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ABSTRACT 

 

Development of a one-step multiplex PCR assay for differential detection 

of major Mycobacterium species 

 

Hansong Chae 

 

Department of Medical Science 

The Graduate School, Yonsei University 

 

(Directed by Professor Sung Jae Shin) 

 

 

 

The prevalence of tuberculosis continues to be high, and nontuberculous 

mycobacteria (NTM) infection has also emerged worldwide. Moreover, differential 

and accurate identification of mycobacteria to the species or subspecies level is an 

unmet clinical need. Here, I developed a one-step multiplex PCR assay using whole-

genome analysis and bioinformatics to identify novel molecular targets. The aims of 

this assay were to 1) discriminate between the Mycobacterium tuberculosis complex 

(MTBC) and NTM using rv0577 or RD750; 2) differentiate M. tuberculosis (MTB) 
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from MTBC using RD9; 3) identify selectively the widespread MTB Beijing 

genotype by targeting mtbk_20680; and 4) detect simultaneously five clinically 

important NTM (M. avium, M. intracellulare, M. abscessus, M. massiliense, and M. 

kansasii) by targeting IS1311, DT1, mass_3210, and mkan_rs12360. The accuracy of 

the multiplex PCR assay was evaluated using 41 reference strains and 94 clinical 

isolates. Whole genome sequencing, spoligotyping and multi-locus sequence analysis 

were employed as the standard assays to evaluate the PCR assay in clinical MTB and 

NTM isolates, respectively. The initial PCR assay design demonstrated 100% 

sensitivity and 97.5% specificity for MTBC and 100% sensitivity and 100% 

specificity for the targeted NTM species. As the initial design misidentified two 

isolates of the MTB Central Asia Strain (CAS) lineage, I replaced rv0577 with RD750, 

a CAS-specific deletion, to discriminate CAS from MTBC. Reoptimization of the 

PCR assay resulted in 100% identification agreement with the standard assays. Our 

multiplex PCR assay is a simple, convenient, and reliable technique for differential 

identification of MTB, MTBC, MTB Beijing genotype, and major NTM species. 

 

 

 

 

 

 

 

Key words: Mycobacterium tuberculosis, Beijing genotype, nontuberculous 

mycobacteria, Mycobacterium avium complex, Mycobacterium abscessus complex, 

Mycobacterium kansasii, multiplex PCR 
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CHAPTER I 

Genetic diversity of Mycobacterium tuberculosis,  

importance of differentiation among MTB genotypes, 

 and advances on genotyping methods 

Hansong Chae 

 

Department of Medical Science 

The Graduate School, Yonsei University 

 

(Directed by Professor Sung Jae Shin) 

 

I. INTRODUCTION 

 

Tuberculosis (TB) is the most distressing infection disease for mankind and has been 

remained to one of important public health problem. WHO reported that 1 to 3 people 

was killed every minute by TB and the risk of multi-drug resistance TB has been 

gradually increased.
1
 The causative agent of TB in human is the gram-positive 

bacteria known as the Mycobacterium tuberculosis complex (hereafter referred to 

MTBC), especially, Mycobacterium tuberculosis (hereafter referred to MTB which 

was reported in 1882 by Robert Koch), 
2
 M. africanum and M. bovis. The outcome of 

infection with MTBC has highly variable results including clearance through innate 

immunity, latent TB and/or active extra-pulmonary or pulmonary TB.
3
 These have 



4 

 

been more attributed to host immune responses and environmental factors than 

genetic characteristics of the MTB which has been known as relatively low level of 

genetic diversity.
3,4

 Despite of low genetic diversity, MTBC species and MTB 

lineages could display pronounced phenotypic variations, including the emergence of 

drug resistance, vaccine efficacy and host ranges.
2
 In addition, various genotyping 

methods have been developed and then demonstrated to genetic diversity was existed 

in MTBC. They have led to much better understanding of the global phylogenetic 

diversity of MTBC and potential influencing to the different outcomes of TB.
2,3,5

 

 

Different species and strains of MTBC have exhibited distinct responses in biological 

experimental studies and have been reported to be able to affect clinical presentation.
3
 

Each strain types influence TB epidemiology as in some situations which are related 

to the presence or absence of gene cluster which is generally caused by gene 

horizontal transmission.
3,6

 The virulence related with lineage specific difference in 

clinical isolates has been reported especially in MTB modern lineages such as Beijing 

family (belongs to Lineage 2) and Euro-American strains (Lineage 4) and these two 

lineages were believed to more virulent compared with MTB ancient lineage such as 

East-African-Indian (Lineage 1) and M. africanum strains (Lineages 5 and 6).
7
 In 

addition to this, it could be shown that there are specific features (including BCG 

vaccination efficacy and drug resistance) for each lineage or strain. However, how 

MTB genomic diversity influences TB epidemiology in clinical settings remains open 

questions. 

 

In this review, I focused on genome diversity of the MTB lineages and molecular 

methods for diagnosis by summarizing the recent methods and experimental results 

supporting the relevance of MTB genomic diversity inducing different phenotypes. 
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1. Genetic difference among the MTB lineages  

The distinct lineages identified by large sequence polymorphisms (LSPs) were 

consisted of seven major lineages (Lineage 1, Indo-Oceanic or East-African; Lineage 

2, East-Asian including Beijing family; Lineage 3, East-African-Indian or Central 

Asia strain; Lineage 4, Euro-American; Lineage 5, West-African or M. africanum 

type 1; Lineage 6, West-African or M. africanum type 2 and Lineage 7, Ethiopia).
8
 

TbD1-deleted lineages have been considered to evolutionarily modern genotype 

(Lineages 2, 3 and 4) compared to this genomic region conserved lineages, which 

were evolutionarily ancient genotype (Lineages 1, 5, 6 and 7) (Table 1). The MTB 

modern lineages form much more monomorphic group than the MTB ancient 

lineages.
8
  

 

These human-adapted MTB lineages are strongly associated phylogeographical 

population.
9,10

 Some lineages including East-Asian Lineage 2 and Euro-American 

Lineage 4 are most frequently isolated from patients with TB globally, while the 

prevalence of the other MTB lineages is regionally dependent.
4,11

 Indo-Oceanic 

Lineage 1 and Central-Asia Lineage 3 are restrictively distributed to East Africa, 

Central and South Asia. M. africanum type 1 and 2 (respectively, Lineages 5 and 6) 

are the most geographically restricted and almost exclusively occur in West 

Africa.
10,12,13

 Similarly, the Ethiopia Lineage 7 recently discovered is limited to 

Ethiopia and recent Ethiopian immigrants.
2
 In the other words, the Lineages 1-4 

occupied 99.2% in MTB and the rest of percent was the other lineages previously 

described restricted geographical and host distributions. The reasons for why these 

three lineages (Lineages 5, 6 and 7) are highly confined to specific regions are 

unknown.
2
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Table 1. Genetic markers for differentiation among major Mycobacterium tuberculosis lineages

Classification 

and the related  

Genetic markers 

Mycobacterium tuberculosis lineages 

Lineage 1 Lineage 2 Lineage 3 Lineage 4 Lineage 5 Lineage 6 Lineage 7 

TbD1
8, 14

 Ancestral Modern Modern Modern Ancestral Ancestral Intermediate 

LSP marker 
14

 ΔRD239 ΔRD105
5
 ΔRD750 pks15/1 Δ7bp ΔRD711 ΔRD702 ΔRD239 

Classification by 

LSP 

Indo-Oceanic East Asian East African- 

Indian 

Euro-American West-

African 1 

West- 

African 2 

Ethiopia 

Spoligotyping 

marker 
5,15

 

Δ29-32 and 34 Δ1-34 Δ4-7 and  

Δ23-34 

T: Δ33-36 

H: Δ31 and 33-36 

X: Δ18 and 33-36 

LAM: Δ21-24 

and 33-36 

Δ7-9 and 39 Δ33-36,39 

and 43 

Unknown 

Spoligotype East African-

Indian 

Beijing Central Asian Ghana, Haarlem, 

LAM and X etc. 

M. 

africanum 

M. 

africanum 

Unknown 

SNP marker OxyR: C37T Rv3815c: G81A 

Rv0679c: C426G 

RpoB: T2646G 

 

KatG: T1388G 

RpoB: C3243T 

   

Geographical 

association 

East Africa, 

Southeast 

Asia, South 

India 

East Asia, 

Former Soviet 

Union countries, 

South Africa 

East Africa, 

North India, 

Central Asia 

Americas, 

Europe, 

North Africa 

Ghana, 

Cameroon 

Senegal The Horn of 

Africa 
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Figure 1. Schematic diagram illustrating the evolutionary relationship by large sequence polymorphisms (modified from 

Merker, M et al.
7
). Region of difference (RD) can classify human-adapted strains and animal-adapted strains of the M. 

tuberculosis complex according to the presence and absence of deletion sequences. The white boxes indicated the specific 

deletion associated with each Lineage. M. tuberculosis strains are grouped into main 7 lineages which are associated with 

certain geographic regions. However, Lineage 2 and 4 are much more geographically widespread than other lineages. 
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1.1 Genomic variations 

1.1.1 Repeats in gene copy and mobile elements 

A) Insertion Sequence (IS) 6110 

In MTBC, IS6110 has been the specific mobile genes to be able to utilize in the gold 

standard genotyping method since the 1990s.
16

 IS6110 gene could be contained 

multiple copies of the various parts in MTBC whole genome. The number of copies 

of IS6110 varies from strain to strain and this showed that IS is highly unstable. 

However, experimental evidence exhibited that although IS6110 is an unstable 

element, transmission events are very rare in mycobacteria.
17

 Using this characteristic, 

many studies have established IS6110-Restriction fragment length polymorphisms 

(IS6110-RFLP) that can classify as strain units for MTBC. RFLP using IS is based on 

different the number of copies and the different location of the IS in the whole 

genome sequence. This IS6110 based on different the number of copies and the 

different location of pvuII followed by electrophoretic separation and hybridization 

with an IS6110-derived probe. This method is highly distinctive when there are 

several IS6110 copies over five in the mycobacteria whole genome, and it is used to 

determine whether or not the identical strain, which is transmitted in same outbreak 

group.
2,16,18

 However, IS6110-RFLP requires to good quality and a large amount of 

genomic DNA (about 2-3 g per reaction), and also this assay is time-consuming and 

difficult to reproduce because of requiring experienced personnel with technical 

expertise. Because these limitations, PCR-based assays have been developed for 

MTBC typing that only requires small amount of DNA. Additionally, IS6110-RFLP is 

not available at some strains which have less than five IS6110 copies and it leads to 

lack of reliability and compatibility of the result, if comparing the result with other 

laboratory genotyping results.
16,19
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B) Spacer oligonucleotides typing (spoligotyping) 

Spoligotyping is a PCR-based technique for differentiating M. tuberculosis strains and 

it is based on the existence unique spacer region between direct repeat (DR) which is 

known as the Cluster Regularly Interspaced Short Palindromic Repeats on 

mycobacteria genome.
20

 The method of spoligotyping is that a primer pair amplifies 

spacer of the DR locus and the products of amplification are covalently hybridized to 

probes which are the DR spacer specific oligonucleotide on a membrane.
15,21

 The 

spoligo-international type was confirmed by comparing patterns of spoligo-type to the 

international spoligotyping database (SpolDB4) that included thousands of spoligo-

type patterns.
15

 This assay was originally developed to identify the route of MTBC 

infection, however, this genotyping method has limitation when drawing a 

phylogenetic tree and accurate strain discrimination (particularly, Lineage 2/Beijing 

family) because the sequence based markers could share similar patterns.
22

  

 

C) Mycobacterial Interspersed Repetitive Unit-Variable Number Tandem Repeat 

(MIRU-VNTR) 

The first whole genome sequence of MTB has been finished in 1998.
23

 After several 

MTB genomes have been performed comparative genome analysis, VNTR known as 

MIRU was discovered in MTBC. It was utilized soon as a new method for molecular 

epidemiology of MTB. MIRU is a unit of dozens of sequence bps based on the 

MTBC genome and is used to identify strains by the variation of copies of the 

template.
5,24

 These days, it has become a preferred genotyping technique with 

spoligotyping in many countries. Strain typing using VNTR was rapidly raised as an 

alternative to IS6110-RFLP because it uses PCR assay which only needs to a small 

amount of DNA and this simple process provides high speed and accuracy.
24

 In 

addition, it could show digitalization and also compare with online database system 

VNTR plus.
21

 However, the discrimination ability among MTB strains is less than 
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IS6110-RFLP, because it is different to use VNTR loci depending on each country and 

laboratory. This means that MTBC of each country has different VNTR 

characteristics, which should need to experiment with the appropriate combination of 

VNTR loci.
2,25

  

 

1.1.2 Large Sequence Polymorphisms (LSPs) 

The first whole genome sequence of MTB has been finished in 1998 and several 

MTB genomes have been performed comparative genome analysis. Among analysis 

results, LSPs [including Region of Difference (RD)] were detected.
17

 RDs in 

mycobacteria have been used as major gene markers to discriminate MTBC into main 

lineages or sub-lineages.
10,26,27

 Even though horizontal transmission events among 

mycobacteria species have been detected, the MTBC is highly genetically conserved 

(The MTBC has 99.9% similarity in nucleotide level).
11

 Because horizontal gene 

transfer rarely occurs in MTBC, LSPs could be irreversible then making them 

phylogenetic markers for lineage or sub-lineage classification. For example, RDs are 

usually used to produce phylogenetic markers for MTB lineages. As previously 

mentioned, several RDs divided MTB into 7 lineages. Lineages 2, 3 and 4 are modern 

lineage and Lineages 1, 5 and 6 are ancient lineage by TbD1.
6,14

 Besides of RDs, The 

IS6110 gene has sometimes existed in specific region. In 1991, B0/W 148 strains 

were isolated in New York and the characteristic of these strains was that IS6110 gene 

inserted in NTF region. In MTB Beijing family, the strains having NTF region which 

is inserted IS6110 gene is the modern type of Beijing family and others are the ancient 

type of Beijing family.
7,28,29
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1.1.3 Single nucleotide polymorphisms (SNPs) 

LSPs could be robust markers for phylogenetic classification. However, LSPs reflect 

not enough to a difference of polymorphism between closely related MTB strains.
11

 

On the other hand, SNPs show all types of mutations in the whole genome and have 

much better resolution power than LSPs.
8
 In addition, through the SNPs analysis, a 

distance of each strain or genetic diversity could be calculated and lead to infer the 

flow of time of phylogeny. The genetic strains depend on the SNPs of MTBC genome 

which randomly occurs. Because this happens a lot, SNPs have been used for 

producing a phylogenetic classification of MTBC.
8
 Real-time PCR or sequencer is 

known for SNPs detection technique. These methods are important to understand the 

current world of MTBC as well as to help predict the direction of control MTBC. 

