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Abstract 

While the acquisition of drug resistance is often accompanied by fitness costs, 

Mycobacterium tuberculosis has developed mechanisms to overcome these costs in the form 

of compensatory mutations. In an attempt to dissect strain-specific differences in biological 

fitness, ten M. tuberculosis genomes, representing F15/LAM4/KZN, Beijing, F11 and F28 

genotypes were sequenced on the Illumina MiSeq platform. Drug-susceptible 

F15/LAM4/KZN strains differed by 43 SNPs, demonstrating that heterogeneity exists even 

among closely-related strains. We found unique, non-synonymous single nucleotide 

polymorphisms (SNPs) in the sigA and grcC1 genes of MDR and XDR F15/LAM4/KZN 

strains, respectively. The F28 MDR strain harboured a novel ubiA mutation in combination 

with itsembB M306I mutation, which may be related to ethambutol resistance. In addition,it 

possessed a low-frequencyrpoC mutation, suggesting that this strain was in the process of 
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developing compensation. In contrast, no compensatory mutations were identified in Beijing 

and F11 MDR strains, corroborating its low in vitro fitness.Clinicalstrains also harboured 

unique SNPs in a number ofimportant genes associated with virulence, highlighting the need 

for future studies which examine the correlation of genetic variations with phenotypic 

diversity. In summary, whole-genome sequencing revealed the presence of fitness-

compensatory mutations in F15/LAM4/KZN and F28 genotypes which predominate in MDR 

and/or XDR forms in KwaZulu-Natal, South Africa. 

 

Introduction 

Since the discovery of the first anti-tuberculosis (TB) drug about 70 years ago, M. 

tuberculosis has progressively evolved from monodrug resistant to multidrug resistant 

(MDR), extensively drug resistant (XDR) and recently, totally drug-resistant (TDR) forms, in 

various parts of the world (WHO 2014). Anti-TB drugs, which are generally designed to 

target essential, highly conserved genes, may be impeded by chromosomal mutations which 

alter the target site (Sandgrenet al. 2009). The acquisition of drug resistance is often 

associated with a fitness ‘cost’ as mutations may affect the normal function of target genes, 

thereby reducing the growth rate of M. tuberculosis (Andersson and Levin 1999; Billingtonet 

al. 1999; Gillespie 2002). Moreover, strains carrying identical resistance-encoding mutations 

may differ in their ability to spread from person-to-person, demonstrating the significance of 

strain genetic background in the context of fitness (Gagneuxet al. 2006; Fenneret al. 2012). 

Compensatory mutations however, may help restore the fitness of drug-resistant strains 

(Sherman et al. 1996; de Vos et al. 2013).  

 

The World Health Organisation (WHO) estimates that 1 out of every 100 people in South 

Africa develops active TB disease every year (WHO 2014). As a result of poor TB control 

programmes and treatment strategies, M. tuberculosis strains have been found to disseminate 

in MDR (resistance to isoniazid and rifampicin) and XDR (MDR in addition to resistance to 

any fluoroquinolone and at least one injectable drug) forms in South Africa (Pillay and Sturm 

2007; Victor et al. 2007; Cox et al. 2010; WHO 2014; Cohen et al. 2015). Moreover, the 

appearance of XDR-TB is strongly associated with specific strain genotypes (Muller et al. 

2013; Cohen et al. 2015), including the F15/LAM4/KZN (KZN) genotype which caused the 

largest XDR-TB outbreak, in Tugela Ferry, KwaZulu-Natal (Gandhi et al. 2006). Our recent 

study demonstrated increased fitness for KZN strains in laboratory culture, contrasting with 

Beijing and F11 MDR strains which were characterized by impeded growth and metabolic 
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profiles (Naidoo and Pillay 2014). Competitive fitness assays also showed consistently lower 

fitness indices for most drug-resistant strains, when compared with susceptible competitor 

strains (Naidoo and Pillay 2014). In support of this, preliminary sequencing of selected 

resistance-conferring genes revealed the presence of low or no fitness cost mutations in KZN 

and F28 strains and high fitness cost mutations in Beijing and F11 strains, however further 

genetic differences between these strains remain to be determined. 

 

Despite the recent advances in understanding the biological cost of drug resistance, this 

subject remains incompletely studied among clinical strains. This is in part due to the 

difficulty in assessing the effects of strain-specific variation on TB pathogenesis. The 

introduction of next-generation sequencing technology may help decipher the functional and 

clinical consequences of M. tuberculosis genetic diversity, displayed in the form of single 

nucleotide polymorphisms (SNPs), small insertions and deletions (indels) and gene 

rearrangements (Coscolla and Gagneux 2014). In this study, we correlated whole-genome 

sequencing (WGS) data with previous experimental fitness data of ten clinical strains from 

South Africa. Comparative genomic analysis revealed the existence of significant sequence 

diversity among clinical strains and helped uncover novel mutations - some of which may aid 

in the amelioration of fitness costs.  

