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A b s t r a c t

The obligatory human pathogen, Mycobacterium tuberculosis, is the most important etiological factor of tuberculosis.
Unfortunately, there is little information about genetic diversity of this pathogen. The main aim of this research was the
estimation of genetic diversity of M. tuberculosis on the basis of various categories of DNA markers. The genome of
32 strains were scanned by DNA markers such RAPD, IS6110 and catalase-peroxidase katG gene. All 162 identified
loci were polymorphic. The genetic diversity coefficient (HT) of M. tuberculosis was 0.32 for RAPD and 0.27 for
IS6110. There were 14 alleles in katG gene. All strains were characterised by the individual molecular pattern. Genetic
similarity varied from 0.13 to 0.94 (RAPD markers) and from 0 to 1 for (IS6110). M. tuberculosis strains did not
represent a clonal structure, single source of transmission and epidemiological relationships as well. The applied DNA
markers proved to be highly efficient for analysis of genetic structure of M. tuberculosis.
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Introduction

Tubercle bacillus, Mycobacterium tuberculosis is gram positive, acid fast and slow growing bacteria,
regarded as main etiological factor of tuberculosis over the world (WHO, 2005). Research in biology
and genetics of M. tuberculosis, resulted in very good description of ecology, genome construction and
its sequencing in 1998 (Cole, 1999). However, in the last decade research focused on polymorphism
of tubercle bacillus appeared. Papers concerned mutations in drug resistance genes in M. tuberculosis (Jou
et al., 2005), selected sequences related to virulence (Gao et al., 2005), insertion sequences (Kulaga et al.,
2004) and tandem repeats, as well (Fabre et al., 2004). The data of polymorphism in M. tuberculosis strains
concern selected genes or sequence of medical and epidemiological meaning (Kulaga et al., 2004). It is not
possible to generalize these data on the whole genome, because they are not representative (Tazi et al.,
2004). Existing paradox is caused simultaneously by a very good recognition of the M. tuberculosis genome
and the lack of data related to the level of this bacterium�s genetic variability. The use of all high-tech
methods of molecular biology for structure and function research of chosen sequences in tubercle bacillus
(Kaduma et al., 2003) should be correlated with its biological proprieties, especially with the type of repro-
duction and pathogenicity (Korzekwa, 2004). Therefore, we should get to know the level of M. tuberculosis
genetic diversity to qualify genetic similarity among its strains and to estimate the efficiency of different
classes of DNA markers in such investigations.
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Experimental

Materials and Methods

Thirty two strains (including 7 drug resistant) were isolated from sputum of patients hospitalised in Warmia and Mazury Centre
of Tuberculosis and Pulmonary Diseases in Olsztyn. All isolates were cultured on Löwenstein-Jensen medium at 37°C and identi-
fied as Mycobacterium tuberculosis by Tuberculosis and Lung Diseases Institute in Warsaw. Finally, from each patient three samples
were collected and joined as one bulk. Colonies from L-J medium were harvested then boiled for 10 minutes at 100°C. The DNA
was extracted by CTAB (cetyl-trimethyl-ammonium bromide) method described previously by Chen and Ronald (1999) with modi-
fications (Polok, unpublished data). Average amount of DNA obtained in each sample was measured spectrophotometrically and
was 122 µg. Random Amplified Polymorphic DNA (RAPD) technique was performed according to Williams et al. (1990) with
modifications (Polok, unpublished data). Finally short 10 nucleotides (nt) and long 18 nt scanning primers were included (Table I).
For each of 8 primers, the reproducibility of the patterns was tested three times for each stock. All bands obtained on RAPD
gels were numbered and its presence was estimated. IS6110-PCR reaction was performed according to Ross and Dwyer (1993)
with modifications (Polok, unpublished data). Two primers were included for right and left amplification of IS6110 region,
divergently. For each of the 2 primers used (Table I) the reproducibility of the patterns was tested and all present bands obtained on
gels were scored as locus. PCR for katG was performed according to Heym et al. (1995) with modifications (Polok, unpublished
data). Total 24 primers (Table I) were included for amplification of katG that was divided into 12 fragments. The whole complete
analysis was performed for 7 susceptible and 7 resistant strains to estimate the number of alleles and their frequencies in katG
locus. Mutation sites were found with first fragment of katG analysis based on all 32 strains with first and second primers only.
For each primer that was used the reproducibility of the patterns was tested and all present bands obtained on gels were scored
as �amplification� or �mutation� site.