Mireia Coscolla et al.
2
 reported that the strains belonging to the modern Lineages 2, 3 

and 4 differed by 970 SNPs in average. Strains belonging to the ancient Lineages 1, 5, 

and 6 were more distantly related with an average of 1500 SNPs between them. In 

addition, because horizontal gene transfer among MTBC is rare, SNPs were 

considered to be a robust marker for identifying MTB strains on the phylogenetic tree. 

For example, a mutation in rv0679c provides for identifying MTB Lineage 2 in other 

lineages.
30

 Although Beijing family has unique spoligo-type pattern and RD 207 

which have been good markers for discrimination of the Beijing family, they still 

seem to be at disadvantages, since it relies on unstable insertion and deletion elements 

which had been reported exceptions of SNPs. Rose et al.
31

 reported whole genome 

sequencing (WGS) results to identify all SNPs specific to the different MTBC 

lineages. The number of SNPs ranged from 124 in Lineage 2 (modern MTB lineage) 

to 698 in Lineage 5 (ancient MTB lineage), and in all cases, over 40% of the non-

synonymous SNPs were fixed in each MTB lineages and they could be predicted to 

gene function. These data provided that although the general genomic diversity of 

MTB is lower compared to other bacteria 
6
, a lot of the SNPs that have accumulated 

in each MTB lineage are likely to link to phenotypic differences. The most commonly 
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mentioned SNPs in MTB are mutations associated with drug resistance and 

virulence.
9,32

 Because of these mutations, the gene products cannot be expressed, 

causing the metabolism of certain antibiotics to be interrupted or virulence 

attenuated.
8
 

 

katG and phoPR components provide particularly illustrative examples. First, katG 

mutation encoding Ser375Thr confers resistance to isoniazid.
33

 katG expresses a 

product that activates the pro-drug isoniazid with a drug as a catalase-peroxidase. 

However, if a mutation occurs in Ser375Thr, the isoniazid becomes unresponsive, 

resulting in resistance to isoniazid. Second, phoPR two-component virulence system 

is the essential gene for MTBC virulence including regulation of secretion of ESAT-6, 

acyltrehalose-based lipids,
16

 and modulation of antigen export, and SNPs in this gene 

have reported leading to critical MTB phenotype changes.
16

 If an amino acid changes 

at position 219 of phoP in MTB H37Rv strain, it attenuated virulence and its strain is 

MTB H37Ra strain. H37Ra is much more attenuated compared to its virulent 

counterpart H37Rv.
2,8
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Table 2. Evaluation of various molecular genotyping methods. 

Genotyping 

methods
 a
 

Principle 
b 

Strength Weakness 

IS6110-RFLP 
16

 ▪Use of IS6110, a mobile 

element found within MTB 

genome frequently 

▪Analysis of digestion pattern of 

IS6110 by a restriction enzyme, 

pvuII  

▪Better discriminatory power than 

spoligotyping method 

▪Availability to identify MTB 

lineages and strains 

 

▪Possibility of low resolution for 

M. tuberculosis complex harboring 

less than 5 copies of IS6110 

▪Requirement of large amounts and 

good quality of genomic DNA (2-

3g), and expensive computer 

software and experienced 

personnel with technical expertise 

▪Laborious and time-consuming 

 

Spoligotyping 

15,34
  

▪Identification of MTB genotype 

by polymorphisms in spacer 

regions between direct repeats 

(DRs) 

▪Analysis of probe-binding 

▪Relatively cost-effective and 

simple technique compared to 

other methods 

▪Highly reproducible PCR-based 

method with small amount of 

▪Low resolution power compared 

to IS6110-RFLP 

▪Difficulty in effective 

discrimination for MTB strains 

belonging to Beijing family 
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patterns to specific spacer 

regions between GGCCA to 

GGCCA (DRs)  

DNA 

▪Free accessibility to the 

international spoligotyping 

database (SpolDB4) for references 

 

▪Lack of ability to differentiation 

Lineage 7 

MIRU-VNTR
24,34

 ▪Analysis of copy numbers in 

repetitive sequence regions 

throughout the genome known 

as MIRU 

 

 

▪Better resolution than both 

IS6110-RFLP and spoligotyping 

▪A simple PCR-based method 

 

▪Requirement of specific 

equipment such as sequencer, 

electro-capillary apparatus, and 

specialized in silico automatic 

analytical system  

Deletion analysis
2
 ▪Detection of LSPs, especially 

identification of irreversible 

deletion site throughout 

genomic region 

▪Fast and labor-saving  

▪Basically PCR-based simple 

method 

▪Most frequently used method 

▪Inconsistent results by individual 

setting with target preference 

▪Requirement of confirmatory 

methods 

▪Relatively less reproducible than 

other methods 

▪Frequency of exceptional cases  
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a 
IS6110-RFLP: Insertion sequence 6110-restriction fragment length polymorphism; Spoligotyping: Spacer oligonucelotide 

typing; MIRU-VNTR: Mycobacterial Interspersed Repetitive Unit-Variable Number of Tandem Repeat; WGS: Whole genome 

sequencing. 

b 
MTB: Mycobacterium tuberculosis; LSPs: Large sequence polymorphisms.

WGS 
8
 ▪ In silico analysis of SNPs in 

whole genome or specific genes 

by comparing with those of 

reference strains 

 

▪The most advanced and reliable 

method 

▪Unrivalled resolution and 

discriminatory power 

▪Provision of several adjunctive 

information such as drug 

resistance and genetic features of 

the targeted MTB. 

▪More expensive than other 

methods  

▪Requirement of specialized 

software and skilled personnel for 

data manipulation 
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Figure 2. Various molecular genotyping markers and methods based on Mycobacterium genome (modified from Iñaki Comas et 

al. 
17

) (1) Insertion sequence (IS) 6110 –Restriction fragment length polymorphisms is M. tuberculosis complex specific 

transposase gene and has one restriction enzyme site (pvuII); (2) 36 bps direct repeats that are interspersed by unique spacer 

sequences (35-43 bps) and used in spoligotyping methods. Spoligotyping patterns are generally represented by black (presence 

of particular spacers) and white (absence of particular spacers) boxes; (3) Variable Number Tandem Repeats (VNTR) is used 

mycobacterial interspersed repetitive unites (MIRU) which are unique repeat sequence; (4) insertion and deletion gene (or gene 

cluster) and (5) single nucleotide polymorphisms (nonsynonymous SNPs and synonymous SNPs) in M. tuberculosis whole 

genome. Almost genetic diversities are depended on these five genetic markers.  
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1.2 Genotyping and diagnosis methods 

1.2.1 Commercialized assays 

The molecular diagnosis methods of TB directly with clinical isolates has used since 

the early 1990s. These methods have compensated the defect of microscopy and 

culture test which major disadvantages are poor sensitivity (requiring 10
3 

CFU/ml 

within sputum) and narrow detection range.
35

 Based on several different technologies, 

many studies have introduced various genotyping methods and molecular diagnosis 

assays.  

A) PCR-based methods 

One of the first commercialized assays was using multiplex PCR (both conventional 

PCR and real-time PCR), which was based on amplification of housekeeping gene 

region (e.g. 16s rRNA gene common to all mycobacteria) and MTB specific insertion 

sequence (e.g. IS6110 or RD sequences).
36

 Conventional multiplex PCR is composed 

of a mixture of specific primers and real time multiplex PCR use primers with 

fluorescent probes. Based on dividing MTBC and NTM from MTB that could not be 

confirmed by microscopy test, this assay could also classified species and subspecies 

belonging to MTBC and NTM.  

In generally, sensitivity and specificity of multiplex PCR assays had higher than other 

commercial methods. On average, sensitivity was 75.5 % for conventional PCR and 

77.3% for real-time PCR (however, it was not significant difference.), and the 

specificity of both methods was 99.5% with sputum samples. However, cerebrospinal, 

pleural fluid and urine samples showed low sensitivity because of high frequency of 

inhibition. 
35,37

 

 

GenXpert MTB/RIF is one of the cartridge based nucleotide amplification and 

identifies simultaneously MTB and rifampicin (RIF) resistance. Since 2010, this assay 
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has used in TB endemic countries (including countries in Africa and China).
38

 Based 

on MTB and RIF specific DNA sequences by PCR, it purifies and concentrates 

genomic DNA from patient sputum samples and then identifies clinically relevant RIF 

resistance inducing mutations (located in RNA polymerase beta gene). It requires to 

only 90 minutes for obtaining results and reduces biohazard risk and technical 

training time. 
38

 

 

Line probe assay (LiPA) is similarly able to identify MTBC and detect genetic 

mutation in the katG gene region relate to isoniazid (INH)-resistance and the rpoB 

gene region relate to RIF-resistance with nitrocellulose paper strips. This assay is 

composed of several specific 10 oligonucleotide probes on paper. After amplifying the 

katG and rpoB region using PCR, these PCR products are then hybridized with 

oligonucleotide probes on paper strips. The results are determined by absence or 

presence of color lines. On average, sensitivity was 75.5 % for conventional PCR and 

77.3% for real-time PCR (however, it was not significant difference.), and the 

specificity of both methods was 99.5% with sputum samples.
39

   

 

B) Enzyme-linked immunosorbent assay (ELISA)-based methods 

Interferon-γ release assay (IGRAs) is for latent TB infection and indicates a cellular 

immune response. After placing whole-blood in a tube coated with three peptides 

including ESAT-6, CFP-10 and TB7.7, it measures interferon-γ released by T cells 

after stimulation with TB antigens. It has reported a better sensitivity and specificity 

than tuberculin skin test and no reaction with Bacillus Calmette-Guerin (BCG) in 

vaccinated individuals. 
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For diagnosis of TB in HIV-infected patients, recent studies provided that a 

lipoarabionomannan (LAM)-ELISA assay. LAM is a glycolipid serving as cell wall 

component and known as major virulence factor in Mycobacterium genus. Because 

this assay is urine-based testing that identifies the LAM in the urine, it is easier to 

collect and store than sputum-based testing. For individual studies, sensitivity of 

LAM-ELISA assay estimates ranged from 23% to 84%, and specificity estimates 

from 75% to 99%. On average, I was able to confirm that specificity was higher than 

sensitivity. One study tried to urine LAM assay applied with sputum sample. They 

reported that although it had poorer specificity (15-21%) and higher sensitivity (86-

90%) compared with urine LAM assay.
40

 Although LAM is still considered to non-

necessary assay in unselected TB patients in clinical setting, it has gradually fixed 

limitation and advanced to utilize to HIV-infected patients. 

