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Mycobacterium tuberculosis is one of the most harmful human pathogens worldwide, and there are 
mass efforts for controlling this pathogen. One of the powerful tools to find out and control this 
pathogen is molecular epidemiology techniques. Currently, wide ranges of techniques are available to 
type mycobacterium tuberculosis, and choosing the correct technique as a portable and standard 
method is difficult. IS6110 restriction fragment length polymorphism (RFLP) remains gold standard 
method on genotyping to date, but it is labor intensive and inefficient on samples which have fewer 
than six copy numbers of IS6110. In the recent years, some new methods have been introduced for 
genotyping of mycobacterium tuberculosis such as mycobacterial interspersed repetitive unit-variable 
number tandem repeat (MIRU-VNTR) and Spoligotyping. The present review tries to introduce new 
approaches in molecular techniques for epidemiological investigation of tuberculosis and to illustrate 
advantages and problems associated with them. 
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INTRODUCTION 
 
Despite mass BCG vaccination and anti tuberculosis 
drugs, tuberculosis is one of the major killers among the 
infectious diseases, causing about eight million cases 
and two to three million deaths occurs annually (Anh et 
al., 2000). Current trends suggest that these numbers 
could rise to 12 million cases and 4 million death, by the 
year 2010 (Bifani et al., 2002). Tuberculosis is the num-
ber one cause of death among individuals infected with 
human immunodeficiency virus  (HIV)  (Dye et al., 1999). 
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Young children are likely to develop this disease after 
infection and are significantly more likely to develop 
extrapulmonary and severe disseminated disease than 
adults (Walls et al., 2004).  

Increasing incidence of coinfection of tuberculosis with 
HIV, especially in developing countries, decrease child-
ren burdened of tuberculosis, emergence of multidrug-
resistant tuberculosis, and immigrations caused new 
trends for molecular epidemiology and DNA fingerprint-
ing of Mycobacterium tuberculosis. Also it introduced 
new molecular epidemiology markers for case finding 
and studying manner of transmission and reactivation of 
tuberculosis in regional investigations.  



Asgharzadeh and Kafil       109 
 
 
 

 
 
Figure 1. IS6110 fingerprinting in different isolates and reference Mycobacterium tuberculosis strain 
Mt14323. The size of hybridized fragments depends on the distance from this site to the next Pvu II 
site in DNA. 

 
 
 
IS6110 
 
IS6110 was first described by Thierry et al. (1990). Its 
standard approach to genotyping M. tuberculosis isolate 
was based on restriction-fragment-length polymorphism 
(RFLP) analysis (van Embden et al., 1993; Asgharzadeh 
et al., 2006).  

IS6110 is a novel Mycobacterial insertion element 
formed the basis of a reproducible genotyping technique. 
Mycobacterial DNA is digested with the restriction 
enzyme PvuII (Asgharzadeh et al., 2007a). The IS6110 
DNA probe was prepared by in vitro amplification of 245-
bp fragment using the polymerase chain reaction and 
was labeled by digoxgenin. Fragments after digestion 
with PvuII were transferred from gel to positively charged 
nylon membrane. And then Hybridization was performed 
with 245bp probe of insertion sequence and detected by 
colorimetric system (Asgharzadeh et al., 2007b; van 
Embden et al., 1993; van Soolingen et al., 1994). The 
IS6110 probe hybridizes to IS6110 DNA to the right of 
the Pvu II site in IS6110. The size of hybridized frag-
ments depends on the distance from this site (PvuII 
digested) to the next PvuII site in DNA (Figure 1). 
Advantage of this method is by discriminatory power on 
detecting epidemiological relations, whereas patients 
with epidemiological links have similar pattern of RFLP 
and it can reveal source of infection as a reactivated 
infection (Small et al., 1993a; van Rie et al., 1999) or 
transmission (Barnes et al., 2003; Bauer et al., 1998; 
Barnes et al., 1997; Burman et al., 1997; Chin et al., 
1998; Dooley et al., 1992; Edlin et al., 1992; Durmaz et 
al., 2003; Pena et al., 2003; Niobe-Eyangoh et al., 2003). 
But it has several restrictions like, it is still expensive, 
requires subculturing the isolates for several weeks for 
obtaining sufficient DNA, labour intensive, discriminatory 
and polymorphism of isolates decrease and strains with 
fewer than six IS6110 insertion sites (Asgharzadeh et al., 

2006; Asgharzadeh et al., 2007c; Bauer at al., 1999; 
Cowan et al., 2002; Goguet de la Salmoniere et al., 
1997; Kremer et al., 1999; Lee et al., 2002; Mazars et al., 
2001).  

In order to estimate the stability of IS6110 RFLP 
patterns, studies have examined serial isolates collected 
from patients with persistent disease (de Boer et al., 
1999; Niemann et al., 1999; Warren et al., 2002) and 
have demonstrated that the IS6110 banding pattern may 
change over time in a subset of these patients. When 
survival analysis was applied to the RFLP data collected 
from these patients, de Boer et al. (1999) calculated that 
the half life of the IS6110 banding pattern was on the 
order of 3.2 year. In another study, demonstrated 
Changes were observed in 4% of strains, and half-life 
(t1/2) of 8.74 year was calculated (Rhee et al., 2000).  

The early rate of Change in RFLP pattern probably 
reflects the change that occurred during active growth 
prior to therapy, while the low rate may reflect change 
occurring during or after treatment.  

IS6110-based typing is the most widely applied 
genotyping method in the molecular epidemiology of M. 
tuberculosis and the gold standard to which other cur-
rently described method (van Embden et al., 1993; Rhee 
et al., 2000). Probably if overcome obstacles of IS6110-
based genotyping, it can be incorporated into, routine, 
prospective and population-based method in identifying 
unsuspected outbreaks.  
 
