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Polymorphisms of 3R family genes

We carried out single nucleotide polymorphism (SNP) analysis on a panel of Mycobacterium tuberculosis complex (MTC) strains from around the world. M. tuberculosis has homologs of key DNA repair proteins present in Escherichia coli for all the principal, traditional DNA repair pathways. The DNA repair, replication and recombination (3R) genes described are depicted as they appear, as homologs of Escherichia coli genes, with the corresponding annotated functions. MTC genomes have revealed no genes encoding recognized DNA mismatch repair proteins. Nevertheless, the characterization of M. tuberculosis DNA repair components is still in its infancy and based principally on sequence homology searches. The existence of currently unknown mechanisms of DNA mismatch repair cannot be excluded.

Among the 56 genes, analyzed in this study, encoding 3R functions, ssb, xthA, mpg and ruvC were the only genes displaying no variation. The ssb gene encodes a probable single-strand-binding protein, the role of which is to protect transiently formed ssDNA from nuclease and chemical attack, and to prevent it from forming aberrant secondary structures. This gene has thus been included in a set of 262 genes thought to be the minimal requirement for cellular life [1,2]. The xthA gene encodes a protein involved in the base excision pathway of DNA repair in bacteria. Its product has endonucleolytic activity, cleaving the 5' phosphodiester bond adjacent to spontaneous or induced abasic sites in DNA [3]. Mutants defective in this enzyme are hypersensitive to UV radiation and hydrogen peroxide [4-6]. Mpg, a gene with no homolog in E. coli, encodes a 3-methylpurine-DNA glycosylase that initiates DNA base excision repair and has a wide substrate range, including damaged or altered bases in duplex DNA [7]. RuvC encodes a dimeric endonuclease that resolves the Holliday junction into duplex products by introducing symmetric nicks in two of the four DNA strands [8,9]. This gene, unlike its E. coli counterpart, is induced by DNA damage in M. tuberculosis. It has been shown to be important for Helicobacter pylori survival in macrophages, suggesting its possible importance for other pathogens, including M. tuberculosis [10,11].

Nucleotide variations in base excision repair (BER) genes

One of the most frequently occurring stable and abundant oxidized base lesions in DNA is 8-oxo-7,8-dihydroguanine (8oxoG). This lesion has strong promutagenic properties [12] and, during replication, 8oxoG frequently mispairs with the nucleotide A [13], leading to G:C ( T:A transversions [14]. Another important oxidized purine lesion is formamidopyrimidine (faPy), which has mostly cytotoxic effects [15]. Subtle base changes in DNA, such as these, are normally repaired by the base excision repair (BER) pathway [16]. BER is initiated by DNA glycosylases, which cleave the N-glycosylic bond and remove the damaged base. This event is followed by strand cleavage of the sugar-phosphate backbone, either by the AP-lyase activity inherent to many DNA glycosylases or by an AP endonuclease. The repair process is completed by the successive actions of phosphonucleotide kinase or a 3’- or 5’-deoxyribosephosphodiesterase, a DNA polymerase and a DNA ligase [16,17].

In E. coli, alkylated bases are repaired by two DNA glycosylases, products of the tagA and alkA genes. The tagA gene encodes 3-methyladenine DNA glycosylase I and is constitutively expressed; this enzyme is highly specific [18]. AlkA encodes 3-methyladenine DNA glycosylase II, an alkylation damage-inducible protein that catalyzes the excision of a wide variety of alkylated bases, due to its versatile active site. This enzyme is a component of the adaptive response controlled by ada [19]. The ada gene encodes O6-alkylguanine-DNA alkyltransferase I, which prevents transition mutations by repairing O-alkylation damage to guanine and thymine, acts as sensor for alkylation damage in DNA, activates the transcription of genes encoding products required for the adaptive response and is involved in the termination of this kind of response [20]. A second type of O6-alkylguanine-DNA alkyltransferase is encoded by the ogt gene in E. coli. In M. tuberculosis, ada and alkA are predicted to encode fused proteins and to be part of an operon including ogt [21]. The ada/alkA were found to be highly polymorphic, with a large number of the strains analyzed showing mutations. The variants include an 79 AMBER codon in strains from the Central African Republic and a codon-12 Ile-Val substitution in strains of PGG1, in the ada part of the operon, suggesting that the induction of both alkA and ogt might be altered in these variants [20]. The only non synonymous ogt variation (nsSNPs) found, a codon-15 Thr to Ser substitution characteristic of the Haarlem genotype, was coupled with wild-type ada/alkA, in contrast to the synonymous variation (sSNP) found in strains with nsSNP variations in the ada part of this gene. This pattern of variation is of interest because it might serve as the basis for the dichotomy between selective pressures on an active gene and neutral variations in a supposedly inactive gene. The tagA gene is well conserved, with the exception of a codon-129 Ala-Thr substitution found in a W-Beijing family strain and a codon-170 Tyr-Ser variation found in one M. africanum strain. This may indicate a compensatory function for the other highly polymorphic 3-methyladenine-DNA glycosylase or may simply reflect the greater risk of damage from 3-methyladenine and 3-ethyladenine than from other agents when AlkA is active.

