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Abstract
Global spread and genetic monomorphism are hallmarks of Mycobacterium tuberculosis, the agent
of human tuberculosis. In contrast, Mycobacterium canettii, and related tubercle bacilli that also
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cause human tuberculosis and exhibit unusual smooth colony morphology, are restricted to East-
Africa. Here, we sequenced and analyzed the genomes of five representative strains of smooth
tubercle bacilli (STB) using Sanger (4-5x coverage), 454/Roche (13-18x coverage) and/or
Illumina DNA sequencing (45-105x coverage). We show that STB are highly recombinogenic and
evolutionary early-branching, with larger genome sizes, 25-fold more SNPs, fewer molecular
scars and distinct CRISPR-Cas systems relative to M. tuberculosis. Despite the differences, all
tuberculosis-causing mycobacteria share a highly conserved core genome. Mouse-infection
experiments revealed that STB are less persistent and virulent than M. tuberculosis. We conclude
that M. tuberculosis emerged from an ancestral, STB-like pool of mycobacteria by gain of
persistence and virulence mechanisms and we provide genome-wide insights into the molecular
events involved.

Mycobacterium tuberculosis is a pervasive human pathogen, currently estimated to infect
two billion people throughout the world1. The bacterial population size resulting from this
massive spread is very large, yet the genetic diversity within the classical members of the M.
tuberculosis complex (MTBC), comprising Mycobacterium africanum, Mycobacterium
bovis, Mycobacterium microti, Mycobacterium pinnipedii, and M. tuberculosis is very
limited. Tuberculosis is therefore assumed to be a recent human disease2,3 linked to clonal
expansion of its causative organism4-6.

In contrast to MTBC, smooth tubercle bacilli (STB), defined as clinical isolates displaying a
distinctive smooth colony phenotype on culture media, named Mycobacterium canettii and/
or Mycobacterium prototuberculosis7-10, are less genetically restricted. Initial genotyping
analysis suggested that these isolates possess a higher diversity with traces of intraspecies
horizontal gene transfer (HGT) and might therefore represent early-branching lineages of
tuberculosis-causing mycobacteria. Since their first isolation by Georges Canetti in 1969,
less than one hundred strains of STB have been identified. All STB have been obtained from
human tuberculosis patients, mostly from (or with connection to) East-Africa8,11. Thus, a
collection of a few tens of STB strains from a geographically restricted region appears to
contain greater genetic diversity than the worldwide population of MTBC strains. This
observation raises intriguing questions about the origin of tuberculosis and provided an
opportunity to examine the molecular and evolutionary events involved in the emergence of
M. tuberculosis. Herein, we describe and compare complete genome sequences of five
diverse STB isolates and the physiopathological properties of these mycobacteria relative to
M. tuberculosis as well as whole genome shotgun (WGS) sequences of four additional STB
strains for secondary screening and confirmation purposes.

Ancestral features of STB genomes
We applied multilocus sequence typing (MLST) based on 12 house-keeping genes to a panel
of 55 available STB isolates and identified a total of 13 sequence types among them (Fig. 1
and Supplementary Tables 1 and 2). From analyses of the concatenated sequences we
inferred a highly reticulated phylogeny, suggestive of conflicting phylogenetic signals and
possible HGT among the target genes. We then selected five representative isolates for the
principal comprehensive genomic analysis. This selection included the original strain
isolated by George Canetti, of sequence type A and an isolate from the most prevalent group
of sequence type D (both belonging to the M. canettii cluster), as well as strains from the
most distant sequence types L, J and K (Fig. 1 and Supplementary Fig. 1)9.