Taking into consideration that M. tuberculosis is haploid the obtained molecular phenotypes corresponded to genotypes.
In every locus allele �1� or �0� were observed. Allele frequencies were calculated by POPGENE 1.32 software (Yeh et al., 2000).
All commonly used population genetics parameters of genetic diversity were calculated as: expected heterozygosity

where p is frequency of i allele in locus in population with a mean value, through loci in population (HS) and through loci in species
(HT) according to Nei and Kumar (2000). Additionally expected heterozygosity through loci for each starter was calculated to
estimate primers efficiency. Coefficient of genetics similarity (I) was calculated on the basis of shareable bands between strains
(I = 2×X1, 2 / X1 + X2; where: X1 and X2 are number of bands from two different strains, X1,2 are shared bands). Population was
grouped by UPGMA algorithm (Nei and Kumar, 2000). Dendrograms were prepared by POPGENE 1.32.

 H = 1� 3 p1
2

i = 1

m

RAPD primers

ISJ3
10nt

5� TGCAGGTCAG 3�

OPD-01 5� ACCGCGAGGG 3�

OPD-02 5� GGACCCAACC 3�

OPD-03 5� GTCGCCGTCA 3�

OPD-05 5� TGAGCGGACA 3�

OPD-08 5� GTGTGCCCCA 3�

ISJ-2 5� ACTTACCTGAGGCGCCAC 3�

ISJ-4 5� GTCGGCGGACAGGTAATG 3�

IS6110 primers

IS-L 5� ACCCCATCCTTTCCAAGAAC 3�

IS-R 5� GGCTGAGGTCTCAGATCAG 3�

katG primers

katG1-L 5� GACTACGCCCAACAGCTCC 3�

katG1-R 5� GCGATAACCCCGCAAGACC 3�

katG2-L 5� GCGGGGTTATCGCCGATG 3�

katG2-R 5� GCCCTCGACGGGGTATTTC 3�

katG3-L 5� AACGGCTGTCCCGTCGTG 3�

katG3-R 5� GTCGTGGATGCGGTAGGTG 3�

Table I
Sequences of the primers used in this study

Primer Sequence

katG4-L 5� TCGACTTGACGCCCTGACG 3�

katG4-R 5� CAGGTCCGCCCATGAGAG 3�

katG5-L 5� CGACAACGCCAGCTTGGAC 3�

katG5-R 5� GGTTCACGTAGATCAGCCCC 3�

katG6-L 5� GCAGATGGGGCTGATCTACG 3�

katG6-R 5� ACCTCGATGCCGCTGGTG 3�

katG7-L 5� GCTGGAGCAGATGGGCTTG 3�

katG7-R 5� ATCCACCCGCAGCGAGAG 3�

katG8-L 5� GTCACTGACCTCTCGCTG 3�

katG8-R 5� CGCCCATGCGGTCGAAAC 3�

katG9-L 5� GCGAAGCAGATTGCCAGCC 3�

katG9-R 5� ACAGCCACCGAGCACGAC 3�

katG10-L 5� CAAAGTGTCCTTCGCCGACC 3�

katG10-R 5� CACCTACCAGCACCGTCATC 3�

katG11-L 5� TGCTCGACAAGGAGAACCTG 3�

katG11-R 5� TCCGAGTTGGACCCGAAGAC 3�

katG12-L 5� TACCAGGGCAAGGATGGCAG 3�

katG12-R 5� GCAAACACCAGCACCCCG 3�

Primer Sequence
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Results

RAPD primers that scanned genomes of all strains showed 32 different molecular phenotypes. Short and
long primers identified an average 32 and 30 phenotypes, respectively. Considered separately, short primers
obtained 19 up to 30 different phenotypes while long � 17 and 29. All RAPD loci considered were polymor-
phic (P = 100%). Short RAPD primers disclosed 111 loci and long primers 32 loci. Both types of primers
showed all polymorphic loci. On a locus, an average number of allele (A) for both types of primers
was 2.0. In most of 143 studied loci �0� allele appeared with higher frequency than �1�. Mean total genetic
diversity (HT) of M. tuberculosis strains obtained by RAPD marker was 0.34. Values of HT for individual
loci ranged from 0.06 to 0.50. The parameter of average genetic diversity on locus in susceptible population
(HS) based on RAPD marker was 0.28 for short primers and 0.34 for long ones. Within RAPD primers more
efficient were short primers, like the most efficient OPD-02 and 03, which revealed the highest number of
loci. Genetic diversity for a given primer (HP) was the highest in the case of OPD-01 (0.37). The best