 

2. Aspect of epidemiology among MTB lineages 

2.1 Differential virulence phenotype by MTB strains 

Recent studies have explored the effect of MTB lineage variation related with 

virulence, drug resistance and BCG vaccination efficacy. The MTB virulence is 

known as directly linked to transmission ability and it is different characteristics to 

compare with many other bacteria which transmission occurs independently.
2,6

 Many 

experimental studies have produced evidence that clinical isolates of MTB differ in 

virulence. In animal models, they have shown that TNF-α, IFN-γ, IL-12 and IL-17 

were important indicators of a protective immune response against TB and also they 

provided to high virulent MTB related with reduced and/or delayed inflammatory 

responses.
41

 For example, in studies with different infection models at the MTB 

lineage level, the MTB modern Lineages 2, 3 and 4 induced a low early inflammatory 

response compared with the MTB ancestral Lineages 1 and 6.
42

 These modern MTB 

lineages are more globally wide spread than other lineages. Therefore, many studies 
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reported that the MTB modern strains were associated with higher virulence 

phenotype (i.e. a delayed inflammatory response) and it was the one of factor linked 

to be the global success strain.
43

 Indeed, Reiling et al.
44

 reported that MTB modern 

lineages had fast replication in human macrophages and in aerosol infected-mice 

model. Also, other studies have demonstrated lower and more delayed pro-

inflammatory response in the MTB modern lineages compared with other lineages.
2
 

 

In some studies, they have compared within the MTB modern lineages. One of  

studies found that Lineage 3 exhibited high anti-inflammatory compared to Lineage 

4,
45,46

 and Beijing family (belongs to Lineage 2) commonly induced low-level 

immune response cytokines (TNF-α, IL-6, IL-10 and GRP-α) compared to MTB 

H37Rv (belongs to Lineage 4) in macrophages and dendritic cells.
47

 In addition, 

Sarkar et al.
48

 reported that Lineage 2 strains showed a low pro-inflammatory 

phenotype compared to other two MTB modern lineages. However, Krishnan et al.
49

 

did not find any differences between Lineage 2 and Lineage 4. These different 

findings with respect to the immune response were depended on experimental 

conditions and also, difference in immune regulation among the MTB lineages are 

expected at sub-lineage level. This difference has been most widely studied in 

Lineage 2. Simone et al.
50

 found that more modern Beijing strains surely entail more 

cytotoxicity release and worse gross pathology in infected-C57BL/6 mice. As 

mentioned above, many studies exhibited virulence profiles depended on MTB 

lineages and their virulence was based bacterial uptake host cells, intracellular growth, 

pathology, and cytokine induction. I expect that, in agreement with other studies, high 

potential virulent MTB strain is more modern Lineage among MTB and it needs to 

monitor this strain for effective TB control.  
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2.2 Different Drug resistance proportion by strains. 

The result of TB molecular epidemiology used to understand to infection route of TB 

and influenced to several fields. It has been known to drug resistant MTB occurred 

mutations in genome and it could be a defect to bacteria’s life cycle so, drug-resistant 

MTB strains had low infectivity.
2,51

 However, in some small groups, drug-resistant 

strains were existence and they were identified to the same type. It suggested to drug-

resistant strain also be able to spread.
2,51

 Because of this discovery, people began to 

commonly believe that drug-resistant strain could infect between people and the 

patient who carry drug-resistant strain need to more thoroughly manage. Based on 

these concepts, several studies have supported the view and strains from MTB 

Lineage 2 had higher associated with drug-resistance than other MTB Lineages.
7,52

 

Mattias Merker et al.
7
 analyzed Beijing family for global strain collections linked to 

drug resistance.
5
 Their results were strongly supported by the analysis of genetic 

distance among Beijing sub-lineage genomes. The Beijing sub-lineage CC1 and CC2 

exhibited higher drug resistant proportion of strains, and also a lower pairwise 

distance than other sub-lineages.
5,53

  

 

2.3 Different bacilli de Calmette-Guerin (BCG) vaccination effect by strains 

The BCG vaccine is one of the most widely used vaccines in the world. The efficacy 

of BCG vaccine against TB can vary from no protection to 80% in clinical practice, 

which is due to a number of factors including BCG vaccine-host interaction, host 

nutritional status, environmental status, and genetic diversity of MTB strains.
54

 

However, generally there are no exact mechanisms for why. One of the reasons for 

the efficiency of the BCG vaccine is the difference of genetic characteristic of each 

strain. An example is the MTB Beijing family. As mentioned above, the Beijing 

family is one of the major 7 lineages and spread widely in East Asia and Russia, 

especially neighboring countries from China. Several studies in these areas reported 
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that a typical family (modern Beijing family) in the Beijing family was more likely to 

be identified in patients with BCG vaccine and Beijing family was identified more in 

the area where BCG vaccine was prescribed.
54,55

 

 

Each lineage of MTB also has different aspects of animal experimentation. The 

Beijing family, which has been known to avoid BCG-induced immune responses, is 

also an example. Results showed that the Beijing family rapidly induced a wide range 

of pneumonia, TNF-α and iNOS when compared to MTB H37Rv, and furthermore, 

mice with BCG immunization died rapidly at a high rate. On the other hand, when 

infected with M. canetii and Lineage 1 strains, the results showed limited pneumonia 

and TNF-α, and iNOS were continuously detected and showed almost 100% survival 

rate.
2,54

 In addition, the Beijing family strains consistently induced accelerated 

bacterial multiplication and death compared to the M. canetti, Haarlem and Somali 

clades.
44

 

 

As mentioned above, various diagnostic devices and genotyping methods are being 

commercialized and utilized. However, most of them simply distinguish mycobacteria 

from other bacteria genus or only classify as MTBC, MTB and NTM. In the case of 

multiplex PCR (both conventional PCR and real-time PCR), it is possible to further 

subdivide into species level, but it is also not distinguished by lineage in MTB. 

Therefore, a variety of methods might be developed to reflect the specific properties 

of MTB or specific MTB to be clinically cautious for effective TB control. 
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II. CONCLUSIONS 

 

In this review, I primarily focused on the genetic diversity of main MTB Lineages 

because MTB has been regarded as a clone for many years. Although human genetic 

variation is an important role in TB control, TB is influenced by variation in either the 

host or the MTB strains. Therefore, the MTB genomic diversity needs to better 

understand applying clinical approaches. Many experimental studies and development 

of genotyping methods have demonstrated genotypic impact inducing the phenotype 

of MTB strain diversity. Although clinical setting does not divide MTB with specific 

genotypes and some studies have reported discordant results between MTB lineages 

and epidemiology differences, common patterns showed that the more modern lineage 

in MTB is more virulent and more globally successful transmission. The most of the 

evidence (immune response, virulence, drug resistance and BCG efficacy) indicated 

that Lineage 2 and Lineage 4 are more virulent phenotype than Lineage 1 and M. 

africanum (Lineage 6). Other lineages (Lineage 3, Lineage 5 and Lineage 7) are 

needed for more studies. Therefore, development of more simple and accurate 

diagnosis method which could classify MTB at Lineage level would be effective to 

TB control such as antibiotic treatment or appropriate development vaccination.   
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I. INTRODUCTION 

 

The genus Mycobacterium consists of more than 170 Mycobacterium 

species/subspecies (http://www.bacterio.cict.fr/m/mycobacterium.html). Differential 

identification of human disease-associated major Mycobacterium species is important 

for practical use in clinical laboratories. Tuberculosis (TB), caused by the 

Mycobacterium tuberculosis complex (MTBC) and mainly by M. tuberculosis (MTB), 

has been a significant cause of illness and death among humans for centuries.
56

 In 

http://www.bacterio.cict.fr/m/mycobacterium.html
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addition, nontuberculous mycobacteria (NTM) have become recognized as important 

human pathogens, with the incidence and prevalence of NTM disease continuing to 

increase worldwide.
57

 Among the various Mycobacterium species, MTB, M. avium, M. 

intracellulare, M. abscessus subspecies abscessus (hereafter referred to M. abscessus), 

M. abscessus subspecies massiliense (hereafter referred to as M. massiliense) and M. 

kansasii are the major representative pathogens. Cumulatively, these pathogens are 

responsible for approximately 95% of all mycobacteria-related lung disease 

worldwide.
58

 In addition, the concurrent problems of continuous high prevalence of 

TB and emergence of NTM lung disease have increased the health burden in many 

countries.
57

 

 

1. M. tuberculosis Beijing family 

MTB strains cluster into seven major lineages, each associated with a specific 

geographic location.
11

 In particular, the MTB Beijing genotype family has been 

significantly associated with major TB outbreaks over the past decade throughout the 

world.
7
 The MTB Beijing family has been isolated in at least 13% of all MTBC cases 

around the world
7,15

 and is especially prevalent among people living in the former 

Soviet Union (35%)
59

, South Africa (17%), and East-Asian countries, including China, 

Japan, and Korea (64%).
5
 The MTB Beijing family has drawn attention because of its 

hypervirulent phenotype, which has been correlated with higher rates of relapse
60,61

 

and treatment failure, the latter of which could be strongly associated with the rapid 

spread of multidrug-resistant MTB (MDR-MTB).
7,32,62

 The World Health 

Organization has reported that the proportion of MTB strains with multidrug 

resistance is over 4% worldwide. However, the proportion of strains of the Beijing 

family with multidrug resistance is more than 20%, which is very high when 

compared to other lineages. Moreover, in some countries where the MTB Beijing 

family is highly dominant, low protective efficacy of the bacille Calmette–Guérin 

vaccine has been reported.
54

 Consequently, as the isolation rate of strains of the MTB 

Beijing family increases worldwide, epidemiological control of TB will face even 
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greater challenges.
11

 Therefore, identification of the isolates of this family is an 

important part of TB control efforts. 

 

2. Nontuberculous mycobacteria 

NTM are opportunistic pathogens that have also become recognized as a global health 

problem.
57

 Although the major causative organisms of NTM disease differ by country 

and/or region, M. avium complex (MAC) members such as M. avium (MA) and M. 

intracellulare (MI), M. abscessus complex (MABC) members such as M. abscessus 

(MAB) and M. massiliense (MAS), and M. kansasii (MKS) are the most important 

NTM species and subspecies, and are frequently isolated from patients with NTM 

disease.
58

 Differentiating between patients with NTM disease and patients with TB is 

very important because the therapeutic regimens for these two types of infections 

differ, and, in contrast to TB, it is unnecessary to track down contacts of patients with 

NTM disease.
57,63

 In addition, accurate identification of NTM species or subspecies is 

important because antibiotic susceptibility and treatment outcomes differ according to 

the etiologic NTM organism.
57,63

  

 

Members of the MAC normally infect both animals and human. The majority member 

of human infection is M. avium subsp. hominissuis (MAH) whose infections occur in 

immunodeficient people, immunocompetent individual with respiratory disease, and 

children with cystic fibrosis.
64-66

 MAC has been mostly isolated from soil, water and 

dust.
67

 It was reported that domestic water system was as possible route of infections 

in hospital and home. MI is also considered to occupy large part of human MAIC 

infection disease, and accounts for more prevalent than MAH in some countries, 

including South Korea and Japan.
68,69

 

 

Members of the MABC are rapidly growing mycobacteria, identified sources of 

pulmonary and nosocomial infection, and have been divided into MAB and MAS and 

M. abscessus subsp. bolletii. The therapeutic profile of MAB is different from and 
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MAS. In particular, clarithromycin treatment is less effective against MAB lung 

infections, because of erm gene mutation with resistance developing more easily.
70

 

This factor is critical to therapeutic decision making in the clinical environment.
71

 

 

MKS is the second most common NTM infection related with AIDS, surpassed only 

by MAC infection. Unlike other NTM, MKS is not readily recovered from 

environmental sources. However, it has been isolated from a small percentage of 

municipal tap water. It has been divided into 5 subtypes. Type I and II are commonly 

prevalent MKS isolates from human sources worldwide. Previously untreated MKS 

should be tested for its drug resistance only with rifampin, because it has been many 

cases that MKS isolates resistant to rifampin had also other anti-TB drug resistance 

including ethambutol, isoniazid, clarithromycin and amikacin.
72,73

 

 

For these reasons, it is both clinically and epidemiologically important to 

differentially and accurately identify human disease-associated Mycobacterium genus 

isolates at the species or lineage level for the appropriate clinical management of 

patients and to ensure public health. Thus, the development of a method for achieving 

an accurate and prompt diagnosis of major Mycobacterium species has been of great 

interest in the clinical setting.  