Comparison of these five STB genomes with those of M. tuberculosis H37Rv12 and other
MTBC members13 revealed a very similar overall organization between STB and MTBC,
with a high percentage of syntenic genes (from 96% for strain A and 93% for strain K,
compared to only 77% between M. tuberculosis H37Rv and Mycobacterium marinum, one
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of the phylogenetically closest non-tuberculous mycobacterial species14). No major
chromosomal rearrangements or plasmids were detected (Fig. 1). Pairwise analyses between
the conserved STB and MTBC genome sequences showed that all combinations had average
nucleotide identities of at least 97.3%, above the 95% threshold proposed for classification
into the same species15. However, the genomes of STB are 10-115 kb larger than those of
the MTBC members and thus represent the largest genomes known for tubercle bacilli,
although they are still much smaller than those of M. marinum (6.6 Mb)16 and the other
most closely related, non-tuberculous species M. kansasii (6.4 Mb)17. Excluding repetitive
sequences such as PE_PGRS- and PPE_MPTR-encoding regions, which account for ~ 8%
of the coding capacity of M. tuberculosis12, STB and MTBC share > 89.3% of their
genomes, representing a core genome for tubercle bacilli of > 3.938 Mb. This core
comprises 96.3% of the 774 M. tuberculosis H37Rv genes predicted as being essential for in
vitro growth, and all 194 genes required for mycobacterial survival during mouse
infection18-20, further reflecting the close affiliations of STB and M. tuberculosis. The
accessory genomes of individual STB strains harbor from 124 (strain A) to 366 genes
(strains K and J) not present in MTBC members that enlarge the known pan-genome of
tubercle bacilli by 890 predicted coding sequences (CDS), representing a supplement of
more than 20% relative to the gene pool of M. tuberculosis (Supplementary Table 3 and
Supplementary Figs 2a, b). Interestingly, only nine of these CDS were common to all five
STB genomes analyzed (Supplementary Table 3 and Supplementary Fig. 2c). Conversely,
51 genes partially overlapping with genomic islands21 present in MTBC were not found in
any of the STB strains (Supplementary Table 4). These genes encode derivatives of mobile
elements, such as the phiRv1 and phiRv2 prophage-like regions (24 CDS), 3 transposases, 5
unique members of a glycine-rich protein family (e.g. PE_PGRS33; Supplementary Fig. 3a)
and 19 other hypothetical proteins (Supplementary Fig. 3b). It is noteworthy that Rv1989c-
Rv1990c from one such MTBC specific region showed around 90% identity with proteins
encoded on a plasmid from Mycobacterium gilvum and Mycobacterium sp. KMS, raising
intriguing questions about possible transmission routes of the corresponding genes into the
MTBC. Several other MTBC-specific hypothetical proteins had no or only weak amino-acid
similarity with other mycobacterial proteins (Supplementary Table 4), suggesting HGT into
MTBC from distant donors after the separation from the STB lineages.

We also identified prominent, HGT-related differences in clustered regularly interspaced
short palindromic repeats-CRISPR-associated proteins (CRISPR-Cas) systems between STB
and MTBC. These systems may confer adaptive immunity against phages and plasmids in
bacteria and archea via repeat/spacer-derived short RNAs22. The genomes of STB strains A
and D contain a single CRISPR-Cas locus encoding a system of major type III-A that is
similar to that of MTBC genomes, but with a few crispr spacers in common7,10 and
substantially lower sequence similarities of their Cas proteins (down to 75%) than those of
the core proteins (98%-100 %) (Fig. 2.). The same genomic region in the more distant K, L
and J strains is occupied by a completely different CRISPR-Cas system of a rare type-Ic
variant (Fig. 2), most closely related to those of environmental actinobacteria such as
Gordonia amarae or purple sulfur bacteria Thioalkalivibrio sp.. Furthermore, in strain K, the
presence of a second CRISPR-Cas module of a different type Ic was identified 260 kb
upstream of the other locus (Fig. 2), whose Cas proteins were most similar to those of
Moorella sp. or Thiorhodovibrio sp. Finally, screening of WGS-derived sequences from
STB strains E, G, H, and I, located at well-distributed intermediate positions of the STB
MLST-based network (Fig. 1), revealed the existence of yet another type I-E module in
strains G and I that was most closely related to those of environmental actinobacteria such as
Saccharomonospora sp., while in the two remaining E and H strains, a type Ic variant
similar to those of STB-J, -K and -L was found (Fig. 2a). As CRISPR-Cas systems have not
been identified in non-tuberculous mycobacterial species, these different systems were most
likely acquired by independent HGT events that occurred after the divergence of STB and
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MTBC. While it is not known whether the CRISPR systems in tubercle bacilli are
functional, their disparate origins suggest that the distinct, respective crispr spacer sets
might not necessarily reflect genetic records of recent encounters of tubercle bacilli with
distinct phage transgressors but, instead, older traces of interaction of the respective
CRISPR-Cas donor organisms with non-mycobacterial phages. The identification of a 55 kb
prophage region in the WGS-derived sequence of STB-I that is large enough to encode a
potentially complete virion23 (Fig. 2), which to our knowledge represents the first such
finding in tubercle bacilli, provides a promising future model for testing the functionality of
mycobacterial CRISPR-Cas systems on adaptive immunity against phages.