 

Materials and methods 

Clinical M. tuberculosis strains 

Ten M. tuberculosis strains were selected for WGS analysis. This included four susceptible, 

four MDR and two XDR strains for which drug susceptibility testing, spoligotyping and 

IS6110-RFLP typing were performed previously (Naidoo and Pillay 2014). Strains were 

classified into four families, namely: F15/LAM4/KZN (n = 4), Beijing (n = 2), F11/LAM3 (n 

=2) and F28/S (n = 2). Mycobacteria were grown in Middlebrook 7H9 broth (Difco) 

containing 10% oleic albumin dextrose catalase (OADC) (BD Biosciences), 0.5% glycerol 

(Sigma) and 0.05% Tween-80 (Sigma) at 37 °C, until an optical density (OD600) of 1. 

 

Whole genome sequencing 

Genomic DNA was isolated using the CTAB-lysozyme method (Larsen et al. 2007) and 

purified using the Genomic DNA Clean & Concentrate KitTM (Zymo Research, Pretoria, 

South Africa). Whole-genome sequencing was performed onthe Illumina MiSeq Sequencer 

(Illumina) at InqabaBiotec (Pretoria, South Africa). An Illumina-provided tagmentation kit 
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(Nextera) was used for library preparation. Paired-end massively parallel sequencing (2 x 300 

bp) was carried out with a MiSeq v3 sequencing kit.  

 

Read mapping 

Raw sequence reads were trimmed to remove adaptor sequences and low quality sequences 

using the CLC Genomics Workbench (version 7.5.1; QIAGEN, Aarihus, Denmark). The 

‘Map Reads to Reference’ function was used to assemble paired reads from all strains to the 

M. tuberculosis H37Rv reference genome (NCBI accession # N000962) using the following 

parameters: similarity fraction = 0.8, length fraction = 0.5, mismatch cost of 2, deletion cost 

of 3 and insertion cost of 3. Similarly, KZN strains were mapped against KZN-4207 (NCBI 

accession # CP001662), a previously sequenced susceptible strain. In addition, re-sequenced 

MDR and XDR- KZN strains, V1435 and KZN605, were mapped against previous versions 

by the Broad Institute 

(www.broad.mit.edu/annotation/genome/mycobacterium_tuberculosis_spp) (NCBI accession 

# CP001658 and # NC_018078, respectively). Beijing strains were mapped against HN878 

(NCBI accession # NZ_CM001043) and F11 strains were mapped against the F11 reference 

genome (NCBI accession # NC_009565). Since no reference genome was available at the 

time for F28, sequences were mapped against H37Rv only. All statistical information was 

derived from the resulting table generated by the software. The ‘k-mer based tree 

construction’ function in the CLC Genomics Workbench was used for phylogram 

construction. Regions with low coverage were filled from the reference sequence (H37Rv) 

and quality scores were used for conflict resolution.    

 

SNP analysis and confirmation 

Drug resistance-conferring mutations were characterised using publicly available databases 

including TBDreaMDB and the Broad Institute Tuberculosis Drug Resistance Mutation 

Database, together with recently published reports. Variants were called on the basis of high 

quality (Phred score of Q30) and more than 70% of the reads reflecting the SNP. Verification 

of a subset of SNPs was accomplished by PCR using Q5 High-Fidelity DNA Polymerase 

(NEB) and primers listed in supporting data (table 1 in electronic supplementary material). 

Sanger sequencing was performed on the ABI 3500XL Genetic Analyzer using forward 

primers. Bioedit software and chromatograms were used to analyse sequences for the 

presence of wild-type or mutant peaks. Non-synonymous SNPs (nSNPs) were categorised 

into functional groups according toTuberculist (Lew et al. 2011). A selection of genes 
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encoding virulence factors was inspected for nSNPs, across the four strain families (Smith, 

2003). We used the ‘InDels and Structural Variants Tool’ on paired reads mapped to H37Rv 

with the following parameters: P-value threshold = 0.0001, maximum number of mismatches 

= 2 and minimum number of reads = 2.  

 

Minimum inhibitory concentration (MIC) testing of isoniazid and ethambutol 

Strains were cultured on Middlebrook 7H11 agar (Difco) and adjusted to a McFarland no. 1 

turbidity standard in phosphate buffered saline with Tween-80. Serially-diluted suspensions 

were inoculated onto Middlebrook 7H10 agar containing 10% OADC, 0.5% glycerol and 

drug concentrations ranging from 0.0625 to 16 mg/L for isoniazid (INH) and 0.4687 to 120 

mg/L for ethambutol (EMB). Strains were classified as having low-level or high-level 

resistance in the presence of 0.2 mg/L or 1 mg/L of INH, respectively. Two critical 

breakpoints of 5 and 7.5 mg/L were tested for EMB. 

 

THP-1 macrophage infection with M. tuberculosis strains 

F15/LAM4/KZN strains were cultured in Middlebrook 7H9 broth (Difco) supplemented with 

10 % oleic acid albumin dextrose (OADC) enrichment (Becton Dickinson), 0.5 % glycerol 

and 0.05 % Tween-80 until an optical density (OD600) of 0.6-1. The THP-1 human derived 

macrophage cell line (ATCC TIB-202) was propagated in RPMI-1640 (Lonza) containing 10 

% fetal bovine serum (Biowest) (RPMI-C) at 37 °C with 5 % CO2. Cells were enumerated by 

trypan blue exclusion prior to reconstitution with 50 ng/ml phorbol 12-myristate 13-acetate 

(PMA) for overnight differentiation into macrophages. Cells were seeded at 2 X 105 cells/ml 

in 24-well cell culture plates (Porvair). Infection media (RPMI-C) was freshly prepared 

immediately before use. Bacterial cultures were pelleted by centrifugation at 2000 x g for 10 

minutes and resuspended in 1 mL of RPMI-C. Bacteria were passaged 10 times through a 21-

gauge needle (attached to a 1-ml syringe) and diluted to 2 X 105 bacteria per ml in RPMI-C. 