 

3. Purpose 

The primary goal of this study was to develop and optimize a single-step multiplex 

PCR assay capable of differentiating the major Mycobacterium species causing 

human disease. The optimized multiplex PCR assay is composed of eight primer sets 

for identifying MTBC species, Beijing family strains and non-Beijing strains of MTB, 

and five major NTM species (M. avium, M. intracellulare, M. abscessus, M. 

massiliense, and M. kansasii) and will provide a reliable and rapid detection method 

for laboratory diagnosis to employ in the clinical setting. 
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II. MATERIALS AND METHODS 

 

1. Bacterial collection and identification 

In this study, 55 reference strains consisting of nine MTBC strains (two MTB Beijing 

family strains, HN878
74

 and strain K
75

, two MTB non-Beijing family strains, M. 

africanum, two M. bovis strains, M. bovis BCG and M. microti), 34 NTM ATCC 

strains and 12 non-mycobacteria ATCC strains (Table 1), and 122 clinical strains (76 

MTB and 46 NTM isolates, Table 2) were tested. Genotyping of 67 MTB clinical 

isolates was determined by whole genome sequencing (WGS), spoligotyping, a gold 

standard genotyping assay and Advansure TB/NTM real-time PCR (LG Life Sciences, 

Daejeon, South Korea), a commercial kit used for diagnosis in laboratory medicine.
15

 

The WGS (the 28 MTB isolates) was performed at the Korea Research Institute of 

Bioscience and Biotechnology (Daejeon, South Korea) and the ChunLab Inc. (Seoul, 

South Korea), Spoligotyping of the 39 MTB isolates was performed at Yonsei 

University (Wonju, South Korea) and real-time PCR of the 9 MTB isolates was 

performed at Yonsei University (Seoul, South Korea). In addition, 25 NTM clinical 

strains were identified by multi-locus sequence typing (MLSA) and 21 NTM isolates 

were identified by real-time PCR at Samsung Medical Center (Seoul, South 

Korea).
70,76-78
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Table 3. Reference strains and clinical isolates evaluated in the multiplex PCR assay 

Species 
Source or 

designation 

No. of 

isolates 

 tested 

Target amplicon 

16S 

rRNA 

gene 

rv057

7 
RD9 

mtbk_ 

20680 

IS131

1 
DT1 

mass_

3210 

mkan_ 

rs1236

0 

RD75

0 

Mycobacterium tuberculosis 

complex 
           

M. tuberculosis Beijing family HN878, K  2 + + + + - - - - + 

M. tuberculosis non-Beijing 

family 

H37Rv ATCC
a

 

27294 

H37Ra ATCC 25177 

2 + + + - - - - - + 

M. africanum, type 1 ATCC 25420 1 + + - - - - - - + 

M. bovis ATCC 19210, AN5 2 + + - - - - - - + 

M. bovis BCG BCG Pasteur 1173P2 1 + + - - - - - - + 

M. microti ATCC 19422 1 + + - - - - - - + 

            

Targeted nontuberculous 

mycobacteria           
  

M. avium  ATCC 700898 1 + - - - + - - - - 

M. intracellulare ATCC 13950 1 + - - - - + - - - 

M. abscessus  ATCC 19977 1 + - - - - - + - - 

M. massiliense CIP
b

 108297 1 + - - - - - + - - 

M. kansasii ATCC 12478 1 + - - - - - - + - 

            

Other nontuberculous 
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mycobacteria 

M. aichiense ATCC 27280 1 + - - - - - - - - 

M. asiaticum ATCC 27276 1 + - - - - - - - - 

M. aurum ATCC 23366 1 + - - - - - - - - 

M. austroafricanum ATCC 33464 1 + - - - - - - - - 

M. avium  ATCC 25291 1 + - - - + - - - - 

M. celatum ATCC 52231 1 + - - - - - - - - 

M. chelonae  ATCC 35749 1 + - - - - - - - - 

M. fortuitum ATCC 49404 1 + - - - - - - - - 

M. gastri  ATCC 15754 1 + - - - - - - - - 

M. genavense ATCC51233 1 + - - - - - - - - 

M. gordonae ATCC 14470 1 + - - - - - - - - 

M. hassiacum ATCC 700660 1 + - - - - - - - - 

M. interjectum ATCC 51457 1 + - - - - - - - - 

M. kubicae ATCC 700732 1 + - - - - - - - - 

M. malmoense ATCC 29571 1 + - - - - - - - - 

M. marinum ATCC 927 1 + - - - - - - - - 

M. neoaurum ATCC 25795 1 + - - - - - - - - 

M. nonchromogenicum ATCC 19530 1 + - - - - - - - - 

M. peregrinum ATCC 14467 1 + - - - - - - - - 

M. phlei ATCC 11758 1 + - - - - - - - - 

M. scrofulaceum ATCC 19981 1 + - - - - - - - - 

M. smegmatis ATCC 9108 1 + - - - - - - - - 

M. shimoidei ATCC 27962 1 + - - - - - - - - 

M. szulgai ATCC 35799 1 + - - - - - - - - 

M. terrae ATCC 15755 1 + - - - - - - - - 

M. thermoresistibile ATCC 19527 1 + - - - - - - - - 
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M. triviale ATCC 23292 1 + - - - - - - - - 

M. vaccae ATCC 15483  1 + - - - - - - - - 

M. xenopi ATCC 19250 1 + - - - - - - - - 

            

Non-mycobacterial species            

Acinetobacter baumannii ATCC 196060 1 - - - - - - - - - 

Bacillus subtilis KCTC
c

 3068 1 - - - - - - - - - 

Escherichia coli  
ATCC PTA-4750, 

K1, ATCC 35218 
3 - - - - - - - - - 

Klebsiella pneumoniae ATCC 13883 1 - - - - - - - - - 

Pseudomonas aeruginosa ATCC 47085D-5 1 - - - - - - - - - 

Salmonella enteritidis ATCC 13076 1 - - - - - - - - - 

Salmonella typhimurium ATCC 53648 1 - - - - - - - - - 

Staphylococcus aureus ATCC BAA-1556 1 - - - - - - - - - 

Staphylococcus epidermidis KCTC 1917 1 - - - - - - - - - 

Streptococcus pneumoniae ATCC 49619 1 - - - - - - - - - 

            

Total  55          
a 

ATCC: American Type Culture Collection, Manassas, VA  

b
 CIP: Collection of the Pasteur’s Institute, France 

c 
KCTC: Korean Collection for Type Cultures, Dajeon, South Korea. 
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Table 4. Identification of clinical isolates by standard genotyping and the multiplex PCR assay 

Clinical organism 

No. of  

isolate

s tested 
 

Standard genotyping for 

evaluation 
Isolate origin 

M. tuberculosis  39
a
/28

b
/9

c 

Spoligotyping
a
 , Whole genome 

sequencing
 b
 and commercialized  

real-time PCR method
 c
 

Yonsei University, Wonju, South Korea
a
/ 

International Tuberculosis Research Center 

(ITRC), Changwon, South Korea
b
/ 

Yonsei University College of Medicine, Seoul, 

South Korea
 c
 

M. avium  5
c
/5

d 

MLSA
 c
 and commercialized real-

time PCR method
 b
 

Samsung Medical Center (SMC), Seoul, South 

Korea
 c,.d

 

 

M. intracellulare 5
c
/5

d
 

M. abscessus  5
c
/5

d
 

M. massiliense 5
c
/5

d
 

M. kansasii 5
c
/1

d
 

    

Total 122   

a, b, c ,d 
Superscript in “No. of isolates tested” indicates the number of isolates that were tested using the reference 

diagnostic method with the same superscript in “Standard genotyping for evaluation”. 
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2. Bacterial cultures and DNA preparations 

Mycobacterial culture was carried out as previously described.
79

 Briefly, mycobacteria 

were cultivated in Middlebrook 7H9 liquid medium (pH 6.8, Difco Laboratories, 

Detroit, MI, USA) supplemented with 10% (vol/vol) oleic acid-albumin-dextrose-

catalase (OADC; BD Diagnostics, Sparks, MD, USA) and incubated at 37°C or 30°C. 

Mycobacterial DNA was extracted using the conventional cetyltrimethylammonium 

bromide method following procedures previously described, with slight modifications 

80
. Cultured bacteria were spun down in a centrifuge, resuspended in 500 μl of Tris-

EDTA buffer (10 mM Tris, 1 mM EDTA), and transferred 1.7 ml Eppendorf tube. 

Afterward, 100 μl of lysozyme solutions (10 mg/ml in Tris-EDTA buffer) was added 

and then incubated at 37°C for 24 hr with brief inverting. Following incubation, 100 

μl of 10% SDS solution in pure water and 15 μl of proteinase K (20 mg/mL) were 

added into each tube. The mixture was then briefly inverted and incubated for 3 hr at 

65°C. Subsequently, 100 μl of 5M NACL solution was added and incubated for 10 

min at 65°C, and following the addition of 80 μl of CTAB/NACL and incubated at 

65°C for 20 min. For DNA extraction, 700 μl of chloroform / isoamyl alcohol (24:1) 

was added, inverted tubes for 20 sec, and centrifuged at 12,000 x g for 10 min at RT. 

The resultant upper-clear layer was transferred to a new micro centrifuge tube with 

0.6 volume of isopropanol and inverted. The tubes were then spun down for 1 min at 

14,000 x g. Following, pour off the supernant carefully and air dried for 30 sec, the 

pallet was resuspended in 300 μl of Tris-EDTA buffer or sterile water and incubated at 

55°C for completely dissolving. The DNA was then quantified by a 

spectrophotometer and diluted to 50 to 80 ng/μl used for PCR. 

 

DNA preparations from BACTEC
TM

 MGIT-960 tubes were performed using a Qiagen 

DNeasy blood & tissue kit (QIAGEN, Inc., Valencia, CA, USA) or a simple boiling 

method. 
81
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3. Identification of Mycobacterium species-specific target sequences and primer 

design 

Two analytical strategies were employed for the determination of targets and 

development of the multiplex PCR assay: 1) comparative genomic analysis of MTBC 

and MABC, and 2) bioinformatics analysis of M. avium, M. intracellulare, and M. 

kansasii based on previous studies and data available in the public domain via NCBI 

(http://www.ncbi.nlm.nih.gov/). Comparative genomic analysis was performed to find 

specific target sequences for the MTB Beijing family and MABC strains. M. 

tuberculosis K (GenBank accession no. CP007803.1) was selected as the 

representative MTB strain for the Beijing family
75

 and M. abscessus (accession no. 

CU458896) and M. massiliense (accession no. CIP 108297) as the representative 

MABC strains.
76

 On alignment of the complete genomes of the K and H37Rv ATCC 

27294 strains (accession no. NC_000962), several polymorphic sites were found that 

corresponded to single genes or insertion or deletion regions. The polymorphic 

regions were also compared with those of other strains of the Beijing family 

(including MTB HN878, CCDC5079, CCDC5180, CTRI-4, 210, NCGM2209, R1207 

and X122) and non-Beijing family (including EAI5/NITR206 for lineage 1, 

CAS/NITR204 for lineage 3, CDC1551 and F11 for lineage 4, ATCC 25420 for 

lineage 5, and GM 041182 for lineage 6) from previous publications and clinical 

isolates.
82

 

For MABC-specific target sequences, the M. massiliense complete genome was 

compared with that of the M. abscessus,
76

 and a list of different regions was analyzed 

according to the steps described above. The other sequences (16s rRNA gene,
83

 

rv0577,
83

 RD9,
9
 IS1311, DT1 

79
 and mkan_rs12360 

84
) were based on previous 

publications and bioinformatics analysis.  

 

PCR primers were designed based on each target sequence, using the Vector NTI 

program (Thermo Fisher Scientific, MA, USA), and further analyzed to predict 
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primer-dimer interactions when mixed in a multiplex PCR. Primer design for the 16S 

rRNA gene, rv0577,
83

 RD9 (rv2072c - rv2073c),
9
 and RD750 (rv1519 - rv1520) 

83
 

amplicons was based on the MTB H37Rv ATCC 27294 strain. Primer pairs were 

designed based on the sequences of mtbk_20680 in MTB strain K, IS1311 in M. 

avium (accession no. NC_008595), DT1 in M. intracellulare (accession no. 

NC_016946)
79

, and mkan_rs12360 in M. kansasii (accession no. NC_022663).
84

 

mab_3265c in M. abscessus was formerly referred to as mass_3210, which is a single 

gene specific to M. massiliense. The M. abscessus and M. massiliense target primer 

pair was created using the region flanking mass_3210 (mab_3265c/mass_3209 - 

mab_3266c/mass_3211, Table 3). 

 

4. Cloning of multiplex PCR product for correctness of amplification 

Cloning was conducted in E. coli DH5α. All multiplex PCR products were inserted in 

to the plasmid pGEMT easy vector and sequences-inserted plasmid were analyzed.  

 

5. Multiplex PCR amplification and interpretation criteria of assay 

For amplification, each PCR mixture contained 25 μl of 2x EF-Taq PCR Smart mix 

(Solgent Co., Ltd. Daejeon, South Korea); 9.2 μl of primer mix containing 4 μl of the 

rv0577 primer set, 0.3 μl of the DT1 and mtbk_20680 primer sets, and 1 μl of the 16S 

rRNA, RD9, IS1311, mass_3210, and mkan_rs12360 primer sets (all primer solutions 

in 10 pmol); 2 μl of DNA template; and 12.8 μl of water in a final volume of 50 μl. 

