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ABSTRACT 

The Use of Genomics in Microbiology: From Vaccines to Drug Resistance 

Grant Alexander Hill-Cawthorne 

 

Since 2004 sequencing has undergone a revolutionary change with the advent of first the 

454 sequencer, followed by the introduction of the Solexa/Illumina chemistries. This has 

led to the ability to sequence the whole genomes of a large number of microorganisms in 

a short space of time. Microbiology’s last revolution was in the introduction of PCR, 

which allowed for faster detection of pathogens, particularly viruses. With whole genome 

sequencing (WGS) many of the time-consuming steps carried out by a reference 

laboratory can be skipped. These include organism detection, speciation, antimicrobial 

susceptibility testing, typing and molecular epidemiology – all carried out in a single 

sequencing run followed by bioinformatics analysis. 

So far the merits of WGS in microbiology have only been demonstrated in highly 

specialised scientific laboratories in high-income countries. However, with continuingly 

decreasing costs and increasing throughput, many public health laboratories are now 

acquiring sequencers and their use will inevitably spread to middle-income countries.  

In this thesis I explore the use of WGS in three specific areas and include details on how 

to develop and assess bioinformatics pipelines. First, I shall demonstrate that WGS can 

be used to assess highly divergent regions within microorganisms by using the example 

of the weaknesses in current approaches to the molecular detection of methicillin-

resistant Staphylococcus aureus isolates. In particular, I shall highlight how current 

molecular tests have limitations in detecting drug resistance when the regions of the 
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genome conferring resistance have significant mutations. Second, I will examine how 

WGS can provide insights into the biology of the current vaccine against tuberculosis, 

Bacillus Calmette Guerin (BCG), particularly how the continued passage of the seedlot 

for this vaccine has led to very different versions being used around the globe. Finally, I 

will demonstrate how WGS can be used to develop a more targeted public health 

approach to tuberculosis, in particular how antimycobacterial drug resistance evolves 

within a population and how not all clades of Mycobacterium tuberculosis should be 

treated the same. 

Whole genome sequencing clearly has a lot to offer the fields of microbiology and 

communicable disease control. The next step is in translating its use into public health 

policy and ensuring that global approaches are unified to best benefit the populations 

served.  
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CHAPTER 1 

In recent years significant advances have taken place in whole genome sequencing 

(WGS) technologies to the point where the cost, speed and volume of information 

available from each run of a sequencing machine makes the routine use of WGS in 

clinical microbiology a reality 1,2. We are now at a tipping point, with WGS moving from 

a research tool to mainstream use, aided by the accessibility of sequencers to clinical 

microbiology reference laboratories. This comes at the right time, when laboratory 

diagnostics need to become ever more sophisticated to deal with the increasing problems 

of antimicrobial resistance, disease emergence and infections’ potential for pandemicity 3. 

Traditionally, microbiological diagnostics in a routine laboratory focused on 

identification and antimicrobial drug susceptibility testing. The isolation and 

identification of viable organisms is still central to the day-to-day work of the diagnostic 

laboratory and relies heavily upon staining and microscopy, followed by culture. 

Culturing can be a complex process with samples from sterile sites being relatively easy 

to process and the majority of bacteria identified being relevant, to highly contaminated 

samples where selective media and the identification of separate bacterial colonies by 

morphology and Gram staining needs to be undertaken. Cultured organisms are then 

identified using a combination of chemical and immunological tests followed by 

establishing their susceptibility to first-line antimicrobial drugs. The process of 

identification can be cheap and usually takes around 1–2 days for most Gram positive and 

negative organisms. However, for more complex samples it can take weeks to identify all 

the bacteria present and this process is strongly dependent upon user choice of the 

protocols used. Increasingly other methods are being used for identification including 
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matrix-assisted laser desorption/ionisation-time of flight (MALDI-TOF), whose speed, 

accuracy and cost effectiveness has propelled it to be the mainstay of laboratory bacterial 

and fungal identification 4,5. However, it can still be limited by the resolution that it can 

achieve 6.  

WGS can provide a new avenue for diagnostics but will require a necessary taxonomic 

change. With the advent of sequencing, a number of genus and species assignments that 

had been made previously on the basis of morphology or biochemical reactions have had 

to be reclassified. A Linnaean-system based approach to pathogen taxonomy now appears 

to be increasingly outdated, with more WGS-based identification systems being more 

likely to identify a sequence type classified on the basis of phylogenetic relatedness. This 

has long been the model used in virology where organisms are classified as being within 

the same species if they share 95% sequence homology. Along these lines some progress 

has been made on a proposed 53-locus ribosomal multi-locus sequence typing (rMLST) 

scheme 7,8. This is the first step towards a globally unified typing system based on a 

subset of the WGS data that will provide the greatest balance between high resolution and 

maximal clustering. 

Phenotypic antimicrobial susceptibility testing continues to be a complex yet crucial area 

of microbiology. As drug susceptibility tests (DSTs) are inevitably performed in vitro 

they can only ever be considered a surrogate for the clinical in vivo outcome and 

therefore the true effectiveness of a drug can never be known with any certainty. The 

method used for susceptibility testing is highly dependent on the organism isolated. 

Usually a certain group of tests are used for a specific species and this usually consist of 

two components: an assumption regarding the degree of susceptibility based on a 
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minimum inhibitory concentration (MIC) and a selection of a breakpoint at which a MIC 

level is deemed to be resistant. The latter is particularly difficult to select as it is 

dependent upon the drug’s absorption, volume of distribution, bioavailability and the 

transport of the drug into the organ system or cell infected by the microorganism. This 

has to be weighed against the clinical therapeutic index of the drug – it is of no use 

having an effective antibiotic that causes potentially serious adverse events at the dose at 

which it needs to be given. 

Methods already exist for the genotypic determination of antimicrobial drug resistance. 

For example, methicillin-resistance in Staphylococcus aureus is commonly determined 

by the detection of the mecA gene in the staphylococcal chromosomal cassette mec region 

(SCCmec) 9. Likewise commercial assays exist for the genotypic detection of mutations 

in the rpoB gene of Mycobacterium tuberculosis (MTB) that confers rifampicin 

resistance 10. There are a number of attractions of using WGS for susceptibility testing. 

The most obvious is the potential for testing a number of different targets using a single 

test – which is possible with some multiplex PCRs but would still have to be organism 

specific. In addition, it can allow for the detection of quasispecies of resistance mutations 

where some of the organisms carry the drug resistance mutation whilst others remain as 

the wild type 11,12. Even if the drug resistant organism is in the overall minority, the 

detection of this heterogeneity is important as it will be very quickly selected for when 

antimicrobial therapy is initiated. However, this is not to say that we are close to having a 

full catalogue of resistance mutations that can be easily tested for. This is because a 

multitude of different single nucleotide polymorphisms (SNPs) can result in the same 

antimicrobial drug resistant phenotype, such as is seen with M. tuberculosis resistance to 
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isoniazid 13. There are also a number of phenotypes that remain unexplained by SNPs in 

known drug resistance genes 14. Conversely SNPs are not the only mechanism by which 

drug resistance occurs. Genes may be gained, as seen with the mecA gene in S. aureus or 

by the ß-lactamase gene of TEM-1 in Enterobacteriaceae 15. Existing genes may also be 

overexpressed as is seen with ampC mutant reversion in Escherichia coli leading to an 

increase in ß-lactamase secretion 16. However, it is conceivably possible to produce a 

database that includes all of these changes that is readily updated as more genes are 

discovered, whilst keeping in mind that the effect of the drug in the body may still be 

markedly different from what is predicted by the presence or absence of genes or 

mutations. WGS comes into its own is in the diagnosis of drug resistance in fastidious or 

slow-growing organisms. A good example of this is M. tuberculosis, which much of this 

dissertation will focus upon. 

More complex than this is the testing for virulence factors, toxins or serotypes that are 

usually carried out in centralised reference laboratories. Transport to these laboratories 

and sample batching for efficiency savings means that results are often considerably 

delayed. Detecting virulence determinants is often more of a research interest than a 

routine clinical diagnostic, however in organisms such as Corynebacterium diphtheriae 

and Clostridium difficile detection of virulence factors is central to determining the 

pathogenicity of the organism. Likewise capsule detection and typing can provide 

important information about an organism as seen with Neisseria meningitis and 

Haemophilus influenzae type b. 

Increasingly the genetic basis for virulence factors is known and so knowledge of the 

whole genome of an organism will provide information on the presence of these factors 



 17 
in the same step as the previous identification and antimicrobial susceptibility steps. This 

is particularly useful when a virulence factor is novel or previously unrecognised such as 

in the case of the O104:H4 variant of E. coli that had acquired a prophage encoding Shiga 

toxin 2 or in the strain of Vibrio cholerae involved in the recent epidemic of cholera in 

Haiti that had a cholera toxin phage structure consisting of the El Tor rstR and the 

classical toxin ctxB 17. In the past the elucidation of such novel mechanisms would have 

taken a considerable amount of time, while in the case of O104:H4 it took 72 hours and 

for the Haiti cholera strain it took 24 hours. 

Molecular methods for epidemiological testing have existing for a number of decades 

(see discussion below on M. tuberculosis typing). Increasingly, reference laboratories, 

and even some hospital laboratories, are carrying out typing for epidemiological 

purposes. This may be to investigate hospital outbreaks of methicillin-resistant S. aureus 

(MRSA) or to monitor Salmonella enteritidis infections to identify possible linked cases. 

However, as with many reference laboratory functions this can have a delayed turn 

around time and may also not have high enough resolution to draw conclusions from. In 

addition, these methods only sample small regions of the genome and therefore resolution 

can be limited, particularly among some lineages 18. One particular benefit of higher 

resolution sequencing is the possibility of estimating transmission routes among cohorts 

of infected patients. This is particularly true for organisms with a high reproductive and 

mutation rate 19-21. The origin and dispersal of new emerging subtypes can be followed, 

such as the ST239 clone of MRSA that has become globally distributed 22. Although not 

immediately useful for public health, such repositories of information can serve to 
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provide information about older origins of diseases such as the origin of Yersinia pestis 

23, Mycobacterium leprae 24 and MTB 25. 

 

1.1 Objectives 

Whole-genome sequencing provides in a single step what current microbiological 

techniques take several steps to achieve. Identification, subtyping, drug susceptibility 

testing, epidemiological typing and outbreak investigation can all be achieved using the 

generated genomes from a single sequencing run. The genome sequence of the bacteria 

provides all of the information required to direct treatment and inform the required public 

health measures. Much of the literature on WGS has moved on from the use of it as a tool 

for basic science to its implementation and translation into clinical practice. However, as 

any public health laboratory director will state, there is a significant difference in its use 

for different purposes within clinical microbiology practice and for different organisms. 

This thesis therefore examines four different and distinct uses of WGS to inform 

important clinical decisions, over and above its use as a purely general science tool: 

1. The use of WGS to examine highly variable genomes or regions of difference, 

2. The development of robust resequencing pipelines and their quality control, 

3. The role of sequencing in identifying novel drug-resistance mutations and for the 

assessment of large regions of difference, 

4. The use of sequencing for assessing SNP differences and the translation of this 

tool to public health practice. 

The chapters of this thesis meet these objectives by demonstrating a) the use of 

sequencing to explore MRSA and the need for de novo assembly of highly diverse 
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genomic regions such as SCCmec elements; b) a step-wise methodology for developing a 

re-sequencing pipeline, the principles of which should be followed for each 

microorganism of interest; c) the use of genomics in examining the large sequence 

changes that occur over time as the Mycobacterium bovis BCG vaccine evolved during 

use and the clinical consequences of these changes; and d) using phylogenetics on SNP 

differences to examine how programmatic drug therapy choices can put pressure on the 

development of drug resistance in M. tuberculosis. 

By meeting these objectives I demonstrate the full use of genomics in clinical and public 

health practice in line with those being examined by the Global Microbial Identifier 

programme. Many of these have been identified as key components of a joint Australian 

genomic taskforce as part of the Public Health Laboratory Network expert advisory group 

on WGS. They are also forming the backbone of a new national curriculum for laboratory 

scientists and microbiology registrars in Australia. All of the pipelines detailed in this 

thesis are now in regular clinical use in our NSW Health Pathogen Genomics Partnership 

Project. 

 

1.2 Methicillin-resistant Staphylococcus aureus 

Staphylococcus aureus causes a range of human diseases, from minor skin infections to 

severe septicaemia, pneumonia, toxic shock syndrome and endocarditis 26. Methicillin-

resistant S. aureus (MRSA) isolates exhibit phenotypic resistance to methicillin and 

related ß-lactam antibiotics including flucloxacillin, cefoxitin and oxacillin. MRSA was 

first reported in England in 1961 26,27 and is now widespread throughout the world in both 

humans and animals. Part of this success stems from its ability to acquire mobile genetic 
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elements that encode virulence and antimicrobial resistance genes from other S. aureus 

species as well as the coagulase-negative staphylococcal species (CoNS) 28-33.  

Methicillin resistance in staphylococci is mediated by penicillin binding protein 2a (PBP 

2a) that is encoded by mecA on one of these mobile elements, the staphylococcal cassette 

chromosome mec (SCCmec). This integrates into the S. aureus chromosome at the 

integration site sequence (ISS) within orfX 34, which is thought to encode a 23S rRNA 

methyltransferase. PBP 2a has a low affinity for ß-lactam antibiotics and therefore the 

expression of mecA within the SCCmec allows for cell wall synthesis to continue despite 

the still-present native PBPs being inactivated 30. Four classes of mec gene complex have 

been described 35. Typically they have a copy of mecA, a copy of insertion sequence 

IS431 and sometimes regulatory genes such as mecI (encoding the repressor protein 

MecI) and mecR1 (encoding the signal transducer protein MecR1).  

The SCCmec is integrated and excised by cassette chromosome recombinase (ccr) genes. 

Five ccr gene complexes have been described to date. The combination of mec and ccr 

complex genes determines the SCCmec type (types I to XI). The integrated SCCmec is 

flanked on each end by direct repeat (DR) sequences. These cassettes can be further 

differentiated by variation within three “joining” or “junk” (J) regions: J1, the right 

chromosomal junction to ccr gene complex; J2, ccr gene complex to mec gene complex; 

and J3, mec gene complex to the left chromosomal junction 30,34,36-39. Classification of 

SCCmec types has fallen to the International Working Group on the Classification of 

Staphylococcal Cassette Chromosome Elements (http://www.sccmec.org).  

SCCmec elements can originate from the CoNS species that make up the normal flora of 

human and animal skin and mucous membranes. The similarity between SCCmec regions 

http://www.sccmec.org/
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in MRSA and CoNS suggests that horizontal transfer can occur 28,29,36,40,41 with CoNS 

SCCmecs displaying a higher frequency of mutations and thus acting as potential 

reservoirs of variation 42. mecA gene homologues in the absence of mec complex genes 

and partial SCC elements have been recognised in CoNS and the related Macrococcus 

caseolyticus 33,34,43-46.  

Table 1. SCCmec types identified in S. aureus. Adapted from 30 

SCCmec type ccr gene complexa mec gene complex 

I 1 (A1B1) B 

II 2 (A2B2) A 

III 3 (A3B3) A 

IV 2 (A2B2) B 

V 5 (C1) C2 

VI 4 (A4B4) B 

VII 5 (C1) C1 

VIII 4 (A4B4) A 

IX 1 (A1B1) C2 

X 7 (A1B6) C1 

XI 8 (A1B3) E 
a ccr gene(s) in the gene complex are indicated in parenthesis 

 

MRSA isolates of sequence type 8 (ST8) and SCCmec type IVa (ST8-MRSA-IVa, also 

known as USA300) make up the predominant community acquired MRSA strain in the 

US, where its incidence and prevalence in healthcare settings is increasing 47. The spread 

and success of USA300 has been partly due to the presence of a mobile genetic element 

termed the arginine catabolic mobile element (ACME), which is thought to play an 

important role in bacterial growth and adaptability 48. ACME encodes a complete 

arginine deiminase pathway that converts L-arginine to carbon dioxide, ATP and 

ammonia. ACMEs have been recognised in other MRSA genotypes including ST5-

MRSA-II 49,50, ST59-MRSA-IVa 49, ST97-MRSA-V 51, ST1-MRSA-IVa 51, ST5-MRSA-
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IV 49 and ST239-MRSA-III 52. It has also been seen in MSSA variants of ST8 50. ACMEs 

are more prevalent and more diverse in CoNS, again suggesting that these may form the 

reservoir for this particular mobile element 48,53,54. 

By 2003 it was clear that MRSA, especially USA300 clones carrying the Panton-

Valentine leukocidin (PVL), were being transported from the community to the hospital. 

This resulted in guidelines being issued by the Society for Healthcare Epidemiologists of 

America (SHEA) in 2003 that detailed strategies to prevent nosocomial colonisation and 

infection. It was known by this time that colonised, not just infected, patients are able to 

transmit MRSA to others 55 and that it is most often found in the nares 56. A US national 

MRSA prevalence study in 2006 found that 46 in every 1000 patients were colonised or 

infected with MRSA 57. This was far higher than in Canada where colonisation and 

infection rates were 8.62 cases per 1000 patient admissions 58. 23% of patients colonised 

with MRSA develop an infection 59 and 25% of patients that acquire their MRSA in 

hospital subsequently develop an infection from it 60 SHEA first proposed the strategy of 

active surveillance by swabbing the nares of patients at the time of admission and this 

was first fully instated by the Veterans Administration (VA) hospital system in 2007. In 

the US, hospital-acquired infections account for a total of approximately $30 billion per 

year, of which $2.5 billion is due to MRSA. As there are 126,000 cases a year this 

equates to nearly $20,000 per case of additional costs for treating MRSA alone. 

The British Society for Antimicrobial Chemotherapy guidelines recommend that MRSA 

isolates are identified by measuring zones of growth inhibition around antibiotic-

impregnated discs on agar plates or by the measurement of minimum inhibitory 

concentrations (MIC) 61. For confirmation the presence of PBP 2a can be determined 
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phenotypically by using latex or slide agglutination tests. Screening in the UK is usually 

performed by directly plating onto a chromogenic selective MRSA agar or by enrichment 

in a 7% NaCl nutrient broth 62. However, in recent years there has been a movement 

towards using genetic testing to identify isolates as MRSA and increasingly these are 

viewed as the gold standard 62. The presence of MRSA is more rapidly detected by PCR 

assays (up to 5 hours) compared to the one to two days for culture-based methods 63. One 

of the most commonly used PCR assays is the Cepheid GeneXpert MRSA real-time PCR 

assay 64. This targets the SCCmec, mecA, S. aureus protein A gene spa and the ISS and 

has a reported turnaround time of 72 minutes 9. Other tests available include the BD 

GeneOhm MRSA and the Roche LightCycler MRSA Advanced assays 65-67. Initial 

studies suggested a sensitivity of 89.5% and specificity of 100% for Xpert-MRSA on 

nose swabs compared to agar and/or broth 68.  

A review of the literature comparing MRSA screening using one of the commercially 

available PCR tests versus screening with chromogenic agar or an absence of screening 

in adult hospitalised patients suggested that patients screened using PCR are less likely to 

transmit MRSA but the results were only just significant in many cases 69. The 

turnaround time from admission to results was also found to be faster for the BD 

GeneOhm MRSA PCR (13.2 to 21.6 hours) versus chromogenic agar (46.2 to 79.2 

hours). For Xpert MRSA the turnaround time can be as low as 1.9 to 2.6 hours from 

receipt in the laboratory 70,71. A randomised double-blinded placebo-controlled trial that 

evaluated the use of Roche LightCycler PCR testing for all S. aureus carriage screening 

showed an 80% reduction in serious surgical infections and a reduction in the risk of 

hospital-associated S. aureus infections by nearly 60% by using nasal mupirocin and 
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chlorhexidine baths 72. However, overall the authors concluded that there is currently 

insufficient evidence on the clinical effectiveness of PCR over other screening methods 

for MRSA screening in hospitals 69.  

However there has been recorded a growing number of S. aureus isolates that were 

phenotypically PBP 2a positive but are identified as methicillin-susceptible S. aureus 

using currently marketed real-time PCR assays 73-76. Sensitivities for Xpert-MRSA as low 

as 69% and 86% compared to culture have been reported from different geographic 

isolates 9,70 due to SCCmec variation, for example Xpert primers did not bind the A20-

ST8-SCCmec IV clone in Belgium 70. The BD GeneOhm MRSA PCR relies upon 

detection of the methicillin-resistant right-extremity junction (MREJ) region, which is 

comprised of the right extremity of SCCmec, the SCCmec integration site and the orfX 

gene 77. Differences here can lead to MRSA isolates being misidentified as MSSA 78,79 

and unsurprisingly, identification by PCR assays is very dependent upon the inclusion of 

primers for the prevailing SCCmec type; one Australian study found a sensitivity of only 

50% 80.  

However, it is not just variation in the standard SCCmec structures that prevents these 

isolates from being detected by PCR assays. A group in Copenhagen have found that the 

BD GeneOhm MRSA assay failed to detect most of their t024 isolates, with only five of 

33 becoming PCR positive in a late cycle 73. A PCR in the orfX region yielded no 

products including the 2kb downstream constant segment (dcs) 81 found in the J3 region 

of most SCCmec IV subtypes 30. One of these t024 isolates contained a sequence highly 

similar to the ACME composite island of S. epidermidis 82. A US group has also 

identified that isolates with possible composite SCCmecs are not detected by the BD 
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GeneOhm MRSA assay 83. These included isolates with both a ST5 and ST8 genetic 

background, both of which are very common in the US.  A study by Shore et al has 

identified an ST22-MRSA-IVh isolate containing an ACME type II from S. epidermidis, 

a truncated copy of the J1 region of SCCmec I and a complete SCCmec IVh element 32. 

This is the first time an ACME region has been located upstream of the SCCmec. 

Conversely, deletions of SCCmec can be complete or partial with some elements being 

left behind at the ISS. Primers designed to detect the MREJ may identify a methicillin-

sensitive strain as containing a functioning MRSA SCCmec, and be detected as such by 

BD GeneOhm MRSA 77,84-86. Often these internal deletions terminate at IS431 sequences, 

which are ubiquitous in staphylococci and play a role in gene transfer 85,87,88. Partial 

SCCmec II excisions at IS431 sequences have been seen during in vitro exposure to 

vancomycin and could be a fitness compensation mechanism 89. Homologues of 

annealing sequences to PCR primers, such as for the SCCmec-specific primer mecii574, 

may lead to their re-positioning secondary to cassette deletions, placing them in a 

location that leads to an amplicon being generated and a false-positive result 85. 

It is likely that many of these SCCmec variations are occurring in animal isolates that are 

then transferred to humans. Prior to 2003 most MRSA isolates were found to belong to 

multilocus sequence type clonal complexes (CC) associated with human carriage. 

However, livestock-associated MRSA strains are non-typeable by pulsed-field gel 

electrophoresis using SmaI 90 and belong to specific spa types that group into multilocus 

sequence types (MLST) of clonal complex 398 (CC398), the majority of which are 

resistant to tetracycline 91,92. CC398 emerged in both farm animals and humans 

suggesting that MRSA is not as host-species restricted as previously thought 93. A survey 
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found that 27% of people working at, or living on, a livestock farm in the Netherlands 

carried livestock-associated MRSA 94. Thus, animals may provide a reservoir for MRSA. 

A study of 31 MRSA strains collected from participants in a pig veterinary conference in 

Denmark identified carriage of different types of SCCmec: type V in 25 participants and 

type IVa in four people 95. Two strains recovered from a Thai and a Canadian participant 

could not be classified into extant types. These were found to be novel and classified as 

type IX and type X.  

In 2011 two groups individually identified a proportion of these “PCR-resistant” MRSA 

isolates as having a novel SCCmec type XI (SCCmec XI): M10/0061 96 and LGA251 97. 

This is a 30-kb element encoding a class E mec complex with highly divergent blaZ-

mecA-mecR1-mecI, a type 8 cassette chromosome recombinase (ccr) complex consisting 

of ccrA1-ccrB3, an arsenic resistance operon and flanking direct DRs. A complex with 

the same organisation has previously been identified in a plasmid 98 and an SCCmec-like 

element carried by Macrococcus caseolyticus 46. Interestingly there was a third DR 

approximately 3kb downstream in one of the isolates identified indicating the presence of 

a possible SCC remnant. Typing identified these two isolates as being from CC130, a 

clonal complex previously only associated with bovine isolates. Isolates containing 

SCCmec XI were cultured from the blood and infected wound sites of patients, providing 

strong circumstantial evidence that these organisms do cause clinical disease in humans 

and are not just colonisers 97. No formal comparison of virulence between mecALGA251-

containing and other MRSA strains was carried out. However, whilst searching for 

further isolates containing mecALGA251 there were several isolates that had an MRSA 

phenotype but no mecA gene that could be detected by any current used PCR primers, 
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including those for mecALGA251. Therefore the fact remains that there may be a substantial 

number of MRSA isolates that cannot be detected using current genetic methods 97.  

One method to improve point of care testing is to use recombinase polymerase 

amplification. This has some benefits over current PCR technology including the ability 

to work at a constant optimal temperature of 37°C, and slowly at 25°C. Diagnosis can 

also be achieved within a half-hour or less 99. However, the current RPA MRSA assay in 

production has also missed some phenotypically resistant bacteria from the Manchester 

area. The continuing identification of SCCmec regions that are not detected by RPA and 

real-time PCR assays is alarming. Isolates with evidence of an SCCmec that contains a 

mecA gene should be treated as MRSA. Therefore there is an impetus to sequence more 

such isolates to better understand the level of variation in the SCCmec. It also emphasises 

the need to use chromogenic agar for the identification of methicillin-resistance whilst 

such work is in progress. 

 

1.3 Tuberculosis 

Tuberculosis is caused by a group of closely related gram-positive bacilli, collectively 

known as the Mycobacterium tuberculosis complex (MTBC) that includes the human 

pathogens M. tuberculosis (MTB) and M. africanum, as well as M. bovis, M. microti, M. 

cannetii and M. caprae. It is now more prevalent in the world than at any other time in 

human history and in 1993 the World Health Organization (WHO) declared tuberculosis 

to be a global emergency, with it now being the leading cause of mortality in HIV 

populations worldwide with almost 2 million deaths every year 100. The global incidence 

of tuberculosis is about 164 per 100,000 people with the highest rates in Africa (3890 per 
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100,000) and southeast Asia (180 per 100,000) 101, and is creeping up in Western cities 

such as London, now with a rate of 14.8 per 100,000 people 102. Of the total number of 

TB cases worldwide, 80% are concentrated in just 22 nations, with India alone 

accounting for 1.8 million new cases of active TB every year 103. The outcome from the 

initial infection is variable, from disseminated disease to complete elimination. In 90% of 

cases, TB infection becomes latent but in 10% of people, active disease develops 

sometime in their lifetime 104. According to the Indian Revised National Tuberculosis 

Control Programme (RNTCP), two in every five Indians are infected with latent TB 105 

and worldwide the figure is about one-third. 