Following overnight incubation, monolayers were washed twice with warm PBS to remove 

non-adherent cells. Macrophages were infected, in triplicate wells, at a multiplicity of 

infection (MOI) of 1:1. After 4 hours of incubation at 37 °C (5 % CO2), monolayers were 

washed three times with warm PBS to remove extracellular bacteria and fresh media was 

added to day 5 wells. For colony forming unit (CFU) enumeration at 4 h and 5 d post-

infection, macrophages were lysed for 20 minutes with 0.1 % Triton X-100. Serially-diluted 

lysates were plated, in triplicate, onto Middlebrook 7H10 medium (Difco) containing 10 % 

OADC and 0.5 % glycerol and incubated for 3 weeks at 37 °C. Three independent 
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macrophage experiments were performed for each strain. To confirm the MOI during each 

experiment, bacterial inocula was plated onto Middlebrook 7H10 medium and incubated for 

3 weeks. 

 

Ethical approval 

Ethical approval was obtained from the Biomedical Research Ethics Committee, University 

of KwaZulu-Natal, South Africa (BE258/13). 

 

Results 

Whole genome sequencing 

Mapping reports detailing summary statistics of read distribution are described in supporting 

data (table 2 & 3 in electronic supplementary material). Sequencing reads have been 

deposited into the NCBI SRAdatabase under the accession number SRP067784. Sequencing 

depth in strains ranged from 20 to 60 X with average read length of 230 bp (table 1). 

Phylogenetic relationships among clinical strains are shown in figure 1.  

 

Mapping of F15/LAM4/KZN strains to KZN-4207 

Sequence reads from KZN strains mapped uniquely to 4,394,985 bases (99 %) of the KZN-

4207 reference genome (table 2 in electronic supplementary material). The susceptible strain, 

KZN-V9124 had 43 nSNPs relative to KZN-4207, of which 37 were unique and 6 were 

shared with the drug-resistant strains (figure2a). Seven nSNPs were common to the MDR 

(KZN-V1435) and XDR strains (KZN-605 and KZN-X162) of which 4 had no definitive link 

to drug resistance. Drug-resistant strains had previously reported mutations in resistance-

conferring genes (Ioergeret al. 2009). Mapping of the XDR strains to KZN-4207 revealed 1 

unique mutation in KZN605 and 3 in KZN-X162. Of these, one mutation (L129M) identified 

in the grcC1 gene (Rv0562) of X162, encoding polyprenyl-diphosphate synthase, was not 

detected in previously-sequenced KZN genomes (figure 2a). Fifteen frameshift mutations 

were identified in V1435 (MDR) with respect to Broad’s sequence (table 4in electronic 

supplementary material), together with a nSNP in sigA, albeit with low read frequency 

(<70%). Sanger sequencing of sigA revealed the presence of two peaks at the target 

nucleotide site, confirming it was not a false positive. Fewer differences were evident 

between KZN605 and the previously-sequenced genome. These included 5 frameshift 

mutations (4 in conserved hypothetical genes and 1 in a gene encoding a RifB protein) and 2 

nSNPs in conserved hypothetical genes (table 5 in electronic supplementary material). 
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Mapping of Beijing strains to HN878 

A total of 120 and 135 nSNPs were detected in susceptible and MDR Beijing strains 

respectively, of which 65 were shared (figure 2b). The majority of shared mutations (46 %) 

occurred within hypothetical proteins, underscoring the need for functional assignment to yet 

uncharacterised genes. Unique nSNPs in the susceptible strain included those in moaA1 and 

rpfB, whilst the MDR strain harboured nSNPs in sigKand double mutations in murD. 

 

Mapping of F11 strains to F11 reference 

A comparison of the susceptible and MDR F11 strains to the F11 reference genome revealed 

54 and 52 nSNPs, respectively (figure 2c). A total of 30 and 28 nSNPs were uniquely found 

in the susceptible and MDR strain, respectively. Of particular interest, was a Val104Leu 

mutation detected in the hrp1 gene (Rv2626c) of the susceptible strain. This gene is a member 

of the dormancy regulon and is strongly up-regulated under hypoxic conditions (Sharpe et al. 

2008). The MDR strain harboured a mutation in vapC38 (Rv2494) which encodes a toxin 

previously shown to have increased expression during nutrient starvation, with plausible 

importance in the establishment of latent infection (Albrethsenet al. 2013). 

 

Drug resistance and efflux pumps 

Reads from the ten strains were uniquely mapped to an average of 4,341,256 bases (98.4 %) 

of the H37Rv reference genome (table 3 in electronic supplementary material).A total of 50 

mutations spanning 25 genes associated with drug resistance, were identified (table 2).  