PCR amplification was performed in a S1000 Thermal cycler. Thermocycling 

parameters included an initial denaturation step at 95°C for 10 min, followed by 30 

cycles of 96°C for 45 sec, 61.5°C for 45 sec, and 72°C for 40 sec. The final extension 

step was performed at 72°C for 10 min. After amplification, PCR products were 

analyzed via acrylamide gel electrophoresis on 6% acrylamide gels and stained with 1 

μl of Gel Star (Lonza, Basel, Switzerland) in 50 ml of 1x Tris-borate-EDTA (TBE) 

buffer. The assay products were electrophoresed for 37 min at 120 V in 1x TBE buffer, 

and the gels were visualized under UV light. 
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The multiplex PCR interpretation criteria, which rely on deduction, and their target 

Mycobacterium species are listed in Table 2. Simultaneous amplification of the four 

targets mtbk_20680, RD9, rv0577, and 16s rRNA gene was interpreted as association 

with the MTB Beijing family; amplification of three targets excluding mtbk_20680 

was interpreted as association with MTB non-Beijing family species; and 

amplification of two targets excluding mtbk_20680 and RD9 was interpreted as 

association with MTBC. Amplification of IS1311, DT1, or mkan_rs12360 with the 

16S rRNA gene was interpreted as identifying with M. avium, M. intracellulare, and 

M. kansasii, respectively, and amplification of mass_3210 with the 16S rRNA gene 

was interpreted as identifying with M. abscessus and M. massiliense. Mycobacterium 

species outside the multiplex PCR target species were indicated by observation of 

only 16S rRNA gene amplification (Fig. 1). 

 

6. Optimization of the multiplex PCR assay 

The accuracy (specificity and sensitivity) of the multiplex PCR assay was evaluated 

using the 92 MTB clinical isolates described above (Table 2). The PCR products of all 

clinical strains were confirmed and compared with whole genome sequencing 

spoligotyping and MLSA results.  

 

After the initial evaluation, rv0577 was replaced with RD750. Multiplex PCR 

optimization was then performed in the same PCR amplification conditions as 

described above, with the exception of the primer composition. Specifically, the 

primer mixture (7.6 μl) consisted of 2 μl of RD9; 1 μl of DT1 and RD750; 0.8 μl of 

16S rRNA gene, IS1311, and mass_3210; and 0.6 μl of the mtbk_20680 and 

mkan_rs12360 primer sets (Table 1).  
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Figure 3. A schematic diagram of the multiplex PCR to be developed. Simultaneous amplification of the four targets 16S 

rRNA gene, rv0577, RD9 and mtbk_20680 was interpreted as association with the MTB Beijing family; amplification of three 

targets excluding mtbk_20680 was interpreted as association with MTB non-Beijing family; and amplification of two targets 

excluding mtbk_20680 and RD9 was interpreted as association with MTBC. Amplification of IS1311, DT1, or mkan_rs12360 

with the 16S rRNA gene was interpreted as identifying with M. avium, M. intracellulare, and M. kansasii, respectively, and 

amplification of mass_3210 with the 16S rRNA gene was interpreted as identifying with M. abscessus and M. massiliense. 
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7. Analytical sensitivity of the multiplex PCR 

For estimation of the limit of detection of the optimized multiplex PCR, I tested DNA 

from nine representative Mycobacterium species and lineage strains [M. tuberculosis 

HN878 (Beijing family), M. tuberculosis H37Rv ATCC 27294 (non-Beijing family), 

M. bovis BCG Pasteur 1173P2, M. avium ATCC 700898, M. intracellulare ATCC 

13950, M. abscessus ATCC 19977, M. massiliense CIP 108297, M. kansasii ATCC 

12478, and M. fortuitum ATCC 49404] with serial dilutions ranging from 100 ng to 

0.01 pg per reaction. After amplification, 4 ul of the PCR reactions were loaded onto 

6% acrylamide gels. The detection limit was determined to be the smallest DNA 

quantity that generated the correct band pattern for the targeted Mycobacterium spp.  

 

8. Evaluation of the optimized multiplex PCR assay for clinical applicability  

The multiplex PCR assay was evaluated using DNA extracted from non-homogenized 

artificial sputum, generated as previously described 
85

, that had been spiked with pure 

cultures of the targeted Mycobacterium spp. Mycobacterial DNA was prepared using 

a Qiagen kit as described above. Briefly, l mL of serial dilutions of the pre-determined 

mycobacterial numbers was inoculated into 4 mL of 7H9-OADC broth and 4ml of 

artificial sputum. The final CFUs were adjusted to range from 10 to 10
8 
CFU/sample 

for each tested Mycobacterium species. 

 

To assess applicability to co-infections of MTB and NTM and possible interference in 

PCR reactions, the multiplex PCR was evaluated with mixed DNA from MTB and 

each NTM species. Briefly, the amount of DNA from MTB (HN878 for Beijing 

family and H37Rv for non-Beijing family) was fixed at 0.1 ng/reaction, and DNA 

from each NTM species was added to the multiplex PCR reaction in increasing 

amounts to give MTB DNA:NTM DNA ratios of 0.01 to 500 times.  

 

Finally, the multiplex PCR was evaluated using DNA extracted from 9 MTB and 21 
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NTM BACTEC MGIT-960 cultures of patient sputa in a blinded manner. The 

identification results were compared with those obtained using AdvanSure TB/NTM 

real-time PCR. Since this real-time PCR kit is not able to discriminate between M. 

abscessus and M. massiliense, the presence of erm (41) was tested separately. 
76

 

 

 

III. RESULTS 

 

1. Selection of target genes in major mycobacterial pathogens for development of 

the multiplex PCR assay 

In this study, I designed primer sets to identify major mycobacterial species or strains 

in the following order: 1) discriminate pan-mycobacterial from non-mycobacterial 

species, 2) discriminate between MTBC and NTM species in mycobacteria, 3) 

differentiate MTB from other MTBC species as well as identify the five major NTM 

species and subspecies (M. avium, M. intracellulare, M. abscessus, M. massiliense, 

and M. kansasii), and 4) identify MTB Beijing family strains, which comprise the 

major MTB genotype. 

 

Eight primer sets were used to develop the multiplex PCR assay, with each primer set 

targeting a specific locus (Table 3, sets 1-8). I identified two primer sets (mtbk_20680 

and mass_3210) by comparative genome analysis (Fig. 2); the remaining specific 

primer sets, including the pan-mycobacterial 16S rRNA set, and sets for rv0577, RD9, 

IS1311, DT1, and mkan_rs12360, were reconstructed based on previous publications 

and reference sequences obtained from NCBI (http://www.ncbi.nlm.nih.gov/) 

followed by bioinformatics analysis as described in Materials and Methods section. 

  

http://www.ncbi.nlm.nih.gov/
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Table 5. Primers used in the multiplex PCR assay according to target Mycobacterium species 

Set Genetic target Primer sequences
1

 (forward/reverse)
 

Target organism(s) Expected product size 

1 16S rRNA gene  5' GAGATACTCGAGTGGCGAAC 3' All mycobacterial species 506 bp 

 
 

5' CAACGCGACAAACCACCTAC 3' 
 

 

2 rv0577 5' ATGCCCAAGAGAAGCGAATACA 3' All M. tuberculosis complex  705 bp 

 
 

5' AATGTCAGCCGGTTCCGCAA 3' 
 

 

3 RD9 5' GTGTAGGTCAGCCCCATCC 3' M. tuberculosis 369 bp 

 
 

5' GTAAGCGCGTGGTGTGGA 3' 
 

 

4 mtbk_20680 5' TTATGCCAGAAATACACCCGCG 3' M. tuberculosis Beijing family  231 bp 

 
 

5' AATCGCGGGCTTGTGGCTAC 3' 
 

 

5 IS1311 5' TCGATCAGTGCTTGTTCGCG 3' M. avium complex  600 bp 

 
 

5' CGATGGTGTCGAGTTGCTCT 3' 
 

 

6 DT1 5' AAGGTGAGCCCAGCTTTGAACTCCA 3' M. intracellulare 106 bp 

 
 

5' GCGCTTCATTCGCGATCATCAGGTG 3'                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            

7 mass_3210 5' GCTTGTTCCCGGTGCCACAC 3' M. abscessus 310 bp 

 
 

5' GGAGCGCGATGCGTCAGGAC 3' M. massiliense 1145 bp 

8 mkan_rs12360 5' ACAAACGGTGTGTCGCAATGTGCCA 3' M. kansasii 199 bp 

  5' TGTCGAGCAGACGTTCCAGGACGGT 3'   

9
 

RD750
  

5' TTGCACAGCTTGGCGACGAAT 3' M. tuberculosis complex 865 bp 

  5' ATGGCCTCGTGTCTCCCAAAACT 3' (excluding Central Asia Strain)  
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1

All primers were newly designed for this study, with the exception of the RD9 

primer pair.
9
  

2 
Primer sets 1 - 8 were used for the first multiplex PCR assay; set 9 was used in the 

second multiplex PCR assay for optimization of CAS detection. 
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Figure 4. Specific genes conserved in (A) the M. tuberculosis Beijing family and (B) 

M. massiliense. (A) I compared the M. tuberculosis H37Rv (non-Beijing family, 

GenBank accession no. NC_000962) genome with the M. tuberculosis strain K 

(Beijing family, accession no. CP007803.1) genome. The region from mtbk_20620 to 

mtbk_20700 was an inserted gene cluster specific to M. tuberculosis K. (B) On 

alignment of the complete genomes of M. abscessus (accession no. CU458896) and M. 

massiliense (accession no. CIP 108297), one gene (mass_3210) was found that could 

discriminate between M. abscessus and M. massiliense. 
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16S rRNA gene (for detection of all mycobacteria): For pan-detection of the genus 

Mycobacterium, I selected a consensus nonpolymorphic region of the 16S rRNA gene 

from six target mycobacterial species and subspecies (MTB, M. avium, M.  

intracellulare, M. abscessus, M. massiliense, and M. kansasii).
83

 This consensus 

region can be used as a positive control when testing for the presence of mycobacteria 

by the multiplex PCR.  

 

rv0577 (for discrimination of MTBC from NTM): IS6110, a marker commonly used 

to define MTBC, was reported to be absent from some MTB and to be present in 

some NTM strains.
86

 Therefore, rv0577 was chosen as the genotypic maker for the 

MTBC. rv0577 is an MTBC-restricted gene and was thus used to discriminate MTBC 

from NTM species.
83

  

 

RD9 (for identification of MTB in MTBC): RD9 corresponds to the intergenic region 

between rv2072c and rv2073c. This sequence is unique to MTB and is absent from all 

other MTBC members (except for M. canettii)and from NTM species. Thus, selective 

amplification of this region is considered to be indicative of MTB.
9
  

 

mtbk_20680 (for identification of strains of the Beijing family of MTB): Based on a 

comparative genomic analysis of M. tuberculosis K (MTB Beijing family) and H37Rv 

(MTB non-Beijing family), five MTB K-specific gene clusters were identified (data 

not shown). One of these regions was completely conserved in all reference strains of 

the MTB Beijing family but was absent from MTB non-Beijing family strains. This 

region, which corresponds to mtbk_20620 – mtbk_20700 (Fig. 2A), contains nine 

genes, including: the proline-glutamic acid family gene mtbk_20640, encoding a 

mycobacteria-specific virulence factor; the tuf gene mtbk_20680, encoding the iron-

regulated elongation factor Tu; and various hypothetical proteins. Based on an 

alignment of all MTB Beijing clinical isolate genome sequences, the region of 

mtbk_20680, the most highly conserved sequence without polymorphisms, were used 
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as the specific molecular target to identify the MTB Beijing family. 

 

IS1311 and DT1 (for identification of M. avium and M. intracellulare): IS1311 and 

DT1 are insertion elements harboring transposase genes in M. avium and M. 

intracellulare, respectively. Although transposase genes are known to be unstable, 

IS1311 and DT1 are consistently associated with M. avium and M. intracellulare.
79

 

Thus, selective amplification of these regions is considered to indicate M. avium and 

M. intracellulare, respectively, although some exceptions exist. 

 

mass_3210 (for identification of M. abscessus and M. massiliense): Using whole 

genome sequence analysis, I previously discovered specific genes that potentially 

discriminate between MABC species.
76

 Among these specific genes, mass_3210 (879 

bp) is specific to M. massiliense and is located between mass_3209 and mass_3211, 

which correspond to mab_3265c and mab_3266c, respectively, in the M. abscessus 

genome. This insertion gene region could be used to differentiate M. abscessus from 

M. massiliense by designing primers to sites flanking mass_3210, i.e., to positions in 

mab_3265c/mass_3209 and mab_3266c/mass_3211 (Fig. 2B). 

 

mkan_rs12360 (for identification of M. kansasii): Before whole genome sequence of 

M. kansasii was published, p6123 was used as the specific DNA probe to identify M. 

kansasii. In addition, this sequence has also been used as a marker to detect the major 

types I and II of M. kansasii, which cause human disease.
84

 The alignment analysis in 

our current study revealed that M. kansasii-specific sequence cloned into p6123 

corresponds to the region of the mkan_rs12360. In this study, thus, the M. kansasii-

specific primers were designed based on the most highly conserved sequence without 

polymorphisms in mkan_rs12360.  