Uracil residues can be introduced into genomic DNA by polymerases using dUTP rather than dTTP or by deamination of the existing dCMP residues [22-24]. The amount of dUTP in the nucleotide pool is controlled in E. coli by a dUTP pyrophosphatase encoded by the dut gene [20]. Mutations in this gene were either lethal or increased the incorporation of uracil residues into genomic DNA [25]. The uracil-DNA glycosylase Ung removes this base from the DNA [26]. Ung is important for prevention of mutations, for increasing resistance to reactive nitrogen intermediates generated by acidified nitrite, and for the multiplication of GC-rich bacteria in macrophages (in the M. smegmatis and P. aeruginosa models) [27]. One fifth of the strains analyzed possessed an nsSNP in either dut or ung. There was also a degree of complementation between these two genes, because an nsSNP in one gene was, in all cases, associated with a wild-type sequence or an sSNP in the other, suggesting that the absence of both genes may be detrimental. Furthermore, the Haarlem genotype codon122 Val-Leu substitution in dut was always linked to a synonymous codon-167 variation in ung. These two genes encode functionally related proteins, so it is unclear whether the sSNP observed is merely a result of neutral evolution or an evolutionary scar of a previous altered state, due, for example, to the reversion of a damaging nsSNP. The deoA gene encodes a thymidine phosphorylase that facilitates the use of exogenous thymidine. Some mutations have been found to allow the more efficient conversion of exogenous thymidine to dTTP, which can then compete with dUTP for incorporation into DNA [28]. However, our study revealed no non synonymous variations in deoA in strains of the Haarlem genotype.

In E. coli, the repair of 8oxoG and faPy lesions is initiated by the activity of a DNA glycosylase of the formamidopyrimidine-DNA glycosylase (Fpg) / endonuclease VIII (Nei) family. E. coli Fpg, also known as MutM, catalyzes the excision of 8oxoG and other purines with oxidative damage from the DNA, whereas the principal substrates of E. coli Nei are oxidized pyrimidines. Fpg and Nei have different substrate specificities, but have common N- and C-terminal domains and a similar enzymatic mode of action, with three types of activity: hydrolysis of the N-glycosylic bond with the transient formation of an AP site (DNA glycosylase activity) and cleavage of the sugar-phosphate backbone 3’ to the abasic site (ß-elimination) before 5'-cleavage (d-elimination) [29-31]. The sequential performance of these functions removes the lesion from duplex DNA in which a single-nucleotide gap in the damaged strand is left flanked by phosphate residues. Nei displays DNA glycosylase/AP lyase activity and excises modified pyrimidines, including thymine glycol, uracil glycol, dihydrothymine, dihydrouracil, 5-hydroxycytosine, 5-hydroxyuracil, and (-ureidoisobutyric acid [31]. Nei and MutM differ in structure from the members of the larger Nth family of DNA glycosylases, but a Nei homolog nonetheless serves as a backup for Nth activity in knockout mice [32]. Furthermore, under some conditions, such as the repair of X-ray- or hydrogen peroxide-induced lethal lesions, Nei and Nth can substitute for each other [33]. The endonuclease III Nth displays some sequence similarity to MutY, but has a very different substrate specificity and is involved in the removal of a wide range of thymine residues damaged by ring saturation, fragmentation, or ring contraction. Like Nei, it has AP lyase activity [34]. Nth, together with Nei, probably forms part of the repair system dealing with 8-oxoG. 8-oxoG residues incorporated opposite G are removed by the Nth protein and Nei excises 8-oxoG paired with an A or G [35,36]. Only two strains displayed nsSNPs in the nei gene: one carried a codon-206 Trp-Cys substitution and the other, a 235-stop codon that presumably abolishes expression. Only W-Beijing strains carried variations of the nth gene, with a codon-2 Pro-Arg substitution. 

