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1.7 million deaths

15 million TB cases

1.9 billion PPD+ individuals

WHO projections by 2020
• 1 billion people newly infected

• 200 million people sick

• 35 million deaths



Estimated TB incidence rate
(per 100,000 population - 2004)

0-24

25-49

50-99

100-299

≥≥≥≥300

No estimate



% MDR among reported TB cases

<5%

5-10%

>10%

No estimate



Levels of allelic polymorphism recorded in 
genes of pathogenic bacteria
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From Kremer K et al. 1999 J. Clin. Microbiol. 37:2607-18.

Diversity of Mycobacterium tuberculosis clinical strains



Gagneux S et al. Proc Natl Acad Sci U S A. 2006. 103:2869-73.
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Ancestral Beijing strain

mutT4 (Rv3908)
Arg48 � Leu

mutT2
Gly58 � Arg

Ogt
Arg37 � Leu

Mutations in « virulence genes »

Adapted strains

Inappropriate treatments

MDR strains

Rad ME et al. Emerg Infect Dis. 2003. 9:838-45.



Frequency of spontaneous rpoB mutations
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DNA repair enzymes in M. tuberculosis

• Damage reversion: ada, ogt

• Damage excision: 

– Base excision repair: tagA, alkA, mpg, ung, mutY, nth, mutM, nei, xthA, 

end, Rv0944, Rv2464c

– Nucleotide excision repair: uvrA, uvrB, uvrC, uvrD, recA, lexA, mfd, ercc3,

recX

• Recombination: recB, recC, recD, recQ, recN, recA, radA, recF, recO, 

recR, ssB, ruvA, ruvB, ruvC, recG, sbcD, topA, gyrA, gyrB, polA, ligA, 

uvrD, Rv3644c, ligA, ligB, ligC, ligD, dinX, dinP

• Nucleotide pool maintenance: mutT, dut, deoA

• High fidelity DNA copy machine: dnaQ, dnaZX, dnaN

• Post-replicative mismatch correction

Dos Vultos et al. 2008 PLoS ONE 3(2):e1538



• 48 spoligotype-based diverse strains

• 2 groups of clinical strains from two distinct geographic 
locations

– Bangui, Central African Republic

– Madagascar

• 56 DNA repair, recombination & replication genes

• 73 kbases per strain (1.66% H37rv genome)

• 6.7 Mbases of sequence (1.5 H37Rv genome)



3R gene diversity in 3R gene diversity in M. tuberculosisM. tuberculosis

• 52 polymorphic genes

• 259 SNPs found

• 161 nsSNPs (62%)

• 131 singleton variations

• 3 stop codons

• 7 deletions

• 74 haplotypes



• recB, recC and recD

• polA
• alkA

• ligB, ligC and ligD

• dnaQ

Highly polymorphic genes



• Ka/Ks

The ratio of the number of nonsynonymous substitutions per 

nonsynonymous site (Ka) to the number of synonymous substitutions 

per synonymous site (Ks).

• Ka/Ks = 1 in a neutral model of evolution

• Ka/Ks > 1 in a positive selection model of evolution

• Ka/Ks < 1 in a negative model of evolution

Natural Selection ���� 3R SNP diversity?



• 6 genes showed values of Ka/Ks considerably higher 
than 1 (recB, dnaQ, uvrC,dinF, alkA, ogt, ligD)

Suggestive of positive selection

in agreement with the negative/purifying model 
suggested by the SFS spectrum

Natural Selection ���� 3R SNP diversity?

• The majority showed values of Ka/Ks 

considerably lower than 1



Natural Selection ���� 3R SNP diversity?

• In a neutral model sSNP and ns SNP patterns should be similar

• Our results are indicative of purifying/negative selection



• Mycobacterium tuberculosis is more diverse than initially thought

• 3R SNP analysis seems to be a very robust analysis tool that might open 

new doors even at the level of localized epidemics

• It seems clear that 3R genes have and had an important role in the 

evolution of MTC strains

• The observation of changes in the observed patterns of equilibrium may be 

a sign of warning for strains with adaptive advantages

Conclusions



Identification of M. tuberculosis virulence genes by STM
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label tags

*
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Camacho et al. Mol. Microbiol., 1999, 34:257-267



Survival and binding in THP-1 cells

Less binding of Rv0986 mutant strain
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Rv0986
Rv0987

Rv0988

M. tuberculosis
H37Rv

A. tumefaciens
C58 (AT plasmid)

attE attF attG attH

similarity (%) 63     44 45 48



In Agrobacterium tumefaciens attE-H genes form an 
operon thought to encode an ABC transporter 
involved in the secretion of a host cell adherence 
factor  

Rv0986 was isolated by Pethe et al. (PNAS, 2004) in a 
screening to find mutants defective in the arrest of 
phagosome maturation
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Rv0986-88 is present in all M. prototuberculosis strains

Traces of insertion elements (incl. transposases) 
upstream Rv0986 and downstream Rv0988 in M. 
prototuberculosis D, E, F and G only

Low Ka/Ks (0.2 in average) which means a selective 
constraint to prevent aminoacid change



Rv0988
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C G
A T

CC GC CG GG
AC TC AG TG
CA GA CT GT
AA TA AT TT

CCC CCG GCC GCG CGC CGG GGC GGG
ACC ACG TCC TCG AGC TGG TGC TGG
CAC CAG GAC GAG CTC GTG GTC GTG
AAC AAG TAC TAG ATC TTG TTC TTG
CCA CCT GCA GCT CGA GGT GGA GGT
ACA ACT TCA TCT AGA TGT TGA TGT
CAA CAT GAA GAT CTA GTT GTA GTT
AAA AAT TAA TAT ATA TTT TTA TTT

CCCC CCCG

ACCC ACCG
CACC CACG
AACC AACG
CCAC CCAG

ACAC ACAG
CAAC CAAG
AAAC AAAG
CCCA CCCT
ACCA ACCT
CACA CACT
AACA AACT
CCAA CCAT

ACAA ACAT
CAAA CAAT
AAAA AAAT





Functions of genes included in genomic 
islands

256Total

48.051.6132Unknown

NA3.910Others

17.54.712
Cell envelope & possible membrane 

proteins

10.35.113Regulatory functions

6.58.221Virulence genes

27.810.928Central intermediary metabolims

3.715.640
IS elements, repeated sequences & 

phages

Average % in 
complete genome

% of 
genomic 
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No. of genesGene Functional Category

Becq J, et al.
Mol Biol Evol. 2007. 24:1861-71.



Presence of genomic island genes in 
tubercle bacilli (Southern blots)
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Potential origin of genomic islands
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