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Abstract

Whole genome sequencing (WGS) of Mycobacterium tuberculosis has been used to trace the 

transmission of Mycobacterium tuberculosis, the causative agent of tuberculosis (TB). Previously 

published studies using WGS were conducted in developed countries with a low TB burden. We 

sought to evaluate the relative usefulness of traditional VNTR and SNP typing methods, WGS and 

epidemiological investigations to study the recent transmission of M. tuberculosis in a high TB 

burden country. We conducted epidemiological investigations of 42 TB patients whose M. 

tuberculosis isolates were classified into three clusters based on variable-number tandem repeat 

(VNTR) typing. We applied WGS to 32 (76.2%) of the 42 strains and calculated the pairwise 

genomic distances between strains within each cluster. Eighteen (56.3%) of the 32 strains had 

genomic differences ≥100 SNPs with every other strain, suggesting that direct transmission did 

not likely occurred. Ten strains were grouped into four WGS-based clusters with genomic 
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distances ≤5 SNPs within each cluster, and confirmed epidemiological links were identified in two 

of these clusters. Our results indicate that WGS provides reliable resolution for tracing the 

transmission of M. tuberculosis in high TB burden settings. The high resolution of WGS is 

particularly useful to confirm or exclude the possibility of direct transmission events defined by 

traditional typing methods.
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Introduction

Molecular typing enhanced our understanding of the epidemiology of tuberculosis (TB) 

during the past two decades. Three main typing methods, specifically IS6110 restriction 

fragment length polymorphism (RFLP), spoligotyping, and variable-number tandem repeat 

(VNTR) analysis, are currently used for fingerprinting Mycobacterium tuberculosis strains 

to detect recent transmission.1 Due to the intrinsic defects of these methods, such as their 

limited discriminatory power and homoplasy, the clustered strains defined by these methods 

may be both genetically and historically distantly related, and thus epidemiological 

investigations are usually needed to confirm recent transmission.1,2 However, 

epidemiological investigations are time consuming, labor-intensive, and cannot consistently 

identify epidemiological links between cases with a missing source case or between TB 

cases that occur by short-term or casual contacts.3

Recent developments in high-throughput whole genome sequencing (WGS) provide a 

powerful tool for studying the epidemiology of TB. The rate of change of M. tuberculosis 

was estimated as approximately 0.3–0.5 mutations per genome per year during its life cycle 

within the human host.4–6 A threshold of five or fewer single nucleotide polymorphisms 

(SNPs) was suggested as the potential standard to define strains involved in chains of recent 

transmission within three years.6 Compared to traditional typing methods, WGS provides 

higher resolution to investigate TB outbreaks by differentiating strains with identical VNTR 

and/or IS6110 RFLP genotypes into smaller, more accurate clusters.5,7 Since recombination 

and reverse mutation are rare in M. tuberculosis, the evolution of bacterial genome mostly 

represents the step-wise accumulation of mutations.8,9 Therefore, phylogenetic networks of 

M. tuberculosis strains based on genomic mutations can be used to identify putative source 

cases, super-spreaders and transmissions patterns in the absence of extensive 

epidemiological data.5,6,10

However, since all previously published WGS-based epidemiological studies were 

conducted in developed countries with a low TB burden, the usefulness of WGS for tracing 

recent transmission in high TB burden settings remains unknown. In low TB burden regions, 

transmission of M. tuberculosis has been largely prevented by efficient control programs in 

the recent decades. Currently, most M. tuberculosis strains collected during a short time 

period (e.g., two years) in low TB burden regions are both historically and genetically 

distantly related. By contrast, the extensive transmission of M. tuberculosis in recent 
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decades has promoted the prevalence of a large number of genetically closely related strains 

in high TB burden regions, with an example of M. tuberculosis Beijing strains.11 The 

homogeneity of Beijing strains has led to the low discriminatory power of VNTR typing in 

East Asia and South Africa.12–14 In these settings, many strains with identical VNTR or 

IS6110 RFLP genotypes were genetically distantly related and could be unambiguously 

differentiated by WGS. For example, two Beijing strains with identical IS6110 RFLP pattern 

differed by as many as 130 SNPs by WGS in a high incidence area in Uzbekistan, excluding 

the possibility of recent transmission.15 However, a large number of strains circulating in 

these areas were genetically extremely similar, and even WGS could not differentiate recent 

transmissions and reactivations caused by these strains. In a recent study from Russia, a 

number of M. tuberculosis Beijing strains with identical or very similar genomes were 

isolated from patients separated by large geographical distances, which were less likely to be 

epidemiologically linked.16 Although Russia is not a high TB burden country,17 it 

experienced a tuberculosis epidemic at the end of 20th century due to the disintegration of 

Soviet Union,18 which gave rise to homogenous M. tuberculosis populations similar to those 

in the high TB burden areas.