In addition to Fpg/Nei, the DNA glycosylase MutY and the 8oxodGTPase MutT are involved in handling the potential mutagenic effects of guanine oxidation. MutY removes adenine mispaired with 8oxoG, whereas MutT scavenges the nucleotide pool for oxidized dGTPs. This triplet of DNA repair enzymes comprises the GO system [37]. M. tuberculosis harbors no less than four copies of the  fpg/nei genes, and four MutT homologs have been annotated in mycobacterial genomes, which contain only a single mutY homolog [38,39]. Nudix hydrolases are enzymes catalyzing  reactions in which the substrate is a nucleoside diphosphate attached to some other moiety X [40] [41]. Oxidized guanine is a potent mutagen because of its ambiguous pairing with cytosine and adenine. The E. coli MutT nudix hydrolase protein specifically hydrolyzes both 8-oxo-deoxyguanosine triphosphate (8-oxo-dGTP) and 8-oxo-guanosine triphosphate (8-oxo-rGTP), preventing their misincorporation into DNA and RNA opposite template A [41-45]. When nsSNPs were located in the genes encoding the Go components MutY, Fpg and MutT, the predicted amino acid changes were mostly located in component sites at which they would not induce steric changes. Our analysis of the four putative mutT genes, mutY and three of the mutM homologs — fpg, Rv2464c and Rv0944 — thus suggests that these genes are important and that the maintenance and stability of this ubiquitous system of DNA repair may be essential. We identified nsSNPs in all the genes, but there seemed to be a highly conserved set of genes in which the previously observed equilibrium was consistently maintained:  an nsSNP in one of these genes was accompanied in most cases by wild-type sequences or sSNPs in the others. However, exceptions were observed: in the ancestral EAI1 clade, codon-102 Ile-Leu and codon-236 Ala-Asp variations were observed within the mutY and mutM genes, respectively, and in the M. africanum strains, codon-67 Asn-Asp and codon-14 Arg-Trp variations were found in mutM and mutT1. 

Nei, MutM and Nth have some properties in common. This led us to compare their polymorphisms. As in other groups of enzymes, the presence of nsSNPs in one gene was associated with no significant variation in the other. M. tuberculosis AlkA and Nei double mutants were particularly sensitive to nitrous acid; however, we found no coupled nsSNPs for these two genes [46].

Most of the DNA glycosylases considered above recognize and remove damaged or inappropriate bases from the genomic DNA by cleaving the N-glycosyl bond, thereby giving rise to AP sites. These sites can also arise spontaneously in DNA. They are noncoding during semiconservative DNA synthesis, and most replicative polymerases are strongly inhibited by an AP site in the template DNA [20]. These lesions are repaired by AP endonucleases, including XthA an invariable gene in our study (see above). However a second gene, encoding the endonuclease IV End (Nfo) may also fulfill this function. Both exonuclease III and endonuclease IV cleave DNA 5’ to an AP site, exonuclease III being the more active of the two [47]. A single nucleotide deletion (SND) was found in codon-172 of the end gene in several strains, whereas the T3 Osaka strain contains a stop mutation at codon-233; this enzyme therefore cannot be active in these strains. Two SNPs were also found in codon-167 of end in two T3 strains, together with a codon-170 Gly-Ser substitution. Mycobacteria are highly clonal, and the spontaneous occurrence of two variants at the same codon, coupled with another only three codons away is highly unlikely. These findings therefore suggest that a recombination event may have occurred. Collectively, all these results strongly confirm that the product of the xthA gene may be functionally more important than endonuclease IV/Nfo.