Progressive genome downsizing is a hallmark of mycobacterial pathogen evolution17,24.
Therefore, the larger genome sizes of STB compared with MTBC argue for their ancestral
status. Further evidence for ancestrality of STB genome structures comes from inspection of
interrupted coding sequence (ICDS) orthologs, thought to reflect molecular scars inherited
during pseudogenization of the MTBC genomes25,26. Among the 81 reported ICDS in
MTBC, most were found to be also interrupted both in STB and more distantly related
mycobacteria, suggesting evolutionary ancient mycobacterial scars (Supplementary Table
5). However, we identified four ICDS, e.g. pks8 belonging to the pks multi-gene family
encoding polyketide synthases that are involved in the biosynthesis of important cell
envelope lipids16,27, which were intact in the genomes of STB (in one case - rv3741/42, the
region was absent from STB-J) and from the M. marinum and/or M. kansasii outgroup
genomes (Supplementary Fig. 4). Thus, these scars occurred in the most recent common
ancestor of the MTBC after divergence from STB-like progenitors. The opposite situation,
i.e. ICDS shared by the STB genomes corresponding to intact CDS in MTBC, was never
observed, further supporting the ancestral status of the STB genome structure. In addition,
we detected four independent loci (narX, pks5, pknH, lppV), where a likely ancestral gene
organization present both in the mycobacterial outgroups M. marinum and/or M. kansasii
and in STB, was rearranged to result in a single hybrid gene and loss of intervening gene(s)
in MTBC genomes (Supplementary Fig. 5), similar to what has been observed for pknH in
M. africanum28.

Ancient branching of STB lineages is also consistent with the much higher numbers of
single nucleotide polymorphisms (SNPs) detected among STB genomes compared to
MTBC. Pairwise comparisons of the STB-D, -A, -L, -J, and -K genome sequences with the
M. tuberculosis H37Rv reference uncovered 16,168 - 61,228 SNPs (Fig. 1). This amount is
within the 9,525-65,744 SNP range observed among the group of STB strains alone, and up
to 25-fold higher than the 741-2437 SNPs previously observed among members of the
MTBC13,29,30. Consistent with MLST data (here and ref. 9), a NeighborNet analysis based
on pairwise comparisons of the genome-wide SNP data showed that MTBC forms a single
compact group within a much larger, reticulated network of the STB genotypes (Fig. 1).
Consistently, this reticulation was even increased when WGS-derived sequence data from
four additional STB strains were included (Supplementary Fig. 6), further confirming the
MLST-derived phylogeny at the genome level. The Phi test for recombination was highly
significant (p=10−6). Importantly, the relative compactness of the MTBC branch is
additionally confirmed by the structure of the phylogenetic tree, obtained after exclusion of
the genome portions affected by recombination/HGT (see further and Fig. 3a). These results
thus firmly demonstrate that the worldwide MTBC population only represents a genetically
homogeneous subset branching from the larger diversity of recombinogenic STB isolates.
Taken together with independent lines of evidence pointing to an earlier branching, they
suggest that STB lineages diverged from the common ancestor of all tubercle bacilli well
before the successful clonal radiation of MTBC began.
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Impact of selection and recombination
In order to compare the impact of selection on the evolution of the STB and MTBC
genomes, we calculated global ratios of non-synonymous vs synonymous SNPs (dN/dS).
The genome-wide dN/dS ratio is unusually high in MTBC, which has been suggested to
reflect relaxed purifying selection against non-synonymous changes that are in general
slightly deleterious31. The dN/dS ratios in the different gene categories among the STB
strains were only about a third of those found in the MTBC (Table 1), and are thus
compatible with a much longer time of exposure of STB to purifying selection, given the
time dependence of dN/dS for closely related bacteria32-34 and assuming that purifying
selection pressures were the same for STB as for MTBC.