 
IS1081 
 

In order to overcome the problem of absence or low copy 
number, an alternative molecular markers have been 
identified by van Soolingen et al. (1993). IS1081, first 
time identified by Collins and Stephens (1991). This 
insertion element is a 1324-bp sequence found in M. 
tuberculosis complex. It had some restrictions in compar-    
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ing with IS6110; it has a lower degree of polymorphism 
than IS6110, and can be due to its low transpositional 
activity (van Soolingen et al., 1993; van Soolingen et al., 
1992; Kanduma et al., 2003). The copy number in 
IS1081 is lower than that of IS6110, which limits its use 
in epidemiological studies (Kanduma et al., 2003). Also it 
cannot be used to differentiate BCG from the other mem-
bers of M. tuberculosis complex (van Soolingen et al., 
1993).  
 
 
PGRS 
 
Ten percent of the M. tuberculosis genome consists of 
the genes that encode M. tuberculosis specific PE, PPE 
and PE-PGRS proteins, the PE family proteins are 
involved in iron acquisition, which is a critical process for 
M. tuberculosis survival (Ahmed et al., 2004).  

PE-PGRS (polymorphic GC-rich sequences family 
represents an extension of the PE protein family with 
multiple repeats of glycine–glycine alanine asparagine) 
motifs (Choudhary et al., 2003; Chakhaiyer et al., 2004). 
There are numerous copies of PGRS repetitive element 
in the M. tuberculosis complex (De wit et al., 1990; Ross 
et al., 1992; Poulet sand Cole et al., 1995). It consists of 
many tandem repeats of 96 bp GC rich consensus 
sequence. PGRS elements are present in 26 sites of M. 
tuberculosis chromosome (Poulet sand Cole et al., 
1995). PGRS – based genotyping involve sma I digestion 
of DNA and probing for a 32bp oligonucleotide (Chaves 
et al., 1996). PGRS is similar to the standardized IS6110 
fingerprinting in which it requires purified DNA for 
southern blot hybridization and banding pattern analysis 
(Yang et al., 2000). PGRS fingerprinting has proven to 
be useful for differentiating M. tuberculosis strains with 
fewer than six copies of IS6110 that could not be readily 
differentiated by IS6110 fingerprinting (Barnes et al., 
1997; Braden et al., 1997; Burman et al., 1997; Chaves 
et al., 1996). A better correlation between DNA finger-
printing data and the results of conventional epidemio-
logy was found when a combination of the IS6110 and 
PGRS fingerprinting was applied than  when IS6110 was 
used alone (Burman et al., 1997; Chaves et al., 1996; 
Yang et al., 2000).  However the difficulties in compute-
rizing the analysis of PGRS fingerprints is due to comple-
xity of fingerprint patterns that have limited the wide use 
of PGRS fingerprinting (Yang et al., 2000). 
 
 
Spoligotyping  
 
The direct repeat locus in M. tuberculosis contains 10 to 
50 copies of 36-bp direct repeat, that are separated from 
one another by spacer which have different sequences.  

However, the spacer sequences between any two 
specific direct repeats are conserved among strains.  

Because strains differ in terms of the presence or 
absence of specific spacer, the pattern of spacers in a 
strain can be used for genotyping (spacer oligonucleotide 

 
 
 
 
typing) or spoligotyping (Barnes et al., 2003; Filliol et al., 
2000; Kamerbeek et al., 1997; Groenen et al., 1993; 
Hermans et al., 1991).  

Spoligotyping is a PCR-based technique (Kamerbeek 
et al., 1997; Hermans., 1992). With using one set of pri-
mers it is possible to simultaneously amplify all the uni-
que nonrepetitive sequences, spacers or between the 
direct repeats. The presence or absence of spacers is 
then determined via southern hybridization (Figure 2). 
Individual strains are distinguished by the number of 
spacers missing from the complete spacer set that was 
defined by sequencing this region from a large number of 
M. tuberculosis strains (Burgos et al., 2002).  

This method have same advantage and by comparing 
with IS6110 RFLP method, it can be performed by small 
amount of DNA and a little time after inoculation of 
bacteria to liquid culture can be perform(Barnes et al., 
2003; Kamerbeek et al., 1997). Also spoligotyping is use-
ful for discrimination between isolates of M. tuberculosis 
with few copy number of IS6110 (Goyal et al., 1999; 
Goguet et al., 1997). This technique is specific for M. 
tuberculosis and other atypical strains dose not have any 
signal in analyzing with spoligotyping (Burges et al., 
2002).  

Usually the results of spoligotyping are expressed as 
positive or negative for spacers. Therefore, it can be 
expressed in a digital format (Dale et al., 2001). This 
method is simple, rapid, robust and economical mean for 
typing M. tuberculosis complex (Kremer et al., 1999; 
Kanduma et al., 2003; Barnes et al., 2003; Burgos et al., 
2002; Goyal et al., 1999). However, the differentiating 
power of spoligotyping is less than IS6110 typing when 
high copy number strains are being analyzed (Kremer et 
al., 1999; Kamerbeek et al., 1997; Goyal et al., 1999; 
Diaz et al., 1998; Doroudchi et al., 2000). This method is 
a candidate for use in resource-poor situations (Burgos 
et al., 2002).  
 
 
MIRU-VNTR  
 
Variable Number Tandem Repeat (VNTR) typing is an 
invaluable tool for genotyping and provides data in a 
simple and format based on the number of repetitive 
sequences in so called polymorphic micro – and mini 
satellite regions (Mazars et al., 2001; Asgharzadeh et al., 
2007c). VNTR introduced for M. tuberculosis which 
named Mycobacterial Interspersed Repetitive Unit-Varia-
ble Number Tandem Repeat (MIRU-VNTR) (Magdalena 
et al., 1998; Mazars et al., 2001). Out of 41 different loci 
in the genome of M. tuberculosis have been identified by 
supply et al (Supply et al., 2000).  

Twelve loci were identified as hypervariable repetitive 
units (Magdalena et al., 1998; Supply et al., 2000; Supply 
et al., 2001). These fragments should be accurately 
sized for determining the number of repeats at each 
locus. The repeated units are 52 to 77 nucleotides in 
length and therefore power of this method may  be  com-  
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Figure 2. Spoligotyping, strains differ in terms of the presence or absence of 
specific spacer, the pattern of spacers in a strain can be used for genotyping 
(spacer oligonucleotide typing). 