Here, we applied WGS and epidemiological investigations to several M. tuberculosis 

clusters of Beijing strains defined by VNTR and SNP typing in two regions of China. We 

sought to evaluate the relative usefulness of VNTR typing, WGS and epidemiological 

investigations to study recent transmission of M. tuberculosis in high TB burden areas.

Methods

Bacterial samples and genotyping

A population-based molecular epidemiology study in Songjiang District, Shanghai, and 

Wuchang County, Heilongjiang province, was conducted from 1 June 2009 to 31 December 

2010.19 There were 396 and 184 strains collected in Songjiang District and Wuchang 

County, respectively, from TB patients that were culture positive for M. tuberculosis. All of 

the mycobacterial strains from the TB patients were typed with a 16-locus high-resolution 

VNTR (VNTR-16) set,20 and 6 SNP sites (SNP-6) of 3R (DNA replication, repair and 

recombination) genes in our previous study.19 Strains with an identical VNTR-16 and 

SNP-6 genotype were defined as a cluster and were assumed to represent recent 

transmission events. A total of 42 isolates of three large clusters from Wuchang County and 

Songjiang District were selected to recover with Lowenstein-Jensen (L-J) slants. For each 

recovered isolate, all colonies that grew on the L-J slants were scraped for DNA extraction. 

The genomic DNAs were extracted following the cetyltrimethyl-ammonium bromide-

lysozyme (CTAB) method.21 The VNTR-16 and SNP-6 genotypes of the recovered isolates 

were confirmed with the genomic DNAs according to the methods of our previous study.19 

Additionally, two hypervariable loci, VNTR 3232 and VNTR 4120, were typed in all 

isolates with primers and conditions previously described.14

Whole genome sequencing, SNP calling and phylogenetic analysis

The genomic DNAs of recovered strains were sent to Chinese National Human Genome 

Center (Shanghai, China) for whole genome sequencing. A 300-base-pair (bp) paired-end 
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library was constructed for each purified DNA sample. Sequencing was performed on the 

Illumina Hiseq 2000 with 100 or 115 cycles, with an expected coverage of 100. The 

sequencing data (FASTQ format) were deposited in the National Center for Biotechnology 

Information Sequence Read Archive (Accession No. SRP029424).

The low-quality bases at the 3′ ends were first trimmed using Sickle (https://github.com/

ucdavis-bioinformatics/sickle) and were then mapped to the reference genome H37Rv 

(GenBank: AL123456) with Bowtie using non-gapped alignments.22 Reads that mapped to 

more than one genomic position were discarded. The SAMtools/BCFtools suite was used for 

SNP calling.23 Heterozygous calls and SNPs with coverage lower than three were filtered. 

SNPs in the PE/PPE, PE-PGRS and drug-resistance associated genes were also filtered,24 

using an in-house Perl script. SNP lists for individual strains were combined into a single 

non-redundant list, and corresponding base calls were recovered for each strain. The 

concatenated sequences of the 32 strains were used to generate a Maximum Likelihood 

(ML) phylogeny by MEGA5.25 The sequences were also used to generate Median-joining 

(MJ) networks for each cluster with NETWORK (www.fluxus-engineering.com).

Strains with genomic difference(s) of ≤ 5 SNPs were defined as a WGS-based cluster 

according to previous study.6 For SNPs within each WGS-based cluster, we further checked 

their homozygous/heterozygous status in the clustered strains. As M. tuberculosis is strictly 

clonal, a heterozygous call with both wild type and mutant alleles most likely indicates the 

origin of the mutant allele in the corresponding patient. We used the program LoFreq to 

determine the frequencies of different alleles for each position and to evaluate the reliability 

of the calls.26 We kept only the calls in which the coverage was ≥10 and the less frequent 

allele was supported by at least five high-quality reads, as reliable calls.

Epidemiological investigation

Traditional epidemiological investigations were used to identify the persons, places, and 

behaviors that may contribute to the transmission of M. tuberculosis between TB patients 

within each cluster. TB patients were interviewed in their household, or in the local CDC 

facility if patients were not willing to be interviewed in their home. A social-network 

questionnaire was developed to identify shared social settings and to prioritize contact 

tracing. The questionnaire included information on the individual’s place of residence, travel 

history, places of social aggregation, and identification of contacts with risk factors that 

might be associated with TB (for example, smoking or alcohol abuse) and specific locations. 