 
Figure 1 Stages of M. tuberculosis infection. M. tuberculosis is transmitted by aerosol and may progress 
to active infectious TB or non-infectious (latent) TB. Latent TB may reactivate later, particularly if the 
patient is immunosuppressed. The majority of drug sensitive TB will be curable but may relapse. Untreated 
active TB has a high mortality. Adapted from 106.  

1.3.1 Diagnostics 

Despite the global importance of TB, laboratory diagnostic techniques still have many 

limitations. Smear microscopy is still the most commonly used technique in developing 

countries but this has variable sensitivity (30–80%) and is very dependent upon operator 
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technique and training 107. The sensitivity of conventional sputum-smear microscopy can 

be improved by using fluorescent microscopy, especially LED fluorescent microscopy108. 

Even if the smear is positive, culture then needs to be performed for the purposes of drug 

sensitivity testing. Culture is the gold standard but it is slow, taking up to 4 weeks, and 

has specific infrastructure and technical requirements to ensure safe laboratory 

procedures are followed. Many patients with MDR and XDR TB and HIV co-infection 

die within this time frame 109,110. These delays in diagnosis will also contribute to 

transmission 111. The replacement of solid with liquid cultures increases sensitivity and 

reduces delay 112. Routine culture and drug-susceptibility testing (DST) only occurs in 42 

(22%) countries worldwide 113. 72 (37%) countries rely on periodic surveys of drug 

resistance whereas 79 (41%) countries have never carried out any drug-resistance 

surveys. Newer rapid tests for TB and drug resistance such as microscopic observation 

drug-susceptibility (MODS), direct Griess method, Mycobacteria growth inhibitor tubes 

(MGIT), thin-layer agar and colorimetric assays are potential solutions but require 

specialised laboratories and trained staff 114,115. Diagnosis is even more difficult in 

children, in whom it tends to depend upon clinical symptoms, epidemiology, radiography 

and tuberculin skin-test findings. Sputum smears in children under 5 years of age tend to 

be paucibacillary 116. Smear microscopy in children tends to be negative even when 

optimal fluorescent microscopy techniques are used 117,118. Even in the EU there is a low 

rate of bacteriological confirmation of paediatric tuberculosis – only 19% are confirmed 

with four-fifths treated blindly 102. 

The WHO has endorsed the Cepheid Xpert MTB/RIF PCR assay, which is able to 

combine sample processing and real-time PCR in a fully automated platform. It is able to 
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detect MTB and rifampicin resistance in less than 2 hours 10,119,120. In the original paper a 

single test was found to detect the presence of tuberculosis in 98.2% of smear-positive 

and 72.5% of smear-negative cases 10. Rifampicin resistance was detected with a 

sensitivity of 99.1% and specificity of 100%. This decreases to less than half of the cases 

of smear-negative culture-positive TB in HIV-positive patients 121. Also, in this cohort 

false positive rates of rifampicin resistance increase 122. A second test for each patient 

increased the sensitivity to 62%. A recent metaanalysis of 27 unique studies involving 

9557 participants found that as an initial test replacing smear microscopy, MTB/RIF has 

a pooled sensitivity of 89% (95%CI 85–92%) and a pooled specificity of 99% (95%CI 

98–99%) 123. In the case where MTB/RIF is used to follow up negative sputum smear 

samples the pooled sensitivity reduces to 67% (95%CI 70–74%). Nicol et al tested the 

accuracy of the Xpert MTB/RIF PCR assay in children 119. The overall sensitivity with 

one test was 58.7%, specificity 99.4%; this increased to 100% in HIV-infected and 68.2% 

in HIV-negative children with a second test. Use of the Xpert will not preclude 

confirmatory culture-based testing as patients with a rifampicin resistance mutation are 

likely to have MDR-TB and require second-line drug therapy, incurring more extensive 

drug resistance testing. Therefore paradoxically the identification of more rifampicin-

resistant TB is likely to increase the demand for specialist reference laboratories 124. Even 

with the WHO tiered pricing for low-income countries, the price of each disposable test-

cartridge is US$17–$120 125. This is comparable with the per capita annual health 

expenditure in the countries with the highest TB burdens. Over a 20 year time horizon, 

even at a cost of $40 per cartridge this works out at an incremental cost per life-year 
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saved of $885 and per DALY averted of $857 126. As the GDP of the WHO African 

region is $1685 this represents a highly cost effective intervention. 

The Cepheid Xpert platform is a step further forward in improved diagnostics. However, 

the ultimate aim is an instrument- and laboratory-free point-of-care test. Previous 

attempts at producing serological rapid tests and ELISAs have failed to result in either an 

accurate or cost effective test 127,128 and the WHO currently recommends against their use 

129. The MTB/RIF assay requires sophisticated hardware that will need regular servicing, 

a computer and electricity. It can be used by nurses in primary care facilities where it has 

a higher sensitivity than microscopy (83% vs. 50%, p=0.0001), and leads to more patients 

getting a same-day diagnosis (24% vs. 13%, p<0.0001) and same-day treatment initiation 

(23% vs. 15%, p=0.0002) 130. However, the long-term benefit of this quicker diagnosis is 

uncertain as the proportions of all patients on treatment in each group by day 56 were 

similar – likely because high-risk patients are put onto anti-tuberculous treatments 

regardless of their diagnostic results. 

Other, none molecular methods have been investigated. Commercial serodiagnostic kits 

are widely available, especially in India where they are used on at least 1.5 million people 

with suspected TB each year in private hospitals. However, the WHO took the unusual 

step of releasing a negative policy recommendation, warning against their use 131. A 

recently developed lipoarabinomannan (LAM) urinary antigen detection assay has shown 

promise in HIV-infected patients in South Africa 132. Sensitivity is still not ideal with the 

highest sensitivity of 66.7% only seen in patients who had a CD4 T cell count of less than 

50 cells per µL. Unfortunately it is still not an option in non HIV-infected individuals as 

the sensitivity in these patients is as low as 10% 133. 
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1.3.2 Treatment and Resistance 

The treatment of drug-susceptible TB should cure up to 95% patients. It currently 

consists of a 6-month regimen of at least four different antibiotics, the complexity of 

which can lead to non-adherence or be compounded by problems with drug supply 134. 

Streptomycin resistance was first seen in 1943, shortly after its introduction and now 

some strains of MTB are resistant to all current antibiotics 135. Prior anti-tuberculosis 

treatment is the strongest predictor of drug resistance 136. Mathematical modelling 

suggests that to reduce TB incidence, at least 70% of incident cases of highly infectious 

tuberculosis need to be detected and 85% of these cured 112. To produce a long-term 

reduction in incidence these figures will need to be greatly exceeded. 

In the last two decades the number of resistant cases of TB has increased substantially 

with an estimated 440,000 new cases of MDR-TB in 2008 137. The emergence of 

multidrug resistant (MDR) strains have led to this organism, once in decline, to take hold 

of mankind once again 138. This has been complicated by the fact that anti-tuberculosis 

drugs can be bought in private pharmacies in 15 high-burden countries, and without a 

prescription in 12 of them 137. MDR strains are resistant to isoniazid and rifampicin, the 

two most effective and commonly used anti-tuberculous drugs and rates in the EU have 

reached 11.7% of all new cases 102. Resistance is often driven by poor drug adherence, 

and the institution of directly observed therapy (DOTS) has been an important driver to 

reducing resistance rates in some countries. However, DOTS programmes are variably 

successful with India having 100% DOTS coverage and 86% treatment success but still 

not succeeding in preventing total drug resistant strains from appearing 139. An estimated 

500,000 people are still developing MDR-TB annually, with only 7% of these being 
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diagnosed and only 20% of those diagnosed receiving effective treatment 113. Thus, even 

with improved diagnostics many patients will go undermanaged due to a cost of 

treatment of several thousands of dollars 140. MDR-TB is treated with a combination of 

eight to ten drugs with therapies lasting up to 18–24 months. Expert consensus suggests 

that the best regimen at present is four to six drugs to which the strains are known to be 

susceptible, including any remaining first-line drugs, a fluoroquinolone, and a second-

line injectable agent for an intensive period of at least 4 months after culture conversion 

and a minimum of 6-months duration 141. Oral continuation therapy should then be 

continued for a minimum of 18 months after culture conversion. The majority of these 

drugs were not developed for the treatment of TB 135. Even in the EU, MDR-TB 

treatment is only successful in 32% of cases 102. This has been compounded by a lack of 

drug susceptibility testing in many countries with out-of-date guidelines being used to 

institute an extended regimen in patients that fail initial treatment. This WHO category II 

regimen only adds streptomycin to the existing four drugs and therefore predictably 

contributes to drug resistance 142-144. 

XDR-TB is resistant to isoniazid (INH) and rifampicin (RIF) as well as any 

fluroquinolone and any of the second line injectable drugs (amikacin, capreomycin or 

kanamycin). It is very difficult to treat with current drug therapies and is responsible for 

very high mortality rates. At least 100 countries had reported at least one or more cases of 

XDR-TB by January 2014 113.  

Acquired drug resistance in bacteria is often accompanied by a relative reduction in 

fitness of the mutants and it was thought that this would be protective against the 

acquisition and transmission of resistant mutants 145. However, modelling studies 
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predicted that these mutations conferring reduced fitness could be offset by the 

development of compensatory mutations 146,147. In vitro studies have shown that MTB 

isolates can restore their fitness after prolonged exposure to antibiotics and a recent WGS 

study has identified putative compensatory mutations in the rpoC gene that offset the 

reduced fitness conferred by rpoB mutations against rifampicin 148-150. In addition, other 

compensatory fitness mechanisms have been identified for fitness defects induced by 

resistance mutations to isoniazid and aminoglycosides 151,152, although it is questionable 

to what extent these play a role in clinical strains 153. Specific strain genotypes, such as 

W/Beijing strain, paired with specific resistance or compensatory mutations (e.g. postion 

315 of katG) seem to be important factors in establishing the transmissibility of drug-

resistant strains 154,155. Early knowledge of the strain type and the presence of such 

mutations is important when considering the admission of patients with MDR-TB to 

hospital. Modelling studies have shown that up to 50% of uninfected patients exposed on 

a ward can become infected with MTB within 24 hours 156. 

Rifampicin 

Rifampicin (RIF) is an important bactericidal drug that binds to the ß subunit of the RNA 

polymerase encoded by the gene rpoB and therefore inhibits transcription, although this 

exact mechanism is not well understood 157,158. RIF is active against both the growing and 

stationary phases of the bacteria and its sterilising effect results in a reduction in 

treatment duration from 12–18 months to 9 months 159. Rifampicin resistance occurs at a 

rate of 10-8 and the majority (over 95%) of MTB isolates that are phenotypically resistant 

to rifampicin harbour a mutation in rpoB, within an 81-bp region known as the rifampicin 

resistance-determining regions (RRDR) 113,153. Mutations in this region generally confer 
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high-level rifampicin resistance, and originally this was thought to often be at the expense 

of reduced fitness in laboratory-generated mutants when grown in the absence of 

rifampicin 150. However, increasingly it has been recognised that this is not the case in 

clinical isolates with strains isolated from some individuals demonstrating no fitness cost, 

even though they carry the same mutations in rpoB. In Cambodia the most frequent 

mutations were in codons 516, 526 and 531 160. A high number of MDR strains carried 

multiple rpoB mutations, suggesting a stepwise process of additive mutations as is also 

seen in fluroquinolone-resistance 161-163. However, in six strains that were phenotypically 

resistant to RIF, the sequence of the core region of rpoB was identical to the wild type 

suggesting that the responsible mutations may be outside of the RRDR. Rifampicin 

monoresistant strains are difficult to treat and often INH, PZA and EMB have to be given 

for 18–24 months 164. This could potentially be reduced to 12 months by the addition of a 

fluoroquinolone. However, monoresistance is rare and usually acts as a proxy for both 

isoniazid and RIF resistance 165. This combination of mutations will nearly always 

require the use of second-line drugs as recurrence rates of up to 28% have been seen after 

treatment courses initially classified as “successful cures” 166.  

Isoniazid 

Isoniazid (INH) is a pro-drug that requires activation by a catalase/perioxidase KatG 167. 

MTB is highly susceptible to INH but it is only effective against growing bacilli and not 

non-replicating bacilli or those under anaerobic conditions. One of the targets of isoniazid 

is an NADH-dependent enoyl-acyl-carrier protein reductase InhA involved in elongation 

of fatty acids during mycolic acid synthesis 168,169. KasA, a ß-ketoacyl ACP synthase, 

may also be a target 170, as well as DfrA (a NADPH-dependent dihydrofolate reductase 
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involved in DNA synthesis). The resistance rate for isoniazid is 10-6. Drug resistance 

mutations therefore frequently occur in katG, inhA (and its promoter mabA) and kasA 

167,171,172. The most common mutation seen is the S315T katG mutation 173. Mutations can 

also occur in the mabA/inhA operon leading to an overabundance of InhA, or in the active 

site of InhA itself 168,174. inhA promoter mutations also lead to ethionamide resistance as 

this region may also be a target for this TB drug 168. Isoniazid-monoresistant TB is 

relatively easy to treat with cure rates of around 98% and relapse rates of less than 5% if 

all four first-line drugs are given for a whole 6 months 175. 

Pyrazinamide 

Pyrazinamide (PZA) was discovered more than 60 years ago and although it appeared to 

have little activity in vitro, it was found to be a potent anti-tuberculous drug in MTB-

infected mice. PZA is considerably more active at a low pH – a likely benefit as this drug 

may specifically target a subset of bacteria that are non-replicating and residing in an 

acidic niche 176. It took until recently for a plausible mechanism of action to be 

uncovered, although there are still doubts as to its importance. Shi et al showed that PZA 

inhibits trans-translation, a process that manages damaged proteins and rescues non-

functioning ribosomes, in MTB 177 This is by acting upon ribosomal protein S1 (RpsA). 

PZA is a prodrug like isoniazid and is only catalysed by pyrazinamidase/nicotinamidase 

(encoded by pncA) into pyrazinoic acid (POA) within the MTB bacillus 178.  Therefore, 

nearly all phenotypically pyrazinamide-resistant MTB isolates have mutations within 

pncA that lead to reduced enzyme activity 179. The extracellular acid pH facilitates the 

formation of uncharged protonated POA that is then able to permeate through the MTB 

membrane and lead to the disruption of the membrane potential 180. A key binding protein 
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for POA is RpsA and overexpression of this protein causes a five-fold increase in the 

minimum inhibitory concentration (MIC) of PZA. Previously a PZA-resistance mutation 

that is not in pncA has been described and was found to be a 3-base pair deletion in the C 

terminus of rpsA 177. Both EMB and PZA resistance is likely to be caused by the 

continuous use of WHO category I and category II regimens despite clear treatment 

failures together with the absence of DST for these drugs. The addition of these 

mutations to INH and RMP resistance creates a very difficult-to-treat combination, 

especially as PZA is pivotal to producing a sterilising treatment to prevent relapse and 

reduces treatment from 9–12 months to 6 months by killing persister bacteria in acidic pH 

159,181. Strains of M. bovis, including BCG, carry the characteristic C169G mutation in the 

pncA gene that leads to all M. bovis lineages being PZA-resistant 179. 

Ethambutol 

Ethambutol is a bacteriostatic antimycobacterial that is only effective against growing 

bacilli. Ethambutol’s primary target is the arabinosyltransferase that is involved in the 

biosynthesis of cell wall arabinogalactan, encoded by embB 182. In MTB embB is 

organised into an operon in the configuration embCAB 183. Up to 68% of EMB-resistant 

strains carry the codon 306 mutation in embB 184,185. However, there are likely to be 

multiple resistant-causing mutations that have not yet been uncovered. 

Injectable agents 

Streptomycin inhibits protein synthesis in actively growing bacilli by binding to the 30S 

subunit of the bacterial ribosome leading to misreading during translation 186. On the 30S 

subunit it acts on the S12 protein and the 16S rRNA. Resistance is therefore often caused 

by mutations in the rpsL gene that encodes S12 and the rrs gene for 16S rRNA 187. 
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However 20–30% of SM-resistant strains with a low level of resistance do not have 

mutations in rpsL or rrs 188. Many of these may be caused by a mutation in gidB that 

encodes the 7-methylguanosine methyltransferase specific for 16S rRNA 189. Previously 

this has been called into doubt 190, but more recent studies have confirmed the role of 

gidB in streptomycin resistance by producing a ∆gidB H37Rv mutant and demonstrating 

its 16-fold increase in MIC over the wild-type 191. Kanamycin and amikacin work more 

specifically by inhibiting the catalytic activity of the ribosome through binding to the 16S 

rRNA of the 30S subunit 192. High level resistance (KAN MIC ≥ 80 µg/ml) is caused by 

mutations in a 1400bp region at the point where kanamycin binds to the ribosome 193,194. 

Low-level KAN resistance is typically caused by mutations in other regions of the 16S 

rRNA, in areas that don’t confer cross-resistance to other injectable agents 195,196. 

However, up to 80% of strains that display low-level KAN resistance have mutations in 

the promoter region of the aminoglycoside acetyltransferase gene eis 195. These mutations 

serve to increase the expression of eis, which acetylates multiple amine groups of 

aminoglycosides and therefore inactivate this group of drugs 197. In addition the name EIS 

stands for Enhanced Intracellular Survival, reflecting the protein’s role as a determinant 

of mycobacterial survival in host macrophages 198. It therefore has a dual function, with 

hyperexpression leading to both drug inactivation and increased macrophage resistance. 

Capreomycin and viomycin resistance is caused by mutations in tlyA encoding 2’-O-

methyltransferase 199. The wild-type version of this enzyme methylates 16S rRNA at 

C1409 and 23S rRNA at C1920 200. This in turn enables capromycin and viomycin to 

bind to the ribosomes. The most prevalent XDR-TB mutation seen in a case series was 

the A1401G mutation in the rrs gene, which causes cross-resistance between kanamycin, 
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amikacin and capreomycin 196,201. Streptomycin-resistant strains are usually still 

susceptible to kanamycin and amikacin. 

Fluoroquinolones 

Fluoroquinolones (FLQs) target DNA gyrase (topoisomerase II) activity encoded by gyrA 

and gyrB 202. FQs are pivotal for the treatment of MDR-TB as resistance to them has been 

shown to be a predictor of poor outcome 203-205. It may form from poor second-line 

treatment of MDR-TB or the excessive use of FQs for the treatment of community 

acquired pneumonia. The loss of these potent drugs, as seen in XDR-TB, leads to 

treatment success rates of well below 50% 206. A conserved region called the quinolone-

resistance-determining region (QRDR) in gyrA and gyrB are the focal points for 

resistance mutations in MTB 207. The barrier to resistance is usually higher than for the 

other anti-tuberculous drugs with the requirement for either two mutations in gyrA or a 

mutation in each of gyrA and gyrB 163. Another recently discovered mechanism for 

quinolone resistance is mediated by MfpA, which binds DNA gyrase in MTB and inhibits 

its activity in a form of DNA mimicry 208. Current molecular tests in the absence of 

phenotype testing capture more than 75% of FQ-R cases 209,210.  

 

1.3.3 Molecular epidemiology 

Whole genome sequencing is increasingly used to study MTB strains. MTB is both 

monomorphic, displays a clonal population structure and there is currently no evidence of 

ongoing horizontal gene transfer occurring. The degree of synonymic nucleotide 

polymorphisms is estimated to be only 0.01–0.3% 211-213. However despite this there are 

polymorphic genome sites within MTB 214. These polymorphic sites include single-
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nucleotide substitutions (sSNP, nsSNP and iSNP), long sequence polymorphisms (RD, 

TbD1) and polymorphisms in repetitive sequences (IS, VNTR, spacers in the DR region).  

As a whole the repetitive sequences evolve more quickly than SNPs and long sequence 

polymorphisms and therefore these have been applied more to phylogenetic studies. 

However, their risk is that changes can occur many times and in differing directions such 

that analogous patterns emerge that are not evolutionarily related. Initial molecular 

characterisation focused on the presence of insertion sequences that are mobile genetic 

elements with lengths of up to 2500bp and are widely distributed in many bacterial 

genomes. For MTB this was performed with IS6110 restriction fragment length 

polymorphism (RFLP)-based fingerprinting as IS6110 occurs between 1 to 26 times in 

different MTB strains 215. This was the gold standard and the most discriminating method 

for isolates with more than six copies of IS6110 but is of limited use due to the need to 

have large quantities of DNA; requiring extended live culturing and high copy numbers 

with the inherent risks that this produces to the laboratory worker 214-216. It also suffers 

from a relative lack of portability and reproducibility between different laboratories 217.  

Further techniques were developed that targeted polymorphic spacer sequences in the 

direct repeat (DR) region, including spoligotyping. Spoligotyping is based on revealing 

the presence and order of the spacers that separate DRs in the DR locus of 4394bp 

between 31190185 and 3123576. This led to the characterisation of 37 MTB and six M. 

bovis BCG types. However, if used alone spoligotyping considerably underestimates the 

clonal diversity in an MTB population 218. Despite this spoligotyping has demonstrated 

its importance in identifying the strains of the European-American group (LAM, T, S, X), 

the EAI group in southern Asia and eastern Africa, and the emergence of the Beijing 
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strains from China to Eastern Europe, the Middle East and Oceania 219,220. In addition, 

this has allowed for the coincidence of the Beijing family of strains and high levels of 

drug resistance 221-223 to be examined. 

More recently molecular typing methods based on variable number tandem repeats 

(VNTRs) of genetic elements called mycobacterial interspersed repetitive units (MIRUs) 

have demonstrated a granularity approaching that of RFLP, with the advantages of not 

requiring the presence of IS6110 elements, being less labour intensive and are less 

exigent to the quality of DNA 224,225. Their stability also means that outbreaks and 

epidemic strains can be followed, almost in real-time and compared robustly between 

different laboratories 226-228. The resolution of VNTR typing is directly proportional to the 

number of estimated loci and the association of the number of allele variants with genetic 

groups has enabled VNTR to be used for phylogenetic groupings. Like spoligotyping, 

MIRU-VNTR is still limited by the propensity for convergent evolution 229.  

Microarray detection of single nucleotide polymorphisms (SNPs) changed the picture 

somewhat but, by their nature, microarrays rely upon the detection of only known 

polymorphisms and not novel ones. Comparison of 24-loci-MIRU-VNTR to a gold 

standard phylogenetic tree produced by a multilocus sequence analysis (MLSA) of 108 

strains using the coding sequences of 89 genes demonstrated that although the VNTR 

makes most strain lineages appear monophyletic there are incongruencies with the MLSA 

tree 229. Spoligotyping was found to have the highest homoplasy index, with SNPs having 

an index close to zero. 

The universal 16S ribosomal RNA (rRNA) and rpoB genes have identical sequences for 

all MTC members 230. Sequencing of the exact tandem repeat D (ETR-D) allows for the 
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differentiation between MTC species, except M. microti and M. pinnipedii 231. SNP 

genotyping of certain candidate genes was originally used to assess the consistency of the 

genetic relationships identified by VNTR typing 232. Two genes first used for typing were 

katG (encoding catalase-peroxidase) and gyrA (encoding DNA gyrase subunit A). This 

allowed MTB strains to be classified into three large Principle Genetic Groups. Group 1 

is thought to be the first evolved with older isolates, followed by Group 2 and Group 3. 

However, it was quickly apparent that this method was less discriminatory than 

spoligotyping and has since been proven incorrect by whole genome sequencing studies 

that identified a significant bias in SNP discovery that identified only two of a myriad of 

informative SNPs in these genes. Using the standard multilocus sequence typing (MLST) 

approaches used for many other bacteria does not generate sufficient phylogenetic 

information as the number of variations between sets of housekeeping genes are too small 

233,234. Previous SNP-based schemes such as the SNaPshot minisequencing assay do not 

fully distinguish MTBC isolates at the strain level and therefore were more appropriate 

for phylogenetic analysis 214,235,236. However whole-genome sequencing has opened the 

door for molecular epidemiology. 

Large sequence polymorphisms (LSPs) often result from genomic deletions and 

regroupings 237. These deletions are irreversible and often unique evolutionary events and 

therefore overcome the complexity that convergent evolution introduces. The fact that 

novel mutations that occur early in an MTB lineage are carried forwards down through 

the lineage has been used in later genetic techniques that include the identification of the 

presence or absence of MTB-specific deletions (TbD1) 237-240. Currently the 

nomenclature of MTB lineages is based upon the analysis of these genomewide deletions 
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but have sequentially incorporated information from the sequencing of 89 genes and then 

whole genome sequencing 237,241,242. Taken together these studies suggest that there are 

six main lineages and TbD1 probably occurred in the common ancestor of the modern 

strains that include Euro-American, Beijing and the North Indian (CAS) strain. Rather 

than a person having either latent or active infection, TB is likely to demonstrate a 

spectrum of disease that may be very dependent upon the infecting strain lineage (Figure 

2 243). 

 
Figure 2 Mycobacterium tuberculosis complex (MTBC) variation and host response. It is proposed that 
the lineage that a particular MTB isolate belongs to is directly related to the host proinflammatory response 
and risk of progression to active tuberculosis. This in turn will be affected by patient characteristics 
including bacterial load, symptoms and HIV and other comorbidities. Adapted from 243. 

