contigu-
ous blocks, in agreement with earlier reports (Giuntini et al.
2005; Galardini et al. 2011). Particularly interesting is also the
abundance of unigue gene clusters in pSymA megaplasmid
(~10% of the total, against the 5% proportion of the chro-
mosome and the pSymB chromid), compared with the other
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large replicons (fig. 5b); in the two smaller plasmids, a signif-
icant higher fraction of dispensable contiguous block is pre-
sent, as expected in such small accessory plasmids.

The arrangement of the unique gene fraction in blocks on
S. meliloti genomes is particularly relevant, because unique
genes are used as models for inferring de novo gene evolu-
tion. Unique gene evolution models hypothesize that tran-
scriptional and translational events in noncoding regions or
sporadic phage integrations are fixed and, after passing the
natural selection filter, lead to the emergence of unique
(novel) genes (Yomtovian et al. 2010; Carvunis et al. 2012).
In this perspective, the slightly higher abundance of unique
and dispensable genes found on pSymA megaplasmid makes
sense with either a higher proportion of mobile genetic ele-
ments (Biondi et al. 2011) or with the lower percentage of
protein-coding DNA (and consequently higher intergenic re-
gions length) in pSymA megaplasmid, with respect to the
chromosome and to pSymB chromid (Galibert et al. 2001).

The DNA Proximity Network Reveals a Structural
Evolution through Rearrangements on a Shared
Backbone

To understand how the genomic structure evolves, a deeper
structural analysis was then performed through the exploita-
tion of the DNA proximity network; the network has been
constructed, so that each node represents a nucleotide
region present in one or more genomes, whereas the edges
represent the proximity of each region to the others on one or
more genomes, the weight of the edge being proportional to
the number of times each link is observed in the whole pan-
genome (fig. 6a). A total number of 24,518 nodes with an
average size of 894 bp and 36,781 edges were added to the
network. Each node was assigned to its replicon of origin,
“Shuffled” if the node was mapped to more than one repli-
con in the pangenome or “UnMapped” if the node was not
assigned to any replicon. A simpler block-model network was
then constructed using the replicon information, the nodes
size proportional to the bases mapped and the edges propor-
tional to the number of links between each replicon (fig. 6b).
As expected, the largest node is that representing the chro-
mosome, with 6.58 Mb mapped in the whole pangenome,
followed by the shuffled and unmapped nodes (4.34 and
4.38 Mb, respectively). Interestingly, the pSymA megaplasmid
showed a higher number of bases than the pSymB chromid
(3.19 and 2.83 Mb, respectively), a feature that can be ex-
plained by the higher number of accessory regions mapping
to this replicon, which in fact leads to a pSymA megaplasmid
that is larger than the pSymB chromid in pangenomic terms.

A series of network statistics were computed for the overall
network (“All"), the nucleotidic regions univocally mapped to
one replicon (“Mapped”), the shuffled regions (“Shuffled”),
and the single replicons (table 2). The overall network had the
highest average node degree (~3), meaning that each node is

connected to three other nodes on average, resulting in a
relatively nonconserved structure in the whole pangenome.
When considering the replicon assortativity (@ measure of how
much each node tends to be closer to a node coming from the
same replicon), the highest value is found for the “Mapped”
component (1), meaning that when the shuffled nodes are
removed from the proximity network, the single replicons
have no links connecting each other, thus suggesting indeed
the presence of a conserved core structure for each replicon.
This finding was further confirmed looking at the size of the
major connected component (i.e., the largest subgraph in
which each node can be reached from any other node):
Only approximately 21% of the “Mapped” component was
linked in a single cluster. When considering the larger repli-
cons, the chromosome was found to have the larger fraction
of its content present in a single cluster (~43%), whereas
lower values for the other two replicons, meaning that the
chromosome structure is evolutionary more conserved, with
nearly half of its nucleotidic content with a conserved struc-
ture. As expected, the opposite trend was observed when
looking at the fraction of genes of each cluster that were
present in the “boundary” to the shuffled component,
having an edge to a node in the shuffled component,
ranging from approximately 27% (chromosome) to 100%
(PSINMEO2), with the pSymA megaplasmid having the highest
proportion of nodes in boundary among the larger replicons
(~44%), meaning that the pSymA megaplasmid experienced
a higher number of rearrangements than the other replicons.
This observation is confirmed when looking at the number of
putative transposases encoded in each replicon (supplemen-
tary table S6, Supplementary Material online), with the pSymA
megaplasmid harboring almost three times the transposases
found in the chromosome and in the pSymB chromid, a fea-
ture that could explain the higher structural fluidity of this
replicon.