 
 
 
parable to that of IS6110- RFLP. 

Moreover, MIRU typing showed its usefulness in study-
ing the population structure of M. tuberculosis (Sola et 
al., 2003; Supply et al., 2003). MIRU-VNTR can also be 
used in global databases as each typed strain is assign-
ed a 12-digict number corresponding to the num-ber of 
repeats at each MIRU-VNTR loci (Mazars et al., 2001). 
Various studies demonstrated the importance of MIRU-
VNTR method for tracking epidemiological key events, 
such as transmission or relapse and provide non ambi-
guous data (Mazars et al., 2001), and, which are highly 
portable between different laboratories (Mazars et al., 
2001; Frothingham et al., 1998; Supply et al., 1997).  

Approximately 20 million possible combinations of 12 
loci alleles are possible (Mazars et al., 2001; Supply et 
al., 2001). Most important advantage of this method is its 
simpler performance than IS6110, applying directly to M. 
tuberculosis cultures without DNA purification (Barnes et 
al., 2003). Based on high discriminatory power (Mazars 
et al., 2001; Asghaerzadeh et al., 2007c) and when com-
paring MIRU-VNTR with IS6110-RFLP or spoligotyping, 
MIRU-VNTR produced suitable discriminatory power 
(Mazars et al., 2001; Supply et al., 2001; Barlow et al., 
2001; Cowan et al., 2002). Hardship of this method is 

associated with accurate sizing of multiple small frag-
ments (Burgos et al., 2002). This can be partly overcome 
by combining multiplex PCR with a fluorescence-based 
DNA analyzer (Mazars et al., 2001). A population-based 
study indicated that the use of 12- locus-based MIRU-
VNTR typing combined with spoligotyping as a first-line 
approach provided an adequate discrimination in most 
cases for large-scale genotyping of M. tuberculosis in the 
United States (Cowan et al., 2005). In a recent study 
based on a worldwide collection of tubercle bacillus iso-
lates defined an optimized set of 24 MIRU-VNTR loci, 
including a subset of 15 discriminatory loci proposed to 
be used as a first-line typing method. These 15- and 24-
locus sets reliably improved the discrimination of M. tu-
berculosis isolates compared to the original 12-locus set 
(Supply et al., 2006; Oelemann et al., 2007) (Table 1).  
 
 
RAPD 
 

Random amplification of polymorphic domains (RAPD) is 
a PCR-based method for genotyping M. tuberculosis 
(Palitta et al., 1993). This method is based on amplify-
cation of the spacer region between the genes coding for 
16S and 23S rRND of M. tuberculosis and digestion by
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Table 1. Clustering results by genotyping methods. 

Methods  No. of unique 
isolates 

No. of clustered 
isolates No. of clusters No. of distinct 

types 
Clustering rate 

(%) 
Spoligotyping  56 98 16 72 53.2 
MIRU-VNTR 12 old  84 70 20 104 32.5 
MIRU-VNTR 12 old + 
Spoligotyping  106 48 14 120 22.1 

IS6110-RFLP  115 39 13 128 16.9 
MIRU-VNTR 15  115 39 12 127 17.5 
MIRU-VNTR 24  117 37 11 128 16.9 
MIRU-VNTR 15+ Spoligotyping  120 34 11 131 14.9 
MIRU-VNTR 24 + Spoligotyping  120 34 11 131 14.9 

 

Table 1. Brought from Oelemann et al., 2007. 154 isolates investigated for Genotyping by IS6110 DNA fingerprints and MIRU-VNTR typing with 12, 
15 and the full set of 24 loci. 24 loci MIRU-VNTR made a slightly better resolution than IS6110. However, both methods yielded identical clustering 
rates of 16.9% due to minor differences in cluster compositions. The use of the discriminatory subset of 15 MIRU-VNTR loci only marginally affected 
the resolution, with a clustering rate of 17.5%. Spoligotyping increased the resolution of MIRU-VNTR typing based on the 24 loci and 15 loci to 14.9%. 
 
 
 
restriction enzymes (Abed et al., 1995).  

Patterns generated this method can be easily ana-
lyzed, have discriminatory power, have satisfactory 
results and may serve as rapid screening test for typing a 
large number of clinical isolates into clusters for further 
subtyping by more sophisticated methods (Vrioni et al., 
2004). But in some studies reproducibility and the final 
discriminative power of the RAPD-based method was 
found to be limited (Frothingham et al., 1995; Glennon et 
al., 1995).  
 
 
PFGE 
 
Pulsed–field gel electrophoresis (PFGE) has been widely 
used to type various microorganisms in both outbreak 
and population based studies and is available in many 
clinical laboratories (Singh et al., 1999). But, this method 
is not commonly used in epidemiological studies of M. 
tuberculosis.  

Most published PFGE protocols for M. tuberculosis are 
technically challengeable. Biosafety considerations and 
the unique cell wall composition of the organism have led 
to the development of protocols that are high complex 
and difficult to reproduce (Singh et al., 1999). Little has 
been done for developing PFGE patterns as a stan-
dardized method for analyses of M. tuberculosis, and 
therefore, it is a limited method for population based 
molecular epidemiologic studies of M. tuberculosis. Also 
there are contradictory reports on the genetic diversity 
captured by PFGE and on its utility for molecular epide-
miology (D'Amato et al., 1995; Miller et al., 1994; Schirm 
et al., 1993). 
 
 
Current application of molecular epidemiology  
 
There are several available applications for molecular 
epidemiology in control of tuberculosis. The first impor-
tant role of genotyping studies is on intensive use of 

these studies on trace outbreaks (Bifani et al., 1996; 
Frieden et al., 1996; Moss et al., 1997; Valway et al., 
1994). Combination of genotyping with epidemiological 
investigations reveal the occurrence of an outbreak and 
by controlling the manner of disease transmission, also 
new molecular methods prepared a rapid typing of iso-
lates where an outbreak is suspected in a hospital ward 
(Kanduma et al., 2003).  

