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Abstract

Objective Tuberculosis remains one of the most serious infectious diseases in the world. In this study,
a scheme of Mycobacterium tuberculosis (M. tuberculosis) multilocus sequence analysis (MLSA) was
established for the phylogenetic and epidemiology analysis.

Methods To establish the scheme of M. tuberculosis MLSA, the genome of H37Rv, CCDC5079 and
CCDC5180 were compared, and some variable genes were chosen to be the MLSA typing scheme. 44
M. tuberculosis clinical isolates were typed by MLSA, 1S6110-RFLP, and soligotyping, to evaluate the
MLSA methods.

Results After comparison of the genome, seven high discrimination gene loci (recX, rpsL, rmIC, romG1,
mprA, gcvH, ideR) were chosen to be the MLSA typing scheme finally. 11 variable SNP sites of those
seven genes were found among the 44 M. tuberculosis isolate strains and 11 sequence types (STs) were
identified. Based on the Hunter-Gaston Index (HGI), MLSA typing was not as good for discrimination at
the strain level as IS6110-RFLP, but the HGI was much better than that of spoligotyping. In addition, the
MEGA analysis result of MLSA data was similar to spoligotyping/PGG lineage, showing a strong
phylogenetic signal in the modern strains of M. tuberculosis. The MLSA data analysis by eBURST
revealed that 4 sequence types (ST) came into a main cluster, showing the major clonal complexes in
those 44 strains.

Conclusion MLSA genotyping not only can be used for molecular typing, but also is an ideal method
for the phylogenetic analysis for M. tuberculosis.
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INTRODUCTION population and a mortality rate of 12/100 000
populationm.
hina has a heavy disease burden of Identification of the relationships between
Ctuberculosis. 2009 saw an estimated different clinical strains in different regions has great
tuberculosis incidence of 96/100 000 significance to public health and remains a high

*This research was supported by the fund of State Key Laboratory for Infectious Diseases Prevention and Control
(2011SKLID208), and the project “Transmission Mode of Tuberculosis” of National Key Program of Mega Infectious Diseases
(20082X100/03-010).

#Corresponding author, WAN Kang Lin, Tel: 86-10-58900776; Fax: 86-10-58900776; E-mail: wankanglin@icdc.cn

lu Bing, DONG Hai Yan, ZHAO Xiu Qin, LIU Zhi Guang contributed equally to this work.

Biographical note for the first author: LU Bing, female, born in 1974, Ph.D from Chinese Center for Disease Control and
Prevention, associate professor, majoring in pathogen biology.

Received : November 23, 2011; Accepted: April 30, 2012



Biomed Environ Sci, 2012; 25(6): 620-629

priority for  epidemiology  research. DNA
fingerprinting of Mycobacterium tuberculosis (M.
tuberculosis) is a powerful aid in the molecular
epidemiologic management and transmission
research. It was ever used for tuberculosis case
finding and contact tracing[z's]. The most common
method of DNA fingerprinting was 1S6110-RFLP,
spoliogotyping and variable number tandem repeats
(VNTR). IS6110-RFLP typing was the most widely
used method for differentiating M. tuberculosis
strains®®. However, RFLP analysis required growth
of mycobacterial colonies, which consumed much
time in epidemiology research. Spoligotyping, a
method based on polymerase chain reaction (PCR)
amplification of repetitive genetic elements in the
direct repeat region[gl, could get the result within
one day, but the discrimination of spligotyping
appeared to be not enough for M. tuberculosis,
especially for Beijing family strains'™® which was
prevalent in Far-East-Asia and accounted for 11% in
the fourth international spoligotyping database
(SpoIDB4)[11]. VNTR is a promising, relatively easy
and rapid method; however, the discriminatory
power of the VNTR loci are often varied, and the
methods were not fully evaluated in areas where
Beijing genotype strains predominatedm].