 

2. Multiplex PCR design Multiplex PCR design and interpretation 

The assay utilizes an eight-target multiplex PCR, and the presence of specific 
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amplicons is readily visualized on 6% acrylamide gels. The sizes of the resulting PCR 

products and the groups they identify are as follows: a 506 bp amplicon specific to the 

16S rRNA gene for all mycobacteria; a 705 bp amplicon specific to rv0577 for MTBC 

species; a 369 bp amplicon specific to RD9 for MTB; a 231 bp amplicon specific to 

mtbk_20680 for the MTB Beijing family; a 600 bp amplicon specific to IS1311 for 

MAC; a 106 bp amplicon specific to DT1 for M. intracellulare; a 310 bp amplicon 

and a 1145 bp amplicon specific, respectively, to mass_3210 for M. abscessus and M. 

massiliense; and a 199 bp amplicon specific to mkan_rs12360 for M. kansasii (Table 

1 and Fig. 2). For preliminary testing of the multiplex PCR, I included the eight main 

Mycobacterium species and also used one NTM species (M. fortuitum) and one non-

mycobacterial species (Escherichia coli) as negative controls. No non-specific 

amplification bands were seen in any of the multiplex PCR products, and the assay 

correctly identified the reference strains, as shown in Fig. 3 and Table 4. 

 

3. Sequencing the multiplex PCR products 

To confirm the amplification of each PCR products in the target locus by multiplex 

PCR, T vector cloning and sequencing were performed (Fig. 4). The sequencing 

results were compared to the reference locus sequences using a program called Align 

X (Thermo Fisher Scientific, MA, USA). 
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Figure 5. Representative multiplex PCR results from the initial design for the 

reference strains. Lane M, molecular size marker; lane 1, M. tuberculosis HN878 

(Beijing family); lane 2, M. tuberculosis H37Rv ATCC 27294; lane 3, M. bovis BCG 

Pasteur 1173P2; lane 4, M. avium subspecies. hominissuis 104; lane 5, M. 

intracellulare ATCC 13950; lane 6, M. abscessus ATCC 19977; lane 7, M. 

massiliense CIP 108297; lane 8, M. kansasii ATCC 12478; lane 9, M. fortuitum ATCC 

49403; and lane 10, Escherichia coli DH5α. 
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Table 6. Interpretation criteria for the multiplex PCR results 

Target identification 

Criterion 
No. of 

bands 16S 

rRNA 
rv0577 RD9 

mtbk_ 

20680 
IS1311 DT1 

mass_ 

3210 

mkan_ 

rs12360 

M. tuberculosis Beijing family  + + + + - - - - 4 

M. tuberculosis non-Beijing family  + + + - - - - - 3 

M. tuberculosis complex  + + - - - - - - 2 

M. avium  + - - - + - - - 2 

M. intracellulare + - - - - + - - 2 

M. abscessus  + - - - - - + - 2 

M. massiliense + - - - - - + - 2 

M. kansasii + - - - - - - + 2 

Mycobacterial species other than the 

target organisms 
+ - - - - - - - 1 

Nonmycobacterial species  - - - - - - - - 0 
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Figure 6. The results of alignment between the multiplex PCR products and reference 

locus sequences. (A) The PCR product of 16s rRNA gene targeting pan-

mycobacteria (B) rv0577 targeting MTBC, (C) RD9 targeting MTB, (D) 

mtbk_20680 targeting MTB Beijing family, (E) IS1311 targeting M. avium, (F) DT1 

targeting M. intracellulare, (G) and (H) mab_3256c targeting M. abscessus and M. 

massiliense by products size (I) mkan_12360 targeting M. kansasii and (J) RD750 

targeting MTBC except to CAS lineage were aligned and compared. Polymorphism 

existed but amplified at the correct sequence without affecting the PCR 

product size. 
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4. Development and Evaluation of the first multiplex PCR 

In this study, a total of 134 strains including 94 clinical isolates (69 MTB and 25 

NTM) and 40 reference strains (4 MTBC, 2 MTB, 34 NTM and one non-

mycobacterial species) were used for evaluation. Clinical isolates were previously 

performed WGS (28 MTB, Fig. 5A), spoligotyping (38 MTB, Table 5), both methods 

(only 0B67 isolate) and Multi-locus sequence (MLSA, 25 NTM, data not shown) for 

comparison with our multiplex PCR (all isolates). Among 54 isolates (performing 

NGS and MLSA), 22 Beijing family and 7 non- Beijing family were in MTB clinical 

isolates and five each of M. avium, M. intracellulare, M. abscessus, M. massiliense, 

and M. kansasii were found in the NTM clinical isolates (Fig. 5 and Fig. 6). In 

comparison with the multiplex PCR, only one sample (MTB067) was ambiguous 

matching for making a correct decision whether MTB067 is Beijing family or not. 

Therefore, I performed additionally spoligotyping to it (Table 5). Other clinical 

isolates were equally matched. 

 

A total of 39 MTB clinical isolates (including MTB067 to confirm the lineage) were 

analyzed by spoligotyping. They were divided in 25 Beijing family and 14 non-

Beijing (Table 5 and the multiplex PCR data were not shown). In these results, 

MTB067 and 0A077 were mismatched in detection range of our multiplex PCR assay. 

Compared with our multiplex PCR results, all clinical isolates except two (MTB067 

and 0A077) were correctly matched. According to standard genotyping (Table 5), the 

MTB067 and 0A077 isolates belong to the MTB Central Asia Strain (CAS) lineage 

(lineage 3), which is a non-Beijing family of MTB. However, they were misidentified 

as members of the MTB Beijing family (lineage 2 of MTB) by displaying the positive 

amplicon for mtbk_20680 in the initial design. The MTB Beijing genotype and CAS 

family are major lineages in Asian countries but occupy different geographical 

locations.
87

 In addition, they are closer on the nucleotide level than other MTB 
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lineages when observed by spoligotyping. When using spoligotype-based lineage 

identification, MTB Beijing family isolates are sometimes classified as belonging to 

MTB CAS, which is characterized by the deletion of spacers 33-36 
8,22,32

. Although I 

wanted to increase the number of isolates to better evaluate the potential of our assay 

to discriminate between MTB CAS and MTB Beijing family strains in clinical 

isolates, I could not obtain more CAS isolates.  
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Figure 7. 29 clinical isolates were performed WGS and the multiplex PCR for 

comparing genotyping result. (A) A phylogenetic tree of 29 clinical isolates and 

reference strains based on whole genome sequencing analysis. All clinical isolates, 

with the exception of MTB067, exactly cluster in comparison with results from the 

multiplex PCR. MTB067 appeared to be MTB Beijing family in phylogenetic tree. It 

is ambiguous clustering for making a correct decision whether MTB067 is MTB 

Beijing family or not. Therefore, I performed additionally spoligotyping to it (Table 

S1). (B) The numbers are the strains number of the MTB clinical isolates classified 

before whole genome sequencing shown in Fig. 5A. Underline indicates one 

exception outside Beijing genotype in comparison with results from spoligotyping. 

Except MTB067, all isolates were correctly amplified with the multiplex PCR. 
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Figure 8. Multiplex PCR results for nontuberculous mycobacteria (NTM) clinical 

isolates previously classified by multi-locus sequence analysis (MLSA, data not 

shown). Since the first and second primer sets for detecting NTM are identical, the 

band patterns and product sizes are also identical. All target NTM species yield a 506 

bp amplicon for 16s rRNA gene. Each NTM species also yields an amplicon specific 

to one of the target NTM species. 
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Table 7. Spoligotyping results of 39 clinical isolates of Mycobacterium tuberculosis 

No. Sample ID Spoligotype profile
a 

SIT No.
b 

Clade 

1 0A061 □□□□□□□□□□□□□□□□□□□□□□□□□□□□□□□□□□■■■■■■■■■ 1 Beijing 

2 0A068 □□□□□□□□□□□□□□□□□□□□□□□□□□□□□□□□□□■■■■■■■■■ 1 Beijing 

3 0A070 □□□□□□□□□□□□□□□□□□□□□□□□□□□□□□□□□□■■■■■■■■■ 1 Beijing 

4 0B033 □□□□□□□□□□□□□□□□□□□□□□□□□□□□□□□□□□■■■■■□■■■ 190 Beijing 

5 0B061 □□□□□□□□□□□□□□□□□□□□□□□□□□□□□□□□□□■■■■■■■■■ 1 Beijing 

6 0B078 □□□□□□□□□□□□□□□□□□□□□□□□□□□□□□□□□□■■■■■■■■■ 1 Beijing 

7 0B156 □□□□□□□□□□□□□□□□□□□□□□□□□□□□□□□□□□■■■■■■■■■ 1 Beijing 

8 0B166 □□□□□□□□□□□□□□□□□□□□□□□□□□□□□□□□□□■■■■■■■■■ 1 Beijing 

9 0B175 □□□□□□□□□□□□□□□□□□□□□□□□□□□□□□□□□□■■■■■■■■■ 1 Beijing 

10 0B292 □□□□□□□□□□□□□□□□□□□□□□□□□□□□□□□□□□■■■■■■■■■ 1 Beijing 

11 0A049 □□□□□□□□□□□□□□□□□□□□□□□□□□□□□□□□□□■■■■■■■■■ 1 Beijing 

12 0A062 □□□□□□□□□□□□□□□□□□□□□□□□□□□□□□□□□□■■■■■■■■■ 1 Beijing 

13 0A069 □□□□□□□□□□□□□□□□□□□□□□□□□□□□□□□□□□■■■■■■■■■ 1 Beijing 

14 0A078 □□□□□□□□□□□□□□□□□□□□□□□□□□□□□□□□□□■■■■■■■■■ 1 Beijing 

15 0A081 □□□□□□□□□□□□□□□□□□□□□□□□□□□□□□□□□□■■■■■■■■■ 1 Beijing 

16 0A085 □□□□□□□□□□□□□□□□□□□□□□□□□□□□□□□□□□■■■■■■■■■ 1 Beijing 

17 0B024 ■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■□□□□■■■■■■■ 53 T1 

18 0B059 □□□□□□□□□□□□□□□□□□□□□□□□□□□□□□□□□□■■■■■■■■■ 1 Beijing 

19 0B074 □□□□□□□□□□□□□□□□□□□□□□□□□□□□□□□□□□■■■■■■■■■ 1 Beijing 

20 0B087 □□□□□□□□□□□□□□□□□□□□□□□□□□□□□□□□□□□□■■■□■■■ 406 Beijing 

21 0A063 ■■■■■■■■■■■■■■■■■■■■■□□□□■■■■■□□□□□□□□□□□□□ none - 
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22 0A066 ■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■□□□□■■■■■■■ 53 T1 

23 0A075 ■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■□□□□■■■■■■■ 53 T1 

24 0A077 ■■■□□□□■■■■■■■■■■■■■■■□□□□□□□□□□□□□□□■■■■■■ 486 CAS 

25 0A174 ■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■□□□□■■■■■■■ 53 T1 

26 0B029 ■■■■■■■□■■■■■□□□□□□□□□□□■■■■■■■■□□□□■■■■■■■ none - 

27 0B081 ■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■□□□□■■■■■■■ 53 T1 

28 0B163 ■■□■□□□□□□□□□□□□■■□■■■■■■■■■■■■■■■■■■■■■■■■ none - 

29 0B164 ■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■□□□□■■■■■■■ 53 T1 

30 0B168 ■■■■■■■■■■■■□■■■■■■■■■■■■■■■■■■■□□□□■■■□□□□ 505 T3 

31 0B019 ■■□■■■□■■■■■■■■■■■■■■■■■■■■■■■■■□□□□■■■□■■■ none - 

32 0B023 □□□□□□□□□□□□□□□□□□□□□□□□□□□□□□□□□□■■■■■□■■■ 190 Beijing 

33 MTB067
 

■■■□□□□■■■■■■■■■■■■■■■□□□□□□□□□□□□■■■■■■■■■ 26 CAS-Delhi 

34 M #2 ■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■□□□□■■■■■■■ 53 T1 

35 M #7 □□□□□□□□□□□□□□□□□□□□□□□□□□□□□□□□□□■■■■■□■■■ 190 Beijing 

36 M #11 □□□□□□□□□□□□□□□□□□□□□□□□□□□□□□□□□□■■■■■■■■■ 1 Beijing 

37 M #12 □□□□□□□□□□□□□□□□□□□□□□□□□□□□□□□□□□■■■■■■■■■ 1 Beijing 

38 M #20 □□□□□□□□□□□□□□□□□□□□□□□□□□□□□□□□□□■■■■■□■■■ 190 Beijing 

39 M #23 □□□□□□□□□□□□□□□□□□□□□□□□□□□□□□□□□□■■■■■■■■■ 1 Beijing 
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All 177 clinical and reference strains were correctly identified at the lineage and 

species level with the multiplex PCR, except in the two cases. Assay results 

demonstrated 100% sensitivity and 97.0% specificity for MTB. In addition, both 

MTBC and NTM revealed 100% sensitivity and 100% specificity, respectively. 

