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ABSTRACT 

Molecular data on a limited number of chromosomal loci has shown that the population of 

Neisseria meningitidis, a deadly human pathogen, is structured in lineages called clonal complexes 

and is influenced by a significant rate of homologous recombination. Mechanisms resulting in the 

emergence of these lineages, their persistence in time and the implications for the pathogenicity of 

the bacterium, are yet incompletely understood.  

Here we show with whole genome sequences that N. meningitidis is structured in phylogenetic 

clades which are made up of clonal complexes. Through acquisition of specific genes and via 

insertions and rearrangements, each clade has acquired and remodeled specific genomic-tracts with 

a potential impact on the host-microbial interaction 

We confirm high rates of detectable recombination throughout the whole chromosome, in contrast 

with the observed population structure. However, gene-conversion events are found to be 

significantly longer within clades than between clades, suggesting a DNA cleavage mechanism 

associated with the phylogeny of the species.  

We identify twenty-two Restriction-Modification systems, probably acquired by horizontal gene 

transfer from outside of the species/genus, whose presence in the different strains coincides with the 

phylogenetic clade structure.  

Results suggest that clades evolve from the acquisition of a specific set of restriction modification 

systems that generate a differential barrier to DNA exchange. 

These findings have general implications for the emergence of lineage structure and virulence in 

recombining bacterial populations, and could provide an evolutionary framework for the population 

biology of a number of other bacterial species that show contradictory population structure and 

dynamics.



INTRODUCTION 

Neisseria meningitidis (Nm) is a Gram-negative, capsulated bacterium. Despite being a common 

commensal with a carriage prevalence of 5-40% in human populations (1), Nm occasionally causes 

very severe meningococcal meningitis and septicemia (2) as an ‘‘accidental pathogen’’ that derives 

no long-term evolutionary benefit from the pathology it causes (3). 

The Nm population structure exhibits signals of both clonal descent and genetic exchange (4, 5). 

Population genomic studies based on multilocus enzyme electrophoresis (MLEE) and multilocus 

sequence typing (MLST) (6, 7) revealed that meningococcal populations comprise distinct lineages, 

named clonal complexes (CC), which persist over many decades and during global spread despite 

high rates of recombination (8-10). In addition, the pattern of variation within and between CCs 

shows some evidence of deviations from neutrality, and several explanations have been proposed to 

accommodate them (9-11). However, the mechanisms by which CCs arise and are maintained 

remain incompletely understood. 

The propensity of Nm isolates to cause invasive disease is associated with particular 

“hyperinvasive” lineages that coexist with less invasive lineages (12) despite the fact that disease 

does not contribute to host-to-host transmission. A number of putative virulence factors have been 

proposed (13), some of which significantly associated with invasive disease (14, 15). However, the 

search for genetic elements present in all lineages with high odds-ratio for disease, and absent in all 

the others, proved elusive so far even at the whole genome level (16). 

Analysis of multiple Nm genome sequences has shed light on a number of mechanisms adopted by 

the meningococcus to induce enormous genomic flexibility as an adaptation strategy to changing 

environments (17-20). Comparative genome analysis of disease and carriage strains suggested that 

the species originated from an un-encapsulated ancestor, first by the acquisition of species-specific 

Insertion Sequences (IS) that differentiate Nm from the rest of the genus, and later through the 

import via horizontal gene transfer (HGT) of the genes required for the production of a 

polysaccharide capsule(16). However, the limited number of isolates sequenced so far has not 

enabled a population study at the whole genome level to be completed.  

In this study we report the first meningococcal pan-genomic study comprising fifteen new and five 

public genomes spanning five serogroups and ten CCs, covering both the core and the dispensable 

genome of the species. Five “hyperinvasive” lineages are sampled with multiple isolates, enabling 

whole genome level testing of the MLST-based predictions for Nm population structure and 

dynamics. Results show that Nm is grouped in "phylogenetic clades” (PCs) comprising different 

CCs, and that PCs evolve from the acquisition of a specific set of restriction modification systems, 

that generate a differential barrier to HGT. 



