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Title: Whole genome sequencing provides additional insights into recurrent tuberculosis classified as 

endogenous reactivation by IS6110 DNA fingerprinting 

 

Abstract  

Recurrent tuberculosis (TB) after successful TB treatment occurs due to endogenous reactivation (relapse) 

or exogenous reinfection. We revisited the conclusions of relapse in a high TB incidence setting that were 

drawn on the basis of IS6110 restriction fragment length polymorphism (RFLP) analysis in a large 

retrospective cohort study in suburban Cape Town, South Africa. Using whole genome sequencing (WGS), 

we undertook pair-wise genome comparison of Mycobacterium tuberculosis strains cultured from 

diagnostic sputum samples collected at the index and recurrent TB episode for 25 recurrent TB cases who 

had been classified as relapse based on identical DNA fingerprint patterns in the earlier study. We found 

that paired strain genome sequences were identical or showed minimal variant differences in 22 of 25 

recurrent TB cases, consistent with relapse. One showed 20 variant differences, suggestive of exogenous 

reinfection. Two of the 25 had mixed infections, each with the index episode strain detected as the 

dominant strain at recurrence in one of these patients, the minority strain harboured drug-resistance 

conferring mutations (rpoB, katG). In conclusion, our study highlights the additional value of WGS for 

investigating recurrent TB in settings with high infection pressure and closely related circulating strains, 

where the extent of re- and mixed infection may be underestimated.  
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1. Introduction 

Recurrent tuberculosis (TB), defined as active TB among individuals who were apparently successfully 

treated for a previous TB episode, contributes significantly to the TB burden in high incidence settings1-3. 

Recurrent TB occurs either due to endogenous reactivation (relapse) or exogenous reinfection with 

Mycobacterium tuberculosis 4. Classic molecular typing methods such as mycobacterial interspersed 

repetitive units variable number tandem repeat (MIRU-VNTR) typing and IS6110 restriction fragment 

length polymorphism (RFLP) have been used to distinguish relapse from exogenous reinfection5-10. These 

studies defined endogenous reactivation as paired patient isolates from successive disease episodes 

showing identical IS6110 fingerprints or MIRU-VNTR patterns. In contrast, exogenous reinfection was 

inferred if the paired patient isolates had distinct IS6110 fingerprints or variation in more than two MIRU-

VNTR alleles8,11-13.  

The increased resolution of whole genome sequencing (WGS) previously allowed the elucidation of 

substantial genomic diversity among M. tuberculosis isolates harbouring near identical MIRU-VNTR 

patterns and identical IS6110 RFLP fingerprints14,15. The base-pair level resolution of WGS by employing 

next generation sequencing technologies allows for the identification of micro-evolutionary events other 

than IS6110 transposon or MIRU-VNTR differences16,17 and offers a valid differentiation between relapse 

and exogenous reinfection as the cause of recurrent disease, even in high incidence settings where the 

genomic diversity of circulating strains may be limited14.  

Traditional molecular typing tools thus have limited resolution to distinguish highly similar strains 

circulating in a community. Accordingly, recurrent TB due to exogenous reinfection with a closely related 

strain to the strain present during the first disease episode may be misclassified as relapse when traditional 

molecular typing tools are used. These misclassifications, in turn, may lead to the underestimation of the 

contribution of transmission to the TB burden in high TB incidence settings. In addition, mixed infections 

with potentially drug resistant strains may go undetected at first, leading to further treatment 

complications18.  
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In this study, we revisited the conclusion of relapse as the mechanism of recurrent disease in a subset of TB 

cases from a high TB incidence setting in Cape Town, South Africa6. We anticipated that WGS could offer 

additional insights into whether these TB cases were correctly classified as relapse by IS6110 RFLP. We 

also investigated the possibility of mixed infections and drug-resistance at recurrence.  

2. Material and Methods 

We re-investigated 25 recurrent TB cases who had been classified as relapse in a large retrospective cohort 

study in a high TB-incidence setting in suburban Cape Town, South Africa. At the time of the study, the 

study setting had an extremely high TB notification rate (761/100 000 for all forms of TB; 238/100 000 per 

year for new smear positive disease) and a low HIV prevalence19. The previous study aimed to investigate 

the temporal dynamics of TB due to relapse and reinfection in this high TB-burden setting. It was 

conducted among 130  smear-positive TB cases who had successfully completed their TB treatment under 

the   directly observed treatment, short-course (DOTS) strategy between 1996 and 2007 (92% with 

bacteriological evidence of cure) and subsequently re-treated for smear-positive TB in the same setting. 