This principle of inheritance down TB lineages has also been used for genotyping based 

on SNPs and now for whole genome sequencing 241. To date this has been used most 

prominently to address evolutionary questions in TB. One of the important findings when 

using genomic deletions was that all human MTB complex bacteria originate from a 

common ancestor with animal bacteria 237,240. Genomic deletions effectively group MTB 

into six main lineages associated with different geographic regions and human 

populations (Figure 3). These lineages may have co-evolved with humans as there 
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appears to be differential transmission of these lineages amongst their host populations 

238,239. Like humans these MTB lineages are likely to have dispersed around Africa before 

accompanying human expansion out of Africa into Europe and Asia 235. Coalescent 

analysis indicates that MTBC may have emerged approximately 70,000 years ago 

together with the migrations of anatomically modern humans out of Africa 25. Expansion 

was then brought about by the increases in human population density during the Neolithic 

period, with MTBC changing characteristics based on host population densities. Previous 

findings in evolutionary ecology suggest that increased access to host or increased host 

density can select for increased virulence 244. This has been seen in MTB where the more 

modern strains have become more virulent as they have adapted to the large host 

populations in Europe and Asia. Patients infected with a modern strain are more likely to 

have acute symptomatic disease whereas those infected with the ancient strains may 

display more latency.  

In a whole-genome sequencing study of 22 mycobacterial strains essential genes 

harboured less nucleotide diversity than nonessential genes with the ratio of the rates of 

synonymous and nonsynonymous substitutions also being significantly lower in essential 

than nonessential genes 241. Therefore, somewhat unsurprisingly, essential genes are more 

evolutionarily conserved. Importantly T cell antigens in MTB strains were not more 

diverse than essential genes and had a similar dN/dS ratio. T cell antigens therefore do 

not appear to be under diversifying selection and may actually be driven by purifying 

selection. Similarly T cell epitope regions were less likely to harbour changes at 

nonsynonymous sites and had the lowest dN/dS of all gene categories, suggesting 

significant hyperconservation. However, there were a significant number of amino acid 
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changes in five epitopes of three antigens. This included esxH, a member of a gene 

family known to encode a type VII secretion system. 

 
Figure 3. Global distribution of MTB lineages. A) Large sequence polymorphisms that define the global 
phylogeny for MTB. B) Geographic regions associated with specific lineages labelled with coloured dots. 
Adapted from 238. 

The importance of interrogating the different lineages of MTB has been demonstrated by 

a number of publications in recent years. With the advent of WGS it has been shown that 

new mutations that confer antimicrobial drug resistance can arise multiple times within 

the same individual 11 and this is more likely to occur in certain lineages of MTB 245. 

Lineage 2 (which includes Beijing strains) has been previously associated with a greater 

incidence of drug resistance, with mutations in genes involved in DNA replication, 

recombination and repair as compared to strains from lineage 4 246. Drug resistance in 

lineage 2 can be acquired more rapidly in vitro than in lineage 4 and this appears to be 

related to a higher mutation rate 247. This in vitro mutation rate correlates well with the in 

vivo rate in humans and modelling suggests that more patients with a lineage 2 strain will 

harbour multi-drug resistant strains of bacteria at the time of diagnosis. 
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1.3.4 Virulence 

It has been almost 50 years since Mitchison and colleagues compared the consequences 

of infecting guinea pigs with isolates of MTB derived from either British or Indian 

patients with pulmonary tuberculosis 248,249. The British-derived strains appeared to be 

more virulent with many more animals dying 250. Interestingly, in the papers at the time 

the authors did not note a difference in apparent virulence in the host humans; suggesting 

a degree of co-evolution 251. Since then our ability to genotype strains has demonstrated 

that certain genotypes predispose to more transmissible isolates that cause more severe 

disease 252,253. 

Downsizing of the genomic content of MTB seems to be a principle driver to the 

emergence of fitter and more virulent strains 254. This is probably compounded by in situ 

duplication events, such as those seen in M. bovis BCG strains. The predominant 

genotypes now circulating are the Beijing, Haarlem and African clusters 255,256. 

Increasingly there is evidence that MTB has a strong clonal population structure 213,257.  

The Beijing genotype is a virulent strain that originated out of East Asia and is now 

widely disseminated 219,255,259. It has been associated with decreased survival in mice 260-

262 and a rabbit meningitis model and has demonstrated increased growth in human 

macrophages 263,264. One possible cause of this apparent increased virulence is the 

production of phenolglycolipid (PGL) that suppresses the Th1 response 265. In principle 

genetic groups 2 and 3 the polyketide synthase gene pks15/1 has a frameshift mutation 

that splits it into two open reading frames (ORFs) 266. Some molecular studies have 

focused on the question of virulence. The hypoinflammatory and hypervirulence 

phenotype of MTB strain HN878 has been linked to the production of PGL by a subset of 
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lineage 2 strains 265. H37Rv and other lineage 4 strains do not produce PGL because they 

have 7bp deletion in the pks1/15 gene encoding the polyketide synthase 266. Lineage 2 

strains also accumulate triacylglycerides as a consequence of constitutive overexpression 

of dosR 273, which may be due to a 350kb duplication 274. 

The Beijing genotype has been strongly associated with MDR and XDR-TB 219, with one 

of the first outbreaks of MDR-TB in New York City in the early 1990s found to be a W-

Beijing strain 256,267. One hypothesis is that the Beijing strain has mutations in its DNA 

repair genes mutT2 and mutT4 allowing the production of a hypermutant phenotype 268. 

However such a hypermutation state has not been confirmed among clinical isolates in 

vitro 269.  In the Western Cape of South Africa, the Beijing strain currently makes up 

36.5% of the drug-resistant cases 270, whereas the overall proportion of strains belonging 

to the Beijing clade for drug resistant and sensitive cases is closer to 21.9% 271. In 

Western Cape, it is likely that XDR-TB is evolving and spreading adaptively, with 

acquisition occurring anew in each isolate whilst MDR resistance is being transmitted 

clonally 272. 

Different MTB strains display differing organ-specificity. Extrapulmonary disease is 

more commonly associated with polymorphisms in the plcD gene 275 and the Beijing 

family of strains 276. Euro-American isolates are more strongly associated with 

pulmonary rather than meningeal disease 277 but deaths in patients infected with fully 

susceptible isolates from this lineage are rare. However, the extent to which this is an 

interplay between host and bacterial genetics is still unclear with relationships not always 

holding between different host genetic groupings 278. An examination of 235 adults with 

pulmonary TB and 162 adults with tuberculosis meningitis (TBM) found that isolates of 
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the Euro-American lineage were significantly more likely than isolates of either the W-

Beijing or Indo-Oceanic lineages to be associated with the radiographic appearances of 

lung consolidation 279. There was also a difference in pulmonary fibrosis between W-

Beijing isolates that did not have an RD181 deletion and those that had RD181 +/- 

RD150 deletions. Patients with meningitis caused by W-Beijing lineage isolates also 

presented to hospital with a shorter duration of illness. There was a correlation between 

the presence of lower numbers of CSF leukocytes and the presence of a Beijing lineage 

isolate. As previous studies have shown that a low CSF leukocyte count is an 

independent predictor of death 280 this suggests that the Beijing bacteria may 

differentially influence a critical part of the disease pathogenesis. In particular, Beijing 

lineages occurred more frequently in younger adults and were more likely to display 

resistance to first line anti-tuberculous drugs. Examination of host alleles found a strong 

association between TLR2 T597C and TBM caused by Beijing genotype isolates 277. 

 

1.3.5 Transmission 

As well as informing drug resistance at a molecular level, knowledge about the genome 

of clinical MTB isolates allows one to construct disease transmission maps. A cluster of 

TB transmission in the Netherlands comprising 104 patients could be investigated by the 

identification of eight SNPs that allowed for the patient isolates of the cluster to be 

genotyped. The index case and routes of transmission were then elucidated 281. Likewise 

whole-genome sequencing of 32 patient isolates in British Columbia integrated SNP data 

with a social interaction network to identify so-called “superspreaders” behind a local 

outbreak of disease 282. Initial RFLP and 24-loci MIRU-VNTR genotyping of this 
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outbreak suggested that it was clonal, with the same clone having been detected in the 

region since 1995. However, follow-up genome sequencing revealed that this assumption 

was incorrect and that the outbreak was a coalescence of two outbreaks, each with a 

separate causative clone of MTB but with divergence occurring prior to 2001. 

For clonal MTB lineages there are clearly benefits from developing a phylogeny based on 

whole genome SNPs. However, these benefits are also evident when looking at less 

clonal populations such as the Haarlem lineage. Prospective molecular-based surveillance 

of 2301 patients from 1997 to 2010 identified a large outbreak caused by this MTB 

lineage. Previously work had been done to characterise this outbreak using 24-loci 

MIRU-VNTR genotyping but only 50% of the resulting clusters identified could be 

confirmed by establishing contact tracing identified transmission links. The use of WGS 

on 86 of the isolates identified 85 SNPs that could subdivide the outbreak into seven 

genome clusters and 36 unique profiles 18. This identified that the first outbreak isolates 

that were detected in 1997 were falsely clustered by classical genotyping. The SNP-based 

phylogeny was in better concordance with the contact tracing data and the actual 

geographical distribution of the cases than the classical genotyping methods. 

WGS can also be used to estimate the evolution of drug resistance during transmission of 

MTB through a population. Sequencing of 34 Beijing isolates responsible for an outbreak 

of XDR-TB in the Samara Oblast of Russia identified homoplasic polymorphisms 

responsible for the drug resistant phenotype 283. Most of the MDR-TB isolates had gained 

mutations in the promoter region of eis likely to be responsible for the kanamycin 

resistance observed in these strains. Polymorphisms conferring fluoroquinolone 

resistance were acquired multiple times in individual patients suggesting that XDR-TB is 
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not effectively transmitted in this population. A follow-up study confirmed the role of 

prior kanamycin therapy in driving the development of the eis mutations, possibly linked 

to the previous use of this drug as programmatic therapy in Russia 284. Therefore a 

combination of biological and programmatic factors may lead to the development of 

extensive drug resistance, all of which can be explored through WGS. 

 

1.4 Bacille Calmette-Guérin 

The only currently approved vaccine against TB is the Bacille Calmette-Guérin (BCG). 

Although it has been given to over 2 billion people in the last 90 years, the BCG vaccine 

is still only consistently effective in infants to prevent tuberculosis meningitis rather than 

in adults to prevent pulmonary TB. Albert Calmette discovered via Kristian Feyer 

Andvord that the addition of a detergent, bile, to cultures of M. bovis leads to more 

optimal infections of cattle and guineapigs. During extended culturing in this way a new 

less virulent colony emerged. Calmette and his technician Camille Guérin then continued 

passaging the bacteria on a media made of glycerine, bile and potato skins every 2 weeks 

for the next 13 years. By 1921, after 230 passages, there was a notable decline in the 

virulence of the bacterium in guineapigs, rabbits, dogs, cows, horses and monkeys. 

Realising that they had a potential vaccine on their hands, in the same vein as cowpox 

was a vaccine to smallpox, they first used BCG per os in humans in 1921. The vaccine 

was increasingly used in Europe with early evidence for its efficacy coming from studies 

of student nurses in Norway 285. The first formal trials were carried out in native 

Americans in North America during the 1930s and the vaccine was used extensively 

following the Second World War, especially in Eastern Europe. 
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Due to the inability to lyophilise or freeze the vaccine, passage of the vaccine continued 

as it was distributed globally, resulting in the continued accumulation of mutations until 

1961 when it was finally lyophilised as BCG Pasteur (after 1173 passages) 285. The 

resulting strains all had different morphological, biochemical and immunological 

properties 286-288. Two significant clinical trials were set up in the 1950s – one by the 

British Medical Research Council using Copenhagen strain given to tuberculin-negative 

13 year olds 289 and one by the US Public Health Service using the Park or Tice strains 

given to various ages 290. The former showed high efficacy of 79%, the latter showed 

virtually no protection (14%). This led to the UK advocating the vaccine’s use routinely 

in all teenagers whilst the US did not use the vaccine except in certain high-risk 

populations. P D’arcy Hart was the first to note the apparent differences in vaccine 

efficacy demonstrated by the various clinical trials 291. He attributed this to either the 

strain of vaccine being used, the effect of previous mycobacterial exposure or the dose of 

tuberculin antigen used for screening tests. Later studies have supported these early 

findings of varying efficacy with a metaanalysis of five randomised controlled trials 

giving an efficacy of 80% (95%CI 65–95%) for meningeal and miliary TB 292. However, 

for adult pulmonary TB the range of efficacy estimates is very large from 0–80% with 

significant heterogeneity between trials 293. 

Previous studies have focused on the genomic changes brought about by the many years 

of repeated passage. The common changes include SNPs, small indels and larger regions 

of difference, made up of a combination of large deletions and duplications 294-296. 

Knowledge of the large deletions and duplications from limited sequencing and 

transcriptome analysis has demonstrated a phylogeny that splits the BCG strains into 
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early (Russia, Japan, Moreau, Birkhaug and Sweden) and late (Prague, Glaxo, Danish, 

Tice, Frappier, Connaught, Phipps and Pasteur) (Figure 4) 294,297. A recent study has 

updated this using SNP information, but the overall phylogeny has not changed 

significantly 298. 

 
Figure 4. Genealogy of BCG vaccines. Regions of difference and strain-specific deletions lead to the 
division of BCG vaccines into four groups. Adapted from 297. 

As tuberculosis is one of the leading causes of death in the developing world 299, the 

WHO recommends universal neonatal BCG vaccination in countries that have a high 

disease burden 300. The use of vaccination in the first year of life is mainly to prevent 

childhood tuberculosis, especially tuberculoid meningitis – the most severe form of the 

disease 301. If BCG vaccination is given after primary MTB infection, it is no longer 

effective. The main limitation of BCG is that it confers only limited and highly variable 

levels of protection against TB, especially in those who have previously been exposed to 

MTB or other mycobacteria. Recently attempts have been made to boost the vaccine 

when used in the first decade of life. This attempts include incorporating BCG into a new 

regimen that includes a protein-adjuvant or recombinant viral vector subunit vaccine 
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302,303. Other options include genetically modifying BCG to make a safer but more 

immunogenic vaccine 304 or even attenuating MTB strains 305. So far the improvement 

shown in clinical trials by using some of these alternatives has been marginal and BCG, 

nor any subsequent vaccine, demonstrates the gold-standard of sterilising immunity. In 

addition as a live vaccine BCG can cause disseminated infection in HIV-positive infants; 

thereby limiting its use in an area that has very high HIV/TB co-prevalence 306. 

A recent development has been to focus on potential MTB virulence systems. MTB does 

not have any classical virulence factors such as pathogenicity islands or toxin producing 

genes and yet it is one of the most effective intracellular bacteria that infects man. The 

five ESX protein systems, of which ESX-1 is the best characterised, are known to be 

important in virulence and may help the bacterium to evade the immune system 307. ESX-

1 is known to be a mycobacterial type VII secretion system and acts through the secretion 

of the protein ESAT-6 and other effector proteins 294,308-312. All of the mycobacterial 

species studied to date have between one and five of the esx loci but only the esx-3 genes 

are conserved across all species of mycobacteria, suggesting an important role 313,314. 

Using M. smegmatis as a model organism for MTB, Sweeney et al showed that virulence 

could be reduced by deletion of the esx-3 genes. This strain was then only pathogenic in 

mice deficient in myeloid differentiation factor-88 (MyD88), indicating that this innate 

immune response pathway must play a crucial role in controlling mycobacterial infection. 

Replacing the ESX-3 with esx-3 from MTB produced a strain that induced prolonged 

survival when given in a subcutaneous immunisation with aerosol challenge. In one of 

the experiments this model did result in sterilising immunity. It is therefore clear that the 
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early innate response induced shortly after vaccination is essential in shaping the 

subsequent adaptive immune response 315. 

While vaccine development, as stated above, is still under investigation, the vaccine that 

we are left with as the forerunner continues to be the decades-old BCG vaccine. 

Therefore while this vaccine is in continued use, it is imperative that we ensure that its 

efficacy is maximized. Understanding both the genomic and transcriptomic differences 

that may lead to differences in efficacy will allow us to better develop immunogenic 

future vaccines as well as choose a current vaccine that will prevent the most cases of 

tuberculosis.  
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CHAPTER 2 

2.1 Introduction 

Co-colonisation of CNS carrying mec elements and MSSA means that nucleic acid tests 

(NATs) for mecA and an MSSA-specific gene can give false positive results. NATs for 

MRSA therefore need to specifically detect the insertion of the SCCmec element into the 

orfX gene of S. aureus. This testing is performed by amplifying with a primer in the 

SCCmec element and a primer in the orfX gene of the S. aureus chromosome 1. Clinical 

microbiology laboratories are increasingly turning towards such molecular testing for the 

first-line identification of MRSA carriage. However, a recent systematic review 

concluded that there is insufficient evidence on the clinical effectiveness of PCR over 

other hospital MRSA screening methods 2. In particular, a growing number of S. aureus 

isolates are phenotypically resistant but produce false negative results using currently 

marketed real-time PCR assays 3-6. Sensitivities for currently marketed PCR assays are as 

low as 69% compared to culture 7, resulting in MRSA isolates being misidentified as 

MSSA 8,9. Some of the false negatives are likely due to the diversity of the orfX-SCCmec 

junctions, as to date at least twenty types have been identified worldwide 10. This 

variability means that a unique primer must be developed for each novel orfX-SCCmec 

sequence if it is to be detected. The prevalence of different junction types is not well 

known, but it is suggested that types i, ii, iii, iv, v and vii, account for over 98% of 

worldwide strains tested 1.  

Recently a Recombinase Polymerase Amplification (RPA) multiplex assay has been 

developed by TwistDx for simple molecular testing of methicillin-resistance. RPA is a 

novel, isothermal nucleic acid amplification chemistry 11. The need for complex thermal 

cycling instruments for PCR is replaced by three core enzymes that operate optimally at 
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37–40°C. The first enzyme, a recombinase, binds to primers, forming filaments that can 

then recombine with homologous DNA. The second enzyme, a single-stranded DNA 

binding protein, binds to the strand of DNA that is displaced by the primer, preventing 

the dissociation of the primer. The final core enzyme is a strand-displacing polymerase 

that copies the DNA, adding bases onto the 3’ end of the primer, forcing open the DNA 

double helix as it progresses. When opposing primers are used, exponential amplification 

occurs, with reactions typically running to completion in 5–20 minutes depending upon 

amplicon size and starting template copy number. Real-time fluorescent detection of RPA 

reactions is achieved with TwistAmp® exo probes. These feature an internal fluorophore 

and quencher a few bases apart, with an intervening abasic site (tetrahydrofuran, THF). If 

the TwistAmp® exo probe binds to a complementary sequence then this THF becomes a 

substrate for exonuclease III and is cleaved, separating fluorophore and quencher. As 

amplicon is generated, increasing numbers of probes are cleaved, typically giving a 

detectable signal in 5–10 minutes. RPA reactions are provided as stable, lyophilised 

pellets that contain all of the necessary enzymes and reagents (www.twistdx.co.uk).  

The price of whole-genome sequencing fell significantly after our initial study, making it 

possible to expand the scope of TwistDx’s previous investigation to using whole genome 

sequencing to identify the precise reasons why the RPA multiplex failed to detect some 

of the isolates as MRSA.  

Failing to identify carriage of MRSA in hospital inpatients will have significant 

consequences for the individual patient and for general infection control. With the high 

variability in both orfX-SCCmec junctions and the sequences of SCCmec elements 

circulating in hospitals it remains to be seen if one assay will be effective as a screening 
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tool. Rapid whole-genome sequencing has revolutionised the investigation of MRSA 

outbreaks and transmission 12,13 but it can also aid in identifying isolates that cannot be 

detected with current molecular assays and enable researchers to alter their tests to detect 

them. 
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2.2 Methods 

2.2.1 Strains 

Central Manchester University Hospitals NHS Foundation Trust (CMFT) is a large 

academic trust comprising of specialist hospitals for children, dentistry and 

ophthalmology, together with a large teaching hospital and community services. MRSA 

isolates were obtained by our collaborator (Matthew Forrest and Andrew Dodgson) from 

clinical samples collected via standard hospital screening procedures from the Trust. A 

total of 726 isolates were collected from 726 patients at CMFT between December 2008 

and June 2009 (n=580) and between July 2009 and November 2009 (n=146).  

Isolates were first screened by the collaborators using a multiplex RPA test. The CMFT 

standard screening procedure was to collect nasal and groin swabs and combine to 

inoculate 15ml nutrient broth (Oxoid, CM1) containing 7.5% NaCl. Broths were 

incubated for a minimum of 18hrs at 35°C in air and then subcultured on MRSA Select 

agar plates (BD Diagnostics). In addition to usual diagnostics, a single, pink, colony was 

picked from each positive plate after 24 hours incubation, streaked onto an anonymised 

blood agar plate and incubated for a further 24 hours. A lack of suitable biocontainment 

facilities at TwistDx meant that plates were scraped and bacteria resuspended and boiled 

for 20 minutes. Lysed bacteria were then diluted 1:1000 in sterile distilled water for use 

in RPA reactions. 

2.2.2 Recombinase polymerase amplification 

The RPA assay was developed by Matthew Forrest and Olaf Piepenburg. RPA primers 

differ from PCR only in length, with 30–38 bases being optimal for efficient recombinase 

filament formation. TwistAmp® exo probes are typically 46–52 bases long, with a THF 
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≥30 bases from the 5’ end and ≥15 bases from the 3’ end. A fluorophore and a quencher 

are positioned either side of the THF such that cleavage by exonuclease III separates the 

two and fluorescence increases. TwistAmp® exo probes have a C3-spacer or similar 

block at their 3’ end to prevent them amplifying DNA unless cleaved. Numerous 

overlapping primers were tested empirically with 25 copies of PCR product for each 

orfX-SCCmec junction type to determine the best combinations for multiplexing. 

Potential confounding SNPs were identified by BLAST searches and oligonucleotides 

targeted to the most conserved regions of each junction. OrfX was compared to CNS 

using BLAST to identify the most divergent sequences from S. aureus to minimise the 

risk of false positives caused by amplification of methicillin resistant CNS. To determine 

the range of SCCmec element types that TwistAmp MRSA was able to detect, 15 

prototypic strains (Table 1) for SCCmec types I-XI were tested with the assay 14. 

TwistAmp MRSA was able to detect 11, representing SCCmec types I-IV and VI-VIII. 

The SCCmec type V prototype strain (WIS) was not detected by TwistAmp MRSA and 

was later identified as containing a type of junction, xii, not covered by the assay. 

Performing a BLAST alignment of all SCCmec type V entries in GenBank other than 

WIS (both types 5C2 and 5C2&5; accession numbers AB505629, AM990992, 

GQ902038, FJ830606, AB478780, AB512767, AB462393 and CP003166) revealed that 

they all contained type iii junctions, suggesting that they would be successfully detected 

by the multiplex. 

The selected oligonucleotides were tested for specificity with 106 copies of genomic 

DNA from S. saprophyticus (ATCC® 43867), S. epidermidis (ATCC® 35983) and S. 

hominis (ATCC® 51624) and gave no signal. Drs Forrest and Piepenburg developed a 
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multiplex RPA reaction that detected, but did not differentiate, junctions i, ii, iii, iv, v and 

vii. Isolates that were positive by this test were typed by uniplex assays for junction ii, i, 

iii, iv, v and vii. 50µl RPA reactions pellets that included the primers and probes were 

freeze-dried by TwistDx Ltd, Babraham, Cambridge. For the multiplex reaction an 

internal control sequence was also included to confirm that the reactions had worked. 

This internal control DNA was designed with the junction i and iii primers at opposite 

ends with the sequence detected by the control probe in between (Table 3). 

Table 2. SCCmec element prototype strains used. 

SCCmec type Strain name(s)a 

I NCTC10442, COL 

II N315, BK2464 

III 85/2082, ANS46 

IVa JCSC4744, MW2 

V WIS 

VI HDE288 

VII JCSC6082 

VIII C10682 

IX JCSC6943 

X JCSC6945 

XI LGA251 

a Strains were kindly provided by T. Ito, H. de Lencastre, B. Soderquist, K. Zhang, A. Larsen/R. Skov and 
M. Holmes. 
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Table 3 Primers and TwistAmp® exo probes used in multiplex and singleplex RPA reactions to 
identify orfX-SCCmec junction types in MRSA isolates. IUPAC ambiguity codes are used where 
necessary. Non-standard bases are as follows: 1 = dT FAM; 2= tetrahydrofuran; 3= dT Black Hole 
Quencher (BHQ) 1; 4 = dT TAMRA; 5 = dT BHQ2. BHQ available from Biosearch Technologies, Novato, 
CA. 

Oligonucleotide Nucleotide sequence 5’–3’ Reference 
sequence 

Nucleotides 
(5’-3’) 

mrej-i CTGCGGAGGCTAACTATGTCAAAAATCATGAACCTCAT AB033763.2 
38813..388
50 

mrej-ii ACAGCAATTCACATAAACCTCATATGTTCT 
BA000018.3 34244.. 

34215 

mrej-iii ATGTAATTCCTCCACATCTCATTAAATTTTTAAAT 
AB037671.1 67719.. 

67753 

mrej-iv TCCATCTCTACTTTATTGTTTTCTTCAAATATT AY267374.1 539..507 

mrej-v AACTCTGCTTTATATTATAAAATTACGGCTGAAA AY267381.1 489..466 

mrej-vii TTCACTTTTTATTCTTCAAAGATTTGAGCTAATTT AY267375.1 531..497 

orfX CAACGCAGTAACTATGCACTATCATTTAGCAAAAT AY267375.1 346..380 

orfX CAACGCAGTAACTACGCACTATCATTCAGCAAAAT 
BA000018.3 34046.. 

34080 

orfX-probe CATTCCCACATCAAATGATGCGGGTTGTGT12A3TGARCAAGTGTA 
BA000018.3 34083.. 

34128 

Internal control-
probe 

CGATCATGCCCATCAGCAGCTTATGATCAA425GATCCAAACCGAG
GCG 

N/A N/A 

 
RPA reactions were performed by adding 49μl MRSA resuspension buffer and 1μl of the 

boiled, diluted MRSA isolate. Once a strip of 8 reactions had been resuspended, lids were 

placed on the 0.2ml PCR tubes and the strip vortexed and pulse-spun. Reactions were run 

for 20 minutes in Twista® portable real-time fluorometers pre-heated to 39°C (Figure 5). 