Nucleotide variations in DNA polymerase genes

AP endonuclease activity always occurs 5’ to the AP site, leaving 3’-OH and 5’-deoxyribosephosphate (dRp) termini. In the BER pathway, the removal of this 5’-dRp residue is followed by gap filling, mediated principally by the polymerase I, PolA [48]. The M. tuberculosis polA gene was one of the genes with the largest number of variants among the genes included in our study. W-Beijing genotype strains present a combination of two ns variations, at codon-186 and codon-188, raising questions about the integrity of this polymerase function; as for end, this is suggestive of recombination. However, this is not an isolated case, because some EAI strains also display two SNPs at codon-660, suggesting that polA may be particularly prone to recombination. All the polymerase genes analyzed were highly polymorphic. Rv3644c, and dnaZX, dnaQ and dnaN, encoding the gamma/tau, epsilon and beta subunits of polymerase III, had levels of variability similar to that of polA. Nevertheless, many of these variations were silent, with the exception of those in the epsilon subunit of pol III, which is generally thought to be involved in proofreading. The dnaQ gene in PGG1 strains carried up to three coupled nsSNPs, suggesting alterations to the proofreading activity of pol III in these strains.

M. tuberculosis contains two apparently functionally redundant replicative DNA polymerases: DnaE1 and DnaE2. Error-prone DNA repair being the major function of one of these enzymes would provide one possible explanation for this redundancy. In M. tuberculosis, the DNA polymerase DnaE2 has been shown to be upregulated by UV-induced DNA damage and to be a major mediator of induced mutagenesis in mice, playing a role in the emergence of drug resistance [49]. These data suggest that DnaE2, and not a member of the Y family of error-prone DNA polymerases, is the primary mediator of survival through inducible mutagenesis. As the gene encoding DnaE2 was not included in our original gene panel, we have assessed only potential SNPs emerging from existing MTC genome sequences and identified on the basis of gene alignments. The alignment of CDC1551, F11, 210, africanum, microti and bovis dnaE2 sequences available at the www.tigr.org, www.sanger.ac.uk and www.broad.mit.edu revealed no non synonymous polymorphism with respect to H37Rv. These findings illustrate the potential importance of this gene in mycobacteria.

Nucleotide variation in DNA ligase genes

The nicks resulting from excision repair or from the action of another damaging agent may be joined by the formation of a phosphodiester bond. The enzymes catalyzing this reaction are called DNA ligases. This reaction requires energy, which may be provided by either ATP or NAD+. Most eubacteria, like E. coli, have DNA ligases that use NAD+ as their source of energy. E. coli carries a single DNA ligase, which uses NAD+ as a nucleotide cofactor and is encoded by the ligA gene. Remarkably, M. tuberculosis has one NAD+-dependent DNA ligase gene, ligA, and three distinct ATP-dependent DNA ligase gene homologs, ligB, ligC and Rv0938 (ligD). LigA may be essential for repair and recombination, and therefore for viability, in M. tuberculosis [50] . In contrast, the ATP-dependent DNA ligases were highly polymorphic. Most significantly, SNDs were observed in codon-179 of ligB in strains of the Cameroon genotype and a LigD codon-656 ns variation was found to be coupled with ligC codon-176 and ligB codon-224 nsSNPs in the EAI1 and EAI3 strains, respectively.  M. tuberculosis H37Rv, considered to be a recent member of the MTC, has nsSNPs in all three ATP-dependent DNA ligases. This high level of polymorphism probably reflects functional redundancy among these three DNA ligases, or may be due to neutral evolution. As for the groups of enzymes described above, balanced polymorphisms are observed, probably allowing the bacteria to maintain essential functions. 