Using pairwise comparison of IS6110 RFLP fingerprint patterns, the previous study classified 64 (49%) of 

130 recurrent TB cases as relapse and the remainder as exogenous reinfections. Details of the earlier study 

and its setting have been previously described6. In the present study, we revisited the conclusion of relapse 

that was made for a subset of 25 recurrent TB cases with identical IS6110 RFLP fingerprint patterns in the 

earlier study (Figure 1). The subset was chosen based on resource considerations and the availability of 

WGS-quality DNA.   

M. tuberculosis isolates were cultured under biosafety level 3 conditions on Lowenstein-Jensen slants until 

confluent growth was observed. Cultured bacteria were heat-killed prior to phenol/chloroform DNA 

extraction20. Paired-end genomic libraries were prepared using the TruSeq DNA Sample Preparation Kits 

V2 (Illumina Inc, San Diego, CA, USA) according to the manufacturers’ instructions. Pooled samples were 

sequenced on an Illumina HiSeq2000 instrument.  

Raw sequence data were analysed as previously described21,22. Briefly, reads were trimmed with 

Trimmomatic23 using a sliding window approach and an average phred quality score of 20, and aligned to 
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the M. tuberculosis H37Rv reference genome (GenBank NC000962.3) with BWA24, SMALT25 and 

Novoalign (Novocraft). Genomic variants (single nucleotide variants and 1-10 base pair insertions and 

deletions) identified in all three alignments with SAMTools26 and the Genome Analysis Toolkit27 were 

considered with high confidence. Strain specific single nucleotide variants were used for lineage 

identification28. Qualimap was used to assess the quality of the alignments, mapping statistics are 

summarised in Supplementary Table S129,30. For the purpose of this study a relaxed heterogeneous variant 

filtering approach was used to allow for the identification of underlying mixed infections. Specifically, 

variants identified with respect to the M. tuberculosis H37Rv reference genome were not filtered for allele 

frequency prior to comparative analysis. After pairwise comparisons, filters were applied to exclude 

variants found in pe/ppe genes, insertion sequences and phages, and repeat regions. In cases where indels 

were identified as unique variants, these were considered as a single discreet variant [equivalent to one 

single nucleotide substitution (SNP)]. Paired patient isolates with 0-5 variants between the strain from the 

index episode and the recurrent episode were considered relapse, a larger variant distance was taken to 

indicate exogenous reinfection, in accordance with the variant distance cut-offs used in previous 

studies17,31,32. Variants were considered “fixed” when supported by ≥70% of reads mapping to the variant 

locus, whilst variants were considered “heterogeneous” when a variant frequency between 30% and 70% 

were observed.  Where WGS results indicated mixed infections (relatively consistent heterogeneous base 

frequencies indicating two distinct populations) in the second episode, the presence of phylogenetic 

markers (katG463, gyrA95, lineage defining regions of difference) 28,33,34 was assessed and known drug 

resistance conferring regions were also investigated35. 

The earlier study was approved by the Committee for Human Research, Faculty of Medicine and Health 

Sciences, Stellenbosch University (N09/05/144 and amendments 1 and 3)6. The present study used de-

identified samples and data collected as part of the earlier study. 

3. Results and Discussion 

Of the 25 recurrent TB cases sampled, 13 (52%) were male, the median age was 29 years (inter-quartile 

range [IQR]: 21-39 years) (Table 1). HIV status was documented as negative in 11, positive in one, and not 
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documented in 13 of the 25 patients. All patients had initially been diagnosed with smear-positive 

pulmonary TB and successfully completed their treatment according to available records, 23 of 25 had 

bacteriological proof of cure. All patients were subsequently re-treated for smear-positive pulmonary TB in 

the same study setting with a median time between the end of initial treatment and the start of the recurrent 

treatment of 11.7 months (IQR: 5.5-20.0 months). The IS6110 RFLP fingerprints of the 25 TB cases 

showed identical genotypes between the index- and recurrent episode, and no evidence of mixed infections 

was reported.  

Raw sequence data were deposited to the European Nucleotide Archive under project accession number 

PRJEB32341. M. tuberculosis isolates were whole genome sequenced at a mean depth of coverage of 119x 

(±37) (Supplementary Table S1) and strains were predominantly classified as Lineage 2 and Lineage 4 

(Table 1) using strain specific single nucleotide variant markers for lineage inference28.  