 

For INH resistance, we analysed katG,ndh,accD6, kasA, Rv1592cand mabA. Drug-resistant 

KZN and F28 strains harboured the canonical katG Ser315Thr mutation with variable INH 

MICs (table 3). Although the Beijing-MDR strain had a different substitution at codon 315, it 

maintained a comparably high INH MIC. In contrast, the F11 MDR strain possessed a rare 

katG mutation which corresponded to the lowest INH MIC detected in this study. Mutations 

detected in ndh, accD6, kasA and Rv1592c did not correlate well with INH resistance as these 

were present in susceptible strains (table 2). A recently characterised, mabAg609a silent 

mutation (Ando et al. 2014) was detected in our Beijing MDR strain. Drug-resistant KZN 

strains harboured a mutation (T1673432A) -8 upstream of mabA(data not shown). 
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Rifampicin-resistant strains exhibited mutations across five codons in rpoB(table 2). 

Interestingly, KZN-V1435 had a secondary rpoB mutation which was reflected by 61% of the 

reads. Sanger sequencing indicated the presence of double nucleotide peaks (G and A) at 

position 1460, confirming it was a true variant (data not shown). Both susceptible and MDR 

Beijing strains harboured a synonymous SNP (sSNP) in rpoB(3225T>C). The MDR-F28 

strain possessed an rpoC compensatory mutation previously associated with the Ser450Leu 

rpoB mutation (de Vos et al. 2013), however only 42% of the reads reflected this SNP. Re-

sequencing of rpoC revealed the presence of two peaks at nucleotide position 1448 (data not 

shown), confirming that it was a true variant.  

 

M. tuberculosis possesses three Emb homologs of which embA and embBare co-transcribed; 

embCon the other hand is co-transcribed with dprE1, Rv3791 (dprE2) and Rv3792 (aftA) 

(Goudeet al. 2008). Moreover, mutations in ubiA have been shown to increase EMB MICs in 

wild-type strains and strains with mutated embBcodons (Safi et al. 2013). Four embB 

mutations were observed in KZN, F11 and F28 resistant strains corresponding to different 

levels of EMBresistance (table 3). The susceptibility of strains V9124, B910, R490 and R104 

to EMB was confirmed by MICs equivalent to 1.875 mg/L. Despite having an embB 

mutation, the F11 MDR strain presented with a lower EMB MIC than the Beijing MDR strain 

without an embBmutation.  

 

For fluoroquinolone resistance, one of five gyrA mutations correlated with ofloxacin 

resistance (A90V), whilst others were common to both susceptible and resistant strains. All 

SNPs identified in our examination of gyrB, thyA, ddlAand gidB were present in both 

susceptible and -resistant strains, thus ruling out their association with drug resistance. 

 

Previous studies have shown associations between drug efflux pumps and 

pathogenicity/virulence (Piddock 2006; Bina et al. 2009). Of the 36 SNPs occurring in 20 

genes encoding drug efflux pumps, 31 (86 %) were present in susceptible strains (table 4), 

suggesting that drug resistance is not always acquired by genetic modification of efflux 

pumps. Mutations in drrA and ctpB(G23S) - a gene believed to encode a putative copper 

transporter (Knapp et al. 2015), were uniquely present in the drug-resistant KZN strains. 

 

Functional categorisation of SNPs 
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Genes harbouring nSNPs relative to H37Rv were functionally categorised according 

toTuberculist. The vast majority of nSNPs, regardless of strain family, were in genes 

encoding cell and cell wall processes followed by the intermediary metabolism and 

respiration group and conserved hypotheticals (figure 3). Closer examination of 13 genes 

encoding known virulence factors revealed clustering of strain genotypes with mutations in 

specific genes i.e. mmaA4 for KZN strains; glcB,fadD26, fadD28, plcA, plcC, mbtB and lipF 

for Beijing strains; narG and mmpL7 for F11 strains; andplcB for F28 strains (table 5). Whilst 

Beijing, F11 and F28 harboured distinct mutations in mas (Rv2940c), the KZN group was 

unique in that it lacked mutations in this gene.  

 

Indels 

Indels represent a significant source of phenotypic variability and may enhance the 

pathogenesis of infectious agents (Liu et al. 2014). Small (<100 bp) and large (100 – 500 bp) 

insertions and deletions were analysed in strains relative to H37Rv (data not shown). In total, 

562 small indels and 207 large indels were identified in all strains, of which 96 were in PE-

PPE-PGRS regions - a significant source of antigenic variability (Sampson 2011). Within the 

KZN group, 2 indels i.e. a large deletion (321 bp) and insertion (124 bp), were shared 

amongst all 4 strains in Rv0145 and Rv2112c, respectively (figure 2d). Susceptible strains, 

KZN-V9124 and F28-R104 harboured the highest (57) and lowest number (8) of large indels, 

respectively. A higher degree of overlap was observed within the Beijing group, with 15 

shared indels spanning PPE-PE-PGRS regions, hypothetical genes and transmembrane 

proteins. 

