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MgtC is a virulence factor common to several intracellular pathogens, including Mycobacterium tuberculosis,
that might have been acquired through horizontal gene transfer. In the present study, we investigated the
polymorphism of mgtC in clinical isolates representative of the main epidemic groups of M. tuberculosis. MgtC
appears to have a low polymorphism rate in M. fuberculosis that consists exclusively of nonsynonymous
mutations. We identified a single nucleotide polymorphism (SNP) at mgtC codon 182 (mgtC'®*) specifically
associated with the Haarlem genotype. A simple PCR assay, called the “on/off switch assay,” using phospho-
rothioate-modified primers and Pfu polymerase allowed us to distinguish Haarlem from non-Haarlem strains
based on the mgtC'3> SNP. The amino acid change (H182R) associated with the mgtC'®* SNP in Haarlem
strains does not appear to procure a selective advantage. Our results offer a simple and rapid tool to
distinguish between Haarlem and non-Haarlem strains. In addition, the on/off switch assay, which allows the
detection of SNPs on chromosomal DNA and M. tuberculosis cultures, provides a novel approach for the

screening of known SNPs in M. tuberculosis.

Tuberculosis (TB) remains a major public health concern
worldwide, with approximately 8 million new cases and over 2
million deaths each year. Genotyping of Mycobacterium tuber-
culosis is important for a better knowledge of moving and
expanding clones and to better define TB control. The main
genotype families have been described, including the Beijing,
Haarlem, Africa, East-African-Indian (EAI), and Latin Amer-
ican and Mediterranean (LAM) strains (7, 13). The Haarlem
genotype is found worldwide and is associated with widespread
epidemics (13). Several methods based on the study of trans-
posable and repetitive elements, which appear to be the main
source of genomic diversity in M. tuberculosis, have been de-
veloped for epidemiological typing: IS6710-based restriction
fragment length polymorphism genotyping (4), spacer oligonu-
cleotide typing (spoligotyping) (12), and MIRU VNTR (my-
cobacterial interspersed repetitive units-variable number tan-
dem repeats) typing (16). The development of novel reliable
rapid and specific methods to distinguish M. tuberculosis geno-
types is of great interest to further analyze the spread of the
major epidemic clades.

Single nucleotide polymorphisms (SNPs) represent another
source of genetic diversity that can provide useful markers for
evolutionary and epidemiological studies in clinical M. tuber-
culosis. M. tuberculosis is a species with a relatively low poly-
morphism rate, probably linked to an evolutionary recent
global dissemination in humans (17, 20). Sequence analysis of
26 structural genes or 24 genes coding for proteins that are
targets of the host immune system from phylogenetically di-
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verse M. tuberculosis isolates indicated a very low rate of SNPs
(17, 20). Synonymous SNPs or SNPs that do not confer selec-
tive advantage are particularly useful for phylogenetic studies
because they are not subject to selective pressure. SNPs at
codon 463 of the katG gene and at codon 95 of the gyr4 gene
are the basis for the classification of M. tuberculosis isolates
into three principal genotypic groups (20). Several other SNPs
have been described as variable between different tubercle
bacilli subspecies. For example, a SNP in the narGHIJ pro-
moter region appears to be specific for M. tuberculosis (21),
whereas an SNP in oxyR is specific to M. bovis (19). To date, no
specific SNPs have been described to differentiate the main
epidemic groups.