Molecular genotyping methods are important in detect-
ing the dominance of transmission or reinfection in a 
population. In reinfections, was a documented source 
should be sought. In anti-tuberculosis – treatment trails, it 
is important to determine whether recurrent tuberculosis 
is due to relapse of reinfection when the former repre-
sents treatment failure. 

The transmission index, defined as the mean number 
of tuberculosis cases resulting from recent transmission 
of a potential source case, has been used to qualify 
transmission between different subpopulations (Borgdorff 
et al., 2000). Finding the exact transmission of index is 
important in regional and global controlling programs.  

Laboratory cross-contamination is a significant problem 
in detection of tuberculosis and cause abuse of drugs for 
treatment. The occurrence of cross-contamination is 
most likely when acid fact smears are negative and only 
one specimen is culture –positive (Burmen at al., 2000).  

Genotyping can be used to confirm the occurrence of 
cross contamination in the laboratories and have been 
identified as a useful measure for avoiding false-positive 
cultures (Small et al., 1993b; Behr et al., 1997; Asghar-
zadeh et al., 2007d).  

Molecular epidemiology studies have an important role 
of improving disease control in coinfections, exactly coin-
fection of tuberculosis and HIV. These studies reveal 
progress and spread of tuberculosis amongst HIV infect-
ed patients (Daley et al., 1992). These studies are useful 
in evaluating the development of drug resistant in 
patients with relapse or transmission of tuberculosis and 
investigation  in  spread of drug  resistant  strains  among 
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hospitalized patients (Daley et al., 1992; Ritacco et al., 
1997; Anastasis et al., 1997; Angarano et al., 1998; 
Breathnach et al., 1998). 

Beijing genotype is a distinct family of tuberculosis 
which was found first time in Beijing–china. This geno-
type is prevalent in young individuals and indicates ongo-
ing transmission of tuberculosis (Doroudchi et al., 2000; 
Anh et al., 2000). These genotypes are more virulent 
(Anh et al., 2000), and in detection of global epidemio-
logy of this genotype have an important role in controlling 
tuberculosis.  
 
 
Conclusion 
 
Several different molecular methods have been made 
available for epidemiological and evolutionary studies as 
a result of comparative genomic studies. Now the chal-
lenge is to compile standardized molecular fingerprinting 
patterns originating from highly networked, multi-centric, 
genotypic analysis in the databases for interlaboratory 
use and for further references. Rapid genotyping method 
are needed to overcome low reproducibility, not proven 
application, less discrimination method such as Myco-
bacterial interspersed repeat units variable number 
tandem repeats (MIRU- VNTR). Also A combination of 
typing methods based on more rapid and slower mole-
cular clacks maybe able to exactly differentiate between 
the contributions of remote and recent transmission in 
clustering of infected patient and controlling outbreaks 
 
 
ACKNOWLEDGMENT  
 

Authors thank Tuberculosis and Lung Disease Research 
Center and Biotechnology Research Center, Tabriz 
University of Medical Sciences for granting our studies 
on molecular epidemiology of tuberculosis.  
 
 
REFERENCES 
 
Abed Y, Bolted C, Mica P (1995). Identification and strain differentiation 

of Mycobacterium species on the basis of DNA 16S - 23S spacer 
region polymorphism. Res. Microbiol. 146: 405-413. 

Ahmed N, Hasnain SE (2004). Genomics of Mycobacterium 
tuberculosis: old threats & new trends. Indian J. Med. Res. 120: 207-
212. 

Anastasis D, Pillai G, Rambiritch V, Abdool Karim SS (1997). .A 
retrospective study of human immunodeficiency virus infection and 
drug resistant tuberculosis in Durban. South Africa. Int J Tuberc lung 
Dis. 1: 220-224. 

Angarano G, Carbohara S, Costa D, Gori A (1998).  Drug-resistant 
tuberculosis in human immunodeficiency virus infected persons in 
Italy. Int. J. Tuberc. Lung. Dis. 2: 303-311. 

Anh  DD, Brgdorff MW, Van LN, Lan NTN, Van Grokom T, kremer K, van 
Soolingen D (2000). Mycobacterium tuberculosis Beijing genotype 
emerging in Vietnam. Emerg Infect Dis. 6: 302-305.  

Asgharzadeh M, Shahbabian K, Majidi J, Aghazadeh AM, Amini C, 
Jahantabi AR, and Rafi A (2006). IS6110 restriction fragment length 
polymorphism typing of Mycobacterium tuberculosis isolates from East 
Azarbaijan province of Iran. Mem inst oswaldo cruz. 101: 517-521. 

Asgharzadeh M, Shahbabian K,  Kafil HS, and Rafi A  (2007a). Use of 
DNA fingerprinting in identifying the source case of tuberculosis in East 

Azarbaijan province of Iran. J. Med. Sci. 7: 418-421. 

Asgharzadeh M, yousefee S, kafil HS, Nahaei MR, Ansarin K, Akhi MT, 
(2007b). Comparing transmission of Mycobacterium tuberculosis in 
East Azarbaijan and west Azarbaijan provinces of Iran by using IS6110 
RFLP method. Biotechnol. 6: 273-277. 

Asgharzadeh M, Khakpour M, Zahraei T, Kafil HS (2007c). Use of 
Mycobacterial interspersed repetitive unite–variable number tandem 
repeat typing to study Mycobacterium tuberculosis isolates from East 
Azarbaijan province of Iran. Pak. J. Biol. Sci. 10, 3769-3777. 

Asgharzadeh M, Yousefee S, Nahaei MR, Akhi MT, Ansarian K, Kafil HS 
(2007d). IS6110 fingerprinting of Mycobacterium tuberculosis strains 
Isolated from northwest of Iran. Res. J. Microbiol. 2: 940-946. 