Multilocus sequence typing (MLST) was a typing
technique for strain characterization that indexed
variation in multiple housekeeping genesm]. It was
proposed as a portable, universal, and definitive
method for characterizing bacteria™. MLST could
help discover the source of epidemic and judge a
recurrence or a new infection. MLST could type
isolates directly from clinical materials™. In addition,
MLST data, or the nucleotide sequence from internal
fragments of housekeeping genes, was suitable for
comparing between Laboratories and evolutionary,
phylogenetic or population genetic studies™*®,
Furthermore, because the loci of MLST were all
functional protein encoded genes, it was imaginable
to understand the relationship between MLST
genotyping and phynotyping. Although MLST had
these advantages, some researchers considered that
MLST scheme was not suitable for M. tuberculosis as
housekeeping genes from different isolates were
always identical™.  The highly  conserved
M. tuberculosis genome made the phylogenetic
analysis by multilocus sequencing of housekeeping
genes unimformative™. But Hershberg et al. used
sequence of as many as 89 housekeeping and
non-housekeeping genes to study the M.

621

tuberculosis phylogenyllg]_ Abadia et al. used seven
3R (replication, repair and recombination functions)
genes to accurately classify M. tuberculosis complex
isolates at the sublineage level by single nucleotide
polymorphisms[m]. These researchers got successive
results for comprehensive understanding of the
phylogenetical relation among M. tuberculosis
isolates.

In order to explore whether non-housekeeping
genes can be used for the MLST method for M.
tuberculosis, we conducted a study to evaluate the
discrimination power of every locus and chose high
discrimination gene loci to establish the scheme of M.
tuberculosis multilocus sequence genotype method.
In this study, we compared the genome of H37Rv with
that of two clinical isolates from China and chose
variable genes for typing M. tuberculosis. Generally
speaking, less than 450 bp fragment of genes should
be used[lsl, but with the developed sequencing
technique, the sequencing result of less than 700 bp
fragment was satisfactory. We chose the gene loci
which had SNP and the length under 700 bp. Then we
calculated the discrimination power measured by
Hunter-Gaston Index (HGI) of every gene loci. Since
MLST achieves high levels of discrimination when
using only seven loci™ we chose seven top HGI value
gene loci to establish the scheme of M. tuberculosis
multilocus sequence genotype.

M. tuberculosis multilocus sequence genotype
method was assigned directly by nucleotide
sequencing of variable genes such as virulence
related gene, antibody encoding genes, and drug
resistance related genes[zol, and it was different from
routine MLST typing which relied on the
housekeeping genes. Then we named M.
tuberculosis multilocus sequence genotype method
as the multilocus sequence analysis (MLSA).

MATERIALS AND METHODS

Genome Comparing and Gene Loci

We compared two genomes (CCDC5079,
CCDC5180) with that of H37Rv (GenBank: NC 000962
at NCBI) separately to find the high discrimination
gene loci of MLSA scheme. The two strains,
CCDC5079, CCDC5180, were isolated from patients
with secondary pulmonary tuberculosis in China in
2005, and we got the genome sequence of these two
strains by classical Sanger genome sequencing.

MLSA were assigned directly by nucleotide
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sequencing. Generally speaking, less than 450 bp
fragment of genes was used™, but with the
developed sequencing technique, the sequencing
result of less than 700 bp fragment was satisfactory.
The criteria with which we chose the genes include™:
(1) SNP located in gene; (2) the length of the gene
under 700 bp; and (3) encoding functional protein.

Isolates

44  strains isolates were selected from
pulmonary tuberculosis patients from 2002 to 2006
in eight provinces of China. The patients were
diagnosed by the clinical symptoms, the X ray and
sputum stain tests in the local lung disease hospitals
or tuberculosis hospitals. Those patients were
proven to have no contact on the basis of standard
epidemiological investigations.

Every gene locus of 44 strains of M. tuberculosis
was sequenced, and the discrimination power of
every locus was calculated. To evaluate the MLSA
scheme, those 44 strains were also typed by
I1S6110-RFLP and spoligotyping.

Nucleotide Sequencing of Gene Fragments

The PCR primers to amplify the gene loci from
chromosomal DNA of the 44 M. tuberculosis were
listed in Table 1.

2xTag PCR MasterMix was added with 5 plL
digested-ligated DNA and 1 pL primers to form a final
volume of 40 puL. The PCR parameters were: initial
denaturation at 94 °C for 10 min followed by 30
cycles of 94 °C for 30 s, 61 °C for 30's, 72 °C for 45 s,
and a final extension of 10 min at 72 °C. Sequencing
of both strands of the amplified fragments was
achieved by the 3730 genomic analysis system (ABI),
and packed by Sequencher and DNAstar software.