MgtC (Rv1811) is a virulence factor of M. tuberculosis in-
volved in intramacrophage survival and adaptation to magne-
sium limitation (3). The M. tuberculosis mgtC promoter has
been shown to be a strong promoter that is expressed intracel-
lularly (23). MgtC appears to be a remarkable factor since, to
our knowledge, it provides the only clear example of an ac-
quired intramacrophage growth factor shared by several unre-
lated intracellular pathogens that survive in phagosomes: M.
tuberculosis, Salmonella enterica serovar Typhimurium, Bru-
cella suis, and Burkholderia cenocepacia (2, 3, 11, 14). Genes
encoding MgtC-like proteins are found in a limited number of
eubacterial genomes, and analysis of the phylogeny of MgtC-
like proteins and mgtC chromosomal regions suggests that
mgtC has been acquired by horizontal gene transfer repeatedly
throughout bacterial evolution (1). In mycobacteria, MgtC ap-
pears to be absent from rapid growers, and genomic sequenc-
ing has confirmed that mgtC is absent from M. smegmatis,
suggesting that mgrC might have been acquired after the sep-
aration between slow and rapid growers. We have proposed
that mgtC of M. tuberculosis is encoded by a 15-kb region that
might have been acquired by horizontal transfer (1). Because
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TABLE 1. Characteristics of M. tuberculosis complex strains and mgtC polymorphism based on DNA sequences

Strain Source® Species Group? Genotype Ci(s):f; tt?('n;)f polyny:i)grfhism‘

CIP 0357 a M. tuberculosis 1 Beijing Cambodia wt

CIP 1121 a M. tuberculosis 1 Beijing France (Reunion) wt

ITM 022488 b M. tuberculosis 1 Beijing Bangladesh wt

ITM 981274 b M. tuberculosis 1 Beijing Siberia wt

CIP 1008 a M. tuberculosis 1 EAI India wt

CIP 0423 a M. tuberculosis 1 EAI France Val GTC 87 ATC Ile
ITM 021038 b M. tuberculosis 1 EAI Bangladesh wt

IT™M 021071 b M. tuberculosis 1 EAI Bangladesh wt

CIP 0443 a M. tuberculosis 2 Haarlem Algeria Arg CGC 182 CAC His
CIP 0276 a M. tuberculosis 2 Haarlem France Arg CGC 182 CAC His
14 c M. tuberculosis 2 Haarlem Burkina Faso Arg CGC 182 CAC His
45 c M. tuberculosis 2 Haarlem Burkina Faso Arg CGC 182 CAC His
83 c M. tuberculosis 2 Haarlem Burkina Faso Arg CGC 182 CAC His
ITM 8613 b M. tuberculosis 2 Haarlem The Netherlands Arg CGC 182 CAC His
ITM 020284 b M. tuberculosis 2 Haarlem Bangladesh Arg CGC 182 CAC His
ITM 981269 b M. tuberculosis 2 Haarlem Siberia Arg CGC 182 CAC His
2 c M. tuberculosis 2 LAMI10 Burkina Faso wt

32 c M. tuberculosis 2 LAM10 Burkina Faso wt

3 c M. tuberculosis 2 T1 Burkina Faso wt

19 c M. tuberculosis 2 T1 Burkina Faso wt

17 c M. tuberculosis 2 T1 Burkina Faso wt

42 c M. tuberculosis 2 T1 Burkina Faso wt

27 c M. tuberculosis 2 ST200 Burkina Faso wt

15 c M. tuberculosis 2 ST494 Burkina Faso wt

CDC 1551 e M. tuberculosis 2 United States wt

H37Rv e M. tuberculosis 3 United States wt

Erdman f M. tuberculosis United States Arg CGC 182 CAC His
IT™M 010012 b M. africanum Belgium wt

ITM 993123 b M. africanum Belgium wt

2 d M. bovis BCG The Netherlands wt

71 d M. bovis BCG Japan wt

76 d M. bovis Argentina wt

25 d M. microti United Kingdom wt

116 d “M. canettii” Somalia Val GTT 15 GTC Val

“ Source: a, C. Gutierrez; b, F. Portaels; ¢, S. Godreuil; d, K. Kremer; e, published genomes; f, mgrC sequence from Erdman strain was determined in the course

of a previous study (3).