Nucleotide variations in nucleotide excision repair [24] genes

Nucleotide excision repair [24] is an alternative pathway to BER, in which genomic damage is repaired by means of incisions in regions flanking the damaged DNA, leading to the excision of an oligonucleotide rather than a single base. This system can recognize a wider range of damaged bases than the BER system, due to the use of more generic endonucleases. This pathway involves the three components of the excinuclease ABC — UvrA, UvrB and Uvr — the DNA helicase II UvrD and the transcription repair-coupling factor (TRCF), encoded by the mfd gene. UvrA is a member of the group of SOS genes, the transcription of which is induced by agents causing certain types of damage. UvrA recognizes helix-distorting DNA damage by binding as a dimer to the altered DNA, leading to the formation of a (UvrA)2UvrB DNA complex. UvrA then dissociates from the complex, leaving a stable UvrB-DNA complex. UvrB has a high affinity for UvrC, which is repositioned so that it can initiate the catalysis of incisions 5’ and 3’ to the DNA damage. The release of the oligonucleotide defined by these two incisions and the turnover of the bound UvrB and UvrC proteins are catalyzed by the DNA helicase II, UvrD, and PolA. Following incision, DNA helicase II (UvrD) releases the UvrC protein and the damaged oligonucleotide, leaving a UvrB-gapped DNA complex. PolA then binds to the 3’OH terminus generated at the 5’ incision and displaces the bound UvrB protein during gapped DNA synthesis. TRCF is required for NER activity upon transcriptional arrest due to base damage in the template DNA strands [20]. UvrA was the least polymorphic of the genes encoding components of the ABC excinuclease. UvrB and UvrC showed similar levels of variability. Double codon-289 and -434 uvrC non synonymous variations were observed in W-Beijing genotype strains, and codon-32 and -460 uvrB nsSNPs in the M. africanum strain. Nevertheless, the most interesting observation in terms of NER components was that none of the strains studied carried variations in more than one of these three genes. Our findings indicate that UvrA damage recognition activity is highly important, as the corresponding gene displayed the lowest level of variation, and also that the functions of UvrB and UvrC may be redundant. Surprisingly, although most bacteria carry just one gene encoding DNA helicase II, M. tuberculosis possesses two putative genes encoding this protein: uvrD1 and uvrD2. This suggests that the products of these two genes may play an important role in stabilizing the genome of M. tuberculosis, as they were conserved in the strains studied. Only two strains had nsSNPs in uvrD1 and three strains had nsSNPs in uvrD2. This may reflect the relative importance of NER in mycobacteria. A significant number of strains harbored an mfd gene with non synonymous mutations. This may be a sign of a deficiency in dealing with transcriptional arrest by base damage in template DNA, or may simply indicate that this kind of arrest is rare in M. tuberculosis.

M. tuberculosis also has a DNA damage induction pathway independent of classical LexA/RecA regulation [51] and non-homologous end-joining [52], both of which have not been identified in E. coli. The effect of these processes on mycobacterial genome stability, survival and latency is currently unclear and requires further examination. 

Nucleotide variation in recombination (Rec) genes

Two major RecA-dependent pathways are involved in initiating homologous recombination: the RecBCD and RecFOR pathways. RecBCD is a multifunctional enzyme complex that processes DNA ends resulting from a double-strand break. RecBCD is a bipolar helicase that splits the duplex into its component strands and digests them until it reaches a recombinational hotspot (chi site), whereas RecFOR is important in post-replication daughter-strand gap repair [53,54]. Both pathways provide an ssDNA molecule coated with RecA, facilitating the invasion of a homologous molecule. Strand exchange is then promoted by RecA. The resulting joint molecules formed by RecA can then be resolved either by the RuvABC complex or by the action of the recG helicase. Deletions are a commonly reported feature of RecB mutants. Interestingly, the M. bovis strains analyzed all had an SND at codon-860 in recB. This observation, together with the large number of regions of difference (Rds) characterizing M. bovis strains [55], suggests that RecB was involved in the emergence of the M. bovis genotype. The genes encoding the components of the RecFOR pathway seem to be more strongly conserved than those encoding the components of the RecBCD pathway. RecR interacts with both RecO and RecF, but no three-component complex has ever been described [53,56]. RecR may therefore play a central role in this pathway. Most Central African Republic Strains had an sSNP in this gene, whereas all the W-Beijing genotype strains had a wild-type sequence. Curiously, only nsSNPs were found in the recF gene, in only a small number of strains. This may indicate the action of recent selection pressure on this gene. The same applies to the three RecFOR components, because most of the nsSNPs appeared as singletons in these genes. RecBCD component-encoding genes were highly polymorphic among MTC members. Nevertheless the occurrence of several nsSNPs in more than one RecBCD component was rare. An nsSNP in one component of the RecBCD or RecFOR pathway was generally accompanied by wild-type or synonymous variations in the components of the other pathway, suggesting interplay between the Rec components; the strains of the W-Beijing genotype provided an exception, with RuvC invariable (see above), and RuvAB components also highly conserved, only one strain having an nsSNP in these genes. EAI strains carried an sSNP in the recG gene, which had only singleton nsSNPs. This strong conservation seems to confirm the importance of the RuvABC complex and RecG, consistent with their almost ubiquitous presence in bacteria. 