As an important exception, protective human CD4+ and CD8+ T-cell antigens and epitopes
of M. tuberculosis have been described to be under purifying selection, suggesting that
MTBC members do not use T-cell antigen variation to escape human immune responses but,
instead, might benefit from recognition by T-cells30. Similarly, we found that the dN/dS
ratios based on pairwise, concatenated codon alignments35,36 of the 65 T-cell antigen-
encoding STB genes conserved across all STB genomes were on average lower than those
of the 2,300 genes classified as non essential and similar to slightly lower than the 710
essential genes18 conserved among all STB (Table 1). Overall similar results were also
obtained when only the epitope regions of the T-cell antigens were considered. Thus, like
the subset of essential proteins, human T-cell antigens tend to be more conserved in STB
relative to the rest of the proteome. Following the argument of Comas and colleagues30, this
sequence conservation suggests that STB and MTBC might have inherited a common
strategy of immune subversion of the human host that predates the clonal emergence of the
MTBC. However, there may be alternative explanations, as most of these low dN/dS
antigens are also highly conserved in the environmental, facultative pathogens M. marinum
and/or M. kansasii and/or other mycobacteria. For example, the 6-kD early secreted
antigenic target (ESAT-6, Rv3875) and the 34.6-kD secreted antigen 85B (Ag85B;
Rv1886c), that both show 100% amino-acid conservation in MTBC and STB, have
orthologues in M. marinum that show 91% (ESAT-6) and 89% (Ag85B) amino-acid
identity, which is above the average overall pairwise identity of 85.2%16. The conservation
of these proteins might thus also be explained by their role in host-pathogen interaction such
as phagosomal rupture37, cell envelope stability38 or other functions that are not necessarily
linked to interactions with human T-cells.

Extensive recombination among STB, revealed by our comparative genome analysis, might
also have played a role in the discrepancy in dN/dS between the MTBC and STB groups, as
it could more efficiently oppose fixation of slightly deleterious mutations than in the more
clonal MTBC population39. Consistent with this contention, strong variations in the local
distribution of SNPs were observed throughout the aligned STB and MTBC genomes,
suggestive of numerous recombination events. Approximately one-third of the core genome
alignment consists of zones with significantly lower or higher SNP density compared to
expectations for predicted recombination-free nucleotide differences between each pair of
genomes. A stringent selection of informative regions among the predicted recombination-
free blocks led to a minimal clonal backbone of 1,794,643 characters (~33% of the core
genome), which was used to infer a phylogenetic tree (Fig. 3a). Inspection of the genomic
regions with unexpected SNP densities allowed us to identify > 110 blocks, of up to 14 kb
and including each from 1 to 5 complete genes (Supplementary Table 6), with homoplasic
SNP distributions (relative to the tree), indicative of likely inter-strain recombination events
among STB and/or between STB and MTBC strains (Fig. 3b and Supplementary Fig. 7a, b).
The extensive impact of recombination was independently confirmed by the finding that
~8% to ~15% of the protein coding sequence alignments from the core genome has mosaic
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structures indicative of inter-strain intragenic recombination events. In contrast, the
influence of exogenous importation from more distant mycobacterial species on the core
genome sequence diversity is apparently minimal, as inferred by the detection of only few
regions with unexpectedly high SNP densities in STB strains, yielding BLAST best hits
closer to non-tuberculous mycobacteria than to STB and MTBC (Supplementary Fig. 7c).

Remarkably, the gene blocks in M. tuberculosis whose sequences perfectly match those of
one or more STB strains, showed SNPs in the orthologous region in M. bovis and/or other
MTBC strains (Fig. 3b), suggesting that gene fluxes between M. tuberculosis and the STB
strain pool existed even well after the divergence of the MTBC, and perhaps still exist. We
also found intermediate situations, where the SNP distribution clearly suggests
recombination events that were more ancient and likely followed by accumulation of a few
mutations in the recipient or the donor strains (Supplementary Fig. 7a). These data provide
new, solid evidence to the question of inter-strain gene flux in M. tuberculosis40,41. Our
findings also raise puzzling questions on the (micro-) environments and mechanisms
favoring or having favored such extensive DNA exchanges. The high number of apparently
recent recombination episodes, as suggested by numerous perfect large sequence matches
detected among sequences from different STB lineages together with the almost exclusive
isolation of STB strains from patients around the Horn of Africa strongly suggests a
common local source. Aquatic environments rich in mycobacteria, potentially residing in
protozoan hosts24,42, are one possible opportunity for genetic exchange to occur, as
suggested by a recent report on detection of MTBC DNA in rural water sources in Ethiopia
(E. Wellington, personal communication, Abstract, 16th International Symposium on the
Biology of Actinomycetes). The presence of a 55 kb genomic segment corresponding to a
putative complete phage-encoding region inserted into the Lys tRNA gene of strain STB-I
(Fig. 2) suggests a possible mediation by phages, although alternative mechanisms such as
DNA transfer by conjugation, reported for Mycobacterium smegmatis under biofilm
conditions43, could also be involved.