® Determined in this study by on/off switch assay (except for CDC1551 and H37Rv).
¢ The wild-type (wt) sequence refers to the one found in the reference strain H37Rv.

horizontal gene transfer seems extremely rare in M. tuberculo-
sis (10), the study of mgtC polymorphism might be informative
with regard to mgtC evolution. In addition, the study of viru-
lence genes polymorphism is of particular interest to deter-
mine whether such genes are under selection pressure.

In the present study, we investigated the polymorphism of
mgtC in clinical isolates representative of the genetic diversity
of M. tuberculosis to explore the molecular evolution of this
virulence gene. We identified an SNP in mgtC that appears to
be specific for the Haarlem genotype, and we describe a novel
simple PCR-based assay to detect SNPs from mycobacterial
cultures.

MATERIALS AND METHODS

Strains and DNAs. For mgtC sequences, chromosomal DNAs were isolated as
described previously (24) from 24 M. tuberculosis strains of various geographic
origins representative of the genetic diversity (Table 1). The collection includes
11 strains from Burkina Faso that are genetically diverse according to spoligo-
typing genotyping method (S. Godreuil, unpublished data). Isolates from
Burkina Faso were cultured on Lowenstein-Jensen medium and were identified
as belonging to M. tuberculosis complex by DNA strip assay (Genotype MTBC;
Hain Lifescience). These strains were genotyped by using the spoligotyping
method (12), and the spoligotyping data were compared to the international
database spolDB3.0 (S. Godreuil, unpublished data). In addition, six strains were

obtained from C. Gutierrez (Institut Pasteur, Paris, France), and seven strains
were obtained from F. Portaels (Prince Leopold Institute of Tropical Medicine,
Antwerp, Belgium) (Table 1). The collection of M. tuberculosis isolates includes
members of the main epidemic groups (Beijing, Haarlem, EAL, LAM, and T1)
(7). Strains or DNAs from other members of the M. tuberculosis complex were
obtained from F. Portaels and K. Kremer (National Mycobacteria Reference
Laboratory, Bilthoven, The Netherlands). For SNP analysis using the “on/off
switch assay,” 29 additional M. tuberculosis chromosomal DNAs extracted from a
previously described collection (13) were used (a generous gift from K. Kremer)
(Table 2).

The Salmonella enterica serovar Typhimurium strain NM14 harbors a nonpo-
lar chromosomal deletion of the mgtC gene (A. B. Blanc-Potard, unpublished
data).

Sequencing of the mgtC gene. Genomic DNAs were used as a template for
PCR amplification of the mgtC gene using specific primers located approximately
80 bp upstream and downstream the mgtC gene: mgtC-F (5'-CGCCTAGGCT
CAAACTGCTG-3') and mgtC-R (5'-CAATACCCGGCGGATCTACC-3").
PCR mix (Goldstar Mix; Eurogentec, Seraing, Belgium) was used with 10 ng of
chromosomal DNA and each primer at 200 nM in a total volume of 50 pl. The
reactions were initiated with a 5-min denaturation at 95°C, and primer extension
was then carried out for 40 cycles as follows: denaturation for 30 s at 95°C,
annealing for 30 s at 50°C, a 1-min extension at 72°C, and finally a 5-min
extension at 72°C. PCR products were visualized by using 1% agarose gel elec-
trophoresis and were purified by using a NucleoSpin extract II kit (Macherey-
Nagel, Diiren, Germany). The sequencing was performed by MWG-Biotech
(Erbersberg, Germany) with mgtC-F primer. Sequences were performed on both
strands when a polymorphism was found.
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TABLE 2. Characteristics of the M. tuberculosis strains that were
tested by the on/off switch assay to analyze the mgtC'®* polymorphism