Discrimination Power of Each Fragment

The sequences of every gene loci of 44 strains
were aligned by DNAStar software. Owing to the
single nucleotide polymorphism (SNP), we got
different typing results by every gene locus. The
discriminatory power of each locus for all 44 isolates
was measured with Hunter-Gaston Index (HGI). HGI
calculated the probability of different genotypes in
any two unrelated isolates by using the following
formula®®":

s

2 ni(n; -1)

HGI =1- > nin,
N(N -1) j=1
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Where D is the numerical index of discrimination, N
is the total number of strains in the typing scheme, s
is the total number of different strain types, and n; is
the number of strains belonging to the j type.
Because MLSA achieved high levels of
discrimination when using only seven loci™, seven
higher HGI gene loci were chosen for the scheme of

tuberculosis MLSA method.
MLSA Data Analysis

A MLSA typing system was developed based on
the seven high HGI gene loci. MLSA was performed
with each of the strains as described previously[22'23].
For each gene, the sequences from the 44 strains
were compared; distinct alleles were identified; and
combination of the seven MLSA allelic numbers was
considered as a unique multilocus sequence type
(ST). The relatedness between each ST was shown as
dendrogram, and  constructed by  BURST
algorithm[24'zs] with the arithmetic averages UPGMA
(unweighted pair group cluster method with
arithmetic mean) method.

The other analyses of those isolates were
performed with the MEGA4 software®. First, the
sequences of the seven gene loci were concatenated
to produce a single sequence for each isolate.
Second, a cluster map was constructed with the
neighbor-joining tree method by MEGA4 software.

DNA Fingerprinting

Spoligotyping Spoligotyping which relies on the
highly polymorphic DR locus in the M. tuberculosis
was finished according to the method described by
Kamerbeek et al.[26], the amplified biotin-labeled DR
locus was hybridized to a set of 43 different DR
spacers in a Miniblotter. The hybridized signals were
detected by chemiluminescence and were visualized
as profiles of discrete dots.

IS6110-RFLP 1S6110-RFLP was performed by the
standard methods described previously[27'28].
Chromosomal DNA of mycobacterium isolates was
digested with Pvu 1l, and after being mixed with
marker DNA, the fragments were separated by
overnight electrophoresis. The fragments were
transferred to nylon membranes, and hybridized
with peroxidase-labeled 1S6110 probe. After washing
with washing buffer, the membranes were
rehybridized by peroxidase-labeled maker DNA.
Data Analysis The results of spoligotyping and
IS6110-RFLP were all analyses made by Bionumerics
software Version 5.0.
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RESULTS

Screen Analysis of Appropriate Gene Loci

There were 2332 SNP discovered between the
genomes of M. tuberculosis strains H37Rv and
CCDC5079, and 2251 SNP between H37Rv and
CCDC5180.

16 gene loci (recX, rpsL, rmIC, romG1, mprA,
gcvH, ideR, mpt53, tatB, pncA, rplO, ribC, rplM, apt,
rplQ, and hbhA) were found to satisfy the initial
inclusion rules. The information such as encoded
product, location in the whole H37Rv genome of 16
genes, is showed in Table 1.

Identification of Seven Gene Loci for the Scheme

HGI of diversity for the genotyping by each of the
16 genes was calculated, which, together with the
confidence interval (Cl) and grouping number of each
gene, was also showed in Table 1. The gene recX has
the highest HGI (0.502) while hbhA has the lowest one
(0.045). The top 7 genes (recX, rpsL, rmiC, romGl1,
mprA, gcvH, ideR) were chosen to be the gene loci for
MLSA scheme. In addition, the seven genes were

Biomed Environ Sci, 2012; 25(6): 620-629

mapped on a physical genome map and identified as
unlinked (Figure 1). There has no overlapped area
among these seven genes. The number of alleles of
these seven genes ranged from 2 to 4 (Table 2).
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Figure 1. Chromosomal locations of seven
gene loci. The locations are drawn on the

physical map of strain Mycobacterium
tuberculosis H37Rv, complete genome-1.
4411532,

Table 2. Variable Nucleotide Sites and Alleles Identified at Each Locus

recX rpsL rmiC romG1 mprA ideR gcvH
Alleles .
175 128 263 345 137 208 425 627 457 239 362
1 G A A A G G C C C A C
2 C G A C T G T C A A A
3 A G G T T C C
4 A C c

Note. The number of column name represented the position of the gene locus.