To inspect if there was a conserved structural backbone in
the pangenome, the overall network was divided using a filter
on the links weight, which are proportional to the number of
times two nucleotide regions are seen as adjacent in the
whole pangenome (fig. 6a), leading to the definition of
“DNA backbones” having link weight between 10 and 14,
which are the largest conserved genomic structures in the
S. meliloti pangenome; both the overall backbones and the
replicon-specific backbones were computed (table 3). For all
the three categories used, only linear backbones were found
(degree = 2), with a similar average length of approximately
5,000 bp, meaning that the underlying mechanisms of forma-
tion and evolution of these backbones may be similar in the
three replicons. On the other hand, the proportion of replicons
conserved in a backbone varies between each replicon:
Approximately half of the chromosome is conserved and con-
tained in a single backbone, one-third of the pSymB chromid
is conserved, whereas just 18% of the pSymA megaplasmid is
conserved; thus, even though the mechanisms of structural
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evolution are similar in each replicon, the extent of the chromosome, plus additional plasmids that often carry nones-
structural variability is different. sential functions (Krawiec and Riley 1990). However, this

. . o approximation fails to describe several bacterial species, for
An Evolutionary Scenario for Multipartite which large additional replicons are present as secondary
Bacterial Genomes chromosomes, megaplasmids, etc. Recently, the term
Bacterial genomes are classically described by the “E. coli “chromid” has been proposed (Harrison et al. 2010) to de-
rules,” in which the genome is composed by one scribe large replicons that contain not only plasmid-type
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Table 2
DNA Proximity Network Statistics

DNA Proximity Network Cluster

All Mapped Shuffled Chromosome pSymB pSymA pSINMEO1 pSmeSM11b pSINMEO2 pSmeSM11a

Average degree? 3.00 291 2.63 2.98
Std-dev degree® 1.00 0.97 0.81 1.00
Replicon assortativity 0.67 1.00 NA NA
Major component weighted size 1.00 0.21 0.19 0.43
Boundary weighted size® NA 0.34 NA 0.27

2.88 2.77 2.43 2.79 NA 242
0.97 0.89 0.73 0.89 0.00 0.72

NA NA NA NA NA NA
0.17 0.29 0.13 0.56 0.04 0.13
0.34 0.44 0.94 0.68 1.00 0.70

Note.—Std-dev, standard deviation; NA, not applicable.
#Considering nodes with degree > 1.
PNodes having at least a link to the shuffled cluster.

Table 3
DNA Backbones Statistics

All Chromosome  pSymB  pSymA
Number of chains 1,035 349 118 60
Total length (Mb) 2.68 2.03 0.51 0.27
Length proportion® Nd 0.54 0.31 0.18
Average length (bp) 5,391.9 5,819.7 43424  4,502.2
Standard size (bp) 6,561.6 6,281.8 6,257.8 5,522.5

Note.—Nd, not determined.
°Replicon size is the average replicon length in the four complete
Sinorhizobium meliloti genomes.

replication systems but also essential genes for growth and
survival.

Here, the analysis of 14 S. meliloti multipartite genomes
allowed us to suggest that each replicon may behave as a
partially independent evolutionary unit, implying that the
multireplicon structure in some bacterial species may be func-
tional to the physical separation of different functions, at least
as a general tendency on a limited amount of genes, and with
the action of different evolutionary forces in each replicon.
This is the case of S. meliloti that exploits multiple ecological
niches (soil, rhizosphere, root nodule, plant endosphere, etc.
[Pini et al. 2012]). In particular, the pSymB chromid behaves as
an independent evolutionary unit, and our data suggest that
the biological and evolutionary meaning of chromids is larger
than previously hypothesized, playing a considerable role at
the intraspecific level (at least in this taxon), in addition to
genera differentiation (Harrison et al. 2010). Indeed, chromids
could also have a role in species differentiation as genomic
elements for adaptation through individual genes evolution,
whereas the plasmids and megaplasmids are more prone to
structural evolution (e.g., via horizontal gene transfer).
However, because of the species concept in bacteria
(see e.g., Doolittle and Papke 2006), the analysis of other
taxa is needed to more precisely define the involvement of
chromids in strains differentiation in relationship with different
taxonomic levels (e.g., species and genus).