RESULTS 
 

Nm pan-genome is open, but diversity is predominantly the result of core sequence variation 

Fourteen serogroup B and one serogroup X Nm strains were sequenced in this study, six to closure 

and nine draft. Supplemented by five genomes publicly available at the time of the study, our 

dataset of twenty genomes spans five serogroups, ten CCs and five continents (Table S1).  

All isolates revealed remarkably similar characteristics such as genome size, 2.21Mb ± 2.2%, %GC, 

51.56 ± 0.4% and number of genes, 2.012 ± 2.2% (average ± coefficient of variation). Pan-genome 

manual annotation was performed to harmonize and improve gene predictions across the dataset 

(see SI Materials and Methods). The twenty isolates were found to share 1663 genes, and the 

asymptotic core genome size was estimated to be 1596 (Fig. 1-A). The pan-genome(21) was found 

to be open (Fig. 1-B) and growing at the minimal rate compatible with a non-closed gene repertoire 

(22). Extrapolation of the data indicate that the Nm pan-genome would consist of approximately 

2500 genes if one hundred genomes were sequenced, and each single isolate would contribute 

thereafter an average of less than two new genes (Fig. 1-C). In summary, each meningococcal 

genome is expected to be composed, on average, of 79% core, 21% dispensable and less than 0.1% 

specific genes. The same results were obtained when correcting for the sample structure, i.e. 

analyzing only one isolate per CC in the dataset. 

This indicates that Nm is mainly a core genome species, where genetic diversity is predominantly 

associated with variation of core sequences and genetic islands specific to single clones or to 

subsets of the population represent a small proportion of the pan-genome. 

 

Whole genomes show that Nm population consists of phylogenetic clades comprising different 

CCs 

Two phylogenetic networks based on sequence variation within core and dispensable sequences 

(Fig. 2 and Fig. S1-G, respectively) shows that strains belonging to the same CC are closely related 

and form monophyletic groups. Notably, strains belonging to CC32/CC269 and CC8/CC11 also 

show a clear common ancestry, similar to the relationship already identified in the MLST 

framework between the ST-41 and ST-44 sub-complexes. This evidence is confirmed by a number 

of different methods based on gene presence/absence, maximum likelihood and distance-based 

phylogeny (Fig. S1). Therefore we propose a “phylogenetic clade” (PC) concept for Nm, were each 

PC can comprises more than a single CC: PC32/269, PC8/11, and the already known PC41/44. The 

remaining five strains, not belonging to the three PCs, do not show a phylogenetic structure with 

robust statistical support, forming a star-like topology (Fig. 2 and Fig. S1). Similar topologies are 

the result of an excess of rare (strain-specific) alleles compared to the neutral expectations of a 



coalescent model (23) and can be attributed to the simultaneous diversification of multiple lineages 

due to rapid population expansion following a bottleneck (24) and/or to the confounding effect of 

homologous recombination (25). 

 

Chromosomal inversions produce PC-specific arrangements in pathogenicity-related operons 

We investigated the positional dynamics occurring in the eleven genomes sequenced to closure in 

our dataset, and we identified ten chromosomal rearrangements sufficient to reconstruct with 

statistical support the significant lack of synteny observed (SI Supporting Data, Fig. S2-A). 

Chromosomal breakpoints were mostly associated with the presence of dRS3 elements (18) 

(significant association, p<0.01) and IS elements (association not significant due to the ubiquity of 

ISs in the genome). Three rearrangements were predicted to have happened more than once over the 

evolutionary history of the sample, indicating that the breakpoints involved are regions of particular 

instability and suggesting caution in the use of chromosomal rearrangements as phylogenetic 

markers. These three inversions happened within clades, in particular differentiating the 

chromosomal structure between CC8 and CC11, and between CC32 and CC269. Conversely, the 

other seven rearrangements were found only once in the phylogenetic reconstruction, and six were 

PC-specific (Fig. S1-H). These results support the evolutionary consistence of PCs.  