Amplification by on/off

Strain® Group Genotype” Country of switch assay with
isolation
SNP-182A-R  SNP-182G-R
20 1 Beijing Mongolia - +
30 1 Beijing South Africa - +
111 1 Beijing South Korea - +
8 2 Haarlem Vietnam + -
13 2 Haarlem  Sri Lanka + -
51 2 Haarlem The Netherlands + -
84 2 Haarlem Czech Republic + -
87 2 Haarlem  United States + -
99 2 Haarlem Italy + -
35 2 Africa Rwanda - +
40 2 Africa Burundi - +
72 2 Africa Central African - +
Republic
97 2 Africa Uganda - +
15 2 ST127 Iran - +
16 2 ST4 Canada - +
17 2 ST1727 Greenland - +
18 2 ST211 United States - +
26 2 Zimbabwe - +
27 2 T3 Ethiopia - +
38 2 ST1824 Tahiti - +
41 2 LAM3 Chili - +
56 2 Tl Curacao - +
64 2 Honduras - +
89 2 STS589 Spain - +
98 2 LAM1 Equador - +
108 2 T1 China - +
118 2 LAM3 Honduras - +
12 3 ST131 Tunisia - +
96 3 ST737 The Netherlands - +

“ M. tuberculosis strains belong to a previously described collection (13).

" Genotypes Beijing, Haarlem, and Africa have been described previously (13).
Other genotypes or spoligotype shared-type (ST) numbers were determined by
comparison of spoligotyping profiles (13) with the SpolDB4 database. The lack
of genotype designation refers to “orphan” strains.

Detection of mgtC'> SNP by on/off switch PCR assay. To detect mgtC codon
182 (mgtC'®?) SNP, we set up a PCR-based technique described earlier as a
“on/off swith assay” (25). We used Pfu polymerase (Promega, Madison, WI), a
high-fidelity DNA polymerase with 3’ exonuclease activity. Phosphorothioate
modification renders primers nuclease resistant. The forward primer SNP-F
(5'-GCAAACGCTGACTGTCGC-3") was common to Haarlem and non-Haar-
lem genotypes. The reverse primers harbor a 3" end phosphorothioate-modified
nucleotide and are specific to the wild-type (SNP-182G-R, 5'-CTCCGGCCGG
CCCCGTGCPS-3') or mutated (SNP-182A-R, 5'-CTCCGGCCGGCCCCGTGTP
S-3") codon at position 182. The reactions included 4 pmol of primers, 200 pM
concentrations of each deoxynucleotide triphosphate, 2 pl of 10X PCR buffer,
0.4 U of Pfu polymerase, and 4 ng of chromosomal DNA template in a final
volume of 20 pl. The reactions were initiated with a 2-min denaturation at 95°C;
primer extension was then carried out for 30 cycles as follows: 30-s denaturation
at 95°C, 30-s annealing at 78°C, and 30-s extension at 72°C, with a final 10-min
extension at 72°C. PCR products, 560 bp in length, were visualized by agarose gel
electrophoresis. The PCR amplification was also carried out on M. tuberculosis
cultures. Bacteria were first inactivated 40 min at 80°C and were boiled for 20
min before storage at —80°C. Assays were performed as described above using
0.4 pl of undiluted culture.