Strips were removed, vortexed and pulse-spun and replaced after 4 and 6 minutes to 

agitate the reactions. 
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Figure 5. Typical fluorescence (arbitrary units) curves for RPA orfX-SCCmec junction multiplex 
reactions. Fluorescence is generated by the cleavage of TwistAmp® exo probes that have hybridised to 
amplicon produced by opposing primers. Primers are designed to amplify junction types i, ii, iii, iv, v and 
vii.  a) Signal from the orfX probe (FAM) indicating the presence of the junction sequence. b) Signal from 
the internal control probe (TAMRA) showing that the reactions have worked. Two negative, no template, 
controls (NTC) were run. Reactions were run at 39°C for 20 minutes in Twista® portable real-time 
fluorometers (www.twistdx.co.uk). The strips of 8 x 0.2ml tubes were removed from Twista®, agitated and 
replaced after 4 and 6 minutes – these are visible as spikes in fluorescence. Because RPA reactions are 
viscous and run at relatively low temperatures, agitation is necessary to disperse amplicons if there are not 
many starting template molecules. 

Isolates that were positive by the RPA orfX-SCCmec junction multiplex were then tested 

using uniplex RPA reactions to individual orfX-SCCmec junction targets. Isolates that 

were negative by the RPA orfX-SCCmec junction multiplex were sent to Lyndsey 

Hudson for MLST, spa typing and high-throughput sequencing. 

 

2.2.3 Further molecular characterisation 

Dr Hudson used the MLST scheme previously developed 15 to characterise the isolates on 

the basis of the sequences of seven housekeeping genes (arc, aroE, glpF, gynK, pta, tpi 

and yqiL). The sequence type (ST) of each isolate was determined using the online 
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MLST database (http://saureus.mlst.net/). eBURST (http://eburst.mlst.net/) was used to 

determine founding genotypes. The spa type of each isolate was determined using 

methods described previously 16.  

 

2.2.4 Review of MRSA SCCmec sequences available on GenBank 

57 high quality annotated sequences of MRSA SCCmec regions were found by searching 

the GenBank Nucleotide database (February 2013). Features were extracted and 

manually curated into a protein fasta file and analysed using OrthoMCL v2.0. Maximal 

discrimination between similar proteins was achieved by using an inflation parameter (I) 

of 13. OrthoMCL could not distinguish between different Ccr and Mec allotypes due to 

their high amino acid similarity. 

 

2.2.5 High-throughput sequencing and assembly  

Extracted DNA from isolates undetectable by RPA to the orfX-SCCmec junction were 

run on an E-Gel 2% gel System (Invitrogen) and examined for quality of DNA and 

degree of degradation. DNA from 24 (80%) of the 30 isolates was judged to be of 

sufficient quantity and quality for library making and sequencing. Unfortunately the other 

six isolate cultures were unrecoverable and so further DNA could not be sourced. The 

isolates were sequenced on an Illumina Genome Analyzer II, with 101 base pair reads 

and a paired-end insert size of 400bp to an average coverage of 100-fold.  

The sequence reads were trimmed and corrected by Phred+33 quality values using Quake 

17. De novo sequence assembly was carried out using Velvet 18 with the optimal kmer size 

ranging from 33 to 75. Sequencing contigs and scaffolds were first automatically 

http://eburst.mlst.net/
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rearranged and ordered using ABACAS 19 and then homology with existing SCCmec 

types in GenBank determined using BLASTN against a custom database containing all 

previously sequenced SCCmec elements. Manual reordering was performed by 

visualisation of BLAST results in ACT 20.  

Where the orfX-SCCmec junction was not fully assembled 20–30 iterations of IMAGE 19 

were performed. SCCmec types were annotated through transfer from previously 

annotated cassetees using RATT 19 before undergoing manual annotation using Artemis 

21. All annotated SCCmec sequences have been uploaded to GenBank 23. This pipeline 

was automated using BASH shell scripting. 

  



 95 
2.3 Results 

2.3.1 Recombinase polymerase amplification 

Of the 726 MRSA isolates tested, 696 (96%) could be detected by orfX-SCCmec junction 

multiplex RPA. orfX-SCCmec junction uniplex-RPA testing showed that most (653) of 

these 696 isolates were orfX-SCCmec junction -ii, with the other orfX-SCCmec junction 

types tested only representing a minority of cases (i and iii, 1.8%; iv, 0.3%; v, 0.1%; vii, 

1.9%).  

 

2.3.2 Comparison of MRSA SCCmec sequences in GenBank 

To understand better the conservation of proteins in MRSA, the proteins from the 57 

MRSA SCCmec sequences available in GenBank were compared using OrthoMCL 

(Figure 6). A core group of proteins appear in most SCCmec elements with the most 

frequent occurring proteins being mec (100% strains), an uncharacterised protein 

(OG63_2, 89.5%), IS431 transposase (89.5%), ugpq (87.7%), ccrA (84.2%), ccrB 

(82.5%) and maoC (82.5%). Strains clustered based on the SCCmec types proposed by 

the International Working Group on the Classification of Staphylococcal Cassette 

Chromosome Elements (IWG-SCC) 22. 

 

2.3.3 Further molecular characterisation 

DNA from the original extract was available for 28 of the 30 orfX-SCCmec isolates for 

which the junction was undetectable by RPA and these underwent further analysis using 

MLST and spa typing. Only 24 of the isolates were recoverable for further DNA 

extraction for second-generation sequencing. Unfortunately, because isolates had been 
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anonymised and the cultures taken from them boiled, it was not possible to return to 

CMFT and re-grow any strains that had poor quality DNA. Table 4 shows the results of 

the distribution of ST, spa and SCCmec types (where available) within these 28 isolates. 

Eight STs in total were found, none of which were closely related except for ST30, which 

is a single locus variant (SLV) of ST36. 18 spa types were found among the 28 isolates 

tested. Sequencing of the SCCmec elements demonstrates conserved homology for many 

of the isolates but with one cassette displaying no homology and variable levels among 

the others (Figure 7). The elements identified by sequencing were reviewed by the IWG-

SCC. As the elements are conjugates the SCC and SCCmec element subtypes have been 

assigned. When a novel conjugate element was described the first isolate that was found 

in the set becomes the archetype and elements with the same structure are called CMFTx-

like for simplicity in the text. 
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Figure 6. Binary heatmap showing presence or absence of proteins within MRSA SCCmec elements. 
Presence or absence of proteins in SCCmec published sequences on GenBank using OrthoMCL to 
determine homology. Conventional gene names are shown for each orthologue group with uncharacterised 
(hypothetical) proteins listed with a relevant reference strain and locus tag. 
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Figure 7 Level of homology between 24 sequenced SCCmec elements using the Circos tool 23. All-
against-all BLASTN using E value of 10-300 as cut-off. 4738 local alignments produced in total, internal 
ribbons show 2465 alignments to preserve clarity. Histograms around circumference of circle show 
distribution of all 4738 alignments. Colours correspond to SCCmec type: red, IVh-CMFT3119; light purple, 
IVj; blue, IVa; purple, IVk; orange, IIa-CMFT2-like; yellow, IIa-CMFT492-like; dark orange, II.5; dark 
red, IVe; black, XI; green, V. Very little homology seen for CMFT540 (type XI) and region of CMFT3119 
containing arc gene complex and ccrC. 



Table 4. Further characterisation of isolates undetectable by recombinase polymerase amplification. MLST and spa typing for the 28 isolates and 
sequencing data for the 24 isolates for which DNA could be recovered. Reasons for the negative RPA result for the sequenced isolates are given. 

Isolate 
number STa  

Clonal 
complex 

(CC)b 

spa 
type SCCmecc type Homology to SCCmec 

(accession no.) Main changes Reason for lack of 
RPA result 

CMFT109 15 15 t084 * * * * 

CMFT3119 22 22 t025 IVh-CMFT3119-like 
ZH47 (AM292304) 

M1 (HM030720) 

+ arc complex 

Substitution ccr 4 for 5 

Multiple sites for 
primer binding 

CMFT36 22 22 t032 IVj JCSC6670 (AB425824) + hsd complex Fragment too large 

CMFT246 22 22 t223 IVa (–ACME) USA300 (NC_007793) - ACME Too many primer 
mismatches  

CMFT503 22 22 t309 IVa (–IS431) JKD6159 (CP002114)  + CDS at IS431 Too many primer 
mismatches  

CMFT201 22 22 t906 IVk 45394F (GU122149) - hsd complex Fragment too large 
CMFT211 22 22 t906 * * * * 
CMFT303 22  t906 IVk 45394F (GU122149) - hsd complex Fragment too large 
CMFT306 22  t6420 IVk 45394F (GU122149) - hsd complex Fragment too large 
CMFT535 22  t6421 IVk 45394F (GU122149) - hsd complex Fragment too large 
CMFT432 30 30 t017 * * * * 

CMFT2 36 30 t018 IIa-CMFT2-like MRSA252 (NC002952) + class 1 ccr Too many primer 
mismatches  

CMFT120 36 30 t018 IIa-CMFT2-like MRSA252 (NC002952) + class 1 ccr Too many primer 
mismatches  

CMFT151 36 30 t018 IIa-CMFT2-like MRSA252 (NC002952) + class 1 ccr Too many primer 
mismatches  

CMFT283 36 30 t018 IIa-CMFT2-like MRSA252 (NC002952) + class 1 ccr Too many primer 
mismatches  

CMFT463 36 30 t018 IIa-CMFT2-like MRSA252 (NC002952) + class 1 ccr Too many primer 
mismatches  

CMFT489 36 30 t018 IIa-CMFT2-like MRSA252 (NC002952) + class 1 ccr Too many primer 
mismatches  

CMFT532 36 30 t018 IIa-CMFT2-like MRSA252 (NC002952) + class 1 ccr Too many primer 
mismatches  



 100 

Isolate 
number STa  

Clonal 
complex 

(CC)b 

spa 
type SCCmecc type Homology to SCCmec 

(accession no.) Main changes Reason for lack of 
RPA result 

CMFT492 36 30 t018 IIa-CMFT492-like MRSA252 (NC002952) + ccr 1 / - puB110 / - 
Tn554 

Too many primer 
mismatches  

CMFT352 36 30 t018 IIa-CMFT492-like MRSA252 (NC002952) + ccr 1 / - puB110 / - 
Tn554 

Too many primer 
mismatches  

CMFT33 36 30 t021 II.5 MRSA252 (NC002952) pUB110 inverted Two fragments 
produced 

CMFT454 59 59 t216 IVE AR43/3330.1 (AJ810121) Minor J1 changes Multiple sites for 
primer binding 

CMFT374 59 59 t6419 * * * * 

CMFT540 130 130 t843 XI LGA251 (FR821779) No changes Too many primer 
mismatches  

CMFT106 149 5 t5626 IVk 45394F (GU122149) - hsd complex Fragment too large 
CMFT181 149 5 t5181 IVk 45394F (GU122149) - hsd complex Fragment too large 

CMFT3002 149 5 t5829 IVk 45394F (GU122149) - hsd complex Fragment too large 

CMFT1723 772 1 t657 V WIS (AB121219) + pepF (SAR1397) Too many primer 
mismatches  

* Lack of good quality DNA for sequencing 
a Sequence type 
b As determined by Multi-Locus Sequence Typing (MLST)     



 

Figure 8. Variant SCCmec elements: a) SCCmec for archetypal type II, MRSA252 (NC_002952), compared 
to isolates CMFT2 and CMFT492. The cassette of CMFT2 shows the typical features of a type II SCCmec; a 
class A mec complex and a class 2 ccr complex. However, there is an additional SCC carrying type I ccr 
genes situated at the 5’ end of the element. CMFT492 is superficially similar and contains the same 
additional class 1 ccr complex. However, it lacks two of the major features of most type II SCCmec 
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elements; the plasmid vector pUB110 and transposon Tn554.  b) SCCmec type IVk: SCCmec for CMFT201 
compared to CA05 (AB063172, type IV(2B)) and 45394F (GU122149). The cassette of CMFT201 shows the 
typical features of a type IV SCCmec (CA05); a class B mec complex and a class 2 ccr complex. However, 
there are additional SCC elements with an SCC carrying type I ccr genes situated at the 5’ end of the 
cassette. This is a similar structure to that shown by strain 45394F (unpublished). c) Type IVh variant SCC-
SCCmec element for CMFT3119 compared to strains ZH47 (AM292304) and M1 (HM030720). The cassette 
of CMFT3119 shows the typical features of a type IV SCCmec; a class B mec complex and a class 2 ccr 
complex. However CMFT3119 contains an additional SCC carrying a ccrC gene upstream of the mec 
complex, similar to the recombination seen in ZH47. In contrast to ZH47 there is not a Tn4001 but instead 
part of the arginine catabolic mobile element (ACME), seen in S. epidermidis, S. haemolyticus and USA300, 
has been inserted. This arc gene cluster is very similar to that seen in the recently identified strain M1. 
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Figure 9. Type II variant: homology between strains MRSA252 (NC_002952) and CMFT strain 2. Red 
regions indicate synteny between the relevant regions of the top and bottom genomes. a) Comparison 
between strain with novel SCCmec from CMFT and SCCmec type II reference strain shown on ACT (26) 
demonstrating very similar homology for the majority of the 3’ end of the cassette. b) Close-up view of 5’ 
end of SCCmec demonstrating main divergence with additional class 1 ccr complex inserted in CMFT2.  
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Figure 10. Type IVk: homology between strains CMFT201 and 45394F (GU122149). a) Comparison 
between strain with novel SCCmec from CMFT and SCCmec type IVk strain on GenBank focusing on the 3’ 
end, which demonstrates considerable homology. b) Close-up view of 5’ end of SCCmec demonstrating 
the only area of significantly reduced homology; with absence of hsdR and hsdM in CMFT201. 
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2.3.4 Changes in SCCmec type II in ST36 isolates 

The major MLST groups were 22 (9 isolates) and 36 (10 isolates). ST36 belongs to clonal 

complex 30 (CC30). All, but one of the isolates were spa type t018. One isolate was 

characterised as ST30, an SLV of ST36. Sequencing of the ten ST36 isolates 

demonstrated that their SCCmec elements were all type II as expected within this group, 

but with significant changes that prevented the RPA assay from working (Table 4). Seven 

of the isolates contain the same conjugate element, of which CMFT2 is an example 

(Figure 8a). This cassette has near identical gene order to the type II reference genome 

MRSA252 24; with a class 2 ccr complex and class A mec complex, pUB110 and Tn554 

(Figures 4a and 5a). As well as the SCCmec element there is an additional SCC carrying 

type I ccr genes close to the 5’ end of the element (Figures 8a and 9b). No such 

composite elements with this pattern are present in GenBank. Two isolates have a variant 

of this element, which have been labelled IIa-CMFT492-like. This has the same structure 

but lacks the pUB110 plasmid vector and Tn554 transposon (Figure 8a). 

 

2.3.5 Changes in SCCmec type IV in ST22 isolates 

ST22-MRSA-IV is the pandemic strain known as UK-EMRSA-15. In the UK ST22-

MRSA-IV has become increasingly common, at the expense of ST36-MRSA-II 25, the 

other predominant group among the orfX-SCCmec junction -undetectable isolates. It is 

now responsible for 85% of MRSA bacteraemia cases in UK hospitals. Nine isolates 

belong to CC22, a common and widespread group that carries SCCmec type IV. Eight 

ST22-MRSA-IV strains were sequenced and four of them had elements that have a 

different structure to previously published type IV cassettes. CMFT201 shows the 
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characteristic type IV features of a class 2 ccr gene complex and class B mec gene 

complex. However, similar to the variant type II elements discussed above, there is a 

further class 1 (A1B1) ccr complex situated at the 5’ end of the cassette (Figure 8b). 

Comparison to all SCCmec elements available in GenBank demonstrates remarkable 

homology to an unpublished strain 45394F (GU122149) (Figures 8b and 10a). The key 

differences in homology are at the 5’ end (Figure 10b) with the CMFT201 strain lacking 

genes hsdR and hsdM. 

As type I restriction and modification systems are encoded by all three genes; hsdR, 

hsdM, and hsdS; this may indicate an inability to synthesise R2M2S1 that usually 

modifies hemimethylated DNA and restricts unmethylated DNA 26. An additional novel 

variant is only demonstrated by CMFT3119. The sequenced SCCmec element shares 

partial homology with two existing strains; ZH47 27, and strain M1 (Figures 8c and 11) 28. 

Similar to ZH47 it contains an additional ccrC along with the normal class 2 ccr gene 

complex. The larger SCCmec element in CMFT3119 is due to the addition of an arc gene 

cluster. Therefore overall CMFT3119 also bears similarity to isolate M1, which also has 

a class B mec complex, class 2 ccr complex and part of the arginine catabolic mobile 

element (ACME) often found in S. epidermidis and S. saprophyticus. This may be a 

subtype of IVh as the J1 region bears homology to ST22-MRSA-IVh, and some isolates 

belonging to this genotype can contain a truncated ACME element 29. 

The three further isolates sequenced from this clonal complex had smaller changes but of 

a great enough magnitude to still prevent molecular detection with RPA (Table 4). 
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Figure 11. Type IVh variant SCCmec for CMFT3119 compared to strains ZH47 (AM292304) and 
M1 (HM030720). The cassette of CMFT3119 shows significant homology to ZH47 with the addition of an 
arc gene cluster similar to that found in M1. 

2.3.6 SCCmec IVk also seen in ST149 isolates 

The three isolates belonging to ST149, part of CC5, also have a type IVk SCCmec 

element. ST149 has previously been described in Malta where it appears to be common 30 

and in a Libyan patient in Switzerland 31. This clonal complex has previously been 

characterised as carrying multiple composite SCCmec elements 27. As with the ST22-

MRSA-IVk isolates these bore significant homology to 4539F but with deletion of the 

hsd complex. 
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2.3.7 Small numbers of ST59, ST130 and ST772 also found 

The two ST59 isolates belong to the major community-associated CC59 lineage, a clonal 

group that has become widespread in the Asia-Pacific region. CC59 strains have been 

described in several countries including the UK 32-34. Enough DNA was available for one 

of the two isolates to be sequenced with a type IVe element evident. However multiple 

RPA primers bind due to similarities to both orfX-SCCmec junction types iv and v, 

leading to no clear amplified fragment generation.  

CMFT540 belongs to the clonal lineage CC130 with spa type t843, previously reported in 

bovine and more recently in humans in the UK, Denmark, Ireland and Germany 35-37. 

Sequencing confirms that this also has a type XI element with very close homology to 

that of LGA251 35.  

The single ST772-t657 isolate is known as the Bengal Bay clone or WA MRSA-60, a 

multiply-resistant Panton-Valentine Leukocidin-positive CA-MRSA that is becoming 

increasingly prevalent in India, where it has spread into hospitals 38. The type V element 

identified by sequencing was very similar to that of WIS (AB121219) except for an 

additional pepF, more commonly found in type II cassettes. 
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2.4 Discussion 

Molecular methods for the detection of MRSA that are currently on the market make an 

attractive alternative to the slower methods of using chromogenic selective MRSA agar 

or by enrichment in a 7.5% NaCl nutrient broth 39-43. However, the inherent weakness of 

all molecular tests is that they can only amplify sequences that they have been designed 

to detect. For many pathogens it is simple to identify conserved, signature sequences to 

target. However, in order to be confident that all MRSA cases are detected, a high 

sensitivity for all SCCmec element types is required. MRSA SCCmec elements display a 

high level of protein diversity resulting from significant nucleotide diversity within 

shared proteins. Despite this the collaborators have shown that an RPA assay can be used 

to assess the prevalence of the orfX-SCCmec junction types described by Huletsky et al, 

in a large UK teaching hospital 1. 96% of bacteriologically confirmed MRSA isolates 

were detectable with the RPA assay. However, this does mean that, if used as a 

diagnostic assay, 30 MRSA isolates would have been false negatives. This is similar to 

the sensitivity rates seen for other molecular assays 44.  

A previous study at a UK hospital found the majority of molecularly characterised 

MRSA isolates carry a type IV SCCmec element 45 but there is little information 

available for cassette distributions for the whole country. In CMFT 90% of all isolates 

were found to be orfX-SCCmec junction type ii. Although orfX-SCCmec junction types 

and SCCmec types do not easily correlate, orfX-SCCmec junction type ii usually 

corresponds to SCCmec element types I, II or IVd 1.  

With the increased interest in molecular-only MRSA screening, missing 30 resistant 

isolates during screening has significant health risks. It is only in recent years that there 



 110 
has been a full appreciation of the array of SCCmec elements that may occur. PCR and 

RPA primers are therefore being developed for a genetically highly variable location. It 

has also been difficult to identify composite SCC-SCCmec elements as they would either 

produce a large number of PCR fragments that were difficult to interpret or have a very 

unusual hybridisation pattern 33. Whole-genome sequencing followed by re-mapping does 

not work for genome regions displaying high levels of variation. No assembled reference 

sequences containing all SCCmec elements exists which leads to very low mapping 

coverage (Figures 12a and b). Here it has been demonstrated that only de novo assembly 

allows the cassette to be fully characterised (Figure 12c). 

The SCCmec element sequences give clues as to why the RPA assay failed to detect 

them. For the type IVk the insertion of the additional class 1 ccr complex leads to a 

950bp fragment being produced by the RPA primers; too large for an RPA assay 

optimised for amplicons of less than 300bp. Whilst it is possible to optimise RPA to 

amplify longer fragments, amplification time is a function of recombination rate and 

amplicon length, so it is unlikely that such a large fragment could be detected with the 

desired sensitivity in <15 minutes. It is likely that this represents a degree of cross-

species exchange and recombination as the additional ccr locus is very similar to that 

seen in a Chinese isolate of S. haemolyticus 46. 

Although previously recognised for its predilection for recombination, it is shown here 

that the acquisition of composite SCC-SCCmec elements is not unique to ST149. Both of 

the most common MLST groups in UK hospitals, 36 and 22, were present amongst the 

RPA-undetectable isolates. Many of the ST36 isolates had a IIa cassette that had acquired 

an additional class 1 ccr complex from an SCC. In addition, two isolates had lost the 
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puB110 and Tn554 seen in MRSA252. Although phenotype data was not available it is 

likely that the loss of the bleomycin- and kanamycin-resistance genes, and erythromycin- 

and spectinomycin-resistance genes, from the puB110 and Tn554 respectively, will have 

led to an MRSA strain resistant to most non-methicillin antibiotics. 

 

Figure 12. Importance of assembly for examining SCCmec types in MRSA. a) VCF view on Artemis 
(27) for all 24 MRSA isolates sequenced (rows) with variants compared to MRSA252 shown as coloured 
vertical lines. Area shaded in pink is for SCCmec region. There appears to be little variation but b) is the 
same region in pink shown with a variation of varB (50) that displays areas of zero coverage as grey. The 
low variation seen in a) is due to a significant reduction in mapping depth over this region. c) BAM view of 
same reads of CMFT540 piled onto completed assembly of CMFT540 (only SCCmec is annotated). 
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The composite SCC-SCCmec element of CMFT3119 showed a different arrangement to 

all of the other isolates. The variant IVh cassette was similar to that of ZH47 by having 

an additional class 5 ccr complex but it also contained an arc cluster like strain M1 28. arc 

gene complexes, or ACMEs, are common among ST8-MRSA-IVa (USA300) isolates but 

not often seen outside of this clonal group for MRSA. However, they are seen more 

commonly in coagulase negative staphylococci. arc and opp genes are homologs of genes 

that are recognised bacterial virulence factors and encode an arginine deaminase pathway 

and ABC transporter systems respectively. The speG gene of ACME has also been shown 

to be a potential virulence factor by allowing the bacterium to circumvent polyamine 

hypersensitivity 47. A native arc cluster can be found on the chromosome of S. aureus but 

the ACME-arc cluster inserts as an SCC-like element adjacent to the SCCmec in some 

strains. Animal models have suggested that the presence of ACME clusters in ST8-

MRSA-IVa strains leads to an improved fitness and ability to colonise the skin and 

mucous membranes 48,49. 

The remaining six isolates that were sequenced all contained relatively minor changes but 

each change was sufficient to interrupt RPA primer binding or lead to excessively large 

fragments (Table 4). The numbers of RPA undetectable isolates in this study are 

consistent with those seen in previous studies on the PCR assays available on the market, 

and suggests that there will always be a few escapee isolates. However the amount of 

diversity seen here in just one hospital is likely to only be the tip of an iceberg and hence 

much larger studies of isolates from hospitals in different geographical areas are needed 

to understand the true levels of natural diversity amongst the populations of MRSA 

prevailing in hospitals.  
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The latest whole-genome sequencing technologies make this possible by multiplexing up 

to 192 samples in a single pool and it has been shown here that a de novo assembly 

approach is a reliable method to identify novel SCCmec element sequences. With the 

significant cost reductions of WGS in recent years and increased usage reducing the need 

for long batching times, the reality of WGS being a commonplace component of 

diagnostic microbiology is quickly coming true. 

To effectively reduce post-operative infection rates all surgical patients are screened for 

MRSA colonisation. In addition all medical admissions are also screened in most 

hospitals to reduce overall levels of colonisation and the risk of bacteraemia. Effective 

isolation and treatment of patients with MRSA colonisation requires adequate 

identification of resistant S. aureus and the speedier time to results that the molecular 

assays provide has to be balanced against their reduced sensitivity. However, clinical 

laboratories need to be cautious in adopting fully molecular assays at present – it is likely 

that 4–5% of MRSA will be missed. Further uptake should only occur in the knowledge 

that a phenotypic assay is used to confirm negative isolates. Further larger sequencing 

studies are needed to provide more information on the ultra-conserved areas of the 

cassette that can be used for primer design. 
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CHAPTER 3 

3.1 Introduction 

The Human Reference Genome was completed as a draft in 2001. At that time the 

technology used as the workhorse of this monumental effort was based on Leroy Hood’s 

original capillary sequencing design using Fred Sanger’s chemistry. This relied upon the 

capillary electrophoresis of individual fluorescently labelled Sanger sequencing reaction 

products. 96 reactions could be performed at once with each generating 500–600 bases. 

Therefore a single machine could produce 115kbp per day. Sequence production was the 

limiting step, with sequence analysis relatively simple due to the small number of reads 

and long read length. 

However, this all changed in 2005 with the advent of the 454 GS-20 pyrosequencer. This 

was capable of producing two orders of magnitude more reads per run than capillary 

sequencers. Second-generation sequencers all shared properties that simplified the 

sequencing and data generation steps. First, the initial preparatory steps are simpler and 

do not require a bacterial cloning step. Second, the library fragments are amplified on a 

solid surface; either a bead or slide. While this step is required to generate sufficient 

signal to be detected by the platform’s sensors it can generate sequencing errors that 

affect the downstream processes. Finally, all of the platforms perform sequencing 

reactions as a group of repeating steps that are performed and detected automatically. 