 

Mycobacterial growth in THP-1 macrophages 

We used THP-1 macrophages to assess differences in intracellular growth in 

F15/LAM4/KZN strains. Mycobacterial uptake was determined by expressing the number of 

CFU at 4 h as a percentage of the initial inoculum, while growth indices were calculated 

aslog CFU/ml on day 5 divided by log CFU/ml at 4 h. Strains did not statistically differ in 

uptake efficiencies (data not shown). The MDR strain, V1435, had the highest overall 

intracellular growthat 5 d post-infection (p=0.001 vs V9124; p=0.002 vs X162), while the 

XDR strain, KZN605 had higher intracellular growththan V9124 (p=0.005) and X162 

(p=0.009) (figure 4). 

Discussion 
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We have previously shown that specific genotypes i.e. F15/LAM4/KZN and F28 were better 

suited to drug-resistant forms than Beijing and F11 strains, in terms of in vitro fitness 

(Naidoo and Pillay 2014). Here, we addressed the role of resistance-conferring mutations 

and/or compensatory mutations in the fitness of these clinical strains. Mapping of the KZN 

susceptible strain (V9124) to the reference genome (KZN-4207) revealed a surprising 

number (n = 43) of nucleotide variations. This genetic dissimilarity between both susceptible 

strains most likely accounts for our previous observations, whereby resistant strains exhibited 

differential growth when paired with V9124 or KZN-V4207 in competitive growth assays 

(Naidoo and Pillay 2014). 

 

The KZN-MDR strain, V1435, contained a novel, low-frequency sigA mutation that was 

absent in the KZN 1435 genome previously sequenced by the Broad Institute. Moreover, this 

mutation was undetected in other strains sequenced in this study. Since variants with at least 

30% of Illumina reads reflecting a SNP can exist as sub-populations within the M. 

tuberculosis genome (Black et al. 2015), we re-sequenced the sigA gene. Double peaks were 

observed in the Sanger chromatogram, confirming it as a true variant. Overexpression of the 

sigA gene has been shown to enhance intracellular growth in macrophages and mouse lungs 

(Wu et al. 2004). Interestingly, V1435 which demonstrated comparable growth to V9124, 

KZN605 and X162 in laboratory culture (Naidoo and Pillay 2014), displayed increased 

intracellular replication compared to these strains in THP-1 macrophages, however the role of 

thesigAmutation in this context remains to be determined. Mapping of the XDR strain, 

KZN605 to aprevious version revealed fewer genetic differences that were predominantly 

observed in hypothetical genes, thus their significance remains elusive. Overall, we 

speculated that these changes were due to adaptation during laboratory culture (although only 

two passages were performed prior to DNA isolation) or could reflect differences in read 

depth.  

 

Comparative assessment of the KZN XDR strains revealed the presence of some formerly 

reported, as well as a unique mutation in the grcC1 gene of X162 - a mutation that was 

unreported in any of the previously-sequenced KZN-XDR strains (Ioergeret al. 2009). 

Intriguingly, this mutation was one of 3 grcC1 mutations detected in an outbreak strain which 

infected 69 patients in Bern, Switzerland (Stucki et al. 2015). Orthologs of this essential gene 

(in M. tuberculosis) are highly conserved across the mycobacteria family, advocating the 

potential significance of this gene in isoprenoid metabolism (Mann et al. 2012). Mutations 
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that were shared, yet uniquely present in the KZN XDR strains, were found in Rv2000 

(L275P) and Rv3471c (D64E), as previously reported (Ioergeret al. 2009). Overexpression of 

Rv2000 in a recent study resulted in no change in susceptibility to EMB, kanamycin, 

rifampicin and streptomycin (He et al.2015). Thus, their role in drug resistance or epistatic 

interactions remains to be determined.In addition to the canonical M306V embB mutation, 

both XDR strains harboured an accessory mutation in Rv3806c(ubiA), which functions to 

increase EMB resistance without imposing fitness deficits (Safi et al. 2013).  

 

Because mutations in the rifampicin-resistance determining region (RRDR) are associated 

with fitness costs, the presence of intragenic mutations in highly transmissible strains is 

worthy of closer inspection. Drug-resistant KZN strains harboured previously-reported 

secondary (N568S) and tertiary (I1187T) mutations outside the RRDR (Ioergeret al. 2009) 

which represent putative compensatory mutations (Cohen et al. 2015). Further research with 

isogenic mutants may provide more insight regarding the level of compensation offered by 

such mutations in the evolution of fit drug-resistant strains.  

 

HN878 was selected as a reference for Beijing strains on the basis of its pan-susceptibility 

and widespread inclusion in comparative studies (Mancaet al. 2001). Both Beijing strains had 

gyrA Ser95Thr and katG R463L mutations, verifying that they belonged to principle genetic 

group 1 (Sreevatsanet al. 1997). The rpoBsSNP present in both Beijing strains was shown to 

be a phylogenetic marker rather than a predictor of rifampicin resistance (Comas et al. 2012). 