Pairwise genomic analysis showed that 22 of the 25 pairs of isolates showed 0-4 variants (considering 

fixed and hetereogeneous variants) between the index- and recurrent episode (Table 1), consistent with 

reactivation and in agreement with the IS6110 RFLP-based classification of relapse. Paired isolates from 

patient 10 showed 20 variant differences, of which only two were heterogeneous (not supported by 100% 

of the reads at that position), suggesting reinfection with a closely related exogenous strain. Further 

interpatient comparisons (all inter-patient strain comparison data not shown) revealed that the second 

isolate from patient 10 differed by only one variant from the first isolate of patient 15 (Figure 2), strongly 

supporting this hypothesis of reinfection with a closely related circulating strain.  

Patients 23 and 25 showed 757 and 833 unique heterogeneous variants (with a variant frequency less than 

30%) in the isolate from the second episode, respectively, while the index isolates from each patient 

showed zero, and two unique variants (one of which is heterogeneous), respectively. The number of variant 

differences observed here are in agreement with previous studies where WGS was used to differentiate 

between recurrent TB due to endogenous reactivation and exogenous reinfection using a variant cut-off of 

five to 1016,17. For both pairs, the underlying (minority) strain in the second episode harboured the CTG 

sequence at codon 463 in katG in contrast to the index episode isolate, which  harboured the CGG 
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sequence at this codon confirming that the reinfecting strains belonged to a different principle genetic 

group when compared to the index isolate33. In addition, the underlying (minority) population from the 

second episode from patient 23 harboured a rifampicin resistance conferring mutation (rpoB S531L), and 

an isoniazid resistance conferring mutation (katG S315T). This finding may suggest that reinfection with 

an exogenous strain allowed disease progression with the strain from the index episode, resulting in a 

mixed infection36. Visual reanalysis of the original IS6110 RFLP fingerprinting blots showed the presence 

of faint underlying bands in the fingerprint of the second episode of patients 23 and 25 that were not 

considered by the GelCompar software6. Similar to previous findings, no significant relationship between 

the time difference between two isolates and the number of variants accumulated between paired patient 

isolates were observed37 (Figure 3). 

4. Conclusion 

In conclusion, our study highlights the additional value of WGS for investigating recurrent TB to 

discriminate reactivation from endogenous reinfection. The findings based on WGS largely concurred with 

that of IS6110 RFLP to conclude relapse as an important underlying mechanism of recurrence in a high TB 

incidence setting in a large retrospective cohort study in suburban Cape Town, South Africa. Pairwise 

genome comparison of M. tuberculosis strains cultured from diagnostic sputum samples collected at the 

index and recurrent TB episode for 25 recurrent TB classified as relapse showed 0 – 4 variants between 

paired isolates in 22 cases. No drug-resistance conferring mutations were observed in the isolates collected 

from the recurrent episode in these 22 cases, suggesting that acquisition of drug-resistance did not drive 

relapse, but that the infection was not completely cleared after treatment of the first episode of TB was 

completed. One case showed 20 variant differences between the index and recurrent episode, which 

suggests exogenous reinfection with a closely related circulating strain in the community. Based on WGS, 

two of the 25 patients showed evidence of mixed infections in the recurrent episode, each with the index 

episode strain detected as the dominant strain at recurrence and the minority strain harbouring distinct 

phylogenetic markers indicative of reinfection with an unrelated strain. IS6110 RFLP typing may thus have 

slightly underestimated the contribution of exogenous reinfection to recurrent TB in this setting. In 

addition, one of the patients in which a mixed infection was detected in the recurrent episode, had an 
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underlying strain that harboured drug-resistance conferring mutations (rpoB, katG). The observation of 

mixed infections in recurrent TB episodes raises the question of how reinfection may influence the growth 

of the prior infection strain which was not completely eradicated by prior treatment. This study highlights 

the high resolution and additional value of WGS for investigating recurrent TB in settings where the 

infection pressure is high with closely related strains potentially circulating in the community, and the 

extent of reinfections, possibly resulting in mixed infections, may be underestimated18. 
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Tables and Figures:  

 

 

Table 1. Patient information and pairwise comparison of whole genome sequences from 25 recurrent TB 

cases previously classified as relapse.  
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*based on filtered variants (variant frequency above 0.8), not an accurate determination of lineage in mixed infections   

Patient details M. tuberculosis isolate, index episode M. tuberculosis isolate, recurrent episode Comparison 

Patient 

Nr 
Sex 

Age at 

first 

episode 

(years) 

Time of 

episode 

(month / 

year) 

IS6110 

RFLP 

family12-14 

(cluster 

number) 

Lineage 

(WGS) 

Number 

of fixed 

unique 

variants 

(A) 

Number of 

heterogeneous 

unique 

variants (B) 

Time of 

episode 

(month / 

year) 

IS6110 

RFLP 

family12-14 

(cluster 

number) 