Whilst the ultimate aim of the different sequencing platforms is the same – the generation 

of nucleotide data – this is achieved in quite different platform-dependent ways. The 

Roche 454 and Life Technologies SOLiD systems both bulk amplify sequences using oil 

emulsion PCR on the surface of glass beads. The same amplification step is done by 
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Illumina technology by bridge enzymatic amplification on the surface of a glass-slide. 

Roche 454 sequencing occurs through the polymerase-mediated incorporation of 

unlabelled nucleotides into a growing nucleotide chain in a base-specific fashion with 

detection through light emitted from secondary reactions initiated by the release of 

pyrophosphate. SOLiD works through the ligase-mediated addition of two-base encoded 

dye-labelled oligonucleotides with the fluorescent emission from their incorporation 

being detected. Chemical cleavage then proceeds to remove the fluorescent dye and the 

3’ end of the oligonucleotide. Similar to SOLiD, Illumina also works on the incorporation 

of fluorescent nucleotides but this time they are end-blocked and incorporated through 

the action of a polymerase rather than a ligase. As with SOLiD, following incorporation 

sequence synthesis can continue through the cleavage of both the fluorescent dye and the 

3’ blocking group. 

The differences in the chemistry between the three platforms leads directly into 

differences in the types of errors that occur during sequencing. For Roche 454 

substitution errors are rare and usually indels (most commonly insertions) only occur in 

homopolymeric regions. This is because the ability of the sensor to detect incremental 

light emission decreases with the number preceding flashes. For homopolymeric repeats 

of up to six nucleotides the number of nucleotides added is directly proportional to the 

light signal. However, this rapidly degrades over seven nucleotides. This is in contrast to 

both SOLiD and Illumina where the quality of the reads deteriorates as the sequencer 

approaches the 3’ end of a fragment, leading to a progressive loss of quality along the 

length of the read. This particularly manifests as end of read substitution errors. These 

errors are also more likely to occur when the previously incorporated nucleotide is a 
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guanine base 1. Illumina sequencing also suffers from a bias according to guanine-

cytosine (GC) content. There is a relative underrepresentation of adenine-thymine (AT)-

rich 1,2 and GC-rich regions 2,3. This is most likely to occur from amplification bias 

during template representation with the polymerases used tending to favour GC-neutral 

sequences 2.  

SOLiD technology has previously been regarded as the most accurate due to the use of 

two-base-encoded probes. The detection of single nucleotide polymorphisms requires an 

adjacent valid colour change. In this model a nucleotide substitution will result in two 

colour calls – one from the 5’ and one from the 3’ position of the dinucleotide sequence. 

When the SNP sequence is compared to the reference sequence the base substitution will 

be encoded by two specific, adjacent colours that will both be changed by the 

substitution. Any atypical colour sequence will be discarded as an error. Despite this 

substitutions remain the most common type of error and there is also an 

underrepresentation of AT-rich and GC-rich regions 3. 

At the start of the project all three technologies were available for use. In addition there 

are a large number of approaches that can be taken to produce a pipeline for variant 

detection. The steps involved are: 

1. DNA sequencing 

2. Quality control and trimming 

3. Mapping to reference sequence 

4. Variant calling 

This chapter will detail the experiments used to design the mycobacterial sequencing 

pipeline used within future chapters.  
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3.2 Methods 

DNA from Mycobacterium tuberculosis H37Rv was sequenced on six sequencing 

platforms. The DNA was sourced from London School of Hygiene and Tropical 

Medicine and was from an in-house supply following multiple passages. This ensured 

that it had a number of single nucleotide polymorphisms and indels that are not present in 

the H37Rv reference genome in GenBank. Libraries were constructed using the 

manufacturer’s standard library protocols as follows: 

• TruSeq DNA Sample Prep Kit v1  

o Illumina Genome Analyzer 2x (GAIIx) 

o Illumina HiSeq 2000 

• Applied Biosystems Library Preparation Kit  

o Applied Biosystems SOLiD3 

o Applied Biosystems SOLiD4 

• Life Technologies 5500 SOLiD Fragment Library Core Kit 

o Life Technologies 5500XL 

• Roche GS FLX Sequencing Kit XLR70 

o Roche GFS FLX 

Sequencing was done on all platforms according to manufacturers’ protocols. Pipelines 

were then tested using the following software for each step. 

3.2.1 Quality control / Trimming 

• Trimmomatic 4 

• Quake 5 
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• CLC Genomics Workbench (http://www.clcbio.com/products/clc-genomics-

workbench/) 

3.2.2 Mapping 

• SMALT (http://www.sanger.ac.uk/resources/software/smalt/) 

• BWA 6 

• Stampy 7 

• SSAHA2 8 

• Bowtie 9 

• NovoAlign (http://www.novocraft.com/main/index.php) 

• CLC Genomics Workbench (http://www.clcbio.com/products/clc-genomics-

workbench/) 

• SHRiMP2 10 

• Bowtie 2 11 

3.2.3 Variant Detection 

• CLC Genomics Workbench (http://www.clcbio.com/products/clc-genomics-

workbench/) 

o Deterministic caller 

o Probabilistic caller 

• Freebayes 12 

• GATK 13 

• Samtools 14 

• VarScan 15 

All software will be assessed using their standard parameter settings. 

http://www.clcbio.com/products/clc-genomics-workbench/
http://www.clcbio.com/products/clc-genomics-workbench/
http://www.clcbio.com/products/clc-genomics-workbench/
http://www.clcbio.com/products/clc-genomics-workbench/
http://www.clcbio.com/products/clc-genomics-workbench/
http://www.clcbio.com/products/clc-genomics-workbench/
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3.2.4 Other parameters 

As well as software choices, other variables could also be changed that may affect the 

detection of variants in a DNA sequence. To test the sensitivity of variant calling to 

different variables, the mapping software that produces the best results will have its 

parameters varied to assess their effect on the accuracy. 

Many sequencing platforms allow for the multiplexing together of multiple samples 

during one sequencing run. As MTB only has a 4.4 Mb genome, sequencing a single 

isolate on many of the platforms under assessment would result in a very high depth of 

coverage. The effect of coverage for sequencing MTB is unknown and significant cost 

savings could be achieved if reducing the depth of coverage does not adversely affect the 

sensitivity and specificity of detecting variants. As both the Illumina and SOLiD 

platforms’ read length is determined by the number of sequencing cycles that are 

performed, and this in turn determines the cost of the sequencing run, read length is 

another variable where its minimisation may result in significant cost savings. Therefore 

both depth of coverage and read length will be varied in sensitivity analyses. 

3.2.5 Assessment of results 

Mapping was performed against the latest version of the H37Rv reference genome 

(accession number: NC_000962.2). As there is no accepted sequencing gold standard and 

the actual variants present in the sequenced H37Rv DNA are not known, a methodology 

needed to be developed by which the accuracy (sensitivity and specificity) of each 

pipeline could be assessed. Treating each pipeline as a “diagnostic test” in which there is 

no gold standard means that a consensus standard needs to be reached instead. This is a 

standard approach used for both evaluating diagnostic tests during healthcare technology 
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assessments as well as rater performances performing clinical diagnostics 16,17. Therefore 

variants were classified as being high confidence if they were called by at least three 

different pipelines for each of two different platforms.  

Based on this “golden” list of variants, the individual variants called by each pipeline 

were classified as either true positives, false positives or false negatives. A list of variants 

called by any pipeline of any platform was also generated made up of all true and false 

positive calls. The inclusion of false positive calls highlighted areas of the genome that 

are more likely to result in false calls such as repetitive regions or those bordering a large 

deletion or insertion. Within the same platform they also account for where 

heterogeneous calls may exist due to either errors within the sequencing reads or the true 

presence of different quasispecies. For the purposes of this project, only homogeneous 

calls will be considered as it is difficult to estimate what the impact of developing 

quasispecies will be on both the resistance profile of the MTB isolate and its phylogeny. 

When an individual pipeline does not call these false positive calls made by other 

pipelines it is recorded as a true negative call.  

True positives and negatives, and false positives and negatives are entered into Review 

Manager v5.2 (http://tech.cochrane.org/Revman). This is used to calculate sensitivities 

and specificities for each of the pipelines and platforms and to generate summary receiver 

operating curve graphs (ROCs) to determine the accuracy of the pipeline. 

 

  

http://tech.cochrane.org/Revman


 126 
3.3 Results 

H37Rv DNA was sequenced on six different platforms. Table 5 summarises the data 

production by platform. 

Table 5 Summary statistics for the output obtained from a single sequencing run on eight different 
sequencing platforms. 

Platform Output type Output (Gb) Output (reads) Read length 
(bp) 

Illumina GAIIx PE 6.29 22,329,420 110 (f), 110 (r) 
Illumina HiSeq PE 28.7 219,939,048 101 (f), 101 (r) 

SOLiD 3 SE 3.5 58,200,176 49 
SOLiD 4 SE 2.0 30,199,456 49 

SOLiD 5500XL PE 36.6 154,080,602 75 (f), 30 (r) 
Roche 454 SE 0.544 2,337,418 40–619 

PE=paired-end, SE=single-end, Gb=gigabases, bp=base-pairs 

3.3.1 Quality assessment and correction 

FastQC 18 was used to assess the quality of sequencing output from each platform (Table 

6). A single run of the Illumina GAIIx platform produced sequence of a high, consistent 

quality. Despite the double encoding demonstrated by Life Technologies’ SOLiD 

colourspace encoding, the quality of sequence produced from the SOLiD3 and SOLiD4 

were markedly worse than the Illumina platforms, although the SOLiD4 was more 

consistent than the Illumina HiSeq towards the 3’ end of each read. This, however, has to 

be weighed against the 50% reduction in length of the sequence reads for the SOLiD4 

compared to the HiSeq. 
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Table 6 Quality scores obtained using FastQC on fastq files outputted from the six sequencing platforms. 
Phred scores are given at the maximum and 75% of the maximum read length for each platform. A density 
distribution curve was used to give the modal score (Max distribution Phred score). f – forward read, r – 
reverse read. 

Platform 
Forward read Reverse read  

q at 75% 
read 

q at 100% 
read 

q at 75% 
read 

q at 100% 
read 

Max distribution 
phred score 

Illumina GAIIx 35.0 30.0 32.4 20.0 36.0 (f), 35.0 (r) 
Illumina HiSeq 31.0 2.0 35.0 25.0 37.0 (f), 37.0 (r) 

SOLiD 3 15.0 10.0 NA NA 14.0 
SOLiD 4 25.0 21.0 NA NA 27.0 

SOLiD 5500XL 23.0 17.0 31.0 29.0 28.0 (f), 30 (r) 
Roche 454 17.3 16.9 NA NA 32.0 

q=Phred scaled quality score, f=forward read, r=reverse read, NA=not applicable 

 

Options for quality correction differ by sequencing platform. CLC Genomics Workbench 

is the only piece of software that can quality trim sequences from colourspace and 

nucleotidespace sequencers. Applying the CLC Genomics Workbench trimmer with 

default settings to the output from all of the platforms leads to improvements in the 

quality as shown in Table 7, at the expense of loss of output.  

Table 7 Effect of CLC Genomics Workbench quality trimmer on outputs by platform.  

Platform % reads 
retained 

% 
trimmed 

Mean length 
after trim 

Max 
distribution 
phred score 

Phred score at 3’ 
end forward read 

Illumina GAIIx 100 4.80 103.5 35.0 32.0 
Illumina HiSeq 99.81 63.7 92.4 38.0 33.8 

SOLiD 3 98.84 93.4 19.9 21.0 24.0 
SOLiD 4 98.23 75.6 32.5 28.0 28.0 

SOLiD 5500XL 100 100 72.3 f, 28.8 r 29.0 21.0 
Roche 454 100 34.6 362.8 32.0 26.44 

f=forward read, r=reverse read, NA=not applicable 

 

More tools are available for Illumina platforms. Trimmomatic performs a variety of 

useful trimming tasks but cannot correct individual nucleotides 4. Quake detects and 

corrects errors in DNA sequencing reads using a maximum likelihood approach that 

incorporates both quality values and nucleotide specific miscall rates 5. In a direct 
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comparison between Trimmomatic, Quake and CLC Genomics Workbench there were no 

significant differences between the read lengths that remained after trimming or the 

modal quality score achieved (Table 8). The overall quality of the sequencing produced 

from the GAIIx was marginally better than HiSeq, with an average read length following 

trimming significantly greater for GAIIx than HiSeq (p<0.01). 

 

Table 8 Effect of trimming Illumina reads with CLCBio, Quake and Trimmomatic on mean read length 
and modal quality score. 

Platform Average read length Modal quality score 
CLC Quake Trimmomatic CLC Quake Trimmomatic 

Illumina 
GAIIx 103.5 103.7 101.6 35.0 36.0 36.0 

Illumina 
HiSeq 92.4 90.1 90.9 37.0 37.0 38.0 

 

3.3.2 Mapping software 

A large number of options are available to map the sequencing output from each of these 

sequencing platforms. As Illumina GAIIx and HiSeq data are fundamentally similar only 

the GAIIx data will be presented here. Basic statistics on mapping to the references are 

shown for each mapper in Table 9. All mappings were done with the default parameters 

of the software for bacterial genomes.  

Table 9 Ability of mapping software to map Illumina GAIIx reads to the H37Rv genome. Statistics 
produced using Samtools flagstat 14 and custom-made perl scripts. 

 Stampy  SMALT  SSAHA2  BWA  Bowtie  Bowtie2  NovoAlign  CLCBio  SHRiMP2  

% reads 
aligned 99.4 98.5 98.6 97.8 95.6 98.92 96.41 99.5 93.33 

% 
properly 

paired 
97.5 98.1 98.3 97.5 95.6 98.16 96.15 97.67 86.66 

% 
singletons 0.3 0.2 0.2 0.2 0 0.53 0.21 2.6 6.67 

% 
genome 
covered 

99.3 99.3 99.5 99.3 99.9 99.8 99.5 99.5 99.4 
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Although Stampy aligns the largest percentage of reads, SSAHA2 ensures the largest 

number of reads remain properly paired, defined as both the forward and reverse reads 

being correctly orientated and having an appropriately sized gap between them. Bowtie 

leads to the best coverage of the H37Rv genome longitudinally despite only mapping 

95% of the reads. However these statistics purely looking at the ability of a mapper to 

align reads do not give any information as to the accuracy of those placements.  

To assess accuracy, the ability of Samtools to subsequently detect variations in the form 

of SNPs and indels following alignment with each mapper was assessed. All variations 

detected throughout this study were pooled to produce a “golden” list of variations. The 

ability of each combination of mapper with Samtools to detect the variations was 

assessed. The sensitivity and specificity of each mapper in detecting variations can then 

be determined (Figure 13). Samtools was not able to detect all variations following 

alignment with any one of the mappers, but Novoalign (0.86, 95% confidence interval 

[CI] 0.79 to 0.92), BWA (0.85, 95% CI 0.78 to 0.91) and CLC Genomics Workbench 

(0.85, 95% CI 0.78 to 0.91) were the most sensitive, with Novoalign (0.97, 95% CI 0.95 

to 0.98) and BWA (0.96, 95% CI 0.93 to 0.98) also being the most specific. The most 

accurate mappers were therefore Novoalign and BWA. The VCF files produced identify 

the quality of the variation, and this can be filtered using the vcfutils varFilter perl script 

that is part of bcftools in the Samtools package 14. Figure 14 displays the same results if 

the VCF files are filtered using the default options for varFilter. As expected, this has the 

biggest impact on the specificity of the mapper, at a cost to the sensitivity. Novoalign still 

comes out the best with a sensitivity of 0.84 (95% CI 0.76 to 0.90) and specificity of 0.98 

(95% CI 0.96 to 0.99). 
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Figure 13. Sensitivity and specificity of mappers for Illumina GAIIx data. Untrimmed reads from an 
Illumina GAIIx run were mapped using default parameters with nine different aligners. SNPs and indels 
were called using Samtools mpileup function without filtering. Sensitivity and specificity of mapped data to 
identify variations compared with a consensus list of variations were calculated and are displayed as a 
forest plot.  

 
Figure 14. Sensitivity and specificity of mappers for Illumina GAIIx data. Untrimmed reads from an 
Illumina GAIIx run were mapped using default parameters with nine different aligners. SNPs and indels 
were called using Samtools mpileup function and then filtered using vcfutils’ varFilter with default options. 
Sensitivity and specificity of mapped data to identify variations compared with a consensus list of 
variations were calculated and are displayed as a forest plot. 

The options for aligning colourspace reads are more limited. Most mappers have been 

designed for Illumina, and thereby also work for 454 reads. However colourspace reads 

have unique requirements and cannot be simply converted to fastq and then aligned with 

nucleoside-space mappers. Bowtie2 specifically does not work on colourspace reads 11. 

The percentage of reads mapped varied widely by each aligner (Table 10). 
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Table 10. Ability of mapping software to map SOLiD3 colourspace reads to the H37Rv genome. Statistics 
produced using Samtools flagstat 14 and custom-made perl scripts. 

 BWA  Bowtie  Bfast  NovoAlign  CLCBio  SHRiMP2  

% reads 
aligned 31.8 50.2 66.4 49.7 41.4 100.0 

% genome 
covered 97.1 99.9 98.6 98.2 98.2 98.5 

 

However, the sensitivity and specificity of detecting variations using SOLiD3 data and 

the mappers were significantly worse than with Illumina GAIIx data. Figure 15 shows the 

accuracy using the unfiltered VCF files, whilst filtering only improved the specificity 

marginally (Figure 16). The best sensitivity was seen with CLC Genomics Workbench, 

which was 0.75 (95% CI 0.66 to 0.82) regardless of filtering. However, this was at the 

expense of specificity (0.38 [95% CI 0.35 to 0.41] when filtered). Bowtie demonstrated 

100% specificity but only a sensitivity of 0.55 (95% CI 0.46 to 0.63). None of the 

sensitivity results for SOLiD3 data, regardless of mapper used, would be considered 

acceptable for diagnostic purposes. 

 
Figure 15. Sensitivity and specificity of mappers for SOLiD3 data. Untrimmed reads from a Life 
Technologies’ SOLiD3 run were mapped using default parameters with six different aligners. SNPs and 
indels were called using Samtools mpileup function without filtering. Sensitivity and specificity of mapped 
data to identify variations compared with a consensus list of variations were calculated and are displayed as 
a forest plot. 
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Figure 16. Sensitivity and specificity of mappers for SOLiD3 data. Untrimmed reads from a Life 
Technologies’ SOLiD3 run were mapped using default parameters with six different aligners. SNPs and 
indels were called using Samtools mpileup function and then filtered using vcfutils’ varFilter with default 
options. Sensitivity and specificity of mapped data to identify variations compared with a consensus list of 
variations were calculated and are displayed as a forest plot. 

Little benefit over SOLiD3 data was seen from mapping the SOLiD4 reads with CLC 

Genomics Workbench. With CLC only 20.2% of the reads mapped with a sensitivity of 

0.60 (95% CI 0.51 to 0.68) and a specificity of 0.15 (95% CI 0.13 to 0.16). This is likely 

to be because the output quantity from the SOLiD4 run was about 60% of that of the 

SOLiD3 run without any particular improvement in either read length nor quality. 

The same mappers can be used for Roche 454 data as for Illumina data. For the majority 

of mappers the reads are efficiently aligned (Table 11). While the use of Samtools on this 

mapped data is sensitive for variations; a large number of false positive variations are 

called, reducing the usefulness of 454 data for variation analysis (Figures 17 and 18). The 

only mapper that remained specific was Bowtie but this was at the expense of a low 

sensitivity and is likely to be due to the low percentage of reads aligned by this particular 

mapper. 

Table 11. Ability of mapping software to map Roche 454 reads to the H37Rv genome. Statistics produced 
using Samtools flagstat 14 and custom-made perl scripts. 

 SSAHA2  BWA  SMALT  Bowtie  Stampy  CLCBio  Bowtie2  Novoalign SHRiMP2  
% reads 
aligned 100 99.7 99.0 33.14 100 99.9 99.3 98.3 100 

% 
genome 
covered 

99.6 99.6 99.6 99.6 99.9 99.5 99.9 98.7 99.6 
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Figure 17. Sensitivity and specificity of mappers for Roche 454 data. Untrimmed reads from a Roche 
454 run were mapped using default parameters with nine different aligners. SNPs and indels were called 
using Samtools mpileup function without filtering. Sensitivity and specificity of mapped data to identify 
variations compared with a consensus list of variations were calculated and are displayed as a forest plot. 

 
Figure 18. Sensitivity and specificity of mappers for Roche 454 data. Untrimmed reads from a Roche 
454 run were mapped using default parameters with nine different aligners. SNPs and indels were called 
using Samtools mpileup function and then filtered using vcfutils’ varFilter with default options. Sensitivity 
and specificity of mapped data to identify variations compared with a consensus list of variations were 
calculated and are displayed as a forest plot. 

3.3.3 Effect of varying parameters 

Out of the technologies and mappers used, the most sensitive and specific results were 

obtained with BWA and Novoalign aligning Illumina GAIIx reads. All of the mappers 

were only assessed with their default parameters. The effect of changing the parameters 

on the accuracy of these mappers was examined. For BWA the mismatch, gap open and 

gap extension penalties were varied individually whilst the other penalties were kept 

constant. For Novoalign the threshold alignment score is set automatically by a 

calculation based on the read length and genome size. The additional two scoring options 

that can therefore be varied the most are the gap opening and gap extension penalties. 
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Changing the parameters for BWA did not have any effect on the sensitivity and 

specificity, which remained 0.85 (95% CI 0.78 to 0.91) and 0.96 (95% CI 0.93 to 0.98) 

respectively. However, Novoalign was sensitive to parameter changes. The most 

significant improvement was seen when increasing the gap extend penalty from 4 to 30 

which resulted in a sensitivity of 0.88 (95% CI 0.82 to 0.93) and specificity of 0.99 (95% 

CI 0.97 to 0.99). Plotting the resulting sensitivities and specificities of Novoalign and 

BWA as SROC curves demonstrates that Novoalign is more accurate than BWA (Fig 19). 

 
Figure 19. Summary ROC curves comparing Novoalign and BWA. Default parameters for each mapper 
were varied in a sensitivity analysis. SNPs and indels were called using Samtools mpileup function. 
Sensitivity and specificity of mapped data to identify variations compared with a consensus list of 
variations were calculated and displayed as two separate SROC curves. Only regions of curves for which 
95% confidence intervals are calculable are shown. 
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3.3.4 Effect of trimming 

As noted above trimmers can be used to shorten individual paired-end reads based on the 

base quality score. Whilst this has the effect of improving the overall quality of the reads 

it is unclear whether it leads to a significant improvement in mapping and variant calling 

when the starting read quality is quite high. 

Table 12. Results of using Trimmomatic and Quake on Illumina GAIIx reads followed by mapping with by 
BWA or Novoalign. 

 No trimming Trimmomatic  Quake  
 BWA Novoalign BWA Novoalign BWA Novoalign 

No. reads 
left N/A 22142071 21781570 

% original 
reads N/A 99.16 97.55 

% reads 
aligned 97.8 96.41 99.52 98.13 99.92 98.83 

% properly 
paired 97.5 96.15 98.97 97.78 99.80 98.73 

% 
singletons 0.2 0.21 0.12 0.30 0.01 0.01 

 

Table 12 shows that Quake reduces the number of reads to a greater extent than 

Trimmomatic. The percentage of reads aligned are slightly higher for Quake when using 

both BWA and Novoalign, however the difference is very small. What is more important 

than the raw mapping statistics is the overall effect on variant calling. Figure 20 shows 

that sensitivity is actually reduced by using Quake and then mapping with either BWA 

(0.82, 95% CI 0.75 to 0.88) or Novoalign (0.82, 95% CI 0.74 to 0.88) compared to no 

trimming (0.85 and 0.86 respectively). The results with Trimmomatic differed little from 

using no trimmer for either mapper. As expected Quake had the most impact on 

improving specificity; by its mechanism of correcting base calls. Therefore it increases 

specificity to 0.99 (95% CI 0.97 to 0.99) for mapping with both BWA and Novoalign. 
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Trimmomatic only has a marginal impact for BWA where it increases the specificity 

from 0.96 to 0.98.    

 

3.3.5 Effect of read length 

For the purposes of assembly there is a common assumption that the longer the read 

length; the easier and better the resultant assembly will be. Whilst this may be true for 

assembly, it may not hold true for accuracy when mapping. Paired end reads were hard 

trimmed to set read lengths using Trimmomatic 4. After mapping with BWA, the 

sensitivity increases with decreasing read length but this may be at the expense of 

specificity (Figure 21a). After mapping with Novoalign, Figure 21b shows that read 

length has little impact on specificity but shorter reads do increase sensitivity. 

 
Figure 20. Effect of no trimming, trimming with Trimmomatic or trimming and correction with 
Quake on sensitivity and specificity of BWA and Novoalign mappings. Untrimmed paired-end reads 
from an Illumina GAIIx run were mapped using default parameters with BWA and Novoalign. Reads were 
trimmed with Trimmomatic using a quality limit score of 20 and mapped using default parameters with 
BWA and Novoalign. Reads were also corrected and trimmed with Quake and similarly mapped. SNPs and 
indels were called using Samtools mpileup function. Sensitivity and specificity of mapped data to identify 
variations compared with a consensus list of variations were calculated and are displayed as a forest plot. 
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Figure 21. Focused sensitivity-specificity plot of paired-end Illumina GAIIx data mapped at different 
read lengths. Raw paired-end read data from Illumina GAIIx were hard trimmed with Trimmomatic at 
read lengths 36, 76, 101 and 110bp and mapped using a) BWA and b) Novoalign. SNPs and indels were 
called using Samtools mpileup function. Sensitivity and specificity of mapped data to identify variations 
compared with a consensus list of variations were calculated and are displayed as scatterplot focused on the 
area of highest accuracy. 

This improvement in specificity may be due to an improvement in the overall (average) 

quality of the reads being mapped. Quality values drop off substantially, especially for 

the reverse read. By hard trimming based on length then the average quality of the 

remaining read will increase. However, if the reads are trimmed on the basis of quality 

rather than length this does not appear to hold true (Figure 22). Specificity increases with 
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quality trimming, but sensitivity is not approaching what is seen by simply trimming to 

36 bp. 