Barlow RE, Gascoyne-Binzi DM, Gillespie SH, Dickens A, Shaman Q, 
Hawkey PM (2001). Comparison of VNTR and IS6110-RFLP analysis 
for discrimination of high and low copy number IS6110 M. tuberculosis 
isolates. J. Clin. Microbiol. 39: 2453-2457. 

Barnes PF, Yangn ZH, Preston- Martin S, Pogoda M, Jones E, Otaya M, 
Eisenah D, Knowles L, Harvey S, Cave MD (1997). Patterns of 
tuberculosis transmission in central Los Angeles. JAMA 278: 1156-
1163. 

Barnes PF, Cave MD, (2003). Molecular epidemiology of tuberculosis. N. 
Eng. J.  Med. 349: 1149-1156. 

Bauer J, Yang Z, Poulsen S, Andersen AB (1998). Results from 5 years of 
nationwide DNA fingerprinting of mycobacterium tuberculosis complex 
isolates in country with a low incidence of M. tuberculosis infection. J. 
Clin. Microbiol. 36: 305-308. 

Bauer J, Anderson K, Kremer K, and Miorner H (1999). Usefulness of 
spoligotyping to discriminate IS6110 low copy number mycobacterium 
tuberculosis complex strains cultured in Denmark. J. Clin. Microbiol. 37: 
2602-2606. 

Behr MA, Small PM (1997). Molecular fingerprinting of mycobacterium 
tuberculosis. how can it help the clinician?  Clin. Infec.t Dis. 25: 806-
810. 

Bifani PJ, Plikaytis BB, Kapuru V, Sock bauerk W, Lutfey ML, Pan X, 
Lutfey ML, Moghazeh SL, Eisner W, Daniel TM, Kaplan MH, Crowford 
JD, Musser JM, Kreiswirth BN (1996). Origin and interstate spread of a 
New York City multidrug resistant M. tuberculosis clone family 
identification of a variant outbreak of mycobacterium tuberculosis TB 
via population based molecular epidemiology. J. Am. Med. Assoc. 282: 
2321-2327. 

Bifani PJ, Mathema B, Kurepina NE, Kreiswirth BN (2002). Global 
dissemination of the Mycobacterium tuberculosis W-Beijing family 
strains. Trends Microbiol. 10: 45-52. 

Borgdorff MW, Behr MA, Nagelkerke NJ, Hopewell PC, Small PM (2000). 
Transmission of tuberculosis in San francisae. Int. J. Tuberc. Lung. Dis. 
4: 287-294. 

Braden CR, Templeton GL, Cave MD, Valway S, Onorato IM, Castro KG, 
Moers D, Yang Z, Stead WW, Bates JH. (1997). Interpretation of 
restriction fragment length polymorphism analysis of Mycobacterium 
tuberculosis isolates from a state with a larg rural population. J. infect. 
Dis. 175: 1446-1452. 

Breathnach AS, de Ruiter A, Holdsworth GM, Bateman NT, O’Sullivan 
DG, Rees PJ, Snashall D, Milburn HJ, Peters BS, Watson J, 
Drobniewski FA, French JL   (1998). An outbreak of multidrug resistant 
tuberculosis in a London teaching hospital. J. Hosp. Infect. 39: 111-
117. 

Burman WJ, Reves RR, Hawkes AP, Rietmeijer CA, Wilson ML, Yang ZH, 
El-Hajj H, Bates JH, Cave MD (1997). The incidence of false-positive 
cultures for Mycobacterium tuberculosis. Am. J. Respir. Crit. Care. 
Med. 155: 1140-1146. 

Burmen WJ, Reves RR (2000). Review of false-positice cultures for 
unnecessary treatment. Clin Infect Dis. 31: 1390-1395. 

Burgos MV, Pym AS (2002). Molecular epidemiology of tuberculosis. Eur. 
Respir. J. 20: 545-655.  

Chakhaiyer P, Nagalakshmi Y, Aruna B, Urth KJ, Katoeh VM, Hasnain SE 
(2004). Regions of high antigenicity within the hypothetical PPE- 
MPTR open reading frame. RV 2608 show a differential humoral 
response and a law Tcell response in various categories of patients 
with tuberculosis. J. Infect. Dis. 190: 1234-1244. 

Chaves F, Yang Z, Haji H, Alonso M, Burman WJ, Eisenach KD, Dronda 
F, Bates JH, Cave MD (1996). Usefulness of the secondary probe 
pTBN12 in DNA fingerprinting of Mycobacterium tuberculosis. J. Clin. 
Microbiol. 34: 1118-1123. 



114       Biotechnol. Mol. Biol. Rev. 
 
 
 
Chin DP, Deriemer K, Small PM, Povce de Leon A, Steinhart R, Schecter 

GF, Delay CL, Moss AR, Paz EA, Paz A, Jasmer AM, Agasino CB, 
Hopewell PC (1998). Differences in contributing factors to tuberculosis 
incidence in U.S. born and foreigh-born persons. Am. J. Respire. Crit. 
Care. Med. 158: 1797-1803. 

Choudhary RK, Mulhopadhyay S, Chakhaiyer P, Sharma N, Murthy KY, 
Katoch VM (2003). PPE antigen RV 2430c of Mycobacterium 
tubercoulosis induces a strong B-cell response. Infect. Immun. 71: 
6338-6343. 

Collins DM, Stephens DM, (1991). Identification of an insertion sequence, 
IS1081, in Mycobacterium bovis. FEMS Microbiol Lett. 83: 11-16. 

Cowan LS, Mosher L, Diem L, Massey JP, Crawford JT (2002).  Variable 
number tandem repeat typing of Mycobacterium tuberculosis. Isolates 
with low copy number of IS6110 by using Mycobacterial interspersed 
repetitive units. J. Clin. Microbiol. 40: 1592-1602. 

Cowan L S, Diem L, Monson T, Wand P, Temporado D, Oemig TV,  
Crawford JT (2005). Evaluation of a two-step approach for large-scale, 
prospective genotyping of Mycobacterium tuberculosis isolates in the 
United States. J. Clin. Microbiol. 43: 688–695. 