IS6110 

Evolution 

Lineage 

(WGS) 

Number 

of fixed 

unique 

variants  

(C) 

Number of 

heterogeneous 

unique 

variants  (D) 

Total 

variation 

(A+B+C+D) 

1 Male 29 11 / 2005 11 (1) 4.3.2 0 0 7 / 2007 11 (1) no 4.3.2 1 0 1 

2 Male 40 8 / 2002 11 (9) 4.3.2 0 0 2 / 2004 11 (9) no 4.3.2 1 0 1 

3 Female 38 5 / 2000 11 (31) 4.3.2 0 0 1 / 2002 11 (31) no 4.3.2 0 0 0 

4 Male 34 4 / 2000 11 (626) 4.3.2 1 0 6 / 2002 11 (626) no 4.3.2 0 0 1 

5 Male 41 10 / 2001 29 (208) 2.2 0 0 5 / 2002 29 (208) no 2.2 0 0 0 

6 Female 30 8 / 2002 29 (208) 2.2 0 0 10 / 2004 29 (208) no 2.2 1 0 1 

7 Male 63 10 / 2006 29 (208) 2.2 0 0 2 / 2008 29 (208) no 2.2 0 0 0 

8 Male 26 6 / 2002 29 (209) 2.2 0 0 12 / 2004 29 (209) no 2.2 3 1 4 

9 Male 16 5 / 2006 140 (330) 4.1.1.3 0 0 3 / 2007 140 (330) no 4.1.1.3 1 0 1 

10 Female 37 9 / 2003 140 (330) 4.1.1.3 10 0 7 / 2007 140 (330) no 4.1.1.3 8 2 20 

11 Female 17 7 / 2003 140 (330) 4.1.1.3 0 0 10 / 2005 140 (330) no 4.1.1.3 0 0 0 

12 Female 51 8 / 2002 140 (330) 4.1.1.3 0 0 1 / 2004 140 (330) no 4.1.1.3 0 0 0 

13 Male 28 3 / 2003 140 (330) 4.1.1.3 0 0 2 / 2004 140 (330) no 4.1.1.3 0 0 0 

14 Female 32 5 / 2004 140 (330) 4.1.1.3 1 0 2 / 2008 140 (330) no 4.1.1.3 3 0 4 

15 Female 17 9 / 2006 140 (330) 4.1.1.3 0 0 9 / 2008 140 (330) no 4.1.1.3 2 0 2 

16 Female 26 10 / 2003 29 (220) 2.2 0 0 10 / 2004 29 (220) no 2.2 1 0 1 

17 Female 23 9 / 2002 29 (670) 2.2 0 0 7 / 2004 29 (670) no 2.2 0 0 0 

18 Female 10 6 / 2002 11 (794) 4.3.2 1 0 5 / 2005 11 (794) no 4.3.2 1 0 2 

19 Female 39 11 / 1998 150 (338) 4.1.1.3 0 0 6 / 2004 150 (338) no 4.1.1.3 0 0 0 

20 Male 21 5 / 2004 29 (734) 2.2 0 0 12 / 2005 29 (734) no 2.2 0 0 0 

21 Male 19 2 / 2006 140 (381) 4.1.1.3 1 0 10 / 2007 140 (381) no 4.1.1.3 1 0 2 

22 Male 12 4 / 2004 150 (338) 4.1.1.3 0 0 8 / 2005 150 (338) no 4.1.1.3 0 0 0 

23 Female 44 1 / 2002 140 (381) 4.1.1.3 0 0 12 / 2002 140 (381) no 4.9* 0 757 757 

24 Male 45 5 / 2003 140 (330) 4.1.1.3 0 0 12 / 2004 140 (330) no 4.1.1.3 0 0 0 

25 Male 27 4 / 2005 11 (32) 4.3.2 1 1 3 / 2006 11 (32) no 4.9* 0 833 835 
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Figure captions: 

Figure 1 – Study sample of 25 relapse cases in relation to the underlying study6. 

Figure 2. Variant differences observed among strains isolated from diagnostic samples for 2 individuals 

[patient 10 (blue), patient 15 (orange)] by time of the index and recurrent TB treatment episode. Variant 

differences are shown relative to that of the index treatment episode of Patient 10 (lower left corner). The 

strain isolated at the recurrent TB episode of patient 10 was more closely related to the strain isolated from  

another patient (15) than to the one isolated at the index episode of the same patient (10). 

Figure 3. Genomic diversity of paired M. tuberculosis isolates indicating variant distances over the time 

elapsed between the index- and recurrent TB episode, excluding two reinfection cases that resulted in 

mixed infection in the second episode. 
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