Further in silico analysis identified a potential biological impact on the chromosomal regions 

flanking the inversion breakpoints of seven rearrangements (SI Supporting Data, Fig. S2-B). In 

particular, four PC-specific rearrangements might contribute to the generation of specific genetic 

profiles and influence the expression of genes involved in restriction-modification (Fig. 2, Rχ, Rδ) 

and in the pathogenesis of the meningococcus. These include: i) the adhesion and penetration 

Protein App-NMB1985, a pivotal pathogenicity factor in the meningococcus (26) and the FetA-iron 

regulated outer membrane protein Frp-BNMB1988 (Fig. 2, Rγ), ii) the type IV pilus, through 

displacement of the pilT-NMB0051 gene, that mediates pilus retraction, from the pilin gene PilC2-

NMB0049 that regulates the process(27) (Fig. 2, Rη) .  

 

Clade-specific genes are mostly involved in host-pathogen interaction. 

The biological relevance of the PCs identified by phylogenetic analysis is further supported by the 

consistency of the PC-specific genes pool. On a random basis more genes specific to smaller 

groups, like CCs, and fewer specific to larger groups, like PCs, are expected. Unexpectedly, we find 

considerably more PC-specific than CC-specific genes (Fig. 2). In addition, all PC-specific DNA 

regions (8, 4 and 8 for PC32/269, PC8/11 and PC41/44 respectively: Fig. 2 and SI Supporting Data) 

are highly conserved (nucleotide identity ≥99.3% for 18 regions out of 20) suggesting, on an 



evolutionary timescale, a recent emergence for each PC. Detailed analysis suggests that most PC-

specific genes are involved in restriction-modification and in the Nm-host interplay, either 

contributing new functional genes or inserting within pre-existing operons (SI Supporting Data and 

Fig. S3). Interestingly, none of the PC-specific insertions appear to disrupt resident genes.  

Taken together these observations suggest that, through acquisition of specific genes and via 

insertions and rearrangements with a potential effect on pre-existing functions, each PC has 

acquired and remodeled specific genomic-tracts that will likely influence their interaction with the 

human host. 

 

Homologous recombination is pervasive and correlates with the density of DNA uptake 

sequences 

The phylogenetic networks based on core and dispensable sequences (Fig. 2 and Fig. S1-G, 

respectively) shows the presence of homoplasy in the form of non-tree like edges. The two 

networks show only 67 and 58 splits, respectively, out of over one million theoretically possible 

splits, indicating that the horizontal phylogenetic signal in the genome is confined to a very limited 

number of evolutionary directions.  

The presence of homologous recombination was detected with a composite-likelihood method 

based on the coalescent model (SI Materials and Methods) covering the whole multiple genome 

alignment with a 1kb tailing window. Eighty seven percent of the chromosome revealed detectable 

recombination. The rate of detectable recombination ρ, defined as ρ = 2Ner where r is the per-locus 

per-generation recombination rate and Ne is the effective population size, was in agreement with 

previous estimates (average = 11.1 (1.0 – 41.0)95%CI to be compared with ρ=13.6 (9)). The ratio of 

recombination to mutation rate ρ/θ falls in the range of previous estimates (average = 1.59 (0.06 – 

7.31)95%CI to be compared with (0.16 – 7.7)(8-10, 29)). No significant positional bias for 

recombination was detected along the chromosome, nor did ρ correlate with the mutation rate θ, 

suggesting that recombination acts similarly on most of the genome.  

A small but significant correlation was found between ρ and the density of DNA Uptake Sequences 

(DUSs, spearman correlation coefficient = 0.14, p-val <10-7). Moreover, a smaller proportion of 

non-recombining DNA was predicted in the core genome (11%) than in the dispensable genome 

(45%), the dispensable genome being also associated with a smaller amount of DUSs (30). These 

results confirm the link between DUSs and homologous recombination and the latter’s role in 

genome stability rather than in generating adaptive variation (30). 

 

The content and organization of Insertion Sequences do not segregate by PCs 



To identify possible associations between mobile elements and the species population structure we 

mined our dataset for IS and transposable elements (SI Materials and Methods). We identified 39 IS 

prototypes, belonging to nine IS-families, present in variable copy numbers per genome (Fig. S4-

A). Each strain contained an average number of 41 ISs (min 32 – max 51) with a rather 

homogeneous distribution across isolates.  