Dale JW, Brittain D, Cataldi AA, Cousins D, Crawford JD, Driscoll J, 
Heersma H, Lilebaek T, Quituqua T, Rastogi N, Skuse R, Sola C, van 
Soolingen D, Vincent V (2001). Spacer oligonucleotide typing of 
bacteria of the Mycobacterium tuberculosis complex: recommendations 
for standardized nomenclature. Int. J. turberc. Lung. Dis. 5: 216-219. 

Daley CL, Small PM, Scheeter GF, Schoolink GK, McAdam RA, Jacobs 
WR, Hopewell PC  (1992). An outbreak of tuberculosis with accelerated 
progression among persons infected with the Human immunodeficiency 
virus. An analysis using restriction – fragment –length polymorphism. 
N. Eng J. Med. 326: 231-235. 

D'Amato RF, Wallman AA, Hochstein LH, Colaninno PM, Scardamaglia 
M, Ardila E  (1995). Rapid diagnosis of pulmonary tuberculosis by using 
roche AMPLI-COR Mycobacterium tuberculosis PCR test. J. Clin. 
Microbiol. 33: 1832-1834. 

de Boer AS, Bergdorf MW, de Hass PE, Negelkerke NJ, van Embden JD, 
van Solingen D  (1999). Analysis of rate of change of IS6110 RFLP 
patterns of Mycobacterium tuberculosis based on serial patient isolates. 
J. Infect. Dis. 180: 1238-1244. 

de Wit D, Steyn S, Shoemaker S, and Sagin M (1990). Direct detection of 
M. tuberculosis in clinical specimens by DNA amplification. J. Clin. 
Microbiol. 28: 2137-2441. 

Diaz, R, Kremer K, de Haas PE, Gomez RI, Marrero A, Valdivia JA, van 
Embden JDA, van Soolingen D (1998). Molecular epidemiology of 
tuberculosis in cuba outside of Havana, July 1994- June 1995: utility of 
spoligotyping versus IS6110 restriction fragment length polymorphism. 
Int. J. tuberc. Lung. Dis. 2: 743-750. 

Dooley SW, Villarino ME, Lawrence M, Salinas L, Amil S, Rullan JV, 
(1992). Nosocomial transmission of tuberculosis in a hospital unit for 
HIV infected patients. JAMA. 267: 2632-2635. 

Doroudchi M, Kremer K, Basiri EA, Kadivar MR, van Soolingen D, 
Ghaderi AA  (2000). IS6110-RFLP and spoligotyping of Mycobacterium 
tuberculosis isolates in ran. Scan. J. Infec.t Dis. 32: 663-668. 

Durmaz R, Gunal S, Yang Z, Ozerol H, Cave MD  (2003). Molecular 
epidemiology of tuberculosis in turkey. Clin. Microbial. Infect. 9: 873-
877. 

Dye C, Scheele S, Dolin P, Pathania V, Raviglions MC (1999). Consensus 
statement. Global burden of tuberculosis: estimated incidence, 
prevalence, and mortality by country. Who global surveillance and 
monitoring project. JAMA. 282: 677-686. 

Edlin BR, Tokars JI, Grieco MH, Crawford JT, Williams J, Sordillo EM, 
Ong KR, Kilburn JO, Dudley SW, Castro KG  (1992). An outbreak of 
multidrug resistant tuberculosis among hospitalized patients with a  
acquired immunodeficiency syndrome. N. Eng.l J. Med. 326: 1514-
1521.  

Filliol L, Sola C, Rastogi N  (2000). Detection of a previously unamplified 
spacer within the DR Locus of Mycobacterium tuberculosis: 
epidemiological implication. J. Clin. Microbiol. 38: 1231-1234. 

Frothingham R (1995). Discrimination of M. tuberculosis strains by PCR. 
J. Clin. Microbiol. 33, 2801-2802. 

Frothingham R, Meeker- O conell WA, and Forbes KJ (1998). IS6110 
transposition and evolutionary scenario of the direct repeat locus in a 
group of closely related Mycobacterium tuberculosis strains. J. 
Bacterial. 180: 2102-2109. 

 
 
 
 
Frieden TR, Sherman LF, Maw KL, Fujiwara PI, Crawfold JT, Nivin B, 

Sharp V, Hewlett D, Brudney K, Alland D, Kreisworth BN (1996). A 
multi-institution outbreak of highly drug–resistant tuberculosis: 
epidemiology and clinical outcomes. J. Am. Med. Assoc. 276: 1229-
1232. 

Glennon M, and Smith T (1995). Can random amplified polymorphic DNA 
analysis of the 16S-23S spacer region of M. tuberculosis differentiate 
between isolates. J. Clin. Microbiol. 33: 3359-3360. 

Goguet de la Salmoniere YO, Li HM, Tarrea G, Bunschoten A,  van 
Embden J, Gicquel B (1997). Evaluation of spoligotyping in a study of 
the transmission of Mycobacterium tuberculosis. J. Clin. Microbial. 35: 
2210-2214. 

Goyal M, Lawn S, Afful B, Acheampong JW, Griffin G, Shaw R  (1999). 
Spoligotyping in molecular epidemiology of tuberculosis in Ghana. J. 
Infect. 38: 171-175. 

Groenen PMA, Bunschoten AE, van Soolingen D, van Embden JDA 
(1993). Nature of DNA polymorphism in the direct repeat cluster of 
Mycobacterium tuberculosis application for strain differentiation by a 
novel typing method. Mol. Microbial. 10, 1057-1065. 

Hermans PWM, van Soolingen D, Bik EM, de Hass PEW, Dale JW,  van 
Embden JAD (1991). The insertion element IS987 from M. bovis BCG 
is located in a hot spot integration region for insertion elemerts in M. 
tuberculosis complex strains. Infect. Immun. 56: 2695-2705. 