 

5. Optimization of the multiplex PCR assay 

Based on our in silico analysis system, the CAS/NITR 204 strain, which was used a 

reference strain for the MTB CAS lineage,
82

 did not have the MTB Beijing-specific 

gene cluster mtbk_20620 – mtbk_20700. However, spoligotyping results (Table 5) 

identified MTB067 and A077 as belonging to the MTB CAS lineage, which 

conflicted with results obtained by the multiplex PCR assay. Therefore, I reorganized 

and reoptimized the multiplex PCR assay to better differentiate the MTB Beijing 

family from other MTB lineages.  

 

To identify MTB CAS exceptions, I replaced the rv0577 primer pair with another one 

that could discriminate between MTBC and NTM and could also distinguish MTB 

CAS from other MTB lineages. The target gene region was RD750 (rv1519 - rv1520), 

which is an MTB CAS-specific deletion.
87

 The predicted PCR product size was 865 

bp (Table 3). Optimization results for the multiplex PCR assay are shown in Fig. 7 

and Table 6. I compared clinical MTB isolate results of the first multiplex PCR with 

those of the second multiplex PCR (Fig. 8). If the PCR outcome yielded amplicons of 

506 bp (16S rRNA gene) and 369 bp (RD9) in the optimized PCR assay, I concluded 

that the sample was of the MTB CAS lineage, as like CAS/NITR 204, and it did not 

have the MTB Beijing family-specific region. With the exception of rv0577, the 

compositions of the first and second primer sets for detecting NTM were exactly the 

same, so the band pattern and product sizes were also the same (Fig. 6). ). In addition, 

we tested the specificity of our primers for mycobacterial 16S rRNA against 10 non-

mycobacterial species (12 strains), and none of the tested bacteria produced detectable 

amplicons in the multiplex PCR reaction (Table 3). This optimization assay 
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demonstrated 100% sensitivity and 100% specificity for MTB. In addition, the assay 

yielded 100% sensitivity and 100% specificity for both MTBC and NTM.  

 

Next, we examined the limit of detection for the optimized multiplex PCR using 

serially diluted DNA from the targeted Mycobacterium spp. (Fig. 9). The analytical 

sensitivity of the PCR ranged from 1 to 10 pg for all tested Mycobacterium spp., 

which is considered to be approximately equivalent to 10
3
 to 10

4
 CFU of 

mycobacteria (Fig. 9). 
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Figure 9. Representative multiplex PCR results after optimization to discriminate 

between the M. tuberculosis Beijing family and CAS lineage. The rv0577 primer set 

was replaced with the RD750 primer set in the multiplex PCR assay to discriminate 

between the M. tuberculosis Beijing and CAS lineage. Lane M, molecular size marker; 

lane 1, M. tuberculosis HN878 (Beijing family); lane 2, M. tuberculosis H37Rv (non-

Beijing family); lane 3, MTB067 (CAS clinical strain); lane 4, 0A077 (CAS clinical 

strain); lane 5, M. bovis BCG Pasteur 1173P2; lane 6, M. africanum ATCC 25420; 

lane 7, M. avium subspecies. hominissuis 104; lane 8, M. intracellulare ATCC 13950; 

lane 9, M. abscessus ATCC 19977; lane 10, M. massiliense CIP 108297; lane 11, M. 

kansasii ATCC 12478; lane 12, M. fortuitum ATCC 49403; and lane 13, Escherichia 

coli DH5α. 

 



66 

    

Table 8. Interpretation criteria for the optimized multiplex PCR results 

Identification 

Criterion 

No. of 

bands 
16S 

rRNA 

gene  

RD750
1
 RD9 

mtbk_ 

20680 
IS1311 DT1 

mass_ 

3210 

mkan_ 

rs12360 

M. tuberculosis HN878 + + + + - - - - 4 

M. tuberculosis H37Rv + + + - - - - - 3 

MTB067
2
 + - + + - - - - 3 

0A077
2
 + - + + - - - - 3 

M. bovis BCG + + - - - - - - 2 

M. africanum  + + - - - - - - 2 

M. avium  + - - - + - - - 2 

M. intracellulare + - - - - + - - 2 

M. abscessus  + - - - - - + - 2 

M. massiliense + - - - - - + - 2 

M. kansasii + - - - - - - + 2 
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M. fortuitum
3
 + - - - - - - - 1 

Escherichia coli  - - - - - - - - 0 

1 
RD750 was used in place of rv0577 to discriminate between CAS and Beijing family  

2 
Two clinical isolate exceptions (CAS) in the first multiplex PCR assay.

   
 

3 
M. fortuitum was used as the representative template of another NTM species. 



68 

    

 

Figure 10. Comparison of the second set of multiplex PCR results of M. tuberculosis 

clinical isolates with the first set of multiplex PCR results. All M. tuberculosis clinical 

strains had previously been analyzed by spoligotyping. Six M. tuberculosis Beijing 

family strains, two M. tuberculosis CAS lineage strains, and six M. tuberculosis non-

Beijing family strains were selected. (A) The first set of multiplex PCR results 

compared with the second set of multiplex PCR results. (B) The second set of 

multiplex PCR results, corresponding to the evaluation of MTB clinical isolates. 

These primer sets could discriminate M. tuberculosis Beijing family strains, M. 

tuberculosis CAS lineage strains, and M. tuberculosis non-Beijing family strains (with 

the exception of the M. tuberculosis CAS lineage) in M. tuberculosis. 
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c 
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Figure 11. Representative sensitivity results of the first and the second multiplex PCR 

after optimization. Sensitivity of strains targeted by multiplex PCR was determined 

by genomic DNA. Generally, the amount of DNA was required to be more than 0.05 

ng, (A) Representative sensitivity results of the first multiplex PCR and template was 

HN878 which belongs to Beijing family. (B) ~ (J) Sensitivity results of the second 

multiplex. 

 

 

 

 

 

 

 

 
Table 9. Sensitivity results based on genomic DNA concentration of the multiplex 

PCR after optimization  

Multiplex PCR target mycobacteria strains Genomic DNA conc. 

M. tuberculosis Beijing family ≥ 0.05 ng 

M. tuberculosis non-Beijing family ≥ 0.1 ng 

M. tuberculosis complex ≥ 0.05 ng 

M. hominissuis ≥ 0.05 ng 

M. intracellulare ≥ 0.005 ng 

M. abscessus ≥ 0.01 ng 

M. massiliense ≥ 0.01 ng 

M. kansasii ≥ 0.005 ng 

M. fortuitum (for other NTM) ≥ 0.001 ng 
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6. Evaluation of the optimized multiplex PCR for clinical applicability 

We further investigated whether the multiplex PCR assay can be employed in a 

clinical setting by using a pre-determined number of the targeted Mycobacterium spp. 

The sensitivity of the multiplex PCR using DNA directly extracted from 10
2
 to 10

7
 

mycobacteria was compared with that using DNA extracted from the same number of 

mycobacteria mixed with non-homogenized artificial sputum samples (Fig. 10). 

Consistent with the results of analytical sensitivity (Fig. 9), DNA directly extracted 

from 10
3
 to 10

4
 mycobacterial cells in pure culture was detectable, whereas 10-fold 

more mycobacteria (ranging from 10
4
 to 10

5
) was required for the multiplex PCR 

detection with non-homogenized artificial sputum samples (Fig. 10). Next, in a 

blinded manner, we clinically evaluated the assay using 30 sputum sample cultures 

grown in mycobacteria growth indicator tubes (MGIT) by comparing the results with 

those obtained with a commercial real-time PCR assay. The multiplex PCR showed 

100% identification agreement with the commercial assay (Fig. 11). 

 

Next, we investigated whether the multiplex PCR assay could accurately identify 

MTB in the presence of NTM, an important consideration when TB patients are also 

infected with NTM. In this experiment, the amount of MTB DNA was fixed to 100 pg 

and then mixed with 100-fold lower to 100-fold greater amounts of DNA from NTM 

species (Fig. 11). Not only could the multiplex PCR assay differentially detect each 

Mycobacterium spp., but there was also no interference in detection except when 

DNA from the MTB Beijing strain was mixed with excess DNA from M. 

intracellulare (more than 10-fold greater amount) (Fig.11).  
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Figure 12. Measurement of the multiplex PCR sensitivity based on number of bacteria in homogenized pure culture and non- 

homogenized artificial sputum. For left panels from (A) to (F), DNA was extracted from the purely cultured bacteria purely. For 

right panels from (G) to (L), DNA was extracted from bacteria that were mixed with non- homogenized artificial sputum. The 

abscissa represents the number of bacteria per ml.  
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Figure 13. Multiplex PCR assay with MTB and NTM cultured in BACTEC MGIT-960 from patient sputa. Species were 

previously identified by AdvanSure
 
TB/NTM real-time PCR. (A) Results of the multiplex PCR assay with MTB. (B) Results of 

the multiplex PCR assay with NTM. Result of the multiplex PCR assay showed 100% agreement with the commercial real-time 

PCR assay. 
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Figure 14. Test for interference between M. tuberculosis (non-Beijing family and 

Beijing family) and each five NTM species. PCR reactions contained 0.1 ng of M. 

tuberculosis DNA [(A) – (E) non-Beijing family and (F) – (J) Beijing family] mixed 

with NTM DNA amounts ranging from 100 times to 0.01 times of the amount of 

MTB DNA (numbers written in abscissa indicate fold). Except for (C), (G) and (J) 

results, M. tuberculosis was detectable by the multiplex PCR even at NTM amounts 

of 100 times or more.  
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IV. DISCUSSION 

 

The development of a method for efficiently and differentially identifying MTBC and 

the major NTM organisms causing human disease has the potential to greatly aid the 

control of mycobacterial infections. Most importantly, the increased possibility for 

accurate and early identification of specific species or subspecies can improve patient 

management, decisions on therapeutic regimens, and public health. In the present 

study, I developed a simple and effective one-step multiplex PCR assay that enables 

the differential identification of medically important Mycobacterium species as well 

as subspecies/members of the major mycobacterial complex, including MTBC, MAC, 

and MABC. The specific aims of the assay were to 1) detect all Mycobacterium 

species, 2) differentiate between MTBC and NTM, 3) differentiate between MTB and 

MTBC, 4) selectively identify the MTB Beijing family among MTB members, and 5) 

simultaneously identify five clinically important NTM species causing lung disease. 

 

In clinical laboratories, various methods for identifying Mycobacterium species have 

been introduced over the past decades.
88

 Biochemical tests and high-performance 

liquid chromatography have been surpassed by molecular techniques as the methods 

of choice for discriminating the species of this genus. Molecular techniques, including 

restriction fragment length polymorphism analysis, spoligotyping, variable number 

tandem repeat assays, PCR-based assays, and whole genome sequencing,
17

 have been 

used to detect and identify mycobacterial species. These techniques reduce the 

turnaround time for the results to be reported, thereby enabling the acceleration of 

treatment decisions according to the etiologic species.
17,89-91

 Multiplex PCR assays for 

the identification of specific groups of mycobacteria by mainly focusing on MTBC 

and MAC have been developed and evaluated.
9,25,79,83,91

 However, although several 

multiplex PCR systems have already been commercialized and introduced into 

laboratories,
25,92,93

 to the best of our knowledge, there are no one-step multiplex PCR 
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assays capable of simultaneously discriminating various clinically important major 

Mycobacterium species. Moreover, established PCR assays also normally require two 

PCR steps to distinguish the mycobacterial isolates to the species and/or subspecies 

level.
18,94

 

In this study, I developed a new multiplex PCR assay that simultaneously targets 

major Mycobacterium species causing human disease with a broad detection range. 

Insertion or deletion regions specific to each species of Mycobacterium provided 

meaningful markers for their identification. All primers, except for RD9, were newly 

designed and optimized for development of the multiplex PCR assay in this study.  

 

For verification of mycobacterial identification, amplification of the 16S rRNA gene 

served as an internal control.
83

 Then, based on rv0577, I classified all tested 

mycobacteria as either MTBC or NTM. In general, rv0577 and IS6110 are used to 

detect MTBC.
19,83

 IS6110 contains a transposase gene and can be distributed 

throughout the whole MTBC genome, but some MTBC strains have few or no copies 

of this element,
19

 and therefore, rv0577 may be a more reliable target than IS6110. 

RD9 (rv2072c – rv2073c) can be used to differentiate MTB from the other MTBC 

species 
9
 because it is deleted from all MTBC species except MTB. Our assay also 

includes primer sets for five target NTM genes: IS1311 for M. avium, DT1 for M. 

intracellulare, mass_3210 for M. abscessus and M. massiliense, and mkan_rs12360 

for M. kansasii. In addition, mass_3210 is newly employed in this study, and all of the 

NTM-targeting primer sets have been used as reliable markers for their corresponding 

species. Lastly, mtbk_20680 is used to target the MTB Beijing family, one of the 

major genotypes of MTB. 

 

The data presented here suggest several limitations of this multiplex PCR assay. First, 

two MTB clinical isolates belonging to the CAS lineage were identified as belonging 

to the MTB Beijing family by mtbk_20680 detection. Of note, the CAS lineage and 
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Beijing family are much closer by SNP type and spoligotyping than other lineages. 