STB persist less during infection than M. tuberculosis
To determine whether the genome differences between the STB and MTBC strains impact
on host-pathogen interactions, we first measured their growth in in vitro cultures. Most STB
grew 2 to 3 times faster than M. tuberculosis both in liquid (Supplementary Fig. 8) and on
solid media (data not shown) at 30°c and 37°c, in line with previous observations10,11. Upon
infection of BALB/c mice (Fig. 4) and C57BL6 mice (Supplementary Fig. 9) by aerosol, the
STB strains effectively multiplied in lungs and disseminated to the spleens during the acute
infection phase, but consistently persisted less well during the chronic infection phase
compared to M. tuberculosis. While the latter was able to persist in the lungs for up to 30
weeks at levels close to those of the acute phase (peaking at 3 weeks with around 107.7

colony-forming units (CFUs)), the infection levels of all STB strains dropped by at least 1
log at all (and by 2 to 3 logs at most) later time points in these organs (p=0.05 by Mann-
Whitney test, except for day 130 for strains D, L and K). The strongest difference with M.
tuberculosis was observed for strain K, the strain phylogenomically most distant from
MTBC and for which bacterial counts were undetectable after 30 weeks in BALB/c mice
(Fig. 4c, d). Similar trends were observed in spleens, with strain K also almost completely
cleared at day 210. In parallel, histopathological analyses revealed less intense lung lesions
and inflammation 128 days after infection with the STB strains compared to M. tuberculosis
infection, with strain K showing the least damages (Fig. 4 and Supplementary Table 7).
Furthermore, C57BL/6 mice intravenously infected with high doses of STB survived in
contrast to controls infected with M. tuberculosis strains of different lineages (data not
shown), confirming decreased virulence of STB.
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Finally, we determined whether these variations could be correlated to differences in innate
or adaptive immune responses elicited by infection. The STB and M. tuberculosis strains
were similarly able to induce maturation of innate immunity cells in vitro, such as dentritic
cells derived from C57BL/6, tlr2°/°, tlr4°/°, or double KO mice (data not shown), suggesting
shared major Pathogen-Associated Molecular Patterns (PAMPs)44. Consistently, substantial
recruitment of activated innate immune cells, i.e., CD11b+ BST-2+ (Bone Marrow Stromal
Cell Antigen-2)+ and CD11c+ MHC-IIhi, was observed in vivo in the lung parenchyma of
SCID mice after 3 weeks of infection by STB, but to a lower extent as compared to M.
tuberculosis infection (data not shown). Concerning adaptive responses, massive recruitment
of activated CD4+ and CD8+ T-cells, displaying CD44 modulation and CD45RB, CD27,
CD62L downregulation, was detected in the lungs of C57BL/6 mice after 13 weeks of
infection by smooth strains. Again, the responses were overall quantitatively lower for STB
compared to M. tuberculosis strains, especially for STB-K (Supplementary Fig. 10), in line
with the lower virulence and persistence of STB.

Concluding remarks
With the larger pan genome reflecting the ancestral, wider gene pool of tubercle bacilli,
their, lower virulence and faster growth especially at temperatures below 37°C, plausibly
reflecting broader environmental adaptability, STB strains might thus come nearer to the as
yet unknown missing link between the obligate pathogen M. tuberculosis and environmental
mycobacteria. We propose that M. tuberculosis has evolved its so successful widespread,
pathogenic lifestyle starting from a pool of STB-like mycobacteria by gaining additional
virulence and persistence mechanisms through a potential combination of i) loss of gene
function, ii) acquisition of novel genes via HGT, iii) inter-strain recombination of gene
clusters and (iv) fixation of SNPs. From the data presented here, a rational experimental
design to elucidate which of these genetic events were involved can now be undertaken.
Primary candidates are MTBC-specific genes (Supplementary Table 4), including prophage-
like phiRv1 / phiRv2 encoding regions reported to be important for late infection45, genes
encoding PE_PGRS33 or other MTBC-acquired PE/PPE proteins known to enhance cellular
toxicity46, polyketide synthase Pks8/17, the large prophage region in STB-I and/or CRISPR-
cas systems. The insights gained through our analysis thus open novel perspectives to
identify new targets to combat tuberculosis infection and disease.