Hermans PW, van Soolingen D, van Embden JD (1992). Characterization 
of a major polymorphic tandem repeat in Mycobacterium tuberculosis 
and its potential use in the epidemiology of mycobacterium kansasii 
and mycobacterium gordonae. J. Bacteriol. 174: 4157-4165. 

Kamerbeek J, Schouls L, Kolk A, van Agtreveld M, van Soolingen, Kuijper 
S, Bunschoten A, Molhuizen H, Shaw R, Goyal M, van Embden J 
(1997). Simultaneous detection and strain differentiation of 
Mycobacterium tuberculosis for diagnosis and epidemiology. J. Clin. 
Microbiol. 35: 907-914. 

Kanduma E, McHugh TD, Gillespie SH (2003). Molecular methods for 
Mycobacterium tuberculosis strain typing: a users guide. J. Appl. 
Microbiol. 94: 781-791. 

Kremer K, van Soolingen D, Frothingham R, de Hass WH, Hermans PW,  
Martin C, Palittapongaarnpim P, Plikaytis BB, Riley LW, Yakrus MA, 
Musser JM, van Embden JDA,  (1999). Comparision of methods based 
on different molecular epidemiological markers for typing of 
Mycobacterium tuberculosis complex strains: interlaboratory study of 
discriminatory power and reproducibility. J. Clin. Microbiol. 37: 2607-
2618. 

Lee AS, Tang LL, Lim IH, Bellamy R, and Wong SY (2002).  
Discrimination of single–copy IS6110 DNA Fingerprinting of 
Mycobacterium tuberculosis isolates by High-resulotion mini satellite–
based typing. J. Clin. Microbiol. 40: 657-659. 

Magdalena j, Vanchee A, Supply P, Comille L (1998). Identification of a 
new DNA region specific for members of Mycobacterium tuberculosis 
complex. J. Clin. Microbiol. 36: 937-943.  

Mazars E, Lesjean S, Banuls AL, Gilbert M, Vincent V, Gicquel B, 
Tibayrenc M, Locht C, Supply P  (2001). High–resulotion minisatellite 
based Typing as a portable approach to global analysis of 
Mycobacterium tuberculosis molecular epidemiology. Proc. Natl. Acad. 
Sci. USA. 98: 1901-1906. 

Miller N, Hernandez SG, and Cleary TJ (1994). Evaluation of Gen-probe 
Ampified mycobacterium tuberculosis direct test and PCR for direct 
detection of Mycobacterium tuberculosis in clinical specimens. J. Clin. 
Micobiol. 32: 393-397. 

Moss AR, Alland D, Telzak E, Hewlett DJR, Sharp V, Chillade P  (1997). 
Acity-Wide outbreak of a multiple–drug resistant strains of 
Mycobacterium tuberculosis in New York. Int. J. Tuberc. Lung. Dis. 1: 
115-121. 

Niemann ER, Rusch–Gerdes S (1999). Stability of Mycobacterium 
tuberculosis IS6110 restriction fragment length polymorphism patterns 
and spoligotypes determined by analyzing serial isolates from patients 
with drug resistant tuberculosis. J. Clin. Microbiol. 37: 407-412. 

Niobe-Eyangoh SN, Kuaban C, Sarlin P, Cunin P, Thornon J, Sola C 
(2003). Genetic Biodiversity of Mycobacterium tuberculosis complex 
strains from patients with pulmonary tuberculosis in Cameroon. J. Clin. 
Microbiol. 41: 2247-2553. 

Oelemann MC, Diel R, Vatin V,de Haas W, Ru¨sch-Gerdes S, Locht C,  
Niemann S, Supply P (2007). Assessment of an Optimized Mycobacte-  



 
 
 
 

    rial Interspersed Repetitive- Unit–Variable-Number Tandem-Repeat 
Typing System Combined with Spoligotyping for Population-Based 
Molecular Epidemiology Studies of Tuberculosis. J. Clin. Microbiol. 45:  
691-697. 

Palitta pongarnim P, Chomyc S, Fanning A, Kunimoto D (1993). DNA 
fragment length polymorphism analysis of Mycobacterium tuberculosis 
isolates by arbitrarily primed polymerase chain reaction. J. Infect. Dis. 
167: 975-978. 

Pena MJ, Caminero JA, Campos-Herrero MZ, Rodrigues-Gullego JC, 
Garcia-laorden MI (2003). Epidemiology of tuberculosis on Gran 
Cannria: a 4 year population study using traditional and molecular 
approaches. Thorax. 58: 618-622.  

Poulet sand Cole ST (1995). Characterization of the polymorphic GC-rich 
repetitive sequence (PGRS) present in M. tuberculosis. Arch. Microbiol. 
16, 87-95.  

Rhee JT, Tanaka MM, Behr MA, Agasino CB, Paz EA, Hopewell PC, 
Small PM, (2000). Use of multiple markers in population based 
molecular epidemiologic studies of tuberculosis. Int. J. Tuberc. Lung. 
Dis. 4: 1111-1119. 

Ritacco V, Di Lonardo M, Reniero A, Ambroggi M, Barrera L, Dambrosi A, 
López B,  Isola N, and  Kantor IN (1997). Nasocominal spread of 
human immunodeficiency virus related multidrug–resistant tuberculosis 
in Buenos Aires. J. Infect. Dis. 176: 637-642. 

Ross BC, Raios K, Jackson K, and Dwyer B (1992). Molecular cloning of 
a highly repeated DNA element from M. tuberculosis and its use as an 
epidemiological tool. J. Clin. Microbiol. 30: 942-946. 

Schirm J, Oostendorp LAB, Mulder JG (1993). Comparision of Amplicor, 
in-house PCR, and conventional culture for detection of Mycobacterium 
tuberculosis in clinical samples. J. Clin. Microbiol. 35: 193-196. 

Singh SP, Salamon H, Lahti C, Farid-Moyer M, Small PM (1999). Use of 
pulsed field gel electrophoresis for molecular epidemiologic and 
population genetic studies of Mycobacterium tuberculosis. J. Clin. 
Microbiol. 37: 1927-1931. 