discrimination revealed OPD-02 which alone distinguished 30 from 32 strains. Summary RAPD analysis of
32 strains revealed similarity between them on level 0.88. Values of this parameter ranged from 0.13 to
0.88. The strains were divided into three main clusters and pseudo-clusters for RAPD markers (Fig. 1).
Short and long RAPD primers showed a wide range of I values between 0.13�0.87 and 0.07�0.98, respec-
tively. Both types of primers showed the same type of clustering with differences in particular branches.

Conterminal regions of insertion sequence revealed 31 different phenotypes. IS6110 marker showed
18 polymorphic loci (P=100%). In all loci �0� alleles appeared with frequency of 0.80 and �1� with 0.20.
Genetic diversity value (HT) for IS6110 primers was 0.30 and HT ranged from 0.06 up to 0.50. Mean H value
for susceptible population (HS) was 0.27 and H value ranged from 0.0 to 0.49. Efficiency of IS6110 primers
revealed by HP value (0.29) was lower even in comparison to long RAPD primers. Genetic similarity
among 32 strains in relation to the presence of IS6110 was very high (0.94). This parameter ranged
between 0 and 1. Each strain received zero value at least once. IS6110 mobile element divided 32 strains
into three clusters (Fig. 1). The second cluster consisted of two A and B subclusters. One strain was classi-
fied into pseudo-cluster.

Estimation of genetic diversity in katG locus in selected 14 strains of M. tuberculosis revealed 14 different
molecular phenotypes and particular primers identified: 2 (katG8) up to 11 (katG12) strains, with average 6.
The first two primers that amplified a putative promoter fragment of katG revealed differences in molecular
phenotypes between susceptible and resistant strains. The catalase-peroxidase gene amplified by katG1-katG12
primers at 14 selected strains revealed polymorphism (100%) and the presence of 14 different alleles.
Average frequency of given allele for this gene was 0.071. About 10 sites without amplification were found
and named as mutation sites in the area of the first 560 bp region of katG. Mean frequency of such sites
was about 0.517. Average genetic diversity in katG locus for species (HT) based on katG1-katG12 primers
in 14 strains was 0.93 with mean genetic diversity in locus on population H = 0.86. The most effective
primers amplified subterminal and terminal region of katG (e.g. katG10 and 12). Comparative analysis
of 14 unique alleles for 14 strains showed an average genetic similarity value on the level 0.95 with
a fluctuation in range of 0.38�0.99. The catalase-peroxidase gene that was analysed by 12 primers divided
14 strains into 2 clusters (Fig. 1).

Discussion

Research of genetic diversity and H parameter value estimation of tubercle bacillus complex were con-
ducted by enzymatic methods in the middle of �90 (Feizabadi et al., 1997). Within 135 analysed strains only
8 were M. tuberculosis and the value of HS for all complex was 0.10. Up to 2004 there was lack of any
information about genetic diversity of M. tuberculosis species estimated on the basis of DNA markers
(Korzekwa, 2004; Tazi et al., 2004). Although still the lack of many parameters such as (P, A, HS) is present,
especially for tubercle bacillus. Four times lower value of HS for M. tuberculosis complex was reported by
Feizabadi et al. (1997) in enzymatic analysis than by DNA markers (Korzekwa, 2004; Tazi et al., 2004).