Online-Methods
Bacterial strains and multi-locus sequence typing

The 55 STB and 10 reference MTBC isolates are described in Supplementary Table 1.
Twelve house-keeping genes were selected for MLST47 (Supplementary Table 2).
Phylogenetic groupings were identified by split decomposition analysis48 on the
concatenated target sequences .

Genome sequencing
Genomic DNA was extracted from cultured single bacterial colonies12. For genome
sequencing of STB-D, -J, -K and -L, Sanger reads from 10-kb fragment shotgun libraries at
4- 4.9 fold coverages were assembled with contigs obtained from Newbler assemblies of
454/Roche reads at 13-18.1 fold coverages, using Arachne49. Scaffolds were validated using
Mekano interface (Genoscope). Primer walking, PCRs and in-vitro transposition were used
for finishing. The assembled consensus sequences were validated using Illumina reads at
45-105 fold coverages and consed functionalities, and by mapping of termini-sequences
from bacterial artificial chromosome libraries50. High quality, contiguous genome sequences
of 4420 kb (STB-L, 9 contigs), 4432 kb (STB-D, 12 contigs), 4524 kb (STB-J, 11 contigs),
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and 4525 kb (STB-K, 9 contigs) were generated. Remaining gaps estimated not to exceed 2
kb correspond to GC-rich and repetitive regions coding for PE_PGRS proteins, and/or the
pks5 region (STB-J). For STB-A, a fully finished, contiguous sequence of 4,482,059 bp was
obtained by using ~ 80,000 shotgun Sanger reads, Illumina-generated reads and
finishing12,28. WGS data from STB strains E, G, H, and I were generated using Illumina
HiSseq technology and single lanes. Resulting reads that covered the genomes of these STB
up to 900x were assembled using the Velvet software51 and contigs were ordered using M.
canettii CIPT 140010059 (STB-A) and M. tuberculosis H37Rv as reference genomes.

Annotation and comparative genomics
Annotation and genome comparisons were performed with the Microscope platform52,
Artemis and Artemis comparison tool (ACT)53. When applicable, annotations were
transferred from those of M. tuberculosis orthologs in the TubercuList/Mycobrowser
database, using BLAST matches of > 90% protein sequence identity, an alignable region of
> 80% of the shortest protein length in pairwise comparisons and visual inspection of the
gene synteny. Pairwise average nucleotide identities were calculated using JSpecies54. The
core/accessory genomes of STB and M. tuberculosis were determined as described16.

SNP and indel analysis
SNiPer pipeline (Genoscope) based on the SSAHA2 package55 was used to map Illumina
reads and detect SNPs and indels of STB strains against a corrected version56 of the M.
tuberculosis H37Rv reference sequence (NC_000962)12. After exclusion of ambiguous
maps on repeat regions, an average of 4.7 million split paired-end reads of 36 bp (STB-A, -
D, -L, - J) or trimmed at 50 bp (STB-K) were mapped at a resulting genome coverage > 40x.
SNPs with base coverage < 10, base quality < 25, or heterozygosity > 0.2 were removed.
ACT53 comparison files were created by using MUMmer and NUCmer softwares57 to
visualize the SNP distribution in local genome regions.

Calculation of dN/dS
dN/dS ratios were calculated on orthologs conserved in all STB and M. tuberculosis H37Rv,
as identified by bidirectional best hits, alignable region of >80% and sequence identity
>=30%. Pairwise, concatenated codon alignments between M. tuberculosis H37Rv and each
STB strain were generated using PAL2NAL58, after respective protein alignments obtained
with MUSCLE59. Synonymous and non-synonymous substitutions were defined using Nei-
Gojobori method-based SNAP35 or maximum likelihood-based PAML36. STB T-cell
antigen, essential and non-essential gene categories, as well as T-cell epitope codon
concatenates were constructed as described30.