Synonymous SNPs are believed to have little effect on bacterial phenotype or fitness, 

however some sSNPs have been shown to play an important role in the generation of 

alternative transcriptional start sites (Coscolla and Gagneux 2014). In addition to the 

katGalteration, the Beijing MDR strain had a synonymous G609A mutation in the mabA 

gene. Commonly found in INH-resistant clinical isolates, this sSNP results in the 

amplification of transcriptional levels of inhA, and may represent an alternative mechanism 

of INH resistance in M. tuberculosis (Ando et al. 2014). Similarly, sSNPs in Rv3792 are 

believed to increase EMB MICs by upregulating embC, explaining the increased EMB MIC 

of the Beijing MDR strain relative to susceptible strains. Given that Ser315Asn katG mutants 

exhibit nearly half the catalase-peroxidase activity of Ser315Thr mutants (Unissaet al. 2011) 

and no compensatory mutations related to INH and rifampicin resistance were identified, the 

reduced in vitro fitness of the Beijing MDR strain is hardly surprising (Naidoo and Pillay, 

2014). While the Beijing genotype is highly transmissible in its susceptible form, it does not 
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disseminate equally well in drug-resistant forms (notably XDR) in South Africa, and is most 

likely due to high fitness costs associated with drug resistance (van de Spuy et al. 2009; 

Ioergeret al. 2010). This is supported by the diversity of resistance-encoding mutations 

among XDR Beijing strains from South Africa (Ioergeret al. 2010), Russia (Casaliet al. 2014) 

and Japan (Iwamoto et al. 2008), suggesting that mutations are independently acquired rather 

than clonally spread (Ioergeret al. 2009).  

 

Clinical strains which harbour identical resistance-conferring mutations may demonstrate 

variable MICs (Kim et al. 2003). This was the case for KZN and F28 drug-resistant strains 

which had different INH MICs despite sharing the same katGS315T mutation. Whilst the 

S315T mutation confers little or no fitness cost, otherkatG mutants may be compensated by 

ahpC mutations which ameliorate catalase-peroxidase activity (Sherman et al. 1996). 

Likewise, the fitness of rifampicin-resistant strains harbouring rpoB mutations may be 

restored by rpoCcompensatory mutations (de Vos et al. 2013). Even though both F11 and 

F28 MDR strains possessed a S450L mutation, only the F28 strain had an rpoC mutation, 

explaining its high fitness (Naidoo and Pillay, 2014). The finding that only 42 % of the reads 

reflected the rpoCSNP indicates that the genome was in the process of acquiring 

compensation in response to a changing environment (Black et al. 2014).We also found that 

36% of the mapped reads from the F28 MDR strain reflected a newly-identified nSNP 

(A38S) in ubiA, which may augment EMB resistance,similar toKZN XDR strains which 

harborembB 306 and ubiA mutations. However, this requires further study. We surmise that 

the absence of compensatory ahpCand rpoCmutations to complement the rare katG and 

S450L rpoB mutations in the F11 MDR strain may explain its marked reduction in fitness, as 

evidenced by previous growth and metabolic assays (Naidoo and Pillay 2014). Although the 

F11 MDR strain had a G406D embB mutation, this strain was susceptible to EMB at the 

critical breakpoint of 5 mg/L, substantiating that this mutation confers a low level of 

resistance.  

 

We acknowledge that whole genome sequencing of a larger number of strains would provide 

an improved framework for the detection of strain-specific SNPs associated with drug 

resistance and physiological fitness. However, due to financial constraints, we limited the 

number of strains sequenced to those used in our previous biological fitness and competitive 

assays. A selection of low-frequency alleles was verified by Sanger sequencing, all of which 

proved to be true variants. This supports a recent study by Black et al. (2015) which 
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demonstrated that significant SNPs may be missed at higher frequency cut-offs. Genetic 

complementation assays are needed for delineating potential mechanisms underlying drug 

resistance, compensation and fitnessofM. tuberculosis variants. The presence of 

subpopulations within the M. tuberculosis genome raises the question of how genetic 

heterogeneity shapes treatment outcomes, especially in highly endemic regions i.e. South 

Africa, where selection of drug resistance is significantly influenced by TB control 

programmes (Muller et al. 2013).  

 

During latent infection, M. tuberculosis enters a state of dormancy marked by heightened 

tolerance to anti-TB drugs and is thought to occur as a result of metabolic shutdown (Gomez 

and McKinney 2004; Gengenbacher and Kaufmann, 2012) rather than resistance mutations 

(Garton et al. 2008). Mutations in genes related to intermediary respiration and metabolism 

are thus likely to influence drug resistance, and warrant further exploration in future studies. 

 

Whole-genome sequencing provides an ideal platform for comparative analysis of dominant 

strains to better understand drug resistance and fitness-compensatory mutations. Whilst there 

are certain limitations to experimental models, we and others have shown that laboratory 

studies are crucial in understanding the effects of resistance-encoding mutations on 

replicative fitness(Gagneuxet al. 2006; Spies et al. 2013). Further studies evaluating the 

fitness of highly circulating strains may provide added insight on their epidemiological 

success and possibly reveal new ways to combat TB.  