We also used the on/off switch PCR assay for the detection of katG*** and
2yrA% SNPs to define the genetic categories of M. tuberculosis isolates (19). For
katG*®3, the forward primer was katG-F (5'-GCCTTGGGCTCCAGCACG-3')
and the two reverse primers were katG-R1, specific to group 1 (5'-CAGCCTT
AAGAGCCAGATCCT?S-3"), and katG-R23, specific to groups 2 and 3 (5'-G
CCTTAAGAGCCAGATCCGPS-3"). For gyrd*>, the forward primer was gyrA-F
(5'-ATGACAGACACGACGTTGCC-3’) and the two reverse primers were
gyrA-R12, specific to groups 1 and 2 (5'-GGGCCATGCGCACCAGGG*S-3"),
and gyrA-R3, specific to group 3 (5'-GGGCCATGCGCACCAGGCFS-3"). In
the on/off switch PCR assay, the annealing temperature was 65°C (katG-R1),
60°C (katG-R23), or 69°C (gyrA-R12 and gyrA-R3).
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Cloning of M. tuberculosis mgtC gene and site-directed mutagenesis. The mgtC
gene from M. tuberculosis was amplified by PCR with H37Rv chromosomal
DNA as a template (a gift from T. Stinear, Institut Pasteur, Paris, France)
and mgtCmtbSph-F (5'-ACATGCATGCAAACGCTGACTGTCGCCG-3')
and mgtCmtbEco-R (5'-GGAATTCTCATTCGGCCTGCGCGTG-3") prim-
ers. The PCR fragment was cloned at the Sphl and EcoRI sites of plasmid
pNM11, a pBR322 plasmid derivative that harbors the serovar Typhimurium
mgtC promoter (A.-B. Blanc-Potard, unpublished data). The resulting plasmid,
pNM13, expressed the MgtC protein from M. tuberculosis with transcriptional
and translational regulation sites of the mgtC gene of serovar Typhimurium. The
Haarlem genotype-specific mutation at codon 182 was introduced in pNM13 by
using the QuikChange site-directed mutagenesis kit (Stratagene, La Jolla, CA)
according to the manufacturer’s instructions and the two complementary primers
R182H-F (5'-GCGGGGTATACACACGGGGCCG-3") and R182H-R (5'-CG
GCCCCGTGTGTATACCCCGC-3"). The mutated plasmid was called pNM70.

Complementation experiments in serovar Typhimurium. The serovar Typhi-
murium NM14 strain (AmgtC) was transformed by electroporation with plasmids
encoding MgtC from M. tuberculosis, pNM13 (wild type), and pNM70 (mutation
R182H). NM14 was also transformed by pNM11 that harbors only the mgtC
promoter and was used as negative control. Two phenotypes were tested in
complementation experiments: growth in magnesium-deprived medium and
intramacrophage survival. Growth in magnesium-deprived medium was per-
formed in NCE medium supplemented with 10 uM MgCl, as described previ-
ously (2), and the optical density at 600 nm was measured after 18 h of growth.
The rate of intramacrophage replication at 18 h postinfection was determined in
J774 macrophages as described previously (2).

RESULTS AND DISCUSSION

Polymorphism of MgtC in M. tuberculosis clinical isolates.
We determined the sequence of mgtC in 24 M. tuberculosis
clinical isolates (Table 1). These strains have diverse geo-
graphic origins and are representative of the M. tuberculosis
genetic diversity since they include the main epidemic geno-
types. We also included other strains from the M. tuberculosis
complex (“M. canettii,” M. africanum, M. microti, M. bovis, and
M. bovis BCG) (Table 1). PCR amplification of the mgrC gene
was obtained in all strains tested. In addition, we have included
the mgtC sequences from the two sequenced genomes of M.
tuberculosis (H37Rv and CDCI1551) and from the Erdman
strain, which was used to construct an mgfC mutant in M.
tuberculosis (3). As expected, the polymorphism rate is low
(Table 1, three polymorphic sites), and we identified only non-
synonymous mutations in M. tuberculosis (at codons 87 and
182). The number of silent nucleotide polymorphisms in M.
tuberculosis is known to be strikingly lower than for most other
human bacterial pathogens but is usually greater or similar to
that of nonsynonymous polymorphisms (8, 20). The low level
of synonymous mutations in mgtC sequences is consistent with
the hypothesis of a recent acquisition of the gene in the M.
tuberculosis complex by horizontal gene transfer. The amino
acid changes associated with both polymorphisms (V871 and
R182H) are rather conservative, suggesting that they do not
modify MgtC function (see below). Interestingly, one polymor-
phism at codon 182 appears to be specific to strains of group 2
belonging to the Haarlem genotype (eight strains).