 
Figure 22 Focused sensitivity-specificity plot of paired-end Illumina GAIIx data mapped following 
trimming to different quality thresholds. Raw paired-end read data from Illumina GAIIx were trimmed 
with Trimmomatic at 3 different quality thresholds; 20, 25 and 30; and then mapped using Novoalign. 
SNPs and indels were called using Samtools mpileup function. Sensitivity and specificity of mapped data 
to identify variations compared with a consensus list of variations were calculated and are displayed as 
scatterplot focused on the area of highest accuracy. 

3.3.6 Effect of coverage 

As well as read length, the other factor that may have a large influence on the ability to 

detect variations is the amount of data generated. To investigate this, pairs of reads were 

randomly removed from the original sequencing data to leave varying percentages of the 

original data left, which was mapped with BWA and Novoalign as before. Table 13 gives 

the average coverage by percentage of reads remaining. 
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Table 13. Percentage of sequencing reads used for each mapping and the effective coverage this produces 

% reads used Effective coverage (x) 
100 510 
80 408 
60 306 
40 204 
20 102 
10 51 
5 25.5 

 

The results can be seen in Figure 23 for BWA and Novoalign. There is little effect of 

reducing the coverage to only 25x from 510x and a suggestion that high coverage may 

affect mapping and variant callers leading to more false positives. Particularly for BWA 

using only 5% of the reads led to a more sensitive and specific result than using all reads 

generated by the sequencing run. This pattern was less clear-cut for Novoalign but there 

was no clear benefit of high coverage for detecting variants. 
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Figure 23. Focused sensitivity-specificity plot for varying proportions of an Illumina GAIIx run’s 
reads used for mapping. Raw paired-end read data from Illumina GAIIx were randomly extracted in pairs 
to leave behind between 5–100% of the original reads. These were then mapped with a) BWA and b) 
Novoalign. SNPs and indels were called using Samtools mpileup function. Sensitivity and specificity of 
mapped data to identify variations compared with a consensus list of variations were calculated and are 
displayed as scatterplot focused on the area of highest accuracy. 

3.3.7 Variant caller 

Samtools is not the only variant caller available. Other commercial and opensource 

options are also available, but many callers are designed for diploid rather than haploid 

genomes. SNPs and indels were called from the reads mapped with both BWA and 

Novoalign and the sensitivity and specificity in comparison with the gold standard list 

were again calculated. All of these callers differ in the algorithms they use and whether 
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probabilistic measurements are used. Freebayes is actually better designed for pooled 

data from a number of organisms so its use on one single strain here is slightly artificial 

19. GATK is only designed for diploid organisms so the results here must be interpreted 

with that in mind for the haploid M. tuberculosis genome 20.  

 
Figure 24. Sensitivity and specificity of different variation callers. Untrimmed paired-end reads from an 
Illumina GAIIx run were mapped using a) BWA and b) Novoalign. SNPs and indels were called by six 
different variant callers and their sensitivity and specificity calculated in comparison with a golden list of 
variations. Results are displayed as a forest plot. 

After mapping with BWA the best balance between sensitivity and specificity is seen 

with the standard SNP and indel caller in CLC Genomics Workbench (Figure 24a; 

sensitivity 0.96 [95% CI 0.91 to 0.99], specificity 0.95 [95% CI 0.93 to 0.97]) 21. The 

probabilistic version of this caller is very sensitive but at the expense of more false 

positive results (specificity 0.71 [91% CI 0.67 to 0.76]). Freebayes performs the worst 

but this may be due to its population rather than single sample design. 

As before the results with Novoalign are better overall (Figure 24b). Surprisingly the 

probabilistic version of CLC works better on Novoalign mapped data (sensitivity 0.94 

[95% CI 0.88 to 0.97], specificity 0.98 [95% CI 0.96 to 0.99]). Freebayes still performs 
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badly but better than with BWA. The best combination therefore appears to be mapping 

with Novoalign followed by variant calling with the probabilistic caller in CLC 

Genomics Workbench. 
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3.4 Discussion 

Based on this work the ideal combination for sequencing H37Rv appears to be: 

Platform Illumina (GAIIx or HiSeq) 

Coverage 50x 

Read length Trimmed based on quality (Phred score 25) 

Trimmer Trimmomatic 

Aligner Novoalign or BWA 

Variant caller CLC Genomics Workbench or Samtools 

The use of Illumina technology, specifically the HiSeq 2000, is beneficial both in terms 

of the findings detailed above that identify it as being the most accurate for sequencing 

MTB but also because it has the highest throughput and its library making kits allow for 

the highest level of multiplexing. In order to achieve a depth of coverage of 50-fold, this 

ability to multiplex can be used to sequence up to 164 isolates per lane of HiSeq. With 

the latest chemistry (v3) the quality of reads are very high, but this can be improved 

further with quality trimming to a high stringency. 

The alignment results suggested that both Novoalign and BWA were the most sensitive 

and specific mappers when working with Illumina data. Whilst Novoalign was 

marginally more accurate, its practical use at the time was limited by a lack of multiple 

CPU threading. BWA was therefore significantly faster (approximately 10 minutes on 4 

cores for a 4.4Mb genome) compared to Novoalign (approximately 1 hour on a single 

core for a 4.4Mb genome). Therefore in light of this practical consideration BWA was 

ultimately chosen for the final pipeline. 

The variant caller of CLC Genomics Workbench worked very well for this data. The 

majority of the variants discovered were true positives. However the usefulness of this 
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software is limited as it was only available as a graphical user interface. It therefore could 

not be scripted into a pipeline with the aforementioned tools. This significantly reduced 

its ability to be used in a high-throughput nature. In light of this it was felt that Samtools 

was a good option, particularly as it was found to be highly accurate for SNPs and its 

sensitivity and specificity only being reduced due to problems calling small indels. As the 

majority of the resistance mutations and all of the subsequent phylogenetic analysis were 

dependent upon SNPs only this was a reasonable choice for the final pipeline (Figure 25). 

 
Figure 25. Final pipeline for mapping and variant calling. Final pipeline consists of sequencing on an 
Illumina platform with at leas 50-fold depth of coverage. Trimming to be carried out with Trimmomatic 4, 
mapping to the reference genome with BWA 6, and variant calling using Samtools 14. 

  

Illumina, 36bp+, 50-
fold coverage 

Trimmomatic 
(Q≥25) BWA Samtools 
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CHAPTER 4 

4.1 Introduction 

The Bacillus Calmette-Guérin strain of Mycobacterium bovis (BCG) is currently the only 

licensed tuberculosis vaccine. Attenuation was achieved through repeated passages on 

potato skin soaked in a combination of glycerol and ox bile, a formulation originally 

developed to prevent clumping during passage and the infection of guineapigs. Mutations 

continued to accumulate until 1961 when lyophilisation was developed, by which time it 

had undergone 1173 passages and was now named BCG Pasteur 1. It was noted as far 

back as 1967 that its protective efficacy against tuberculosis varies substantially between 

studies, showing an average risk reduction of pulmonary tuberculosis of 50% and of 

disseminated and meningitic forms of this disease by 70 to 80% 2-6. Several reasons for 

this variable efficacy have been postulated. These include the recipients’ prior exposure 

to non-tuberculous mycobacteria, which may block or mask vaccination-induced immune 

responses, or their nutritional or genetic background 7. Studies have been carried out into 

the protective efficacy of the BCG vaccine in mycobacteria-naïve versus experienced 

individuals (as assessed by tuberculin response) and no difference was found 8. BCG was 

also very effective in Haiti, where it is likely that considerable exposure to environmental 

mycobacteria occurs 9. Therefore, one of the most probable reasons are the mutations that 

have accumulated during over 52 years of repeated passages, leading to variable 

virulence and immunogenicity between the different strains used around the world 1. In 

support of this Behr and colleagues have previously observed that when the efficacy of 

strains used in more than one trial, such as BCG Pasteur, is plotted against the year of the 

trial the vaccine initially appears effective but then efficacy wanes in later trials 10. 
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14 BCG strains are currently used worldwide as vaccines. Many of these strains diverged 

off the BCG genealogy at different times that have been hypothesised as shown in Table 

14. These vaccines have been shown to have different levels of virulence 11 and 

protection 12 in animal models. The different in virulence or immunogenicity is best 

demonstrated by the varying tuberculin reaction conversion and adverse events seen 

between the vaccine strains 13. 

Table 14. Estimated divergence of BCG vaccine strains 

BCG Strain Est. year progenitor 
diverged 

Russia 1921 
Moreau 1924 
Tokyo 1925 

Sweden 1926 
Birkhaug 1926 
Prague 1931 

Tice 1934 
Frappier 1948 

Connaught 1948 
Glaxo 1954 
Danish 1954 
Phipps 1961 
Pasteur 1961 
Merieux 1989 

 

Evidence has been steadily accumulating that the BCG strains contain genomic 

differences that may account for this variation in virulence and antigenicity with Collins 

et al being the first to demonstrate that restriction fragment lengths differed between 

BCG strains 14. Individual BCG strains differ in their IS6110 element numbers and a 

genealogy started to emerge when it was discovered that BCG Moreau had two regions 

deleted (RD1 and RD3) and Connaught had three deleted (RD1, RD2 and RD3) 15,16. 

Marcel Behr’s group performed the first detailed studies of 13 strains using Southern 

hybridisation to detect IS6110 and the presence or absence of mpt64 17. The completion 
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of the genome of the Mycobacterium tuberculosis reference strain H37Rv in 1998 18 

allowed for the design of DNA microarrays that detected the presence or absence of 3902 

of MTB’s 3924 open reading frames (ORFs) 19. By examining ORFs where there were 

significant differences in hybridisation between MTB and BCG strains they were able to 

identify potential regions of difference that were confirmed with targeted PCRs. They 

were able to identify 16 regions of differences with 129 ORFs that were variously present 

in the BCG strains 20.  

BCG Pasteur was the first vaccine strain to have its whole genome sequenced 21. This 

allowed for the identification of 42 RDs when compared to MTB strains H37Rv and 

CDC1551 and M. bovis strain AF2122/97, 28 of which had been previously described. 

Altogether 170 genes were different in BCG Pasteur with 133 of them being absent. 

Interestingly, Pasteur contains both RD17 and RDpan which are absent in M. bovis 

AF2122/97, suggesting that both strains originate from an M. bovis progenitor. There 

were only 736 single nucleotide differences between AF2122/97 and Pasteur, compared 

to over 2400 SNPs between BCG and MTB. Of particular note in BCG Pasteur was the 

presence of two tandem duplications, DU1 and DU2, with DU1 only occurring in 

Pasteur. Mapping of early and late BCG strains using pulsed-field gel electrophoresis and 

locus-specific Southern blotting demonstrated four different structures of DU2 with 

Pasteur and related strains Tice, Frappier, Connaught and Phipps all belonging to group 

IV. The organisation of the other three groups of DU2 closely follow the genealogy based 

on regions of difference (Figure 26). However, they all have an overlap region of 5899bp 

that contains three intact genes: Rv3300c (RNA pseudouridylate synthase), pho1 (a 

phosphate transport system regulator) and glpD2 (glycerol-3-phosphate dehydrogenase). 
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The duplication of the latter enzyme is likely to give a selective advantage for growth in 

the glycerol-containing medium that BCG was passaged in and results in a 2.7-fold 

increase in glpD2 expression levels in BCG strains vs. M. bovis. 

More recently other BCG strains have been sequenced culminating in a larger sequencing 

study of ten unsequenced strains together with the three previously sequenced strains 

(BCG Pasteur, Japan and Mexico) 21-24. While this study led to the production of a 

phylogenetic tree based on 17 housekeeping genes (Figure 27) and an updated genealogy 

of the BCG strains (Figure 28) it provided limited additional information regarding the 

phenotype differences of the strains. 

 
Figure 26. Genealogy of BCG vaccine strains based on pulsed-field gel electrophoresis and locus-
specific Southern blotting against BCG Pasteur. Tandem duplications are labeled DU1 (specific to BCG 
Pasteur) or DU2, the latter split into four groups. Adapted from 21. 
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Figure 27. Phylogenetic trees of BCG, M. bovis and MTB strains. Left-hand tree is a neighbour-joining 
tree based on 17 housekeeping genes, rooted using M. bovis AF2122/97. Right-hand tree is a topological 
tree based on absent genes. Adapted from 22. 

 
Figure 28. Genealogy of BCG vaccine strains and MTB strains. Regions of deletion shown as squares 
bordered with a solid line, divided into published (shaded blue) or novel (white). SNPs identified in this 
study are shown as grey boxes with dotted borders. Adapted from 22. 

In order to better understand the immune response to the BCG vaccine and the 

immunogenic epitopes that can be used for tuberculosis vaccine design, further 
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characterisation of the existing vaccine strains is required. Consideration of rationalising 

vaccine strain use also needs to be made as at least seven strains are currently being used 

around the world 25. In addition to the widely used strains, a number of locally-produced 

vaccine strains exist, with the origins of many of these strains not known. This variability 

in vaccine strain used is unique to the BCG vaccine. Only one randomised controlled trial 

comparing the immune responses of different BCG strains has been carried out. Newborn 

infants were immunised at birth with one of three BCG vaccine strains; BCGs Denmark 

(a late strain), Japan or Russia (both early strains) 26. The immune response was measured 

by examining the reaction size produced, the proportions of stimulated CD4 and CD8 T 

cells producing cytokines, the proportion of cytotoxic CD4 and CD8 T cells and the 

concentrations of secreted cytokines. Higher proportions of polyfunctional CD4 T cells 

(producing at least three of the measured cytokines) were seen with BCG Denmark and 

Japan than with BCG Russia. Double cytokine producing CD4 T cells that secreted 

combinations of either IFN-γ/TNF-α or IFN-γ/IL-2 were also more common with BCG 

Denmark or Japan compared to Russia. The differences were less obvious with CD8 T 

cells with the only significant difference being seen in IFN-γ/TNF-α producing CD8 T 

cells which were higher following vaccination with BCG-Denmark and Japan than 

Russia. The proportion of cytotoxic CD4 T cells (as measured by the expression of 

CD107) in infants immunised with BCG Denmark were significantly higher than in either 

Japan or Russia. Conversely, the levels of secreted cytokines IFN-γ, IL-2 and IL-12 were 

significantly higher in infants immunised with BCG Japan compared to Denmark or 

Russia. These infants immunised with BCG Japan also had significantly higher 

concentrations of IL-6, IL-10, MCP-1 and MIP-1ß. Therefore there was a significant 
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difference in the immune response between different vaccine strains with both BCGs 

Denmark and Japan both inducing higher proportions of polyfunctional CD4 T cells than 

BCG Russia. Such T cells are thought to demonstrate a protective effect in mice, with 

correlations being found between mycobacteria-specific polyfunctional T cells and 

protection in novel vaccine studies 27-30. However, results have not always been 

consistent, with a study in South Africa not able to find any correlation between 

polyfunctional T cells and protection against TB 31. However, the presence of higher 

proportions of polyfunctional CD4 T cells and higher levels of IFN-γ, along with a larger 

local reaction size with BCGs Denmark and Japan suggests that these vaccines are 

producing a larger immunogenic response.  

In order to better understand the genetic basis underpinning this evolution, and elucidate 

the reasons for variations in levels of protection induced by different BCG strains, the 

following details the genomic differences between the BCG strains with a limited 

examination of the transcriptome differences in relation to the Ritz et al study 26.  
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4.2 Methods 

4.2.1 Bacterial strains and growth conditions 

Bacterial growth, DNA isolation and genomic DNA library preparation was carried out 

by Dr Abdallah Abdallah. Mycobacterium bovis BCG strains were collected from Marcel 

Behr, McGill University and Mycobacterium bovis from Roland Brosch, Institut Pasteur. 

Bacteria were grown at 37°C on Middlebrook 7H10 agar plates supplemented with 10% 

oleic acid–albumin–dextrose–catalase (BD Biosciences) or in shaking cultures in 

Middlebrook 7H9 liquid medium supplemented with 10% albumin–dextrose–catalase 

(BD Biosciences) and 0.05% Tween 80. 

4.2.2 DNA isolation and Genome Sequencing 

Genomic DNA was prepared using the bead beater–phenol/chloroform extraction method 

30. Paired-end genomic libraries were prepared using TruSeq DNA Sample Preparation 

Kits V2 (Illumina Inc, San Diego, CA, USA) and initially sequenced on an Illumina 

HiSeq 2000 to a mean depth of coverage of 150x.  

4.2.3 Genome Mapping 

The same pipeline was used that was tried and tested for Mycobacterium tuberculosis as 

the differences in genetic elements and types of variant experienced in M. bovis are not 

too distinct from MTB. Raw reads were trimmed with Trimmomatic 32 to an average 

quality Phred score of 20 within a window size of 4bp. The leading and trailing 3bp of 

each read were hard trimmed. Reads were discarded if the remaining read length was 

<36bp but singletons were retained if one half of the paired-read did not meet this 

criteria. Trimmed reads were mapped to the M. bovis reference genome AF2122/97 

(EMBL accession number BX248333.1) using BWA 33. Variants were called using 
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Samtools 34 and filtered with BCFtools and vcfutils to ensure that they had a quality score 

more than 30 and were present in at least 75% of the mapped reads in each direction.  

Filtered SNPs were concatenated and used as alignments for the estimation of a 

maximum likelihood phylogeny using the default settings of RAxML v0.7.4.35 100 initial 

trees were generated and the best tree identified, followed by the production of 100 

bootstraps. 

4.2.4 Genome Assembly 

Initial contig assembly was performed with Velvet,36 using VelvetOptimiser to choose 

kmer values ranging from 33 to 81 

[http://bioinformatics.net.au/software.velvetoptimser.shtml]. Contigs were orientated and 

ordered using ABACAS 37 with M. bovis AF2122/97 (EMBL accession number 

BX248333.1) as the reference genome. Contigs unmatched by ABACAS were manually 

ordered using the Artemis Comparison Tool 38 and scaffolding and iterative gap filling 

were performed using IMAGE 39 followed by GapCloser.40 

4.2.5 Annotation and comparative genomics. 

Annotations were transferred from M. bovis AF2122/97 using RATT,41 the whole 

genomes aligned using Mugsy,42 and genome comparisons were performed with Artemis 

and the Artemis Comparison Tool (ACT).43 Large regions of difference were identified 

by comparison with M. bovis using BLAST. An estimated genealogy based on RDs 

present or absent was then manually constructed through repeated BLAST comparisons 

between strains. 

  

http://www.ncbi.nlm.nih.gov/genome/161?project_id=57695
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4.2.6 Accession codes. 

Sequencing reads have been submitted to the EMBL-EBI European Nucleotide Archive 

(ENA) Sequence Read Archive (SRA) under the study accession PRJEB8560. 
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4.3 Results 

4.3.1 Whole-genome sequencing and phylogeny of BCG strains  

Fourteen BCG genomes and one M. bovis isolate were sequenced to a mean depth of 

coverage of 250-fold (range 152 to 413) to produce a catalogue of differences between 

the strains. High quality SNPs (as compared to the M. bovis AF2122/97 reference44) were 

identified (Figure 29) with numbers ranging from 9 SNPs and 12 small indels (up to 

10bp) in the re-sequenced M. bovis to 789 SNPs and 94 small indels in BCG Moreau 

(Table 15). All strains, except BCG Phipps, contained variants that are unique to that 

individual strain (Table 15). 

 
Figure 29. Circular representation of Bacillus Calmette-Guérin (BCG) vaccine sub-strains 
chromosomes showing SNP distribution. Distribution of SNPs in 14 BCG strains compared to 
Mycobacterium bovis AF2122/97. Each coloured spot corresponds to the SNP density in a non-overlapping 
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window of 10000 nucleotides, with a unique colour per sample. The scale is shown in megabases in the 
circle [Produced by Dr Guerra-Assuncao using SNP-data supplied by Dr Hill-Cawthorne]. 

 

Table 15. Numbers of SNPs, small indels and unique variants identified in this study 

Strain No. SNPs No. indels No. unique variants 

M. bovis 9 12 5 
Birkhaug 770 92 15 

Connaught 764 81 5 
Danish 756 81 10 

Frappier 772 54 13 
Glaxo 774 94 16 

Moreau 789 94 8 
Pasteur 760 88 14 
Phipps 778 100 0 
Prague 762 76 19 
Russia 750 73 37 

Sweden 774 91 20 
Tice 779 95 9 

Tokyo 757 81 11 
 

A maximum-likelihood phylogeny using SNPs has a similar structure to that seen in 

previous studies that were based on tandem duplications and deletions (Figure 30). In 

particular the members of the DU2 groups, originally described by Brosch et al45 

continue to cluster together (Figure 30). However, the phylogenetic position of BCG 

Sweden and BCG Birkhaug differs slightly relative to the DU2-based classification, 

where these strains share a common deletion named ∆int, internal of the duplicated 

region DU2 with strains from DU groups III and IV.45  

The key studies on BCG plasticity relied upon DNA arrays, RD screening and Southern 

blotting of restriction digests together with hybridisation to estimate genealogies. 8,45 

More recently Garcia Pelayo et al., used a minimal set of SNPs to follow the geneology 

of BCG strains,46 followed by two further studies that produced a similar genealogy for 
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BCG vaccine strains using whole-genome sequencing data and de novo assembly. 22,47 

An additional component of this project was to examine the transcriptomes of all 14 BCG 

strains. For this to proceed I produced de novo genome assemblies for all 14 sequenced 

BCG vaccine strains together with M. bovis. The overall genealogy structure is similar to 

the earlier study,22 but with some notable differences (Figure 31, Table 16). 

 

Figure 30. Phylogenetic relationship among BCG strains. Maximum likelihood phylogeny tree based on 
700+ variable common nucleotide positions across 14 BCG genome sequences. The tree was rooted using 
M. bovis AF2122/97. Numbers of unique SNPs defining each node or branch are represented as numbers in 
unfilled circles. 
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Figure 31. Revised genealogy of Bacillus Calmette-Guérin (BCG) vaccine strains. This genealogy of 
BCG vaccine strains displays the original virulent ancestor strain M. bovis and the subsequent series of 
genomic alterations including deletions of regions of difference (RD) and strain-specific insertions and 
deletions. Genetic markers identified in this work have been added to the scheme. Note that the RD 
nomenclature in previous work differs between references with deletion of RD8 from BCG strains 
Connaught and Frappier 17 corresponding to RD15 in a later publication.21 



Table 16. Insertions and deletions by BCG strain. Sequence names are based on previous studies and H37Rv nomenclature. BCG Mexico is from a previous 
study.24  

Deleted sequence Birkhaug China Connaught Danish Frappier Glaxo Japan Mexico 
RD01 Deleted Deleted Deleted Deleted Deleted Deleted Deleted Deleted 
RD02 Present Deleted Deleted Deleted Deleted Deleted Present Deleted 
RD03 Deleted Deleted Deleted Deleted Deleted Deleted Deleted Deleted 

RD08 (RD15) Present Present Deleted Present Deleted Present Present Present 
RD14 Present Present Present Present Present Present Present Present 

RD16 Present 
Mb3435 
deleted 

Mb3435 
deleted Present Mb3435 deleted 

Mb3435 
deleted Present 

Mb3435 
deleted 

nRD18 Present Deleted Deleted Present Deleted Present Present Deleted 

RDDenmark/Glaxo Present Present Present Deleted Present 
Mb1840 
deleted Present Present 

RDFrappier Present Present Present Present Deleted Present Present Present 
RDRussia Present Present Present Present Present Present Present Present 
RDJapan Present Present Present Present Present Present 22bp del Present 

fadD26, ppsA Present Present Present Rearrangement Present Present Truncated  Present 
RDMoreauRv3887c Present Insertion Insertion Insertion Insertion Insertion Insertion Insertion 

trcR 
2446bp 

del Present Present Present Present Present Present Present 
whiB3 110bp del Present Present Present Present Present Present Present 
PhoP Present Present Present Present Present Present Insertion  Present 
PhoR 11bp del Present Present 10bp del 1bp del 10bp del Present Present 

Rv0094c-95c 867bp del Present Present 894bp del Present Present Present Present 

pks12 440bp del Present 
2102bp 

insertion Present 
582bp del & 420bp 

del Present Present Present 
leuA 915bp ins 1560bp ins 118bp ins 118bp ins Present 61bp ins 636bp ins 693bp ins 

Rv3712 118bp del 118bp del 118bp del 118bp del 118bp del 118bp del 118bp del 118bp del 
frdB 

     
5bp ins 

  RDMexico Present Present Present Present Present Present Present Deleted 
  Deleted Deleted Deleted Deleted Deleted Deleted Deleted Deleted 
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Deleted sequence Moreau Pasteur Phipps Prague Russia Sweden Tice 

RD01 Deleted Deleted Deleted Deleted Deleted Deleted Deleted 
RD02 Present Deleted Deleted Deleted Present Present Deleted 
RD03 Deleted Deleted Deleted Deleted Deleted Deleted Deleted 

RD08 (RD15) Present Present Present Present Present Present Present 
RD14 Present Deleted Deleted Present Present Present Present 
RD16 Deleted Present Present Present Present Present Present 

nRD18 Present Deleted Deleted Present Present Present Deleted 
RDDenmark/Glaxo Present Present Present Present Present Present Present 

RDFrappier Present Present Present Present Present Present Present 
RDRussia Present Present Present Present Deleted Present Present 
RDJapan Present Present Present Present Present Present Present 

fadD26, ppsA 
Both 

truncated Present Present Present Present Present Present 
RDMoreauRv3887c Indel Insertion Insertion Insertion Insertion Insertion Insertion 

trcR Present Present Present Present Present 
2446bp 

del Present 
whiB3 Present Present Present Present Present 110bp del Present 

PhoP Ins6110 Present Present 
1bp ins-

pseudogene Insertion Present Present 
PhoR Present Present Present Present Present 11bp del Present 

Rv0094c-95c Deleted Present Present Present Present 867bp del Pseudogene 

pks12 Present Present Present Present 
525bp 

del 
2618bp 

del Present 

leuA 180bp ins 
693bp 

ins 
2009bp 

ins 1067bp ins 
1517bp 

ins 372bp ins 1998bp ins 

Rv3712 118bp del 
118bp 

del 
118bp 

del 118bp del 
118bp 

del 118bp del 118bp del 
frdB 

       RDMexico Present Present Present Present Present Present Present 
  Deleted Deleted Deleted Deleted Deleted Deleted Deleted 

 



BCG Connaught was added to the genealogy as part of DU2 Group IV and is very similar 

to BCG Frappier. A 1bp deletion in phoR and the characteristic deletion of the region 

Mb3525c to Mb3527c (RD Frappier) can be used to identify BCG Frappier. In contrast to 

other BCG strains and M. bovis, BCG Frappier did not seem to show the same partial 

duplication of gene leuA compared to M. tuberculosis H37Rv or M. canettii CIPT 

140010059.48 The latter gene is a common site for sequence duplications amongst the 

BCG strains, resulting in a 202bp longer leuA gene in M. bovis AF2122/97. The lengths 

and positions of these duplications vary among BCG strains with only BCG Frappier 

containing a leuA with the same structure as that present in H37Rv and M. canettii (Table 

17). 