All interviews were performed retrospectively by trained interviewers. The study protocol 

was approved by the Ethics Committees of the Institutes of Biomedical Sciences in Fudan 

University. Epidemiological networks were drawn manually for visualization of the links 

identified by epidemiological investigation in each VNTR-16 based cluster. In each 

network, lines were drawn between geographically close patients (e.g., who lived in the 

same village or adjacent villages, or on the same street), family members or neighbors, and 

shared enclosed or open-air locations.
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Results

Characteristics of the clustered cases

Based on the VNTR and SNP typing that was done in our previous study,19 there were two 

large clusters (cluster A and B) with 16 and 7 cases, respectively, in Wuchang County 

during 1 June 2009 to 31 December 2010. The genotypes of clusters A and B were also 

identified in Songjiang District, and accounted for seven and five TB cases, respectively. In 

Songjiang District, there was another large cluster (cluster C) with five TB cases. The A, B 

and C genotypes accounted for the three largest clusters in Songjiang District. In total, the 

three clusters accounted for 42 TB cases, with 23 TB cases in Wuchang County and 19 TB 

cases in Songjiang District (Table 1). All clustered TB patients were adults ≥ 18 years old. 

The majority of the TB patients (28/42, 66.7%) in clusters were male, and most of them 

(38/42, 90.5%) were new TB cases. Among the 19 TB patients from Songjiang District, 12 

(63.6%) were domestic migrants from other provinces of China.

VNTR and genomic similarities of the isolates

All 23 isolates from Wuchang County and 9 of the 19 strains from Songjiang District were 

successfully recovered. The VNTR-16 genotypes of all 32 recovered strains were confirmed 

and their genomes were sequenced (Table 1). The VNTR-16 genotypes of the three clusters 

were similar to each other (Figure 1). The genotypes of cluster A and B, which were 

identified both in Wuchang County and Songjiang District, differed in only one VNTR 

locus, QUB-11a. The genotype of cluster C in Songjiang District also had one locus 

(MIRU-10) that was different from the genotype of cluster A. By SNP typing, Clusters A 

and C belonged to Beijing family sublineage Bmyc10 and Cluster B belonged to Beijing 

family Bmyc210. Both sublineages belonged to the evolutionarily “modern” branch of 

Beijing family strains.14,20

The WGS-based analysis detected high genomic diversity for clusters A, B and C at both the 

intra- and inter-cluster level (Figure 1). Of the 32 strains with WGS results, 18 (56.3%) 

strains were different from every other strain by more than 100 SNPs. As the mutation rate 

of M. tuberculosis is as low as 0.3–0.5 SNPs per genome per year,4–6 the large genetic 

differences observed here indicate that the strains are historically remotely related, rather 

than caused by recent transmission. The remaining 14 strains were divided into six groups 

with small or intermediate genomic variations within each group. Four groups of strains, 

three from cluster A and one from cluster C, had small genomic distances of ≤5 SNPs. 

Strains of these four groups were defined as WGS-based clusters as they may indicate recent 

transmissions according to previous study.6 The other two groups of strains, which belong to 

cluster B, had intermediate genomics distances of 16 and 24 SNPs, respectively. Strains with 

identical genotypes of VNTR-16 and SNP-6 but from TB patients in different provinces 

were all genetically distantly related.

Concordance between WGS and hypervariable VNTR loci

Several previous studies demonstrated the importance of using hypervariable loci (VNTR 

3232, VNTR 3820 and VNTR 4120) to enhance the resolution of VNTR typing in settings 

where Beijing family strains are prevalent.14,27 To evaluate the concordance between VNTR 
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hypervariable loci and WGS data, we further typed VNTR 3232 and VNTR 4120 for all 32 

isolates. All of the strains that were within each of the four WGS-based clusters shared 

identical profiles in these loci (Figure 1). For the two groups of strains within cluster B that 

had intermediate genomic distances, strains of one group showed identical genotypes in both 

loci, and strains of the other group showed a one-repeat difference at locus VNTR 3232 

(Figure 1). Nevertheless, the results of the hypervariable loci typing and WGS were 

discordant. There were seven strains in cluster A that had identical alleles of 10 and 13 in 

these two hypervariable loci. By WGS, these strains were further discriminated into two 

distinct clusters and two distantly related singletons. In cluster B, there were five isolates 

grouped into two clusters based on the profiles of the hypervariable VNTR loci. According 

to WGS, two of the three strains that had identical alleles of 10 and 13 were relatively 

closely related and the other strain was distantly related with them. The two strains with 

identical alleles of 8 and 14 were distantly related.