Clustering of neisserial isolates based on IS content was shown to isolate the meningitidis species 

from the rest of the genus (16). The same analysis applied to our dataset revealed a very poor 

correlation between IS content and intra-species population structure (Fig. S4-B) and none of the 

PCs were reproduced as a monophyletic group. CCs that clustered together had weak bootstrap 

support (e.g. CC32 with 50% support) while relationships incompatible with the established 

phylogeny have strong support (e.g. the FAM18- Z2491 pair had 80% support). We conclude that, 

with a few exceptions such as a Tn3-like element specific to PC32/269, ISs move quite freely 

within the species, frequently crossing PC borders. 

 

Restriction-modification is a determinant of the PCs that make up Nm population structure  

Because restriction-modification systems (RMSs) were the only functional class showing specific 

genes or rearrangements in each PC (Fig. 2), we studied these genes in detail (SI Materials and 

Methods). We identified twenty-two putative RMSs (Table S2), including fourteen Type II, four 

Type III – two of which have two distinct alleles for the DNA methylase – and two Type I RMSs. 

No RMS was shared by all genomes and each strain contains five to nine RMSs. Two RMSs are 

present in nineteen of the twenty isolates. Eight RMSs are each specific to a single isolate, five of 

which are unique to the un-encapsulated strain α14. The remaining twelve systems are shared by 

two to thirteen isolates each (Fig. 3). 

Half of the RMSs are localized in only five specific sites (Table S3 and Fig. S5), defining hotspots 

for integration of minimal mobile elements (MMEs (31)). The majority of RMSs have a GC-content 

incompatible with Nm (Table S2), indicating that the RMS repertoire is primarily composed of 

MMEs acquired from other species and/or genera via HGT. 

In contrast to the IS analysis, clustering of the presence/absence pattern of RMSs accurately 

reproduces the core genome phylogenetic structure of the species (Fig. 3), with high bootstrap 

support (92% to 100%) for the three PCs, and poor support for the other nodes (21% to 63%, Fig. 

S1-E). Each PC is associated with a specific RMS pattern: PC32/269 with seven RMSs (except that 

strain M13399 lacks the EcoR124II Type I RMS), PC41/44 with nine RMSs (except that the 

carriage strain OX99-30304 lacks the EcoPI-ModD Type III RMS) and PC8/11 with seven RMSs. 

Not all the RMSs are specific to a single PC, but each PC has a unique combination of RMSs. 



To further validate the association between RMSs and PCs, we performed a meta-analysis on a 

panel of 189 meningococcal strains (Table S4 and SI Materials and Methods). We investigated the 

presence/absence of five PC-specific RMSs (EcoPI-ModB1 for PC32/269, NmeDI for PC8/11, 

EcoPI-ModD and NmeSIM for PC41/44, and Nme18ORF1992P for CC213) and one RMS that is 

specific to a combination of two PCs (NmeBI for PC32/269 plus PC41/44). Each RMS showed a 

highly significant association with the respective PC or combination of PCs (all fisher association 

p-values <10-4) confirming our pan-genomic study on a larger epidemiological scale. 

 

Gene-conversion events are longer within PCs than between PCs. 

The striking association between RMSs and population structure directed us to look for a signature 

of the distribution of RMS on patterns of homologous recombination. We mapped gene conversion 

events within the 20 genomes using an inferential method (32) corrected to remove potential 

sequence-similarity biases (SI Materials and Methods). We distinguished between gene-conversion 

events where both donor and acceptor belong to the same PC, i.e. within-PC imports, and between-

PC imports. The average length of within-PC imports was five-fold higher than the length of 

between-PC imports (3.89 vs. 0.68 kb, Fig. 4-A). In addition, the frequency of short imports (<1 kb) 

was two fold higher between-PC, while for long imports (≥5 kb) the frequency was forty times 

higher within-PC. Results were also confirmed with an independent analysis of linkage-

disequilibrium patterns (Fig. 4-B) and by a significant correlation between the number of RMSs 

shared by two isolates and the average length of exchanged DNA (Pearson correlation = -0.54, p-

val<10-16). 

In this model, while the per-locus recombination rate (number of events) is equivalent, the length of 

DNA is significantly smaller (>5 times smaller, p-val <10-6) if the exchange happens between-PC 

than within-PC. A mechanism that generates a difference in the length but not in the number of 

imports would have to play its role after DNA uptake but before its integration into the recipient 

chromosome. Thus, results indicate the presence of a selective DNA cleavage mechanism, the 

typical signature of RMSs, whose activity is directly correlated with the population structure of the 

species. 