Development of a PCR-based assay to distinguish the
mgtC*®> polymorphism. To confirm the association of the
mgtC'®? polymorphism with the Haarlem genotype, we have
extended our analysis to 29 additional M. tuberculosis isolates
described by Kremer et al. (13). The additional isolates in-
cluded mainly strains of group 2 belonging or not belonging to
the Haarlem genotype. Several methods have been used to
detect SNPs in M. tuberculosis isolates, including analysis of
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PCR fragments by direct sequencing, hybridization with spe-
cific probes, restriction fragment length polymorphism, or
single-strand conformation polymorphism (5, 20, 22). Single-
step methods based on real-time PCR (20), amplification re-
fractory mutation system (6) or hairpin primers (9) have also
been used with diverse efficiencies. In the present study, we
developed a simple and reliable method suitable to identify
known mutations to distinguish between nucleotide G and A at
the second position of codon 182.

We have used a technique called the “on/off switch assay”
(25) based on the use of 3" exonuclease proficient polymerase
(Pfu polymerase) and specific primers resistant to this 3" exo-
nuclease activity due to 3’ phosphorothioate modification
(Fig. 1A). The method was set up on two strains that have the
wild-type or mutant allele at codon 182 (Fig. 1B), and we
subsequently verified the validity of the method on mgtC genes
that have been sequenced (not shown). The on/off switch assay
was then applied to 29 additional chromosomal DNA to de-
termine the nucleotide at codon 182 of mgrtC. All data were
unambiguous, and we found that all additional Haarlem strains
tested had an A at position 182, whereas all non-Haarlem
strains, including strains from group 2, had a G at position 182
(Table 2). Therefore, the SNP identified at codon 182 in mgtC
appears to be associated with the Haarlem genotype since it
was specifically found in 14 Haarlem strains of very different
origin of 63 DNAs tested. According to our results, the Erdman
reference strain should belong to the Haarlem genotype. The
Erdman strain has not been ascribed to any genotype, but its
octal spoligocode (15), which is not found in the SpolDB3.0
database, is very close to the ST47 spoligocode that character-
izes Haarlem 1 strains.

A polymorphism in the mutator ogt gene has been found to
be preferentially associated with Haarlem strains (18). How-
ever, to our knowledge, SNPs specifically associated with epi-
demic families of M. tuberculosis have not been described thus
far. The identification of a Haarlem-specific SNP could be
useful in epidemiological studies. The on/off switch assay ap-
pears therefore to be a simple, rapid, and specific test to dis-
tinguish between Haarlem and non-Haarlem strains. The test
works on purified chromosomal DNA as well as with heat-
killed cultures of M. tuberculosis (Fig. 1B). In addition, we have
shown that the assay can be used without ambiguity to deter-
mine other SNPs, such as those located at codon 463 of the
katG gene (G-to-T mutation) and at codon 95 of the gyr4 gene
(G-to-C mutation). We have used this technique to determine
the group of M. tuberculosis strains listed in Table 1 according
to the classification proposed by Sreevatsan et al. (20). There-
fore, the on/off switch assay provides a novel approach for the
screen of known SNPs in M. tuberculosis.