Table 17. The lengths of leuA gene insertions in M. bovis and BCG strains 

Strain Length of insertion in 
leuA (bp) 

M. bovis 202 
Birkhaug 915 

China 1560 
Connaught 118 

Mexico 693 
Tice 1998 

Russia 1517 
Danish 118 

Frappier Same as H37Rv 
Glaxo 118 

Moreau 180 
Phipps 2009 
Prague 1067 
Sweden 372 
Japan 636 

Pasteur 693 
 

BCG Tice belongs to the same group as BCG Mexico but can be differentiated by the 

three genomic regions described previously.24 Interestingly, in our study BCG China also 
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fits into this group. The only previously sequenced version of this strain contained RD2 

as the only major region of difference.22 However, considerable variation appears to exist 

between the previously submitted genome of BCG China and the strain that was used in 

our study. Our re-sequencing of BCG China strain demonstrates that it also contains the 

nRD18 deletion, thereby homologous with BCGs Tice and Mexico. To confirm our 

finding we first compared the full assemblies of our BCG China and the strain from 

Zhang et al.22In the latter publication only the unordered and unscaffolded contigs had 

been uploaded to NCBI so the contigs were ordered using our assembly and then 

visualized in ACT (Figure 32). 

 
Figure 32. ACT comparison between M. bovis (top), our sequenced BCG China strain (middle) and 
the previously sequenced strain (bottom).22 Exact homology can be seen in the nRD18 region (MB1221–
Mb1223) for the BCG strains only. 

This demonstrated exact homology between our strain and that of Zhang et al for nRD18. 

To check that our finding was not an assembly error we mapped the raw reads onto the 

M. bovis reference and demonstrated that no reads were present for the nRD18 region 

(Figure 33). Therefore it would appear that there are more than one strain named as BCG 
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China in circulation, which clearly belong to different branches of the BCG genealogy. 

While the BCG China strain characterized by Garcia Pelayo et al,46 based exclusively on 

SNPs, clusters with the BCG Danish group of strains (DU2 group III), the BCG China 

strain used in our study is close to the BCG Pasteur strain (DU2 group IV). It would 

appear that the strains sequenced in this study and that performed by Zhang et al are 

likely to be the same strain (in line with the fact that this group were the source of the 

strain we sequenced), but the nRD18 deletion was missed in the previous paper.22 

 
Figure 33. Piled BAM view of our BCG China strain reads mapped onto M. bovis. Evidence of nRD18 
deletion in our BCG China strain. 

As in previous studies BCGs Pasteur and Phipps share considerable homology, with 

RD14 thought to be the primary distinguisher. 21,22 However, we have shown that both 

BCG Pasteur and some strains of BCG Phipps share this region of difference (Figure 31, 

Table 16). For example, the BCG Phipps strain from the study by Zhang et al contained 

an RD14 deletion but of a different size to our strain (Figure 34). This deletion was not 

noted in the original paper. 
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Figure 34. ACT comparison of RD14 variations between BCG Phipps from Zhang et al 22 and our 
sequenced strain. Completed assemblies were BLASTed against M. bovis and each other to generate 
synteny models. The assemblies by Zhang et al (reordered into scaffolds from NCBI contigs) are displayed 
twice, once against our BCG Phipps assembly and once against M. bovis. 

Again, re-mapping the raw reads onto the M. bovis reference confirms the RD14 deletion 

(Figure 35). It is possible that the original (mother) culture of BCG in 1937–1938 

actually had a mixed population for RD14, with some bacteria containing this region and 

others having it deleted. The BCG Phipps derived from this mother culture in this study 

and that used in Zhang et al appear to have RD14 deleted. Therefore the only key 

difference that we can be certain of between these two strains, which diverged relatively 

late in the history of the BCG vaccine, is BCG Pasteur’s DU1 duplication. 
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Figure 35. Raw sequenced reads of our BCG Phipps strain mapped onto M. bovis. Sequence reads 
shown in BAM format mapped onto M. bovis reference sequence as viewed in Artemis. 

The other BCG strains that also constitute the “late” group fall within DU2 Group III. 

BCG Mérieux was unavailable for sequencing but we could confirm that BCG Prague, 

Glaxo and Danish all belong to this group (Figure 31). BCG Prague continues to be the 

outlier as it does not contain any deletions in phoR but does have a 1bp insertion in phoP, 

ensuring this gene’s pseudogenisation due to a frameshift mutation (Figure 31). BCG 

Glaxo and Danish both share a region of difference in Mb1840–Mb1841, with the 

deletion of a Mg2+ transport ATPase and NADH dehydrogenerase, with relatively minor 

changes differentiating between them: an insertion of 5bp after Mb2088c (cobalamin 

biosynthesis protein) in BCG Glaxo and a deletion of Mb0097c and Mb0098c in BCG 

Danish (a common site with variable length deletions found in this region in BCG 

Danish, Sweden, Birkhaug and Moreau). 

Finally, BCGs Russia, Moreau, Japan, Sweden and Birkhaug make up the “early” group 

of strains, identified by their intact RD2 region. BCGs Sweden and Birkhaug contain 

DU2 Group II with a significant number of shared gene deletions including phoR, 
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Mb0097c and Mb0098c, pks12, trcR and whiB3 (Figure 31). The DU2 Group I strains 

contain an IS6110 upstream of phoP that M. bovis and all other BCG strains have lost. 

Furthermore, our analysis confirmed the DU2-I duplication in BCGs Japan, Moreau and 

Russia as demonstrated earlier.45  

 

4.3.2 Drug resistance phenotype to anti-tuberculosis drugs 

It has been observed for some time that differences exist in the susceptibility of different 

BCG strains to anti-tuberculosis drugs. As they are derived from M. bovis they are all 

pyrazinamide-resistant due to the H57D mutation in pncA.49 In addition, they are also 

resistant to cycloserine, partly due to the G122S mutation in cycA.50 A previous study 

found that the “early” strains typically have an MIC for isoniazid (INH) of 0.05 µg/mL, 

compared to 0.1–0.2 µg/mL for the “late” strains.51 This modestly elevated MIC has 

existed in all strains obtained from the Pasteur Institute since 1926. 

Table 18. Drug sensitivity testing of BCG strains.  

 Minimum inhibitory concentration (µg/ml) 

 
Streptomycin Rifampicin Rifabutin Ethambutol Isoniazid 

Pasteur 0.125 0.0005 0.002 0.5 1 
Japan 0.125 0.0005 0.002 0.5 0.25 
Tice 0.125 0.00025 0.002 0.5 1 

Danish 0.015 0.000125 0.002 0.5 0,25 
Phipps 0.125 0,001 0.002 1 1 

Connaught 0.125 0.000125 0.002 1 1 
Prague 0.03 0.000125 0.002 1 1.5 

Birkhaug - - - - - 
Frappier 0.125 0.0005 0.002 1 1 

Glaxo 0.125 0.00025 0.002 1 1 
Russia - - - 0.5 0.03 

Sweden 0.03 - 0.002 0.5 0.015 
Moreau - - - - - 
China 0.125 5 0,002 1 1 
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We repeated this drug susceptibility testing on the BCG strains and found a similar 

pattern (Table 18). Many of the post-1926 strains (BCGs Prague, Glaxo, Tice, 

Connaught, Phipps and Pasteur) examined had raised MIC values, often 1 µg/mL or 

greater. BCG China could also be added to this group with an INH MIC of 1 µg/mL. 

Previous studies have found that strains obtained from the Pasteur Institute prior to 1927 

produced methoxymycolates in vitro but those obtained later could not synthesise 

methoxymycolates.52 This phenotype has been attributed to a point mutation at position 

293 in mma3. We found the same SNP in all of the strains with a raised INH MIC, 

including BCG China (Figure 31), and therefore we postulate that this SNP can lead to 

low-level INH resistance This is not surprising, as INH is known to inhibit the synthesis 

of α-mycolate, methoxymycolate and ß-mycolate.53 The appearance of this mutation in 

BCG China as well as its correlation with phenotypic resistance lends further support to it 

being the mutation responsible for INH resistance. 

 

4.3.3 Transcriptome variation 

Genomic differences constitute one possible reason for the observed differential 

phenotypic properties of BCG strains, However, this gives only a partial picture as 

regulatory events occurring on the transcriptional and translational level are largely 

ignored. A prolonged period of culturing under nutrient-rich conditions is bound to have 

strong selective effects on gene regulation. In order to reveal the differences in expression 

profiles of BCG strains, we performed a global transcriptome analysis across all fourteen 

BCG vaccine strains grown in vitro focusing on the changes in the gene expression 

profile during exponential growth of the bacilli. RNA extracted from three independent 
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exponential phase cultures of M. bovis and daughter BCG strains were used to generate 

cDNA preparations that were then analyzed by Illumina-based RNA-sequencing. The 

majority of this work was performed by Dr Abdallah Abdallah, therefore only the 

pairwise comparison analysed by Dr Hill-Cawthorne will be covered here. 

 

4.3.4 Pairwise comparison of high and low immunogenicity strains 

The most thorough randomised clinical trial of different BCG vaccines to date compared 

the immune responses of newborn infants to BCG Danish, Japan and Russia.26 It was 

found that the proportion of polyfunctional CD4+ T cells was significantly higher in the 

infants immunised with BCG Danish or Japan compared to Russia. Infants immunised 

with BCG Japan also had higher concentrations of secreted Th1 cytokines and infants 

immunised with BCG Danish had higher proportions of CD107 expressing cytotoxic 

CD4+ T cells. This suggests that BCG Japan and BCG Danish could be more 

immunogenic than BCG Russia. This finding led us to particularly explore the 

transcriptional differences among these strains. 

Both BCG Japan and BCG Danish had a number of genes that showed significantly 

greater expression than the equivalent genes in BCG Russia. For BCG Japan 348 genes 

were upregulated and 541 genes were downregulated compared to BCG Russia. Our 

analysis showed an enrichment of genes involved in transport, DNA-mediated 

transposition, DNA metabolism and oxidation-reduction processes in the list of 

downregulated genes (Figure 36A). Of these, oxidation-reduction was the largest group 

containing 67 genes, followed by DNA metabolic processes containing 32 genes. For 

genes upregulated in BCG Japan compared to Russia, these predominantly consisted of 
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genes involved in translation including 11 ribosomal proteins from the 30S subunit and 

13 proteins from the 50S subunit (Figure 36A). 

 

Figure 36. Pattern of increased and decreased expression in genes of BCG Japan and Danish 
compared to BCG Russia. (A) Genes that are significantly downregulated or upregulated in BCG Japan 
compared to BCG Russia. Genes are categorised based on significant enrichment in biological processes of 
gene ontologies (p<0.05). Left: total number of genes found to be downregulated in each biological process 
category. Right: total number of genes found to be upregulated in each biological process category. (B) 
Genes that are significantly downregulated or upregulated in BCG Danish compared to BCG Russia. Genes 
are categorised based on significant enrichment in biological processes of gene ontologies. Left: total 
number of genes found to be downregulated in each biological process category. Right: total number of 
genes found to be upregulated in each biological process category. Number of genes in groups indicated. 

In the comparison between BCG Danish and BCG Russia, 107 genes were upregulated 

and 39 were downregulated. No clear enrichment was evident for the genes 

downregulated in BCG Danish with a handful of genes being involved in nucleoside 

metabolic processes (Figure 36B). However for the upregulated genes an enrichment of 

genes involved in translation was again seen with two being 30S subunit ribosomal 

proteins and five being 50S proteins (Figure 36B).  



 172 
4.4 Discussion 

Although BCG is the only licensed vaccine against tuberculosis, its history has been 

clouded by variable efficacy and reports of strain variability in morphology, growth rate, 

gene/protein expression and genetic make-up.1 Several reasons have been suggested to 

explain the varying protective efficacies of BCG, including the genetic differences 

between vaccines strains as well within a given sub-strain. 21,45 In this study, we have 

surveyed the heterogeneity among BCG strains, focusing on genomics together with a 

comparative analysis of the transcription profiles of strains examined previously in the 

only randomised controlled trial on this subject. This approach has identified signatures 

of genetic and transcriptomic markers in the 14 BCG strains, which may play critical 

roles in the observed differences in vaccine efficacy between them.  

One signature, consistent with a previous study,21 is that the SNP phylogeny is congruent 

with the genealogy constructed based on large insertions and deletions. For BCG China, 

our result and the previous finding were discrepant. An earlier report claimed that BCG 

China is a successor of BCG Danish and displays the DU2-III duplication.54 However, 

our analysis places BCG China into the group of DU-IV strains, which means that closer 

inspection of the source of the previously sequenced BCG China strain is required. It also 

raises the possibility that multiple circulating strains of “BCG China“ exist leading to the 

production of vaccines with varying immunogenicity but labeled the same. 

The genomic profiles of BCG Sweden and BCG Birkhaug are similar and they share 

similar deletions.54 Our study revealed a novel but variably sized deletion shared by these 

two strains together with Russia and Frappier, which distinguishes them from other BCG 

family members. This deletion in the pks12 gene affects polyketide synthase 12, known 
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to be necessary for β-phosphomycoketide (MPM) production and the CD1c-mediated T 

cell response.55 Deletion of pks12 genes in each of M. tuberculosis strains H37Rv, 

CDC1551, and BCG Pasteur strains completely abolished the ability of all three to 

activate CD1c-restricted T cells and to produce mannosyl-β-1-phosphoisoprenoids 

(MPI).55 It is therefore possible that this deletion will directly affect the immunogenicity 

of the vaccine as CD8-1-reactive MPM cannot be detected in non-pathogenic 

mycobacteria such as M. smegmatis, M. phlei and M. fallax.55 The pks12 gene has also 

not been found in any non-pathogenic mycobacteria, suggesting a possible direct effect 

on virulence. Deletions of pks12 have also been shown to increase drug resistance in M. 

avium through a cell wall–remodeling pathway, although the impact of this on BCG 

strains is currently unknown.56   

BCG was developed as a vaccine against M. tuberculosis infection but since 1976 it has 

been used as adjunct therapy for the treatment of bladder cancer and has also found 

favour for the treatment of advanced malignant melanoma. 57,58 For bladder cancer it is 

highly effective with a recent meta-analysis demonstrating a 32% reduction in the risk of 

recurrence with BCG immunotherapy compared to mitomycin C chemotherapy.59 Minor 

adverse events are relatively common and usually as a result of localised inflammatory 

effects.60 However, potentially fatal sepsis resulting from dissemination of the live 

bacteria occurs rarely.61 Other adverse events directly caused by the bacteria include 

localised granulomatous prostatitis in up to 20–30% of recipients, but only symptomatic 

in only 1%; and epididymo-orchitis in 0.2% of patients.  

A number of the BCG strains are licensed for use in bladder cancer. While most 

guidelines only recommend the use of BCG Tice or Connaught, recent problems with the 



 174 
production of Tice followed by a subsequent depletion of the stocks of Connaught led to 

the use of unlicensed or non-recommended vaccine strains. Higher bacillic doses are 

required for bladder cancer immunotherapy (108–109 bacilli) than for either oral BCG 

vaccination (107 bacilli) or intradermal vaccination (105 bacilli). This may explain the 

higher likelihood of disseminated infection in immunocompromised individuals 

undergoing this treatment. Furthermore, variations in efficiency of immunotherapy has 

been observed between BCG Connaught and BCG Tice in bladder cancer patients,62 

which might be linked to a point mutation in the sodC dismutase encoding gene of BCG 

Tice that we also have confirmed in this study.  

A previous study demonstrated that all BCG strains obtained from the Pasteur Institute 

after 1926 had moderately elevated levels of resistance to INH51 and this phenotype 

coincides with a point mutation in the mma3 gene, resulting in impaired methoxy mycolic 

acid production.52 Our analysis of mma3 genes in BCG strains confirms the same 

mutation in all late BCG strains, including BCG China, and we believe that this mutation 

is causative for the moderately elevated levels of resistance to INH. Our result establishes 

that there are significant differences in the sensitivity to INH between the earlier and later 

BCG isolates, a finding that has important implications for BCG immunotherapy.  

The upregulation of genes involved in translation in both BCG Danish and BCG Japan 

when compared to BCG Russia suggests an increase in the expression of ribosomal 

proteins. It is not surprising that the induction and expression of ribosomal proteins 

increases the immunogenicity of a vaccine, first observed when guinea pigs immunised 

with a ribosome-rich fraction of the avirulent Mycobacterium tuberculosis H37Ra were 

protected against subsequent infection by the virulent H37Rv.63 Subsequent work has 
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shown that the 50S subunit provokes a strong delayed-type hypersensitivity reaction in 

sensitised guinea pigs64 and that whole ribosomes are required for this reaction, not just 

the protein or RNA components.65 Similarly, studies on blood samples from BCG-

vaccinated healthy volunteers showed increased cell proliferation and interferon-gamma 

responses related to the immunodominance of detergent phase fractions of M. 

tuberculosis that were ribosomal protein rich,66 many of which are membrane-

associated.67 This increase in ribosome production in carbon-limited BCG cells is subject 

to growth rate-dependent control.68 Therefore we suggest that the propensity of BCG 

Danish and BCG Japan to increase their ribosome number through increased gene 

expression may directly lead to their increased immunogenicity, emphasising the 

importance of ribosome function in effective tuberculosis vaccines. 

Taken all together, these findings add to the growing evidence that BCG vaccine strains 

differ too widely to be considered a single vaccine for comparative and regulatory 

purposes. We propose that a single vaccine strain should be chosen and used for global 

vaccination purposes to prevent exposing populations to a less immunogenic or more 

drug resistant strain of BCG. 
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CHAPTER 5 

5.1 Introduction 

Tuberculosis remains a major cause of mortality and morbidity globally and the epidemic 

is increasingly driven by the emergence and spread of drug resistant strains. TB mainly 

affects poor and vulnerable populations in TB endemic areas. However, it also poses a 

threat to people in low incidence countries, with increased vulnerability due to an aging 

population and more people living with immune compromising conditions. In 2013, an 

estimated 9 million people developed TB with 1.5 million TB-related deaths.1 TB control 

efforts are on track to fulfil targets set in the 2015 Millennium Development Goals 

(MDGs) in all regions except for Africa. However the emergence of drug-resistant 

tuberculosis is threatening these gains in global TB control.2 The has led to the rate of 

decline in incidence overall remaining slow (<2% per year), with some geographic areas 

have demonstrating an increase in drug-resistant TB, threatening even these small recent 

gains.  

Drug resistance in TB occurs through the spontaneous development of mutations together 

with selection pressure provided by programmatic treatment regimens.3,4 The presence of 

drug resistance severely impacts patient survival and treatment cost. Patients infected 

with Mycobacterium tuberculosis (MTB) resistant to isoniazid and rifampicin (multidrug 

resistant, MDR) have a median survival of 182 days, with treatment costs rising by 200-

fold and a tablet burden of up to 20 pills per day together with a daily injection.5 Progress 

towards targets for the diagnosis and treatment of MDR-TB are far off track with major 

short falls in the proportions of cases being detected and detected cases actually being 

treated.1 The fact that the majority of cases with drug-resistant TB are not detected and 
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may remain symptomatic for years facilitates ongoing transmission of these strains within 

affected communities. Despite initial reluctance it has now been widely acknowledged 

that the rapid rise of drug-resistant TB poses a major global health crisis. 

The increasing, yet poorly regulated, access to second and third line treatment options is 

leading to the emergence of totally drug-resistant strains, which may take us back to the 

pre-antibiotic era.1,6 The recent identification of MTB isolates with resistance against all 

first, second and the majority of third line treatments in Iran,6 India7 and South Africa8 

increases the urgency with which drug resistant TB needs to be addressed. Some areas 

are more affected than others with a particular and steep recent rise in MDR-TB cases in 

the Asia-Pacific region.1 This has a direct impact on nearby countries that have almost 

eradicated TB, posing a risk to travellers and leading to the importation of M/XDR-TB 

cases into countries such as Australia.9-11 

One particular area of interest is the possibility that some MTB strains have a propensity 

to develop drug-resistance. It has been recognised that members of the Beijing and LAM 

clades of MTB are often associated with drug resistance. 12-15 We have recently found 

that the isolates responsible for the MDR-TB burden in Lisbon, Portugal belong to one of 

two LAM clades, suggesting both MDR transmission in the community and a propensity 

towards drug resistance (Figure 37).16,17 The use of whole-genome sequencing (WGS) 

revealed three major clusters associated with MDR-TB with two of these clusters 

containing XDR-TB isolates. These two identified clades, Lisboa3 and Q1, are both part 

of LAM4 with Lisboa3 responsible for 80% and Q1 for up to 20% of XDR-TB cases.18,19 
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Figure 37. M. tuberculosis genome-wide SNP-based phylogeny. Phylogenetic tree of the 56 sequenced 
clinical isolates plus 20 M. tuberculosis public genomes. Principal genetic groups (PGGs) are highlighted 
in green (PGG1), blue (PGG2) and red (PGG3). Lisboa3 and Q1 strains are represented by red and blue 
circles, respectively. Extracted from 17 

This has also been a consistent observation in parts of South Africa that have good 

characterisation of drug resistant strains. South Africa has some of the highest MDR-TB 

case numbers in the world with over 15,000 laboratory-confirmed cases in 2013;1 20.2% 

of all notified TB cases were resistant to isoniazid (INH) and 9.6% were MDR. Over 

10% of MDR-TB cases have been found to be XDR (MDR-TB plus resistance to a 

fluoroquinolone and at least one second-line injectable drug). In the Western and Eastern 

Cape provinces 55% and 69% of MDR-TB isolates are Beijing strains respectively.20 For 

XDR-TB, 89.5% of isolates in the Western Cape and 95% in the Eastern Cape Province 

are Beijing strains. 
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One clade of MTB that has received a large amount of attention is the Beijing clade. 

Strains from this clade appear to develop more rapid and more extensive drug resistance. 

The Beijing clade of MTB can be subdivided into six clonal complexes (CC1–6) and 

three branches that make up the basal sublineage 7 (BL7). CC6 and BL7 are further 

classified as atypical ancestral Beijing variants.21 Whilst a recent global study found that 

a high proportion of CC2 strains are MDR,21 a striking observation from the Eastern 

Cape Province (an area with one of the highest rates of XDR-TB in the world) is that 

ALL the XDR Beijing strains were from the atypical subclades.8,20 The fact that atypical 

Beijing strains seem to develop more rapid and more extensive drug resistance requires 

close scrutiny, since it may provide crucial clues to better understand the emergence and 

spread of drug-resistant strains of MTB. Atypical Beijing strains were first identified in 

Russia in 2002 and are evolutionarily “older” than typical Beijing strains.22 The main 

structural difference is a longer Rv3135 gene (1.97kb versus 1.02kb for typical Beijing) 

and a single intact IS1547/iplA copy rather than separate iplA and iplB genes. 

Alarmingly, a recent paper describing the emergence of totally drug-resistant TB (TDR-

TB) in the Eastern Cape found that 95.1% of atypical Beijing XDR-TB isolates were 

resistant to at least 10 antimycobacterial drugs: isoniazid, rifampicin, ethambutol, 

pyrazinamide, streptomycin, amikacin, kanamycin, capreomycin, ethionamide and 

ofloxacin.8 

Of particular interest in this study is the fact that Beijing strains, atypical strains in 

particular, possess a diverse genetic background, which presents a unique opportunity to 

identify patterns of interest. Typically phylogenetic trees show a clonal expansion at the 

terminal branch of the tree with earlier branching points for some less successful 
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sublineages.23 Evidence from recent studies has suggested that atypical Beijing isolates 

branch off from the lineage earlier than the more terminal clonal structure seen with 

typical Beijing.21  

Unlike most other bacteria, MTB displays limited horizontal gene transfer and strict 

clonal spread, which assists detailed transmission tracking and characterisation of the 

evolution of drug resistance. Among Beijing strains, particular clonal complexes have 

been found to contain a greater proportion of resistant isolates, suggesting successful 

transmission of these MDR strains.21 While previous studies have hinted at a 

hypermutable phenotype or found positively selected variants,21,24 little research has 

focussed on the selective impact of local programmatic treatment regimens in particular 

geographic locations. In the same study of XDR-TB isolates in Lisbon, Portugal we 

found that phylogenetic methods can be used to characterise the evolution of drug 

resistance within a population of isolates (Figure 39).17 This analysis highlighted that 

both subclades acquired the inhA promoter mutation conferring resistance to isoniazid 

early with separate acquisition of MDR-TB status by branch group (Lisboa3) or clonal 

expansion of MDR isolates (Q1). Combining knowledge from genomics with that of 

public health programmatic therapy choices is key to understanding how drug resistance 

has evolved in communities. 
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Figure 38. Microevolution from susceptible TB towards MDR- and XDR-TB. Lisboa3 (A) and Q1 (B) 
subtree cladograms highlighting the microevolutionary path towards MDR and XDR within these two 
phylogenetic clades. Mutations acquired in genes associated with first and second-line drug resistance are 
shown in branch or associated node. Extracted from 17. 

The genetic homogeneity of MTB makes it difficult to fully rely upon traditional 

microbiological techniques with many strains sharing over 99% genetic identity. We are 

only now beginning to understand TB through the use of WGS. The use of WGS presents 

many benefits to public health microbiology including in diagnosis and detection, 

antimicrobial susceptibility testing, outbreak investigation, and pathogenicity. In this 

chapter I will review our work in one of these areas, antimicrobial susceptibility testing, 

and WGS’ role in elucidating the impact of programmatic drug treatment on MTB drug 

resistance evolution.  
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5.2 Methods 

Many of the methods in this chapter have already been detailed elsewhere. Specific 

methodologies only will be detailed here. 