Other proteins reported to be important for recombinational repair were studied and found to be highly conserved. These proteins included RecN, which appears to promote faithful double-strand break repair [57], and the RecA-related recombinase RadA. 

M. tuberculosis has the genes required for a functional SOS system, but not polB and umuD. The RuvABC complex, consisting of the products of the recN, uvrA, uvrB, and uvrD genes, is discussed above. RecA and LexA play an important role in regulating this system, and dinP and dinX, which are presumed to encode PolV and PolIV, respectively, are involved in mutagenesis. Variations in these genes, with the exception of a frequent codon-306 variation common to LAM genotype strains, were mostly restricted to single strains.

Location of nsSNPs with respect to signature motifs

We assessed the location of nsSNPs and the amino-acids encoded with respect to enzymatic signature motifs and active sites, and found that only in AlkA, PolA and the recombination factors RecB, RecC and RecG were the nsSNPs predicted to cause amino acid substitutions affecting component locations critical to enzymatic function. Other components potentially affected by the amino-acid substitutions induced by SNPs, although to a lesser extent, included the DNA polymerases DinP and DinF, the recombination factors RecD and RecN, the ligases LigA, LigB, LigC and LigD, the nucleotide excision repair [24] components UvrA, UvrB, and UvrC and the regulatory component Mfd. In contrast, nsSNPs in the genes encoding the BER DNA glycosylases MutY, Nth and Fpg, RecA and LexA, the NER helicase UvrD, and the double-stranded DNA translocase and ATPase RuvB, resulted in  predicted amino acid changes at sites with no steric effects.

MATERIALS AND METHODS

Clinical MTC isolates and genes

We selected 92 DNAs from three collections: a panel of 43 DNAs corresponding to MTC strains representing worldwide, spoligotype-based, genetic diversity [58], and two collections of 23 strains from Bangui, Central African Republic [59] and24 strains from Madagascar. These last two collections were included to assess whether there were major variations that might account for the selective advantages of certain strain families in geographically restricted areas. The 23 DNAs from Bangui and the Central African Republic were selected at random and had no apparent epidemiological links. They belonged to a group of MDR strains including a family of strains prone to MDR acquisition. The 24 strains from Madagascar were also MDR strains selected at random, with no apparent epidemiological links, and were chosen to represent the rich demographic history of the population of this island and the expected diversity of strains infecting patients in this country.

Sequencing primers and methods

The full list of genes assessed and the corresponding list of oligonucleotides used in this study is given in Table S2. DNA was sequenced directly, with fragments amplified by the dideoxy chain-termination method, using the Big Dye Terminator Cycle Sequencing Kit (Perkin Elmer Applied Biosystems, Courtaboeuf, France) on a GeneAmp polymerase chain reaction (PCR) system 9600 (Perkin Elmer). The sequencing products were run on a DNA analysis system model 373 or 3100 (Applied Biosystems). Reference sequences of M. tuberculosis H37rv genes were obtained from the Institut Pasteur website at http://genolist.pasteur.fr/TubercuList/
Data analysis, phylogenetic methods, population genetics methods

The sSNPs and nsSNPs were concatenated, resulting in a single character string (nucleotide sequence) for each clinical isolate analyzed. Network software [60] was initially used for  phylogenetic and molecular evolution analysis. This software assumes that there is no recombination between genomes. DNAsp software [61] was also used to analyze the genetic diversity and population genetics of the MTC. Phylogenetic trees were built with the neighbor-joining method and MEGA software [62]. Deletions and mutation 5, which may be homoplasic, were not used in the construction of phylogenetic trees. Due to the presence of e nucleotide deletion sites in certain clades, the pairwise deletion option was used to process gaps/missing data. Default values (including the Kimura 2 parameter model) were otherwise used. The EXPASY and PFAM bioinformatics algorithms were used to assess the significance of nsSNPs.
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