 

DISCUSSION AND OUTLOOK 

Analysis of sequence variation in Nm strains at a limited number of core-genome loci (~10kbs) 

identified groups of strains, CCs, sharing a common ancestry (33). The search for common ancestry 

between CCs, i.e. the reconstruction of the evolutionary history at the species level rather than 



within restricted groups of isolates, proved elusive due to the limited number of genomic loci 

investigated (29).  

Here we show that the whole core genome (~1.4Mbs) provides sufficient power to identify robust 

phylogenetic relationships between isolates belonging to different CCs. Phylogenetic analyses 

indicate that Nm population is structured in compartments larger than CCs identified by MLST, that 

we suggest to name “phylogenetic clades” and to label with a “PC” prefix followed by the name of 

the CCs included in the clade.  

We show that CC32 and CC269 as well as CC8 and CC11, meningococcal lineages considered for a 

long time as separate epidemiological entities, do merge into clades (PC32/269 and PC8/11) sharing 

specific DNA arrangements with potential impacts on gene regulation. 

The PCs identified may change identity with the inclusion of additional CCs, and new PCs will 

possibly emerge. Therefore we anticipate a continuous improvement of the definition of 

meningococcal PCs over time as more complete genome sequences are determined. 

Each of the three PCs identified is associated with specific gene content/arrangements, in functional 

compartments critical to bacterial-host interactions. Further experimental work using relevant in 

vitro, ex vivo or in vivo models is needed to determine the role of PC-specific genes in Nm 

pathogenesis. Nevertheless genomic results reported here, together with the lack of evidence for a 

general determinant of the commensal-pathogenic transition in the species (16), are suggestive of a 

multi-factorial nature of Nm pathogenicity, developed/acquired by different clones in multiple, 

independent evolutionary events. In this framework, it is tempting to identify PCs as lineages with a 

well-defined odds-ratio for disease. Yet the different odds-ratio for disease between sub-CC41 and 

sub-CC44 are a clear exception. Our dataset is too limited to reach a final a conclusion. 

Nevertheless, meningococcal PCs constitute a simplifying tool for the identification of determinants 

of pathogenicity, allowing comparative and functional studies to be performed in large and diverse 

groups of strains whose evolutionary history is completely resolved. 

In this study we also show that homologous recombination is detectable across the genome, with an 

average of 1.59 recombination events per mutation event, and we confirm the between 

recombination and density of DUSs on the chromosome (30) suggesting a regenerative, stabilizing 

function for transformation, as opposed to a diversifying one.  

As previously observed in Nm, population structure and dynamics seem to provide contradicting 

evidences, as the presence and persistence of phylogenetic structures appears to contradict the high 

and pervasive rate of horizontal DNA exchange estimated.  

A possible explanation comes from the dispensable genome of the species, where we identified 

twenty-two Restriction-Modification Systems (RMSs) distributed in a very heterogeneous manner 



among the twenty strains. RM was the only functional class with specific genes in each of three PCs 

defined in this study, and the simple presence/absence of RMSs was sufficient to accurately 

reconstruct the phylogenetic structure of the sample. Each PC was associated with a specific 

repertoire or RMSs, and highly significant associations were measured on a meta-panel of 189 

strains for six RMSs (p-val <10-4). Two opposed scenarios can be invoked: heterogeneous RMS 

distribution can be either the cause of the observed phylogenetic structure, or a mere consequence 

of a diversification process driven by other mechanisms, such as variation in fitness and 

transmissibility (34), neutral microepidemic evolution (9) or immune selection (10). 

In support to the first hypothesis, in silico analysis revealed that gene-conversion events within a 

single clade are more than five times longer than events crossing PC barriers (on average 3.9kb vs. 