MLSA Data Analysis

MLSA typing was performed by the sequence of
seven high HGI gene loci. We found 11 variable SNP
sites among the 44 M. tuberculosis isolate strains, as
displayed in Table 2. All the strains were
characterized by the combination of seven MLSA
allelic numbers, or allelic profiles. Each unique allelic
profile was assigned a sequence type (ST) number.
There were 11 STs identified from 44 strains, which
are showed in Table 3.
eBURST Analysis eBURST used the STs as input and
divided those strains into groups in which all the STs

in the same group were sharing 26 out of 7 loci,
resulting in non-overlapping groups or clonal
complexes[zgl. All the STs determined by MLSA with
the BURST algorithm (Figure 2), and 4 STs (including
ST6, 9, 10, 11) gathered together in the center of the
graph and formed the main cluster. ST9 was the
founder of the main cluster and had 3 single locus
variants (SLVs) and 1 double locus variant (DLVs).
MEGA Analysis Seven gene loci of every strain
were linked to be a single sequence and analyzed.
The typing analysis of 44 isolates was performed and
the dendrogram map (based on Neighbor Joining
Method) is showed in Figure 3. The HGI of MLSA was
0.815 (Cl: 0.778-0.852).
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Table 3. 44 Isolates Descriptions and MLSA Results
Code Origin* recX rmiC rpmG1 mprA rpsL gcvH ideR ST
15 Guangxi 1 1 1 1 1 1 1 ST1
16 Guangxi 1 1 1 1 1 1 1 ST1
24 Xinjiang 1 1 1 1 1 1 1 ST1
27 Guangxi 1 1 1 1 1 1 1 ST1
34 Xizang 1 1 1 1 1 1 1 ST1
37 Sichuan 1 1 1 1 1 1 1 ST1
43 Sichuan 1 1 1 1 1 1 1 ST1
49Rv H37Rv 1 1 1 1 1 1 1 ST1
33 Xizang 1 1 1 2 1 1 1 ST2
30 Xinjiang 1 1 1 2 1 2 2 ST3
20 Henan 1 1 1 3 1 2 2 ST4
41 Sichuan 1 1 1 3 1 2 2 ST4
8 Fujian 1 1 1 4 1 3 1 STS
10 Gansu 1 2 2 3 1 2 2 ST6
36 Xizang 1 2 2 3 1 2 2 ST6
13 Gansu 1 2 2 3 2 2 2 ST7
31 Xizang 1 2 2 3 2 2 2 ST7
40 Sichuan 1 2 2 3 2 2 2 ST7
32 Xizang 1 2 2 3 3 2 2 ST 8
1 Beijing 2 2 2 3 1 2 2 ST9
2 Beijing 2 2 2 3 1 2 2 ST9
4 Beijing 2 2 2 3 1 2 2 ST9
5 Fujian 2 2 2 3 1 2 2 ST9
6 Fujian 2 2 2 3 1 2 2 ST9
7 Fujian 2 2 2 3 1 2 2 ST9
9 Gansu 2 2 2 3 1 2 2 ST9
12 Gansu 2 2 2 3 1 2 2 ST9
14 Guangxi 2 2 2 3 1 2 2 ST9
17 Guangxi 2 2 2 3 1 2 2 ST9
22 Henan 2 2 2 3 1 2 2 ST9
25 Xinjiang 2 2 2 3 1 2 2 ST9
26 Xinjiang 2 2 2 3 1 2 2 ST9
29 Xinjiang 2 2 2 3 1 2 2 ST9
35 Xizang 2 2 2 3 1 2 2 ST9
45 Sichuan 2 2 2 3 1 2 2 ST9
3 Beijing 2 2 2 3 2 2 2 ST 10
11 Gansu 2 2 2 3 2 2 2 ST 10
21 Henan 2 2 2 3 2 2 2 ST 10
23 Henan 2 2 2 3 2 2 2 ST 10
46 Sichuan 2 2 2 3 2 2 2 ST 10
47 Sichuan 2 2 2 3 2 2 2 ST 10
48 Sichuan 2 2 2 3 2 2 2 ST 10
19 Henan 2 2 2 3 3 2 2 ST 11
39 Sichuan 2 2 2 3 3 2 2 ST 11