Recombination
The genomes of M. tuberculosis H37Rv, M. bovis AF2122/97 and the five STB strains were
aligned using progressive Mauve60. Given a pair ij of aligned genomes, the number of SNPs
xij observed between i and j within a region of length l follows a binomial distribution B(l,
pij), where pij is the expected proportion of recombination-free nucleotide differences
between taxa i and j. Regions containing at least one pair of sequences ij with an
unexpectedly large or low number xij of SNPs, i.e. min [Pr (X ≥ xij ), Pr (X ≤ xij )] < 0.05
where X ~ B(l, pij), were identified by using a 200 character-long sliding window along the
conserved (core) portions of the multiple genome alignment. The value pij inside each
window was estimated as the proportion of SNPs between i and j within the 10000 aligned
characters flanking the sliding window on both sides. To obtain a reference phylogeny, all
regions of length ≥ 500 characters (excluding gaps) that did not contain an unexpected
number of SNPs were concatenated. The derived supermatrix was used to infer a
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phylogenetic tree by using the Neighbor-Joining algorithm on the pairwise nucleotide p-
distances61. All regions of length ≥ 500 characters with a significantly high or low number
of SNPs were inspected visually for detection of concentration of homoplasic characters
using ACT53, leading to similarities between strains incongruent with the phylogenetic tree.
The proportion of protein coding sequences within the core genome likely affected by inter-
strain recombination was assessed with the Pairwise Homoplasy Index62, the Maximum x2

test63, and the Neighbour Similarity Score64.

Bacterial growth assays
Growth rates of STB and reference MTBC strains in liquid media were measured by using a
BACTEC 460 system (Beckton-Dickinson) as recommended by the manufacturer.

Mouse infection experiments , histopathological and cell analyses
Mice were maintained according to the Institut Pasteur de Lille and Paris guidelines for
laboratory animal husbandry. Animal experiments were approved by the Nord-Pas-De-
Calais ethical committee (CEEA 15/2009) and the Institut Pasteur Hygiene Committee
(authorization number 75-1469), in accordance with European and French guidelines
(Directive 86/609/CEE and Decree 87–848). Eight-week-old female BALB/c mice were
infected by the intranasal route with 103 CFUs of either STB or M. tuberculosis H37Rv
strains, respectively. At indicated times, 4 mice per group were sacrificed, and colony
counting was performed from homogenized individual lungs and spleens as described65. For
histopathological evaluation, whole lungs were harvested from 3 BALB/c mice per group
128 days post-infection, fixed in 4% formalin, and embedded in paraffin. Four mm-thick
sections were stained with hematoxylin-eosin. Virulence and cell-analysis-based
immunological assays using C57BL/6 and/or SCID mice were performed as described66,67.
Adaptive immune cells from infected mice were prepared, incubated with conjugated mAbs
(Beckton-Dickinson), fixed, and analyzed using a CyAn system and Summit (Beckman
Coulter) and FlowJo (Treestar) softwares.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Selection and genome features of analyzed strains
(a) multilocus sequence typing of 56 STB and 10 MTBC reference isolates. Phylogenetic
positions based on split decomposition analysis of concatenated sequences of 12 house-
keeping gene segments are represented. The scale bar represents Hamming distance.
Numbers indicate the percent of bootstrap support of the splits obtained after 1,000
replicates. Arrows and stars indicate isolates selected for complete genome sequence and
genome shotgun analyses, respectively. (b) pairwise, linear genomic comparisons of M.
tuberculosis H37Rv, M. bovis AF2122/97, five selected STB strains, and two non-
tuberculous mycobacterial species, M. marinum M and M. smegmatis mc2155. Red and blue
lines indicate co-linear blocks of DNA:DNA similarity, and inverted matches, respectively.
M. tub., M. tuberculosis; M. mar, M. marinum; M. smeg., M. smegmatis. (c) numbers of
SNPs in pairwise comparisons between the indicated genomes. (d) Network phylogeny
inferred among the five STB isolates subjected to complete genome sequence analysis and
MTBC by NeighborNet analysis, based on pairwise alignments of whole genome SNP data.
‘*’ indicates 90% bootstrap support, while all other nodes had 100% support, 1000
iterations. (e) Histogram showing the respective numbers of SNPs between the aligned M.
tuberculosis H37Rv and M. bovis or STB genomes (depicted in panel b).
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Figure 2. CRISPR-Cas (clustered regularly interspaced short palindromic repeats-CRISPR-
associated proteins) systems and prophages in STB and MTBC genomes
(a) Gene content of different CRISPR-Cas systems in MTBC and STB strains. Spacers are
color-coded according to sequence similarities. Percentages of protein sequence identities
are indicated between type III-A systems of M. tuberculosis H37Rv and STB A and D. The
various combinations of identities between ubiquitous proteins (e.g. Cas2) of different
CRISPR-Cas types are much lower (below 40%) and are not indicated. A star indicates a
potential csb1 pseudogene in the system of STB-H. A broken line denotes ends of DNA
sequence contigs variably delimiting the identified repeat zones of type I-E systems of STB-
F, -G and -I. Mut id, mutual protein sequence identities; rep, repeats; Tnp, transposon; cas,
csm, csb, csx, cse, various Cas gene families. (b) Schematic representation of a 55 kb
spanning genomic region that encodes a putative prophage in STB strain I. STB-I genomic
positions are marked on horizontal scales in bp. Brackets indicate a portion homologous to a
prophage region in the M. marinum genome. Predicted coding sequences are shown above
or below scales, corresponding to rightward and leftward transcription, respectively. Color-
coding define features of predicted encoded products as follows. Gray, phage protein
without database match or homologous to non-mycobacteriophage proteins of unknown
function; blue, phage protein homologous to other mycobacteriophage proteins of unknown
function (names of homologs are written in blue text, except for the portion homologous to
the M. marinum prophage region); black, STB-I coding sequences and tRNA genes
(conserved in other STB strains and M. tuberculosis H37Rv) flanking the phage insertion
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site corresponding to the Lys tRNA gene; all other colors, phage proteins with a predicted
function (indicated in black text). A gray box on the second horizontal scale indicates a
sequence contig break. Functional annotations of the predicted genes were made based on
comparisons of the encoded products via the Genbank database, detection of protein domain
signatures, and expert annotation of 374 other mycobacteriophage genomes retrieved from
the PhagesDB database.
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Figure 3. Inter-strain recombination segments between STB and MTBC genomes
(a) phylogenetic tree inferred by using Neighbor-Joining algorithm on nucleotide p-
distances, after concatenation of sequence alignments of 2,047 genes of the predicted clonal
portion of the STB-MTBC core genome (i.e. after exclusion of the genes affected by
recombination- see text- and of gapped regions). (b) SNP distribution among STB and
MTBC aligned genome segments, showing probable recombination regions involving genes
rv1936-rv1937 between STB-J and M. tuberculosis. Each of the three panels shows a
comparison of two STB or M. bovis strains (top, bottom) relative to M. tuberculosis H37Rv
(middle). Red lines indicate individual SNPs identified between pairwise compared
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genomes. Thicker or uneven red lines result from multiple SNPs in close proximity or shifts
due to small insertions/deletions. Note the SNP-free, identical genome segments between
STB-J and H37Rv (boxed) conflict with their distant respective positions on the clonal core
genome-based tree. M. tub. H37Rv, M. tuberculosis H37Rv.
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Figure 4. Virulence and persistence of smooth tubercle bacilli (STB) and M. tuberculosis
(a) colony forming units (CFUs) recovered from lungs (a, c) and spleens (b, d) of BALB/c
mice after intranasal infection with 103 CFUs. Panels a/b and c/d depict two independent
experiments. The results are the median and range of CFUs from four mice. e, f,
histopathological sections of lungs of BALB/c infected mice, 128 days post-intranasal
infection with 103 CFUs. Blue circles show bronchi, “A” indicates alveoli, and “V”
indicates blood-vessels.
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Table 1