 

In conclusion, clinical strains possess considerable genetic diversity which may influence 

physiological fitness i.e. growth characteristics, virulence and transmissibility. The results of 

this study corroborate our previous work which showed that 1) specific genetic backgrounds 

are better suited to coping with drug resistance i.e. F15/LAM4/KZN and F28 strains and 2) 

resistance-conferring mutations with the lowest fitness costs are favoured in highly 

transmissible strains. Whole-genome sequencing also revealed the presence of novel SNPs in 

drug-resistant F15/LAM4/KZN strains, some of which may serve as fitness-compensatory 

mutations, and necessitate further investigation.  
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Table 1 Genotype, drug susceptibility and sequencing statistics of clinical M. tuberculosis strains 

 

 
Strain    Missing spacers    Genotype    Drug resistancea  Typeb  Read count  Average read length (bp)  Average depth of coverage 
V9124    21‐24, 33‐36, 40    F15/LAM4/KZN    ‐    DS  925,818    265      55.6 X 
V1435    21‐24, 33‐36, 40    F15/LAM4/KZN    IR    MDR  475,657    233      25.1 X 
KZN605    21‐24, 33‐36, 40    F15/LAM4/KZN    IREOKCN    XDR  505,153    226      25.8 X 
X162    21‐24, 33‐36, 40    F15/LAM4/KZN    IREOKCN    XDR  532,585    235      28.4 X 
B910    1‐34      Beijing      ‐    DS  458,138    231      24.0 X 
R35    1‐34      Beijing      IRS    MDR  1,021,876  244      56.4 X 
R490    9‐11, 21‐24, 33‐36     F11/LAM3    ‐    DS  719,873    189      30.8 X   
R271    9‐11, 21‐24, 33‐36     F11/LAM3    IR    MDR  1,362,298  193      59.6 X 
R104    9‐10, 33‐36    F28/S      ‐    DS  380,439    229      19.7 X 
R443    9‐10, 33‐34     F28/S      IRSEK    MDR  389,783    253      20.7X 
 
 
 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

                                                            
aI: isoniazid, R: rifampicin, E: ethambutol, O: ofloxacin, K: kanamycin, C: capreomycin, N: niacinamide, S: streptomycin. 
bDS: drug‐susceptible, MDR: multidrug‐resistant, XDR: extensively drug‐resistant 
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Table 2Polymorphisms in genes associated with drug resistance 
Drugsa  Gene   Name   NT change  AA change  Genotype   Strain (s) 
FQ  Rv0005   gyrB  281C>T    P94L     F11     R490, R271 
  Rv0006   gyrA  61G>C    E21Q    All    All 
      269C>T    A90V    KZN    KZN605, X162 
      284G>C    S95T    All    All 
      739G>A    G247S    KZN     V9124, V1435, KZN605, X162 
      2003G>A   G668D    All    All 
ETH‐INH  Rv0486  mshA  560C>T    A187V    Beijing    B910, R35 
  Rv3199c  nudC  716C>G    P239R    Beijing    B910, R35 
THZ  Rv0644c  mmaA2  639A>C    E213D    Beijing    B910, R35 
RIF  Rv0667  rpoB  1303G>T    D435T    KZN    V1435 
      1304A>G    D435G    KZN    KZN605, X162 
      1349C>T    S450L    F11, F28    R271, R443 
      1355T>C    L452P    KZN; Beijing  KZN605, X162; R35 
      b1460A>G  N487S    KZN    V1435 
      3225T>C    ‐     Beijing    B910, R35 
      3317T>C    I1106T    KZN    KZN605, X162 
  Rv0668  rpoC  d1448T>G   V483G    F28    R443 
      1626C>G    ‐    KZN; F11    V9124, V1435, KZN605, X162; R490, R271 
INH  Rv1483   mabA  609G>A     ‐    Beijing     R35 
  Rv1592c    963A>G     E321E    Beijing    B910, R35 
      964A>G    I322V    Beijing    B910, R35 
  Rv1854c  ndh  53T>C    V18A    F28    R104 
  Rv2245  kasA  805G>A    G269S    KZN    V9124, V1435, KZN605, X162 
  Rv2247  accD6  686A>G    D229G    Beijing    B910, R35 
  Rv2764c  thyA  604A>G    T202A    KZN; F11    V9124, V1435, KZN605, X162; R490, R271 
  Rv1908c  katG  944G>C    S315T    KZN; F28    V1435, KZN605, X162; R443 
      944G>T    S315N    Beijing    R35 
      700G>A    G234R    F11    R271 
      1388G>T    R463L    Beijing    B910, R35 
CS  Rv1704c  cycA  278G>T    R93L    All    All 
  Rv2981c  ddlA  1093A>G   T365A    KZN; F11; F28  All KZN; F11; F28 strains 
PZA  Rv2043c  pncA  395G>C    G132A    KZN    V1435 
      456_457insC  T153fs    KZN    KZN605, X162 
EMB  Rv3792  aftA  513G>A    ‐    Beijing    R35 
      1032C>T    ‐    F28    R104 
      1343C>G    P448R    F28    R104 
  Rv3793  embC  2781C>T    ‐    All    All 
  Rv3794  embA  228C>T    ‐    Beijing    B910, R35 
  Rv3795   embB  916A>G    M306V    KZN    V1435, KZN605, X162 
      918G>C    M306I     F28    R443 
      1217G>A    G406D    F11    R271 
      d1489C>A   G406K    F28    R443 
  Rv3806c  ubiA  563T>C    V188A    KZN    KZN605, X162 
      112G>T    A38S    F28    R443 
STR  Rv3919c  gidB  47T>G    L16R    KZN; F11    V9124, V1435, KZN605, X162; R490, R271 
      583T>C    Y195H    Beijing    B910 
      276A>C     E92N    Beijing    B910, R35 
      615A>G    ‐    Beijing    B910, R35 
KAN  Rvnr01   rrs  1400A>G   ‐     KZN    KZN605, X162 
  Rvnr02   rrl  2398G>A   ‐     KZN    KZN605, X162 
 