Note. *Origin: the province of China.
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Figure 2. Clonal groupings among 44 isolate.
Allelic profiles were analyzed by eBURST and
groups were defined as sets of relations
sharing identicalness at six of seven loci. ST9
was the putative founder of the clonal
complex. Single locus variants were joined by
lines.

Biomed Environ Sci, 2012; 25(6): 620-629
Evaluation of the MLSA Scheme

Spoligootyping genotype showed that one main
cluster of 44 isolates was Beijing family strains (36
strains) (Figure 3), which had the particularly
spoligotype signature (absent in Spacer 1-34, and
present in Spacer 35-43)[301, and the others included
T1, U, CAS and M. bovis. From the perspective of
phylogenetic, spoligotyping differentiated the strains
into PGG1-3 Iineage[3l'32]. Beijing and CAS families
belonged to PGG1 group and others to PGG3 except
M. bovis strains (FJ07111). PGG1 and PGG3 groups
were also exactly divided by the MLSA analysis
(Figure 3). HGI of spoligotyping was 0.569 (Cl: 0.483-
0.654), and that of MLSA was much higher.

44 strains were genotyped by 1S6110-RFLP and
differentiated 44 distinct 1S6110-RFLP patterns
among these strains (Figure 3). HGI of 1S6110-RFLP
was 1 (Cl: 0.996-1.000).
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Figure 3. Dendrogams of 44 isolates typed by MLSA. Left column. Multilocus sequence analysis of
closely related species. Evolution tree constructed by using MEGA4, showing clusters among 44 isolates
of M. tuberculosis. The tree was built by using seven genes. Middle column. The spoligotyping pattern
was showed from Space 1 to Space 43 (left to right); the right part showed the spoligotyping lineage.
Right column. I1S6110-RFLP pattern. The 1S6110-RFLP pattern was shown from high to low molecular
weight (left to right).
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DISCUSSION

The MLSA Scheme

In this study, high discrimination power was the
important guideline, so we obtained the seven gene
loci with higher HGI: recX, rpsL, rmIC, romG1, mprA,
gcvH, and ideR. The functions of some gene loci
were associated with the special characters, such as
pathogen virulence (ideR, mprA), and bacterium
growth (rmliC).

The iron-dependent regulator (ldeR), encoded
by ideR, is a well-characterized global regulator
responsible for maintaining iron homeostasis in
Mycobacterium tuberculosis. Iron plays a central role
in enzymic reactions involved in electron transport,
nucleic acid synthesis and oxidative stress defense.
Therefore, iron is critical for most living systems.
These suggest that ideR is an essential gene in
tuberculosis®®.

MprA (encoded by mprA), together with MprB,
is an intact two-component signal-transducing pair,
and plays important roles in M. tuberculosis
physiology and pathogenesis. The system is found to
be necessary in M. tuberculosis for establishment
and maintenance of persistent infection in a tissue-
and stage-specific fashion®*3%,

rmIC gene encoding dTDP-4-keto-6-deoxyglucose
epimerase, is essential for mycobacterial cell-wall
synthesis, and the production RmIC s
structure-related protein, which is considered to be
the most promising drug targetBG].

Those ‘specialist’ phenotypes, which include
clinically relevant properties such as virulence, are
more often encoded on accessory genes or elements,
can be passed ‘horizontally’ between unrelated
strains by homologous recombination or the
dissemination of mobile elements and rapidly
disseminated throughout a population and equally
rapidly lost. But M. tuberculosis is not, as M.
tuberculosis is a strictly clonal organism, with no
evidence of lateral gene transfer®. Those genes of
M. tuberculosis could be inherited into the descents
steadily, and the stability was very valuable for the
MLSA method.