Ratios of non-synonymous versus synonymous SNPs in gene categories

dN/dS in gene category

Strain All essential Nonessential T-cell antigens T-cell epitopes

STB-A 0.19/0.15 0.14/0.11 0.21/0.17 0.14/0.12 0.18/0.14

STB-J 0.18/ 0.13 0.14/0.11 0.19/0.15 0.14/0.11 0.13/0.09

STB-D 0.20/0.16 0.16/0.12 0.22/0.17 0.15/0.12 0.10/0.08

STB-L 0.19/ 0.15 0.16/0.12 0.21/0.17 0.14/0.12 0.15/0.11

STB-K 0.17/0.13 0.14/ 0.10 0.19/0.15 0.15/0.12 0.13/0.09

MTBCa ND 0.53 0.66 0.50 0.53-0.25b

ND, not done. dN/dS ratios were calculated on orthologs conserved in the 5 STB strains subjected to complete genome sequence analysis and M.

tuberculosis H37Rv, based on pairwise, concatenated codon alignments and using SNAP (value on the left)35 and PAML maximum likelihood

methods (value on the right)36. M. tuberculosis H37Rv T-cell antigen, essential and non-essential gene categories, as well as T cell epitope codon

concatenates were constructed as in Comas et al.30.

a
dN/dS ratios calculated by Comas et al.30 from SNPs identified across 21 MTBC strains.

b
Lower value obtained after exclusion of epitopes of three antigens considered as outliers.
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