For example, the MTB CAS lineage belongs to principal genetic group 1 (PGG1) and 

Cluster II, which includes the East-Africa-Indian and East-Asian lineages.
87

 PGG1 

strains usually share spacers 35 and 36, which are lacking in other strains, and the 

MTB CAS lineage and MTB Beijing family have much more overlapping SNPs than 

other lineages. Therefore, these lineages are sometimes classified into the same or 

similar genotype family.
87

 It has also been reported that pseudo-Beijing strains harbor 

the Beijing spoligotyping patterns, but these strains have smaller deletions in RD207 

than those of true Beijing strains.
95

 Since little genome data have been published for 

the CAS lineage, I selected mtbk_20680 based on genomic analysis of CAS/NITR204 

for lineage 3, which belongs to PGG1. Genome information for this lineage is only 

available among CAS lineages in the public databases. In addition, one CAS strain 

was allocated to the Beijing family when its whole genome sequence was analyzed by 

average nucleotide identity (data not shown), whereas this strain demonstrated CAS 

patterns in spoligotyping assays. Thus, mtbk_20680 is uniquely conserved in the 

Beijing lineage and in CAS strains genetically close to the Beijing family; the 

mtbk_20680-associated cluster may be useful for understanding evolutionary 

processes and in epidemiological study of the Beijing lineage and its related genotype.  

 

A second limitation of our multiplex PCR assay is its inability to differentiate 

M. canettii from the MTB Beijing family. However, although the multiplex 

PCR pattern was identical between M. canettii and the MTB Beijing family 

(data not shown), M. canettii is extremely rare in human cases, with most 

cases found in the Horn of Africa, and it displays a distinct smooth 

morphotype 
11

 that can also be used to aid identification. M. canettii is 

considered a phylogenetic prototype of MTBC and evolutionally located 

outside the main subspecies of MTBC 
11

. For these reasons, clinical 

identification of M. canettii is ruled out occasionally when developing 
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molecular diagnostic tests for Mycobacterium spp. 
11,14

 

 

Third, IS1311 and DT1 are reliably found in M. avium and M. intracellulare, 

respectively, with only one exception reported.
79

 IS1311 alone may be not enough to 

classify all isolates to the MAC subspecies level. Although M. avium subspecies 

hominissuis is the major member of the MAC that infects humans, other MAC 

subspecies (including M. avium subspecies avium and M. avium subspecies 

paratuberculosis), which generally cause animal disease, can also cause human 

disease.
79

 Recently, Kim et al. reported that, although DT1 is thought to be specific to 

M. intracellulare, it has occasionally been observed in M. avium. Since this element is 

mobile by nature, it is possible to find this element in related or unrelated bacteria.
96

 

Thus, strains known to be exceptions should be tested using our multiplex PCR 

assay. , M. massiliense and M. bolletii were recognized as the same species. However, 

M. bolletii was recently reported to have an independent taxonomic status from M. 

massiliense.
97

 Although M. bolletii is an MABC that rarely causes human disease, it 

would be preferable if the multiplex PCR contained a marker to discriminate these 

three subspecies within the MABC, including M. bolletii. 

 

Fourth, mixed infection of MTB and NTM is difficult to diagnose in clinical 

practice.
98

 Our multiplex PCR assay has the advantage of being able to detect mixed-

infection cases, including MTB and NTM. However, it is difficult to discriminate 

coinfections with MTB Beijing family and non-Beijing family, since the multiplex 

PCR assay results are obtained by visual readout.  

 

Fifth, for the intitial evaluation of the optimized multiplex PCR assay, I used high-

quality DNA manually prepared from carefully controlled cultures of each of the five 

clinical isolates of NTM species and subspecies and MTBC. Although the multiplex 

PCR was able to identify MGIT cultures even after a crude DNA preparation method 

such as boling, further testing is required to determine its suitability for identifying 
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species directly in human sputum samples. 

Nevertheless, additional advantages of our assay are that it requires only common 

PCR reagents, uses a simple method, and employs standard equipment; these factors 

are commonly used in routine diagnostic tests in laboratories. In contrast, real-time 

PCR requires expensive equipment and reagents. In addition, our one-step multiplex 

PCR platform does not require an additional step (e.g., a nested-PCR platform). Thus, 

the assay reliability is relatively high compared to other assays since sample 

contamination is reduced. In addition, the primer sets adopted in this study can be 

easily combined according to the targeted species and the study purpose. In 

conclusion, our one-step multiplex PCR platform is a convenient, cost-effective, and 

reliable method for detecting the most clinically important Mycobacterium species. 

The data provided from the multi-target PCR assay allow discrimination among major 

mycobacteria causing lung disease and improve diagnostic confidence in the identity 

of isolates. This assay will potentially improve the discrimination of clinical 

Mycobacterium isolates and also promises to be useful for the development of a 

routine method to be used in the clinical setting. 
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V. CONCLUSION 

 

Not only distinguishing between Mycobacterium tuberculosis complex 

(MTBC) and nontuberculous mycobacteria (NTM) but also identifying major 

pathogens causing mycobacterial lung disease at the species level are 

medically important.  

In this study, a multiplex PCR assay was developed using novel molecular 

targets that can differentiate the MTB Beijing family from other MTB lineages 

(Beijing vs Non-Beijing lineage) and simultaneously identify five clinically 

important NTM species consisting of M. avium, M. intracellulare, M. 

abscessus, M. massiliense and M. kansasii. A total of 8 primer sets of 

multiplex PCR are designed according to the following purposes; 1) Detection 

of the genus Mycobacterium by 16s rRNA gene (Pan-Mycobacterium 

detection), 2) Differentiation between MTBC and NTM by rv0577, 3) 

Differentiation between MTB and other species inside MTBC by the region of 

difference (RD) 9 region, 4) Specific identification of Beijing family of MTB 

by mtbk_20680, 5) Identification and differentiation of among Mycobacterium 

avium complex by IS1311 and DT1, 6) Identification and differentiation 

between M. abscessus and M. massiliense by mab_3265c and 7) Identification 

of M. kansasii by mkan_12360. The initial multiplex PCR assay results 

demonstrated 100% sensitivity and 94.2% specificity for MTBC, respectively 

and the reoptimization multiplex PCR assay results showed 100 % sensitivity 

and specificity. In addition, NTM strains revealed 100% sensitivity and 100% 

specificity in both multiplex PCR assay.  

Collectively, our multiplex PCR assay is a simple, convenient and reliable 

assay for simultaneous identification of the MTB Beijing lineage and major 
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NTM species causing lung disease. However, because of the limitations and 

exceptional strains that could not be identified in detail for each target gene locus, it is 

necessary to constantly observe and confirm. In addition, through analysis of large 

sequence polymorphisms, it is necessary to find more specific genetic markers such as 

SNPs, VNTRs, and transposase genes to identify specific species or genotypes. 
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ABSTRACT (Korean) 

 

Multiplex PCR 기법을 이용한 

항산균 폐질환의 주요 원인체 감별진단법 개발 

 

<지도교수 신성재> 

 

연세대학교 대학원 의과학과 

 

채한송 

 

 

결핵균(Mycobacterium tuberculosis, MTB)은 전세계 인구의 3분의 1이상에 감

염 되어있으며, 세계보건기구에서 지정한 3대 감염질병 중 하나인 결핵을 

일으키는 병원성 세균이다. 매년 감소 추세에 있지만, 최근에는 다제내성 

및 광범위 내성 결핵균의 증가로 인하여 결핵치료가 어려워 질뿐 아니라 

치료 비용의 증가와 낮은 치료 효율로 인류의 보건을 위협하고 있다.   

결핵균 중에서, Beijing family는 중국을 중심으로 아시아와 구 소련 지역에

서 우세한 결핵균으로, 동아시아에서는 약 50%, 한국 70%, 미국, 캐나다 

등의 결핵 발병률이 낮은 나라에서 약 20% 그리고 전세계적으로는 13%로 

널리 분포하고 있다. Beijing family는 높은 재발률, 치료실패 그리고 높은 약
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제내성 획득 능력으로 다재내성 결핵과 밀접한 연관이 되어있다는 보고되

고 있다. 또한 BCG 백신의 효과가 미미한 균주 중 하나로, BCG 백신접종

이 이루어진 환자들에서도 빈번히 동정 되는 것으로 알려져 있다. 이러한 

이유로 결핵균 중에서도 Beijing family가 동정되는 비율이 높아지면, 결핵의 

위험성이 높아질 수 있다는 보고들이 나오고 있다.  

 

뿐만 아니라 1980년 이후로, 비결핵항산균(Nontuberculous mycobacteria, NTM)

에 의한 감염질환의 발생 빈도가 증가하고 있으며, 비결핵항산균 질환을 

일으키는 원인균의 분포는 국가와 지역에 따라 다양하다. 한국에서 비결핵

항산균 질환의 가장 흔한 원인균으로 Mycobacterium avium complex가 50-60%

를 차지하며, 신속 성장균인 M. abscessus complex가 20-30%로 두 번째로 흔

한 항산균종이다. 미국과 일본에서도 가장 흔한 원인균은 M. avium complex

로 60-80%차지하며, M. kansasii가 15% 그리고 M. abscessus가 5% 미만을 차

지하고 있다. 대부분의 비결핵항산균은 자연수와 토양 등 자연환경에 널리 

분포하고 병원성이 낮아 사람간의 전파 위험이 낮지만, 각 균종 마다 항생

제 내성 패턴에 따른 치료 방법이 다르고 오랜 치료기간이 필요하기 때문

에 비결핵항산균이 검출되었다는 사실 자체보다는 정확한 원인체의 동정이 

중요하다고 알려져 있다. 즉, 마이코박테리아에 의한 질환시, 효과적인 치

료를 위해 최소한의 특정 균종들을 정확하게 감별진단 하는 것이 매우 중

요하다.  

 

이와 같은 배경으로 본 연구는 마이코박테리아에서 사람에게 문제가 되고 

있는 결핵균과 비결핵항산균을 구별하고, 비결핵항산균에서 5가지 주요 

균 종을 더 세분화 하여 구분하면서, 결핵균 안에서 Beijing family를 특이
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적으로 동정 할 수 있는 다중중합효소연쇄반응(multiplex PCR) 기법을 개

발하고 평가하고자 하였다. 결핵과 비항상균 감염질환을 야기시키는 주요 

균 종을 표적으로 하는 다중중합효소연쇄반응은 55개의 참고균주와 122개

의 임상균주를 통하여 평가 되었다. 이들은 모두 whole genome sequencing, 

spoligotyping, real-time PCR 그리고 multi-locus sequence analysis 으로 확인한 

균 주들로써, 다중중합효소연쇄반응 결과와 비교하였다. 첫 번째로 디자인

한 다중중합효소연쇄반응 기법 결과에서는 결핵균에서 특이도 97.5%와 민

감도 100% 그리고 비항상결핵균에서는 각각 100%를 보여주었다. 하지만 

첫 번째 다중중합효소연쇄반응 기법에서는 임상균주 중, MTB Central Asia 

Strain (CAS)에 속하는 2개의 임상균주에서 예외가 발생하였고, 이를 최적

화 하기 위하여 rv0577 primer를 CAS 특이적으로 확인할 수 있는 RD750 

primer로 교체하여 두 번째 다중중합효소연쇄반응 기법을 최적화 하였다. 

두 번째 다중중합효소연쇄반응 기법의 결과는 민감도와 특이도 모두 만족

시키는 100%의 정확성을 나타내었다. 

 

최적화된 다중중합효소연쇄반응 기법을 임상에 적용하고 기존의 진단기법

과 비교하기 위하여, 유전자 농도에 따른 민감도, 인공가래와 섞은 균 수에 

따른 민감도 그리고 교차감염시 나타나는 민감도를 확인하였으며, 순수배

양을 통한 마이코박테리아에서는 약 10
3개까지, 그리고 인공가래에서 뽑은 

마이코박테리아에서는 10
4개까지 확인할 수 있었으며, 교차감염시에는 

MTB Beijing family와 M. intracellulare의 교차감염을 제외하고는 비항상결핵

균 DNA의 농도가 결핵균 DNA농도의 100배 이상 존재시까지도 결핵균을 

정확히 동정할 수 있음을 확인하였다.  
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이로써, 다중중합효소연쇄반응을 통하여 한번의 과정으로 주요 마이코박테

리아 균 종을 검출할 수 있을 뿐 아니라 고병원성으로 알려진 MTB Beijing 

family을 동시에 확인할 수 있었다. 또한 본 연구에서 사용한 primer들은 연

구목적에 맞게 재조합하여 사용할 수 있다.  

결론적으로, 본 연구에서 개발한 다중중합효소연쇄반응 기법은 임상적으로 

중요한 마이코박테리아 균종을 간단하고 효율적으로 동정할 수 있으며, 이

는 결핵 그리고 비항상결핵균 감염질환의 치료와 예방에 바탕이 될 수 있

을 것이라고 사려된다. 

 

 

 

핵심되는 말: 결핵균, 비결핵항산균, 다중중합효소연쇄반응 