The Haarlem-associated mutation does not change the
MgtC function. An increased rate of fixation of nonsynomy-
mous mutations relative to synonymous mutations is consid-
ered evidence of positive selection acting on improved prop-
erties of the corresponding proteins. In addition, the role of
MgtC in the virulence of M. tuberculosis has been shown in
Erdman strain (3), which harbors the R182H mutation. In this
context, we were interested in testing whether the R182H
mutation confers a selective advantage to the MgtC protein.
To compare the function of M. tuberculosis MgtC proteins
harboring an R or H at position 182, we performed comple-
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FIG. 1. On/off switch PCR-based assay to analyze the mgtC'®* poly-
morphism. (A) Illustration of the on/off switch assay. The technique
uses two sets of primers with an identical forward primer (SNP-F) and
variable phosphorothioate-modified “SNP-specific” reverse primers.
The SNP-specific primers differ only at the 3'-end nucleotide that is
complementary to the wild-type sequence (SNP-182G-R) or the mu-
tant sequence (SNP-182A-R). Two PCRs are performed, one with
each of the two SNP-specific primers. Amplification occurs only if the
3" end of the SNP-specific primer matches the sequence of the tem-
plate. In case of mismatching, the mismatched phosphorothioate-
modified reverse primer is trapped within the exo-domain of the Pfu
polymerase during proofreading, blocking DNA polymerization.
(B) Analysis of the mgtC'®* polymorphism by on/off switch assay.
Lanes 1 to 4, optimization of conditions for the assay using chromo-
somal DNA from Haarlem (lanes 1 to 2, CIP 0443) or non-Haarlem
(lanes 3 to 4, CIP 0357) strains; lanes 5 to 16, analysis of the mgtC'*?
polymorphism using cultures of Haarlem (lanes 5 to 6, strain 14; lanes
7 to 8, strain 45) or non-Haarlem (lanes 9 to 10, ITM 990020; lanes 11
to 12 ITM 981277, lanes 13 to 14, ITM 021038, lanes 15 to 16, ITM
993123) strains. The reverse modified primer is either SNP-182A-R
(lanes 1, 3, 5,7, 9, 11, 13, and 15) or SNP-182G-R (lanes 2, 4, 6, 8, 10,
12, 14, and 16).

mentation experiments in a mgtC mutant of serovar Typhi-
murium. Heterologous expression of M. fuberculosis MgtC pro-
teins in Salmonella provides a simple and rapid way to test for
MgtC-associated phenotypes. The mgtC mutant of S. enterica
serovar Typhimurium is defective for growth in low-magne-
sium medium and replication inside macrophages (2). The
introduction of the M. tuberculosis mgtC wild-type gene im-
proves significantly the growth of the Salmonella mutant in
low-magnesium medium and its replication in macrophages
(Fig. 2). An effect of similar magnitude is found with a MgtC
variant found in Haarlem strains that carry a histidine at codon
182 (Fig. 2). Even though we cannot exclude that the behavior
of these genes in Salmonella does not exactly reflect their
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FIG. 2. Comparison of the activity of MgtC wild-type and MgtC
R182H variant from M. tuberculosis by complementation assay in se-
rovar Typhimurium. Plasmids expressing MgtC wild-type from M. tu-
berculosis (pNM13) or the MgtC R182H variant (pNM?70) were intro-
duced into a serovar Typhimurium AmgtC strain. A plasmid without
the mgtC gene (pNM11) was used as a negative control. The data are
means from three different experiments. Asterisks indicate statistical
significance (P < 0.05) compared to pNM11. No significant difference
was found between pNM13 and pNM70 plasmids. (A) Complementation
assay for growth in magnesium-deprived NCE medium. (B) Complemen-
tation assay for replication in J774 macrophages. The percentage of rep-
lication comparatively to a wild-type strain of Salmonella serovar Typhi-
murium is shown.

behavior in M. tuberculosis or that there might be slight differ-
ences that are not be detected in this assay, this result suggests
that the arginine-to-histidine substitution, both of which are
polar amino acids, does not have functional impact. The fact
that mgtC"'®* polymorphism does not appear independently on
multiple groups of M. tuberculosis strains could also be a fea-
ture of a neutral nonsynonymous SNP or could reflect a rare
mutation. If the mgtC'®* mutation found in Haarlem strains is
not driven by adaptative functional modification, it could pro-
vide a useful genetic tool to distinguish between Haarlem and
non-Haarlem strains.

In conclusion, we propose a novel simple and specific method
for the rapid detection of M. tuberculosis Haarlem genotype that

POLYMORPHISM OF M. TUBERCULOSIS mgtC GENE 2097

provides a useful tool to analyze the spread of this genotype.
The specificity of this method has been proved with a limited
number of M. tuberculosis isolates that are representative of
the genetic diversity that belong to the main genotype families,
as well as some minor families, and it will be important to
further validate the method with additional isolates, both from
major and minor lineages.
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