Detection of recent transmission based on WGS and epidemiological investigation

No epidemiological link was identified between the 19 cases from Songjiang District. A 

total of 24 epidemiological links were identified between the 23 cases from Wuchang 

County. Epidemiological networks were drawn manually for visualization of these links in 

each VNTR-16 based cluster (Figure 2). Confirmed epidemiological links were identified in 

two of the four WGS-based clusters. Patients with strains H100135 and H100186 were 

family members, and their isolates had identical genomes, including mutations in the genes 

associated with drug resistance (supplementary table 1). The two patients with strains 

H100182 and H100200 were neighbors, and lived in the same village as the patient with 

strain H100110. The onset of symptoms in the patient with isolate H100182 was in 

September 2009, but TB disease was not diagnosed until 12 months later. Therefore, it is 

likely that the patient with isolate H100200 was directly infected by the patient with isolate 

H100182. Patients with isolates H100200 and H100110 were also indirectly linked, as they 

used go to the same street market in Wuchang City. No epidemiological links were found 

among patients with isolates H090071, H100090 and H090004. Based on WGS, strain 

H100090 acquired one additional SNP (45025, T→C) compared to the other two strains 

(Figure 1 and Figure 3). By checking the homozygous/heterozygous status of this SNP in all 

three isolates, the mutant allele C was also detected in strain H090071 at a frequency of 

10.6% (95% CI, 5.6%–18.7% ). It is likely that the mutation arose in the mycobacteria in the 

patient with isolate H090071 and the mutant clone was later transmitted to the patient with 

isolate H100090. For the two groups of strains with intermediate genetic distances in cluster 

B, the patients with isolates H100079 and H090009 lived on the same street, and no 

epidemiological link was identified between the patients with isolates H100198 and 

H100155.

There were six epidemiological links (two confirmed links and four possible links) that were 

identified between TB patients whose strains differed by small (≤5 SNPs) or intermediate 

genomic distances (16 or 24 SNPs). The remaining 18 epidemiological links were identified 

between TB patients whose strains differed by a large genomic distance (>100 SNPs). Three 

patients (with isolates H090041, H100200 and H100186) of cluster A used to go to the same 

Internet cafe. Another three patients of cluster A (with isolates H100182, H090041 and 
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H100119) used go to the same underground plaza for shopping or entertainment. Three 

patients (with strain H100200, H100110 and H090029) used go to the same street market in 

Wuchang City. In cluster B, patients of strains H100176 and H100146 lived on the same 

street, and the patients of H100079 and H100176 were familiar to each other and their work 

places were located on the same street. Patient of H100145 and H100155 used go to the 

same street market of their town. Finally, some patients of cluster A or B lived in the same 

villages or in adjacent villages (Figure 2).

Discussion

Our work evaluated the relative usefulness of traditional VNTR and SNP typing methods, 

WGS, and epidemiological investigations in settings with a high burden of TB. We 

demonstrated that the high resolution of WGS was very helpful to exclude transmission 

events that were identified by traditional VNTR typing. In addition, WGS provided other 

useful genetic information for defining direct transmission events, such as drug resistance-

conferring mutations and the homozygous/heterozygous status of SNPs. WGS was more 

accurate than VNTR typing to identify likely transmission events in high TB burden 

settings.

Our results highlight the limitations of using VNTR typing and epidemiological 

investigations to detect transmission of M. tuberculosis in a high burden setting. In this 

study, the three clusters defined by VNTR-16 typing were divided into distantly related 

singletons or small clusters by WGS. In contrast, in low TB burden countries, most of the 

clustered strains that were identified by traditional genotyping methods were genetically 

closely related by WGS.4,6 Epidemiological investigations are necessary and useful to 

identify putative transmission events between individual TB cases in VNTR-based clusters. 

However, most of the epidemiological links in the current study were between individuals 

whose isolates were distantly related, based on WGS. Epidemiological investigation can be 

difficult to conduct in certain populations, such as among the domestic migrants in 

Songjiang District in this study. Some of the migrants refused to be interviewed, and others 

had returned to their hometowns for treatment after their diagnosis and prior to their 

interview.