Parameters of genetic diversity for tubercle bacillus that we revealed in this paper were high: P 100%;
A 2.0, HT 0.32, and G (genotypic diversity) 100%. The level of genetic variation increased three times from
0.10 for enzymatic markers up to 0.32 for DNA markers. Similar, but not exactly the same data, was obtained
by Lewandowska (2001) during analysis of grasses. However, Tazi et al. (2004) noted mean genetic diversity
of M. tuberculosis on the level 0.4 based on RAPD marker analysis. He compared it with a very high value
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Fig. 1. Thirty two M. tuberculosis strains grouped by UPGMA method based on genetic similarity (I) obtained by DNA markers.
Bold � susceptible strains, italic � resistant strains, a) � RAPD markers, B) � IS6110 sequence, C) � katG gen
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of this parameter in E. coli (0.85) and other clonal species. In comparison to high HS value obtained by
enzymatic data for E. coli (0.27�0.52) (Woodward et al., 1993) together with data obtained by Korzekwa
(2004) and Tazi et al. (2004) concerned in M. tuberculosis, it was suggested that probably rule of three up to
four times higher level of genetic diversity was revealed by DNA markers than enzymatic ones. Genetic
diversity analysis of tubercle bacillus based on IS6110 marker confirmed its significant level (P 100%,
A 2 and HT 0.30). This type of mobile element states about 3.4% of whole M. tuberculosis genome but it is
dispersed throughout this genome simultaneously (Hatfull and Jacobs, 2000). Another problem is the number
of IS6110 elements in a given strain (from zero up to several); (Hatfull and Jacobs, 2000). It means that in
some cases information about IS elements in given genomes is essential. High polymorphism of analysed
strains based on IS6110 marker revealed its efficiency for population genetics research. Hatfull and Jacobs
(2000) joined transposition of the above mentioned genetic element with fluctuations of gene expression in
bacteria. This hypothesis is not confirmed for M. tuberculosis. Within 18 IS6110 loci, one of them (IS6110-16)
may preliminary pretend as resistant or susceptible strain type recognition and selection marker. In this
locus amplification allele is the most frequent at resistant strains and is rare in susceptible ones. However,
another research carried with more strains is needed to confirm this hypothesis. Moreover, high polymor-
phism of katG (Hatfull and Jacobs, 2000) was confirmed in this paper. Fourteen alleles and ten polymorphic
sites in the first fragment of katG revealed in this paper were confirmed by the results of Saint-Joanis et al.
(1999). Suerbaum et al. (2001) analysed 280 bp long fragments of selected genes in 33 Campylobacter
jejuni strains and obtained 9 to 15 alleles (average 11). They proved relations between category of sequence
and its polymorphism level. In our paper polymorphism of katG depends on an analysed fragment, as well.

Studies concerned genetic similarity were performed extensively for Streptococcus (Majewski et al.,
2000), Pasteurella (Blackall et al., 1998), Vibrio (Farfán et al., 2000), Bacteroides (Gutacker et al., 2000).
Based on enzymatic data Feizabadi et al. (1997) estimated Nei�s genetic similarity (I) between strains of
Mycobacterium avium complex (0.50). Belonging to one cluster M. avium subsp. paratuberculosis and
grouped in 3 different clusters M. scrofulaceum strains revealed genetic similarity on the level of nonsibilling
species (I 0.3 and I 0.19, respectively). A wide range of genetic similarity (I, 0.0�1.0) of tubercle bacillus
from Warmia and Mazury pointed at its allochtonic origin. Strains belonging to the same cluster were dis-
persed all over the voivodship.

RAPD markers that we used for M. tuberculosis studies generate moderate number of bands (average 6).
Similar results were revealed by Gordon (1997) during genetic structure analysis of E. coli. The author
obtained about 47 loci by only two RAPD primers what agrees with our 42 loci revealed by OPD02 and
POD03. Every analysed locus during RAPD genome scanning analysis was polymorphic. The reproach of
not enough reproducibility of RAPD technique between and even in the same laboratory can be eliminated
by counting only strong and trusted bands. Moreover, RAPD-PCR needs high purity DNA with uniform
concentration, trusted chemicals and equipment (Meunier and Grimont, 1993). The patterns that we obtained
were stable and all reproducible in time and agreed with other experiences (Zervakis et al., 2001). Further
observation revealed an interesting methodical fact. Long RAPD primers generated similar polymorphism
as 10 nt primers (two times shorter). IS6110, OPD02 and OPD01 were the best for strains identification.
Generated polymorphism revealed greater differences between strains.

There are three hypotheses about M. tuberculosis evolution and genetic diversity level: homogeneity
conception, moderate diversity and genome heterogeneity (Hatfull and Jacobs, 2000). The results presented
in the recent paper confirm the theory about M. tuberculosis heterogeneity. Parameter of G = 100% means
that absolutely the same strains were not found and shows the lack of a clonal structure of population and
suggest invasive structure.
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