 

 

                                                            
a  FQ,  fluoroquinolones;  ETH‐INH,  ethionamide‐isoniazid;  THZ,  thiacetazone;  RIF,  rifampicin;  INH,  isoniazid;  CS,  cycloserine;  PZA, 
pyrazinamide; EMB, ethambutol; STR, streptomycin; KAN, kanamycin.  
bDenotes low‐frequency (< 70%) variants confirmed by PCR and Sanger sequencing 
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Table 3 Minimum inhibitory concentrations for isoniazid and ethambutol in clinical strainsa 
Strain    Genotype    Isoniazid MIC (µg/ml)  Ethambutol MIC (µg/ml) 
V9124    F15/LAM4/KZN    Susceptible    1.875 
V1435    F15/LAM4/KZN    >16      15 
KZN605    F15/LAM4/KZN    >16      30 
X162    F15/LAM4/KZN    >16      30 
B910    Beijing      Susceptible    1.875 
R35    Beijing      >16      7.5 
R490    F11/LAM3    Susceptible    1.875 
R271    F11/LAM3    1      5 
R104    F28/S      Susceptible    1.875 
R443    F28/S      8      30 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

                                                            
a  Isoniazid (INH) and ethambutol (EMB) MICs were determined by the agar proportion method. Triplicate and duplicate experiments 
were performed for INH and EMB, respectively. The critical breakpoint for INH was 1 µg/ml and for EMB was 5 and 7.5 µg/ml 
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Table 4. Polymorphisms in known or putative drug efflux pumps in clinical strains 
Gene  Name  NT change  AA change    Genotype  Strain (s) 
Rv0050  ponA1  1891_1892 ins  P631del ins PS    F11; F28    R490, R271; R104, R443 
    1891C>T    P631S      KZN    V9124, V1435, X162 
    184_1885 ins  P628_P629 ins P    Beijing    B910 
    1891_1892 ins  P631del ins PPS    Beijing    B910 
    1891_1892 ins  P631del ins PPPS    Beijing    R35 
Rv0103c  ctpB  65T>C    L22S      All    All 
    67G>A    G23S      KZN    V1435, KZN605, X162 
    749C>T    A250V      Beijing    B910 
Rv0107c  ctpI  4711_4712 ins T  S1571fs      All    All 
    3409G>T    V1137L      Beijing    B910 
Rv0174  mce1F  1109T>C    L370P      All    All except R104 
Rv0194    221T>C    Met74T      All    All 
    3293C>T    P1098L      Beijing    B910, R35 
Rv0425c  ctpH  2065A>G   M689V      All    All 
    197A>C    N66T      F11    R490, R271 
Rv0507  mmpL2  1277G>A   R426H      All    All 
Rv0545c  pitA  145C>T    P49S      All    All 
Rv0589  mce2A  152T>C    F51S      All    All 
Rv0676c  mmpL5  2842A>G   I948V      All    All 
    2381C>T    T794I      Beijing    B910, R35 
    2299G>A   D767N      Beijing    B910, R35 
Rv1183  mmpL10  1222A>G   T408A      Beijing    B910, R35 
Rv1258c    580_581 insC  E194fs      Beijing    B910, R35 
Rv1634    592G>C    G198R      Beijing    B910, R35 
Rv1730c    1483_1485 del   F495del      Beijing    B910, R35 
    1305G>C    D435E      Beijing    B910, R35 
    1326_1332 del   D442fs      Beijing    R35 
    1313_1324 del  T438_D442 del ins N  Beijing    R35 
Rv2687c    658C>T    R220W      KZN    V9124, V1435, KZN605, X162 
Rv2688c    466C>A    P156T      All    All 
Rv2936  drrA  784A>G    R262G      KZN    V1435, KZN605, X162 
Rv3331  sugI  116C>T    P39L      F11    R490, R271 
    1268C>T    P423L      All    All 
Rv3522  itp4  471G>C    W157C      Beijing    B910 
    971C>T    T324I      All    All 
Rv3833    313G>A    V105I      All    All 
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able 5. Polymorp
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Figure 4 Intracellular growth of M. tuberculosis strains of the F15/LAM4/KZN genotype in THP-1 

macrophages. Growth indices are expressed as the log CFU/ml on day 5post-infection divided by the 

log CFU/ml at 4 h.One-way ANOVA was performed with Tukey’s HSD test, where p<0.05 was 

considered significant.Data represents the mean±SD of three independent experiments(** p<0.01).S: 

drug-susceptible, M:  multidrug-resistant, X: extensively drug-resistant 
 
 
 
 
 
 

 