Our results indicate that a small genomic distance is necessary but not sufficient for defining 

recent transmission of M. tuberculosis in the studied settings. In a previous study, a genomic 

difference of ≤5 SNPs was suggested as the potential cut-off for defining strains of recent 

transmissions within three years in a low burden setting.6 In our study, the genomic 

distances between strains with robust epidemiological links were all within five SNPs, 

suggesting this threshold is reliable in our setting. However, several TB patients whose 

strains differed by ≤5 SNPs lacked epidemiological links, which may indicate casual 

transmission or missing source cases. Considering the homogeneity of M. tuberculosis in 

our setting, it is also possible that these cases were resulted from reactivations that caused by 

remote infection of genetically closely related M. tuberculosis strains. According to previous 

studies, the number of mutations between epidemiologically linked cases could be 

unexpectedly high due to host factors and/or environmental factors.4,8 In a recent study, as 

many as 14 SNPs were identified between strains isolated from patients with confirmed 
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epidemiological links.28 Therefore, we cannot exclude the possibility of direct transmission 

cases that differ by 16 or 24 SNPs in this study.

WGS provides additional genetic information for exploring the details of transmission 

events. First, WGS provides the mutation profiles of all drug resistance-associated genes, 

which is important to detect the transmission of resistant strain or the acquisition of 

resistance. Second, the high depth of WGS enables one to detect the homozygous/

heterozygous status of SNPs for strains within a transmission chain, providing valuable 

information to determine the direction of transmission events. Finally, the topology of the 

WGS-based phylogeny, such as the MJ network, can help to identify the source case, super 

spreaders and underlying transmission patterns.5,6 In a previous study, a postulated node in 

the MJ network was usually treated as a missing case due to incomplete taxon sampling.6 In 

this study, a postulated node was found between two cases (with isolates H100182 and 

H10020) with a confirmed relationship of direct transmission (Figure 3). Considering the 

diagnostic delay in the source case (with isolate H100182), new variants of M. tuberculosis 

may have evolved in the patient after transmission. Thus, the postulated node may represent 

the genotype of strains that were circulating when transmission occurred, rather than a 

missing case. Since diagnostic delays of TB are common in both high- and low-burden 

settings,29,30 the proper interpretations of postulated nodes are important for defining 

transmission events using WGS.

Considering the ever-decreasing costs of WGS and the development of automatated data 

analysis tools, WGS is under consideration for routine TB public health practice in some 

developed countries.6 Although it is not currently possible to conduct large-scale, high-

throughput WGS-based programs, an appropriate combination of traditional typing methods 

and WGS could be cost-effective in those settings. Based on the present study, we 

recommend a set of robust, discriminatory VNTR loci, e.g., the standard 15-/24-locus set,31 

or the 9-locus set proposed by our lab more recently,32 as a first-line typing method for 

large-scale typing that can be performed as soon as mycobacterial DNA is available. The 

hypervariable loci, such as VNTR 3820, VNTR 3232 and VNTR 4120, could be used for 

second-line typing of clustered strains, based on the first-line typing results.32,33 WGS could 

be used as the third-line method for strains with clustered genotypes, based on the typing of 

hypervariable loci. Finally, targeted epidemiological investigations would be conducted only 

for WGS-based clustered cases. This algorithm would minimize the time and costs of WGS 

and epidemiological investigations. We believe WGS will be a useful tool for understanding 

TB epidemiology and improving public health practice in high burden settings.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Whole genome sequencing (WGS) based Maximum Likelihood (ML) phylogeny of the 32 

strains in clusters A, B and C and their corresponding genotypes in 16 variable number 

tandem repeat (VNTR-16) loci and 6 single nucleotide polymorphism (SNP) loci. Branch 

labels indicate the number of SNPs per branch. The consensus genotype of each locus of 

VNTR-16 is colored in light green, and the discordant genotypes in loci QUB-11a and 

MIRU-10 are colored in orange. For two hypervariable loci, colors that are the same indicate 

genotypes that were shared by at least two strains within a cluster, and uncolored genotypes 

indicate unique genotypes.
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Figure 2. 
Epidemiologic links that were identified among TB patients of cluster A and cluster B from 

Wuchang County, derived from the epidemiological investigations. Circles in light blue, 

isolates of singletons based on WGS; circles in other colors, isolates of WGS-based clusters; 

thick solid lines, confirmed epidemiological links; thin solid lines, corresponding TB 

patients who spent time in an enclosed public place, or TB patients who were familiar and 

lived or worked in geographically close places; thick dotted lines, corresponding TB patients 

who lived or worked in geographically close places (e.g., in the same village or in adjacent 

villages, or on the same street in a town); thin dotted lines, corresponding patients who spent 

time in an open public place.
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Figure 3. 
Median-Joining (MJ) networks of clusters A, B and C. Branches in thin lines, genetic 

distances ≥ 10 SNPs; branches in thick lines, genetic distances ≤ 10 SNPs; small orange 

circles, postulated nodes; blue nodes, WGS-based singletons; nodes with colors other than 

blue or orange, WGS-based clustered isolates (with genomic distance ≤5 SNPs between 

isolates).
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