0.69kb respectively, to be compared with previous estimates of 1.1kb (10), obtained without 

distinguishing within-PC from between-PC exchange). In principle one might expect a higher rate 

of recombination among closely related isolates due to sequence similarity. However, no correlation 

was observed between recombination and mutation rate, and the substantial difference measured 

here is not in the rate but in the length of recombined DNA. This is suggestive of a PC-specific 

DNA cleavage mechanism, typical of restriction-modification, acting in the recipient cell on the 

exogenous DNA, after DNA is taken up but before it recombines with the recipient chromosome. A 

similar mechanisms, first identified in Nm using co-cultivation experiments, demonstrated that a 

CC32-specific RMS was responsible for partial restriction of DNA transfer from CC11 to CC32 

isolates (35), and suggested genetic isolation of the hypervirulent lineages of serogroup C 

meningococci (36). More recently clustering of imported DNA endpoints observed in Helicobacter 

pylori suggested a role for restriction endonucleases in limiting recombination length (37), and a 

correlation between four RMSs and phylogenetic clusters was reported in Haemophilus influenzae, 

suggesting that heterogeneity in RMSs limits genetic exchange between randomly chosen strains 

(38). In support of this hypothesis, we observed a direct association between the length of 

exchanged DNA and the number of RMSs shared between isolates (p-val <10-16). RMSs displayed 

characteristics of mobile elements acquired by HGT and often integrated in hotspots for genetic 

exchange. If they were not directly correlated to the phylogenetic structure their distribution would 

follow the random patterns observed for other mobile elements like transposons and ISs. 

Conversely, in the present pan-genomic Nm sample we observe that strains belonging to the same 

clade have one or no different RMS, while strain belonging to different PCs have on average more 

than 7 different RMSs (average = 7.3 (5.1-9.6)95%CI), providing a multiple barrier to DNA exchange 

even if some of these systems can phase-vary to play a regulatory role (39). Therefore we propose a 

model (Fig. 5) where HGT, instead of being a force opposed to the structure, is the very cause of the 



PCs observed for Nm populations. In a substantially pan-mictic population, homologous 

recombination wipes out phylogenetic relationships. Each isolate appears as an independent clone, 

because clone-specific traits transmitted to the progeny are rapidly spread to the rest of the 

population, and/or replaced. When one of these clones acquires a new RMS via HGT, it brings a 

new differential barrier. Exogenous DNA integration is not prevented, but the efficiency is reduced 

proportionally to the efficiency of the DNA restriction, because the effect of a single recombination 

event is directly proportional to the length of the converted DNA (40). Consequently, exchange of 

clone-specific traits is favored among the progeny of the clone that acquired the new RMS, because 

each offspring inherits the ability to methylate its own DNA as no other member of the species can. 

As a result, (i) the progeny of the clone is less exposed to the confounding effect of HGT, (ii) 

efficient homologous recombination among the offspring of the originating clone plays a stabilizing 

regenerative role. In other words, a lineage emerges in the population, and is maintained as long as 

the barrier is not removed by inactivation of the RMS functionality. The paradigm of DNA 

transformation in Gram negative bacteria, in which double stranded (ds) DNA crosses the outer 

membrane and is then transported across the inner membrane as single stranded (ss) DNA (41), has 

posed conceptual challenges to the model in which RMSs constitute a barrier to transformation, 

since ssDNA is often considered to be resistant to endonucleases. However, several restriction 

enzymes mediate cleavage of ssDNA (42) and restriction of ssDNA has been shown to be a barrier 

to natural transformation in Pseudomonas stutzeri (43). Also, dsDNA has been detected after 

transformation of pathogenic Neisseria species (44, 45), and a model for processing of ssDNA and 

dsDNA in the cytoplasm has been proposed for N. gonorrhoeae based on processing by RecA and 

RecBCD, respectively (46). For meningococcal transformation, DNA uptake is coupled to pilus 

retraction (47). While it has been observed that PilQ-mediated DNA-uptake is more efficient with 

ssDNA than with dsDNA (48), no preference was detected among other DNA biding proteins 

identified, including PilG (47). Furthermore, N. meningitidis contains several prophages (49) and 

DNA entering the cytoplasm from dsDNA bacteriophages would be susceptible to digestion by 

restriction enzymes. 

It has already been proposed that RMSs have a function in maintaining species identity and 

controlling speciation (50). To the best of our knowledge, this is the first time that such a 

mechanism is proposed in an organic manner as the driver of the population structure within a 

single bacterial species. 