The overall evolutionary scenario of the three main
S. meliloti replicons could be approximated as in figure 7.

Chromosome

» Housekeeping functions
« Structural stability
*Vertical inheritance

p 4 Chromid
. R » Functional diferentiation
* Intra-specific diferentiation
¢ HGT (ancient?)
/ N

Megaplasmid

*Symbiosis / Nitrogen fixation
eStructural fuidity
«HGT (recent?)

Fic. 7.—Tasks and evolutionary differences of replicons in S. meliloti.
Pie charts indicate the proportion of each replicon that is present in the
DNA backbones. The arrows indicate the transmission mechanism: vertical
inheritance (two arrows) or HGT (radial arrows).

The chromosome contains most of the housekeeping func-
tions and originated mainly by vertical descent from S. meliloti
phylogenetic relatives. The pSymB chromid indeed is mainly
vertically transmitted in the genus Sinorhizobium (Harrison
et al. 2010; Bailly et al. 2011), but it also acquired genes
from distant relatives by primordial horizontal gene transfer
events. Functions of pSymB are mainly related to environmen-
tal adaptation, and evolution takes place through positive
selection of genes involved in local adaptation. Finally, the

Genome Biol. Evol. 5(3):542-558.  doi:10.1093/gbe/evt027 Advance Access publication February 21, 2013 555

€TOZ ‘22 Yole|N UodzUBiH 1p 1pNIS 11Bep yiseAIuN e /610 euInofpioxoeqhy/:dny woiy papeojumod


http://gbe.oxfordjournals.org/

Z
=
=
B
=
@)
>
m
a)
Z
<
=
@)
(@)
-
<
M
m
>
o
Z
m
)

Galardini et al.

GBE

pSymA megaplasmid, as alien element (its GC content is
significantly different from those of chromosome and of
pSymB chromid [Galibert et al. 2001]) is the replicon devoted
to the introduction of genomic novelties, such as new genes
come by horizontal gene transfer. It is worth to remember that
the most relevant bioprocess of rhizobia (symbiotic nitrogen
fixation) is indeed linked to this last replicon and that func-
tional diversification via purifying selection seems to act also
on a number of symbiotic-related genes; moreover, unlike the
other replicons, both core and accessory fractions of pSymA
megaplasmid show a similar pattern, indicating similar evolu-
tionary routes for the conserved and variable fractions in this
replicon. Interestingly, at the structural level, the network anal-
ysis highlighted the presence of stable core structures in each
replicons, the chromosome having the largest conserved net-
work, followed by the pSymB chromid and finally by the
pSymA megaplasmid, which was confirmed as a hot spot
for structural rearrangements.

In conclusion, our study demonstrates that the evolution of
the S. meliloti pangenome shows two opposite behaviors: a
strongly conserved genome, with a significant fraction of
genes evolving by positive selection, and a highly variable frac-
tion that most likely contributes to structural fluidity and the
emerging of new functions. The conserved genome signature
is replicon specific, whereas for the variable part, the signature
is more strain specific. It is not clear yet if this model is appli-
cable to other multipartite bacterial genomes, which contains
both chromids and plasmids and may have different ecological
features (e.g., Brucella, Variovorax, and Vibrio; for a list of
genera see Harrison et al. 2010). However, future population
genomics analyses on other species with these features will
help elucidating the evolutionary role of multipartite genomes
in bacteria.

Supplementary Material

Supplementary figures S1-5S3 and tables S1-S6 are available
at Genome Biology and Evolution online (http:/Avww.gbe.
oxfordjournals.org).
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