Small PM, Shafer RW, Hopewell PC, Singh SP, Desmond E, Sierra MF, 
Murphy MJ, Desmond E, Sierra MF, Schoolnik GK (1993a). Exogenous 
reinfection with multidrug-resistant M. tuberculosis in patients with 
advanced HIV infection. N. Engl. J. Med. 328: 1137-1144. 

Small PM, McClenny NB, Singh SP, Schoolnik GK, Tompkins LS, 
Mickelsen PA (1993b). Molecular strain typing of Mycobacterium 
tuberculosis to confirm cross contamination in the mycobacteriology 
laboratory and modification of procedures to minimize occurrence of 
false-positive cultures. J. Clin. Microbiol. 31: 1677-1682. 

Sola C, Filliol L, Legrand E, Lesjean S, Locht C, Supply P, Rastogi N 
(2003). Genotyping of the Mycobacterium tuberculosis complex using 
MIRUS Association with VNTR and spoligotyping for molecular 
epidemiology and evolutionary genetics. Infect. Genet. Evol. 3: 125-
133. 

Supply P, Magdalena J, Himpens S, Locli C (1997). Identification of novel 
intergenic repetitive units in a Mycobacterial two- Component system 
operon. Mol. Microbiol. 26: 991-1003. 

Supply P, Mazars E, Lesjean S, Vincent V, Gicquel B, Locht C (2000). 
Variable human minisatellite-like regions in the Mycobacterium 
tuberculosis genome. Mol. microbial. 36: 762-771. 

Supply P, Lesjean S, Savine E, Kremer K, van Soolingen D, Locht C 
(2001). Automated high-throughput genotyping for study of global 
epidemiology of Mycobacterium tuberculosis based on Mycobacterial 
interspersed repetitive units. J. Clin. Microbiol. 39: 3363-3571. 

Supply P, Warren RM, Banuls AL, Lesjean S, Vander Spay GD, Lewis LA, 
Tibayrenc M, van Helden PD, Locht C (2003). Linkage disequilibrium 
between minisatellite loci supports clonal evaluation of Mycobacterium 
tuberculosis in a high tuberculosis incidence area. Mol. Microbiol. 47: 
529-538. 

Supply P, Allix C, Lesjean S, Cardoso-Oelemann M, Rusch Gerdes S, 
Willery E, Savine E, de Haas P, van Deutekom H, Roring S, Bifani P, 
Kurepina N, Kreiswirth B, Sola C, Rastogi N, Vatin V, Gutierrez MC, 
Fauville M, Niemann S, Skuce R, Kremer K, Locht C, van Soolingen D, 
(2006). Proposal for standardization of optimized mycobacterial 
interspersed repetitive unit-variable-number tandem repeat typing of 
Mycobacterium tuberculosis. J. Clin. Microbiol. 44: 4498–4510. 

Thierry D, Brisson- Noel A, Vincent–Levy–Freboult V, Nguyen S,  
Guesdon KL, Gicquel B (1990). Characterizing of a Mycobacterium  

 

Asgharzadeh and Kafil      115 
 
 
 
tuberculosis insertion sequence, IS6110, and its application in diagnosis. 

J. Clin. Microbiol. 28: 2668-2673.  
Valway SE, Greifinger RB, Papania M, Kiburn JO, Woodley C, 

Diferdinando GT, Dooley S  (1994). Multidrug resistance tuberculosis in 
the new york state prison system. 1990-1991, J. infect. Dis. 170: 151-
156. 

van Embden JDA, Cave MD, Crawford JT, Dale JW, Eisenach KD, 
Gicquel B, Hermans P, Martin C, McAdam R, Shinnick TM, Small P 
(1993). Strain identification of Mycobacterium tuberculosis by DNA 
Fingerprinting recommended for a standardized methodology. J. Clin. 
Microbiol. 31: 406-409. 

van Soolingen D,  Hermans PW, de Haas PE. and van Embden JD 
(1992). Insertion element IS1081 associated restriction fragment length 
polymorphism in M. tuberculosis complex species: a reliable tool for 
recognizing mycobacterium bovis BCG. J. Clin. Microbiol. 30: 1772-
1777. 

van Soolingen D, de Hass PE, Hermans PW, Groenen PM, van Embden 
JD (1993). Comparision of various repetitive DNA elements as genetic 
markers for strain differentiation and epidemiology of M. tuberculosis. J. 
Clin. Microbiol. 29: 2578-2586. 

van Soolingen D, de Hass PEW, Hermans PWM, and van Embden JDA, 
(1994). DNA fingerprinting of Mycobacterium tuberculosis. Methods. 
Enzymol. 236: 196-205. 

Van Rie A, warren R, Richardson M, Victor TC, Gie RP, Enarson DA, 
Beyers N, van Helden PD (1999). Exogenous reinfection as a cause of 
recurrent tuberculosis after curative treatment. N. Eng. J. Med. 341: 
1174-1179. 

Vrioni G, Levidiotou S, Mastsiota-Bernard P, and Marinis E (2004). 
Molecular characterization of Mycobacterium tuberculosis isolates 
presenting various drug susceptibility profiles from Greece using three 
DNA typing methods. J. Infec. 48: 253-262. 

Walls T, Shingadia D  (2004). Global epidemiology of Pediatric 
tuberculasis. J. Infect. 48, 13-22. 

Warren RM, vander Spay GD, Richardson M, Beyers N, Borgdorff MW,  
Behr MA, van Helden PD (2002). Calculation of the stability of the 
IS6110 Banding pattern in patients with persistent Mycobacterium 
tuberculosis disease. J. Clin. Microbiol. 40: 1705-1708. 

Yang ZH, Ijaz K, Bates JH, Eisenach KD, Cave MD (2000). Spoligotyping 
and polymorphic GC-Rich Repetitive sequence fingerprinting of 
Mycobacterium tuberculosis strains having few copies of IS6110. J. 
Clin. Microbiol. 38: 3572-3576.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