Hershberg et al. used sequence of 89 genes to
study the M. tuberculosis phylogeny[lgl, and
discovered a total of 370 SNP in 107 strains.
Compared with those results, the diversity of seven
gene loci in this study was the same. It has been
recognized that the nature selection for increased
transmissibility might drive pathogens toward
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. . 37-38 P
increased virulence' ], and thus, it is reasonable to

believe that some virulence-related genes have good
variation for typing clinical isolates of M.
tuberculosis.

Hershberg et al. considered that the evolution
characteristics of tuberculosis bacteria could be
identified by SNP, and much of the diversity had
functional consequences and could affect the
efficacy of new tuberculosis diagnosis, drugs, and
vaccines. On this point, we agree with Hershberg,
but to establish a method for epidemiological
research, the cost of sequencing 89 genes was too
expensive to accept. Therefore, we chose seven
highly diverse gene sequences to be retained in the
present MLSA scheme.

An epidemiologist or medical microbiologist is
always asked about the questions: Can molecular
genotyping data reveal the danger posed by an
isolate? What is fundamental to the design of M.
tuberculosis MLSA is the emphasis on those genes
encoded by ‘specialist’ phenotypes. Our findings
indicate that it is possible to understand the
relationship between MLSA genotypes and clinical
characters or epidemiological data.

MLSA, I1S6110-RFLP, and Spoligotyping

Although more than thirty MLSA schemes
(mostly for pathogenic bacteria) have been
published and made available on the internet, this is
a new method for M. tuberculosis. 1S6110-RFLP and
spoligotyping have been used for M. tuberculosis
genotyping in epidemiologic studies and to indicate
the relationship among strains for decades®”.
Compared with the HGI of IS6110-RFLP and
spoligotyping, MLSA typing was not good for
discrimination at the strain level as IS6110-RFLP, but
the HGI was much better than that of spoligotyping.
Thus, it is valuable to keep on the research of the
MLSA scheme.

In addition, it is important to note that all
MLSA-based trees were clustered into their
spoligotyping/PGG lineages, indicating that the
MLSA study gave a strong phylogenetic signal in the
modern strains of M. tuberculosis. The limitation of
spoligotyping lies in its failure in determining
whether the loss of multiple adjacent spacers is due
to a single or multiple evolutionary events. Comas et
al. used the complete DNA sequences of 89 coding
genes from a global strain collection, and showed
that the multilocus sequence data were highly
congruent and statistically robust, and suitable for

the phylogenetic relationship analysis[39].
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To be honest, the number of the isolates studied
in this research was rather small, and Beijing family
strains were much excessive, which was the main
character of M. tuberculosis distribution in China'*’.
So this new method needs to be validated by large
samples in the future.

Utility of MLSA Typing for Epidemiology Research

MLST genotyping provided many new insights
into phylogenetic relationships among members of
the M.tuberculosis complex, and it was also an ideal
method to perform the population analysis in
large-scale epidemiology studies™. It helped
epidemiologists much in surveillance and case
control. According to a typical MLST allelic profile, a
characterized isolate of Spanish clones of

penicillin-resistant and multiple-antibiotic-resistant S.

pneumonige was identified and raised the
advantages of combining MLST with more
discriminate genes to improve characterization'".
M.tuberculosis MLSA provides data that can also
be used to probe the population and evolutionary
biology of the species[ls]. In this study, we got 11 STs
from 44 strains and some STs were clustered in the
middle of the map clearly (Figure 2), showing the
major clonal complexes in those 44 strains. ST9
(recX-2, rmiC-2, romG1-2, mprA-3, rpsL-1, gcvH-2,
and ideR-2) was identified to be the potential
ancestral type. With this approach, epidemiologists
can easily describe strain-specific variation in clinical
phenotypes of M. tuberculosis and perform case
control during laboratory-based efforts. However, it
must be noticed that future molecular
epidemiological research needs larger-scale data,
and the 44 strains MLSA analysis was primarily a
methodology study. Therefore, continued research is
needed to perfect this method and obtain more
knowledge of MLSA data distributed in China.
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