Results of the present pan-genomic investigation, paired to previous experimental evidence, provide 

strong support for the existence of meningococcal PCs, comprising different clonal complexes, 

which evolve from the acquisition of a specific set of RMSs, that generate a differential barrier to 



DNA exchange. Further functional investigations are called for to elucidate the interplay between 

the DNA-uptake machinery and the RMS functionality as a legitimate part of the transformation 

process in Nm, and to evaluate the actual impact of PC-specific genotypes on host-pathogen 

interactions. 

We now envision a global pan-genomic effort in the meningococcal community, similar to the 

MLST one in the early 2000’s, which should include determination of the whole core genome to 

have the adequate power to resolve the population structure, and the whole dispensable genome to 

globally validate the relationship between RMSs and PCs. Since the majority of pathogenic bacteria 

investigated to date occupy an intermediate position between the clonal and pan-mictic paradigms 

(51), this effort could be relevant to a broad spectrum of microbial species.  
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Figure 1: Nm pan-genome analysis 

For each distribution of values in the pan-genome sampling process (SI Materials and Methods) box-plots 

represent medians and inter-quartile ranges, whiskers are the central 95% percentile range, the minimum-

maximum are shown as crosses and the mean as a circle. A) Shown is the number of core genes vs. the 

number of genomes evaluated. A full curve represents the least-square regression of a double-exponential 

decay function to the data; a dashed line indicates the asymptotic value predicted for the core genome: 1596 

genes. B) Shown is the pan-genome size vs. the number of genomes evaluated. A full curve represents the 

least-square regression of a Heaps’ law function to the data, obtained for α=0.04 (α~0: logarithmic growth). 

C) Shown is the number of new genes discovered vs. the number of genomes investigated. A full curve 

represent the least-square fit of a power-law function to data, obtained for (1-α)=0.93, in good agreement with 

the pan-genome regression. 

 

 
 

 



Figure 2: Phylogenetic network for Nm core genome 

Shown is a Neighbor-Net phylogenetic network obtained for the Nm core-genome. PCs are color-coded in 

blue (PC41/44), green (PC8/11) and red (PC32/269). Strains not clustering into phylogenetic groups are 

shown in yellow. Colored boxes report, for each PC, the main properties of PC-specific DNA insertions. The 

bottom-right box reports, for each PC and CC, the percentage of nucleotide identity (average ± standard 

deviation) and the number of specific genes. The bottom-left box reports the main properties of CC- and PC-

specific rearrangements, which are mapped as circle-arrows on the phylogeny. Details on DNA insertions and 

rearrangements are provided in SI Supporting Results, where each event is identified by the same label 

reported here.  

 

 

 

 
 

 

 



Figure 3: Presence/Absence of 22 RMSs reconstructs PCs 

Shown is a presence/absence matrix where each row represents one of the twenty Nm genomes analyzed, 

color-coded as in Figure_2, and each column represents one of the twenty-two RMS identified (Table S2). 

Presence of a RMS in a strain is indicated by a dark square. The cladogram is a bootstrapped agglomerative 

hierarchical clustering of strains based on RMS presence/absence, and numbers indicate bootstrap support for 

each node. Color shades on the cladogram indicate support groups obtained with a distance threshold of 1 

RMS. 

 

 
 

 



Figure 4: Length of predicted gene-conversion events within and between PCs 

A) Shown is the reverse cumulative distribution of gene-conversion events for various lengths of the 

exchanged DNA, i.e. the proportion of events equal or longer than the length indicated on the “x” axis. 

Within-PC events (donor and acceptor in the same PC) are shown as open squares. Between-PC events (donor 

and acceptor in different PCs) as full circles. Curves are guides to the eye. B) Shown is the linkage-

disequilibrium measure D’ as a function of the physical distance along the chromosome: within-PC (B1) and 

between-PC (B2). Solid curves indicate least-square regression of the exponential decay function κ*exp(-x/τ) 

+ δ to the data. Best fits were obtained for 3τ = 2430 (within-PC) and τ = 729 (between-PC), were 3τ is an 

approximate estimate of the average length of gene-conversion events. Dashed lines indicate best fit values for 

δ. 

 

 



Figure 5: A working model for RMS-driven origin and persistence of PCs in Nm. 

 

 

  