5.2.1 Pilot study: Portugal strains 

Whole genome sequencing was undertaken on Illumina GAIIx or HiSeq2000 platforms 

as previously described. The pipeline detailed in Chapter 2 was used to generate SNP 

matrices for each individual isolate. SNPs were analysed as either being synonymous 

(sSNP) or non-synonymous (nsSNP) and the affected protein through the use of SnpEff.25 

A previously developed database was used to identify SNPs potentially causative for drug 

resistance.26 This was added to through literature searching during this study. Figures of 

resistance profiles were produced in Microsoft Excel based on established mutations or 

mutations with a significant body of supporting evidence. 

5.2.2 Global tuberculosis sequencing study 

446 MTB isolates were sourced from laboratories in six different countries. DNA was 

extracted in the source countries and drug susceptibility profiles for first-line drugs and, if 

relevant, second-line drugs were available. SNPs were called using the standard pipeline 

and regions of difference were extracted and concatenated to produce a matrix of variant 

sites. Maximum-likelihood phylogenetic analysis using the general time reversible model 

with invariate sites (GTR+I) model was performed using RAxML.27 In silico 

spoligotyping was carried out using pre-prepared software.28 

5.2.3 Eastern Cape XDR/TDR MTB strains 

Initially 14 isolates from the TDR collection had DNA extracted and underwent DST 

testing and RFLP analysis. Resistance profiles were confirmed by Marisa Klopper using 
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PCRs targeted to known drug resistance target genes. Sequenced DNA was mapped onto 

H37Rv using the standard pipeline and maximum-likelihood phylogeny carried out as 

above. Resistance profiles were confirmed using SNP data based on known drug 

resistance sites.26 

Potential genetic causes of PAS resistance were explored using VCFtools to intersect 

closely related strains displaying opposite phenotypes.29 Mutations found underwent 

gene-annotation enrichment analysis, functional annotation clustering, BioCarta and 

KEGG pathway mapping using DAVID 6.7 and standard parameters.30 Visualisation of 

pathways was undertaken with STITCH.31 

5.2.4 Topology visualisation of MTB strains 

All of the sequenced isolates from the above studies were examined with a new piece of 

software called Ayasdi Core (http://www.ayasdi.com/product/core/). SNP identification 

follows the standard pipeline. All of the SNPs for each sample are then combined 

together into one matrix and converted to a graph format composed of nodes connected 

by edges. Each node represents a collection of data points that overlap. Edges are then 

drawn between two nodes when one or more of the data rows is contained within both 

nodes. The metric used determines the similarity (or distance) between rows in the 

dataset – in this case the Hamming distance was used as the data columns of the matrix 

(SNPs) are discrete.  

Together with this a lens is used which, is the real valued function on the data set. In this 

case effectively principal component analysis was carried out with the data matrix being 

factorised into linearly uncorrelated components. Two lenses are then used – the highest 

variance component and the second highest variance component. The lens deposits the 
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data into overlapping bins where clusters are formed where clusters contain rows that are 

similar to each other. Each row is oversampled so rows may be contained in more than 

one bin. If two clusters contain the same row then an edge is drawn between them. 

This topological visualisation was then combined with in silico spoligotyping and the 

previously generated DST results to identify to which clade and resistance group the 

various subgroups of the topology belong. Differences in SNPs present between 

subgroups were then identified and visualised using the BiNGO app within Cytoscape. 

32,33 

5.2.5 Evolution of drug resistance 

Data from the 14 Eastern Cape strains sequenced as part of the TDR project were 

combined with data of 14 further isolates, three MDR and the rest fully susceptible. 

These were selected based on possessing very similar MIRU-24 profiles to the already 

sequenced isolates. SNP identification and maximum-likelihood phylogeny were 

performed as described above, followed by examination of different and shared drug 

resistance SNPs using a maximum parsimony method. A similar method was then used 

for examination of putative pathways identified earlier as potential predisposers to drug 

resistance.  
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5.3 Results 

5.3.1 Pilot study: Portugal strains 

Table 19. Presence of major resistance mutations in initial Portugal strains 

Drug Gene Mutation Strains MGIT resistance 
level in studies 

Isoniazid 

katG S315T 191, 203 High 

inhA 
S94A 194, 195 MIC=0.2 
I194T 196, 200, 201 MIC>1 

I194T or I194S 197   
iniA 94>del 5bp 194, 195   

Promoter 
of inhA C>T base 1673425 194, 195, 196, 197, 

200, 201 MIC=0.1 

accD6 D229G or D229A 191   

Pyrazinamide pncA 
V125G 196, 197, 200, 201   

ins C (frameshift) 2288992 194   
P69L 203 MIC>2000 

Ethambutol 

Promoter 
of embA C>T base 4243217 196, 200 MIC=10-40 

embB 
M306V 196, 197, 200, 201 MIC=40 
M306I 203 MIC=40 

Streptomycin 

rpsL K43R 191, 194, 195   

gidB 
del C (frameshift) 4408088 202b MIC=20 

L16R 195, 196, 197, 200, 
201, 203 

MIC=20 

rrs A>G base 1473246 196, 200, 203   

Amikacin/ 
kanamycin 

rrs A>G base 1473246 196, 200, 203 MIC K>80, AMK>64 

Capreomycin rrs A>G base 1473246 196, 200, 203 MIC=20-80 

Quinolones gyrA 
D94A 196, 200 MIC CIP=4 
S95T 195, 200, 201, 203   

S95T or S95N 191, 194, 196, 197   

Ethionamide 
inhA S94A 194, 195   

Promoter 
of inhA C>T base  194, 195, 196, 197, 

200, 201 MIC=40-80 

PAS thyA 
T202A 195, 196, 197, 200, 

201   
T202A or T202P 194, 203    

Rifampicin rpoB 
S450L 197, 200, 201, 203   

S450L or S450W 191, 195, 196 MIC=8 
D435V 194   
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As part of two publications16,17 I tested our pipeline developed in Chapter 2 to examine 

its utility in producing drug susceptibility data from sequencing data. Nine strains of 

MTB were sourced from Portugal, underwent Illumina sequencing on a GAIIx and 

submitted to the pipeline developed in Chapter 2. A database of known mutations was 

used and specific mutations were sought in the Portugal strains to inform the phenotypic 

drug susceptibility profile (Table 19).26 These mutations were detected unambiguously 

with a high degree of homogeneity and no evidence of quasispecies. Therefore this meant 

that Illumina sequencing can be used to profile drug resistance mutations. A report such 

as that displayed in Figure 39 can be generated. Importantly while for some mutations 

this method can predict the likelihood of phenotypic susceptibility with some certainty, a 

lack of evidence for some mutations can reduce this probability. However, as a first step 

this demonstrates that WGS can be used to predict drug resistance profiles and therefore 

used in clinical microbiology with some confidence. 

Strain 
No. RIF INH PZA EMB SM AMI FLQ ETH PAS Phenotype 
191               *   MDR 
194               *   MDR 
195               *   MDR 
196                   XDR 
197                   MDR 
200                   XDR 
201                   MDR 

202b                   Susceptible 
203               *   MDR 

           H37Rv                   Susceptible 

             Established mutation known to confer high level resistance 
      Mutation thought to cause high level resistance in at least 1 study 

     Established mutation known to confer low level resistance 
      Mutation thought to cause low level resistance in at least 1 study 

   
* 

ETH thought to follow same resistance pattern as INH for mutations in 
inhA 

   



 193 
Figure 39. Resistance profiles of first nine sequenced MTB strains from Portugal. SNP profiles 
produced using the pipeline in Chapter 2 were compared to a database of known and suspected MTB 
resistance mutations. Colours indicate the level of evidence underpinning the predictions as detailed in 
TBDreamDB.26 AMI amikacin, EMB ethambutol, ETH ethionamide, FLQ fluoroquinolone, INH isoniazid, 
PAS para-amino salicylic acid, RIF rifampicin, SM streptomycin. 

For some drugs the level of prediction from genotyping mutations is higher than for 

others. The most confident predictions are of rifampicin (RIF) resistance due to the large 

amount of research that has gone into this drug’s resistance profiling. Evidence is slightly 

weaker for some isoniazid resistance mutations, with significant support for katG and 

inhA mutations and, at the time that this analysis was performed, less support for the 

promoter mutations of inhA. However, the evidence for the role of the latter mutations in 

INH drug resistance has grown considerably since this pilot study was performed and it 

would now be expected that the INH column would all be reliably predicted. The same is 

true for the role of rrs mutations in second-line injectable drug resistance; at the time of 

the pilot this was a relatively new concept for which considerable supporting evidence 

has now accumulated. This means that the reliability of this genotyping technique is now 

even more reliable than when we first piloted it.  

This pilot study was carried out blinded to the true phenotypes of the isolates sequenced. 

The predicted DST profiles in Figure 39 matched exactly the true phenotypes achieved 

through traditional microbiological susceptibility testing. Interestingly a key study has 

found that not all strains of H37Rv are fully susceptible,34 with some strains 

demonstrating resistance to three antimycobacterial drugs. However, the mutations 

present in the H37Rv strain sequenced by Cole et al35 have been elucidated and compared 

to a fully susceptible strain from ATCC and no resistance mutations have been found.36 

Therefore, a known fully-susceptible reference strain of H37Rv was sequenced as a 

control and its resistance profile ascertained; it was fully susceptible as expected.  
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5.3.2 Global tuberculosis sequencing study 

Ultimately this study has resulted in a publication analysing 2834 MTB isolates from 17 

countries to determine the resistance markers for ten anti-tuberculosis drugs [Coll, 

McNerney, Hill-Cawthorne, under review]. The early bioinformatics analysis and 

pipeline development was carried out as part of this thesis and is reported here. At this 

point 446 isolates had been sequenced from six different countries (Figure 40). 

Phylogenetic analysis of this number of isolates was limited by the computational 

resources available, with further analysis carried out at the London School of Hygiene 

and Tropical Medicine. 

 

Figure 40. Origin of strains for pilot study of large worldwide collaboration 

In silico spoligotyping and maximum likelihood phylogenetic analysis was carried out on 

these isolates to assess how they fit with previous studies of MTB global phylologeny 

(Figure 41).28 This generated a maximum likelihood phylogeny using the general time 

reversible model with invariate sites (GTR+I) model. No lineage 1, 5 or 6 samples were 
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included in this analysis and this is borne out by the tree. Lineage 3 appropriately 

clustered to make up the CAS spoligotype. However, lineage 4 is more amorphous and 

can clearly be divided into multiple separate clusters. 

 

Figure 41. Maximum-likelihood phylogenetic tree of 446 isolates sequenced as part of the pilot study 
for the global TB project. In silico generated spoligotypes are superimposed to provide clarity. Unique 
group cannot be identified through spoligotyping (mostly non-M. tuberculosis members of the complex) 

Of particular note is the distinction in the isolates classified as being Beijing lineage 

according to their spoligotype. Examining the top of the tree in more detail highlights that 

there is a large cluster of Beijing isolates (labelled Beijing 2) that is distinct from more 

evolutionary ancient strains (Beijing 1, Figure 42). 
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Figure 42. Focus on Beijing lineage isolates demonstrating two separate clusters. 

The strains in the Beijing 1 cluster all belong to the atypical Beijing subclade. This set of 

strains come from a specific study of highly drug resistant isolates sourced from the 

Eastern Cape of South Africa. 

 

5.3.3 Eastern Cape XDR/TDR MTB strains 

Our ultimate goal in this study was to perform WGS on some recently identified strains 

found to be resistant to at least ten antimycobacterial drugs: isoniazid, rifampicin, 

ethambutol, pyrazinamide, streptomycin, amikacin, kanamycin, capreomycin, 

ethionamide and ofloxacin (Table 20).8 These strains were characterised by Marisa 

Klopper through a combination of phenotypic DSTs and targeted genotypic resistance 

profiling (Table 21). The discovery of these highly resistant strains led us to sequence the 

strains in order to elucidate the order of evolution of the drug resistance mutations. 
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Table 20. Source locations of samples initially sequenced 

Sample Clinic Region 
DST 

genotype 
RFLP 

pattern 
46 Jose Pearson Nelson Mandela Bay TDR 86 
48 Jose Pearson Nelson Mandela Bay XDR 86 
57 Jose Pearson Nelson Mandela Bay Pre-XDR 11846 

61 Winterberg TB 
Hospital Amathole TDR 12055 

62 Jose Pearson Nelson Mandela Bay TDR 12055 
98 Ginsberg Clinic Amathole TDR 11845 
99 Fort Grey TB Hosp Amathole XDR 86 

135 Sipetu Hospital OR Tambo TDR 86 

145 Nkquvela Chest 
Hospital Amathole Pre-XDR 86 

154 Chatty Clinic Nelson Mandela Bay XDR 12055 
160 Pz Meyer Tb Hospital Cacadu Pre-XDR 86 

219 Port Elizabeth 
Hospital Nelson Mandela Bay TDR 11846 

248 Kwazakhele Clinic Nelson Mandela Bay MDR 86 
622 Frere Hospital Amathole Pre-XDR 86 

 

Table 21. Resistance profiles of sequenced isolates from routine DST results 

Sample Isoniazid Rifampicin Streptomycin Ethambutol Ethionamide Ofloxacin Amikacin PAS 

46 R R R S S S S R 

48 R R R S R R R S 

57 R R R S S S R  
61 R R R S S R R R 

62 R R R S S R R R 

98 R R R S R S R R 

99 R R R R R S R S 

135 R R R R R R R R 

145 R R S S R S R  
154 R R R S S R R S 

160 R R R S R S R  
219 R R R S R S R R 

248 R R R S S S R  
622 R R R R R S R  
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Sequencing was carried out on an Illumina HiSeq 2000 initially with high quality data 

obtained that mapped well to the reference genome H37Rv (Table 21). Using the same 

SNP typing pipeline as detailed above between 1382–1417 SNPs were identified along 

with 43–51 small indels (Table 22). 

Table 22. Sequencing of 14 MTB strains from South Africa’s Eastern Cape with mapping results 

Sample No. reads % mapped % properly paired % singletons 
SA135 21378023 99.32 98.91 0.10 
SA145 19360762 99.38 99.09 0.09 
SA154 19479897 99.37 99.07 0.09 
SA160 16526763 99.30 98.96 0.10 
SA219 19682759 99.27 98.87 0.11 
SA248 17309604 99.33 98.97 0.10 
SA46 22173109 99.17 98.76 0.12 
SA48 19195666 99.35 99.01 0.10 
SA57 21280448 99.34 99.05 0.09 
SA61 21029437 99.28 98.96 0.10 

SA622 21977298 99.40 99.17 0.08 
SA62 21649947 99.27 98.83 0.10 
SA98 19960532 99.31 98.95 0.10 
SA99 18737663 99.28 98.98 0.09 

 

Table 23. Statistics for numbers of SNPs and indels for Eastern Cape strains 

Sample No. SNPs No. Indels 
SA135 1407 48 
SA145 1398 43 
SA154 1410 48 
SA160 1382 49 
SA219 1403 48 
SA248 1389 51 
SA46 1401 41 
SA48 1397 45 
SA57 1412 47 
SA61 1410 44 

SA622 1412 44 
SA62 1417 41 
SA98 1405 47 
SA99 1390 48 
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Maximum-likelihood analysis of these SNPs detected using the pipeline enabled us to 

predict the phylogenetic relationship between the strains sequenced (Figure 43). 

 

Figure 43. Maximum-likelihood phylogeny of Eastern Cape strains. Numbers under strains refer to 
RFLP groups identified by Marisa Klopper. Colour of these numbers identifies resistance profile as seen in 
the key.  

By including the RFLP numbers on Figure 43 it can be seen that much of the structure of 

the resulting tree is determined by non-resistance determining SNPs. However, with so 

few strains it is difficult to put this into a wider context and also determine whether the 

1400-odd SNPs between each strain represents related or completely unrelated strains. 

Running the same phylogenetic pipeline but this time including a larger number of strains 
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from the main study [Coll, McNerney, Hill-Cawthorne et al; under review] demonstrates 

that in fact these strains are closely related (Figure 44). 

 

Figure 44. Maximum-likelihood cladogram of all sequenced MTB strains from South Afria. These 
strains were sequenced as part of the larger TB diversity project at KAUST [Coll, McNerney, Hill-
Cawthorne et al, under review]. Branches in red highlight the location of the nine strains sequenced as part 
of the TDR project, demonstrating their close relatedness within even South African strains.  

Therefore we can hypothesise that there is a connection between these isolates, although 

none was apparent when assessing the locations from which the patients came. 

The pipeline developed for the Portugal data was used to estimate the resistance profiles 

of the isolates based on the sequencing data (Figure 45). On the whole these matched 

those obtained by Marisa Klopper using specific PCRs, which is unsurprising as both 

techniques were targeting specific resistance loci. 
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  AMI EMB ETH FLQ INH PAS PZA RIF SM PHENO 

SA46                   TDR 
SA48             *     XDR 
SA57             *     Pre-XDR 
SA61             *     TDR 
SA62             *     TDR 
SA98             *     TDR 
SA99             *     XDR 

SA135                   TDR 
SA145       *     *     Pre-XDR 
SA154             *     XDR 
SA160             *     Pre-XDR 
SA219             *     TDR 
SA248 *           *     MDR 
SA622                   Pre-XDR 

Figure 45. Resistance profile of Eastern Cape strains based on SNPs identified through whole-
genome sequencing vs. targeted PCR results. Specific SNPs were searched for in the data and these used 
to estimate a likely drug resistance profile. When compared to results obtained through targeted loci PCR 
(Marisa Klopper) the findings were mostly congruent. Incongruences are marked with an asterisk. 

However, incongruences were present. For example, SA248 was found to be amikacin 

sensitive through PCR testing on the basis of a negative result for an rrs1401 mutation. 

However, this mutation could be identified in the WGS data. This was therefore a false 

negative result and meant that the isolate in question was pre-XDR rather than MDR. 

SA145 was found to have a wildtype gyrA according to the PCR but sequencing 

identified an Asp94Gly mutation that is known to confer resistance to fluoroquinolones. 

Further investigation actually found that the sample sent to us for sequencing had been 

mislabelled and we had actually sequenced SA147, a known XDR-TB isolate. Both of 

these examples validate the use of WGS for this purpose – it can identify SNPs 

accurately and these SNPs can be assigned a resistance profile, more accurately than with 

targeted PCRs. The one exception was for pyrazinamide where the WGS data identified 

many of the isolates as being PZA-susceptible, whilst PCR had classified all of the 

isolates as PZA-resistant. On further inspection this was because the TBDreamDB 
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database, from which the predictions were made, was out of date and did not include the 

172G insertion now known to cause PZA resistance. 

For thoroughness a comparison was also made with phenotypic DST results for the 

strains (Figure 46). This led to more incongruences between the two types of testing due 

to the lack of sensitivity that DST sometimes provides. Interestingly, SA46 tested 

susceptible to amikacin by DST but was shown to carry the A1401G resistance mutation 

with both targeted PCR and WGS (Figure 45). This mutation has clearly been shown to 

be linked to amikacin resistance and led to repeat phenotypic testing of the isolate in 

question.37 Repeat testing confirmed that SA46 is in fact phenotypically resistant to 

amikacin. 

  AMI EMB ETH FLQ INH PAS PZA RIF SM PHENO 
SA46 * * * *   *       TDR 
SA48   *               XDR 

SA57   * *             
Pre-
XDR 

SA61   * *     *       TDR 
SA62   * *     *       TDR 
SA98   *   *   *       TDR 
SA99       *           XDR 

SA135           *       TDR 

SA145   *   *         * Pre-
XDR 

SA154   * *             XDR 

SA160   *               
Pre-
XDR 

SA219   *   *   *       TDR 
SA248   * *             MDR 

SA622                   
Pre-
XDR 

Figure 46. Resistance profile of Eastern Cape strains based on SNPs identified through whole-
genome sequencing vs. phenotype results. Specific SNPs were searched for in the data and these used to 
estimate a likely drug resistance profile. When compared to results obtained through phenotype drug 
susceptibility testing (Marisa Klopper) the findings were more inconguent. Incongruences are marked with 
an asterisk. 
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All of the strains carried a mutation at codon Met306Ile of embB, confirmed by both 

targeted PCR and WGS. This resistance mutation is well characterised and is considered 

to cause MICS of between 5 and 12.5 ug/mL.38 It therefore may highlight a sensitivity 

issue with the phenotypic assay used as it is unlikely that any of these isolates were 

ethambutol sensitive. 

Both SA46 and SA219 were found to carry the Ser91Pro mutation in gyrA by both WGS 

and PCR, which is known to cause ciprofloxacin resistance.39 SA98 and SA99 carry the 

Ala90Val mutation in the same gene which has also been associated with ciprofloxacin 

resistance.39 As these mutations were found with both WGS and PCR testing it is likely 

that they represent true positives and the phenotypic assay, which found these to be 

fluoroquinolone sensitive, were incorrect. The only exception was SA145 that was found 

to carry Asp94Gly, associated with ciprofloxacin resistance,39 with WGS but not with 

PCR and was phenotypically sensitive. As noted above this is because SA145 had been 

incorrectly labelled and was in fact the XDR isolate SA147. 

Interestingly very few mutations could be identified that were responsible for the 

resistance to para-aminosalicylic acid (PAS) seen in six of the 14 isolates. One of the 

reasons for this was the relative inaccuracy of the PAS DST, with borderline results being 

either susceptible or resistant on additional testing. No mutations were seen in thyA, the 

gene with the best-characterised resistance mutations. Therefore the resistance seen is 

likely to be as a result of currently unknown mutations. Further work was undertaken to 

characterise putative PAS resistance mutations. To begin with this was performed by 

examining the SNP differences between strains placed closely on the phylogenetic tree 

where one was PAS-sensitive and one PAS-resistance. Differential mutations identified 
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three key areas: the tetrahydrofolate synthesis pathway, cell membrane or cell wall 

pumps, and the salicylate response pathway. 

 

Figure 47. STITCH pathway view for tetrahydrofolate synthesis. Pathway highlights chemical-protein 
interactions based on the Search Tool for Interactions of Chemicals.31 Key affected genes in PAS 
comparison identified on pathway.  
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Examination of genes displaying differences between PAS-susceptible (SA48, 57, 99, 

154 and 248) and PAS-resistant isolates (SA46, 61, 62, 98, 135 and 219) highlighted 

possible affected genes within the THF synthesis pathway (Figure 47). In particular 

possible promoter mutations were seen in fabG1/mabA. This is an important promoter to 

inhA and therefore is usually responsible for isoniazid resistance, as is the case in these 

isolates. It is also correlated with ethionamide resistance when the -17/-15 mutation is 

present. The majority of these isolates have the already described -17 mutation with 

SA135 and SA622 being different as they have a -15 mutation. No SNP is seen for SA46 

at this point, but it does have a synonymous SNP (sSNP) at codon 203. It is therefore 

notable that two of the PAS-resistant strains and one borderline one does not have the -17 

mutation. Low depth of coverage was seen around folD in many of the PAS-resistant 

isolates and a large rearrangement was present at proA that may have affected folC.  

A number of differences were seen in plasma membrane and cell wall proteins. lppB was 

found to have a large number of both non-synonymous SNPs (nsSNPs) and sSNPs with 

the majority of them shared by all 14 sequenced isolates. However there were three SNPs 

occurring differentially between PAS-resistant and PAS-susceptible isolates. A SNP at 

codon 107 is present in all six PAS-resistant isolates and four out of five PAS-susceptible 

isolates. One is also present at codon 128 in all six PAS-resistant and three out of five 

PAS-susceptible, but more importantly at codon 304 in three out of six PAS-resistant and 

no PAS-susceptible isolates. Transport proteins were affected with a nsSNP in codon 327 

of ctpd (cation transporting ATPase) in all isolates except SA99 (PAS-susceptible). 

The final area of interest is the salicylate response pathway. PAS has been used as an 

anti-tuberculosis agent since 1946 due to its similarity to salicylates.40 The presence of 
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salicylate led to induced resistance to isoniazid. Interestingly, however, it was found that 

salicylate also inhibited the growth of M. tuberculosis and this was seen to be even more 

effective with PAS. Therefore it is not unreasonable to examine the putative genes that 

may be behind this drug activity.41 Unfortunately no significant differences were 

observed between PAS-susceptible and PAS-resistant strains for any of these genes of 

interest. All of the isolates share an sSNP at codon 1075. However the mutation found to 

confer rifampicin resistance was different in three strains than the others. Isolates SA135, 

46 and 622 all have an nsSNP at codon 450 (531 E. coli), which is associated with 

rifampicin resistance. SA134 and 46 are both PAS resistant while SA622 was found to be 

borderline resistant. This is a weak association with PAS resistance but one that could be 

explored further.– so this is a possible associated mutation (p=0.27). All of the other 

strains instead carry a nsSNP at codon 435 (516 E. coli). Importantly the same three 

isolates (SA135, 46 and 622) that have the codon 531 mutation in rpoB also have an 

nsSNP in codon 483 of rpoC. These mutations were all V483G, seen previously in 

Comas et al 2011 and thought to be a possible compensatory mutation.42 Denkin et al 

2005 also found that both rpoC and rpoB undergo a fourfold reduction in expression in 

the presence of salicylate.41 Therefore there is a possible interplay between rpoB 

mutations and rpoC compensatory mutations and PAS resistance that needs exploring 

further. 

 

5.3.4 Topology visualisation of MTB strains 

One method under investigation was the use of similarity/distance metrics to examine 

MTB strains and then plotting these results to generate a topological visual display of the 
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data. This methodology is detailed above. This produces a distinctive view of the data, 

coloured by the principal component metric singular value decomposition (SVD). Two 

main groups of strains were visualised with a small number of samples sitting to the right 

(Figure 48). 

 

Figure 48. Topological visualisation of 446 MTB strains based on SNP composition. Colouring is 
based on the principal component SVD. 

The majority of the South African isolates were found to congregate within the left of 

smaller group. Examination of spoligotypes demonstrates that much of the topology is 

due to the lineage that the isolates belong to (Figure 49). 
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Figure 49. Spoligotype composition of each of the four main groups of the topology graphs. 
Spoligotypes were calculated in silico. 

This demonstrates the distinct nature of the Beijing clade with all of the isolates from this 

clade within the top distinct group. This is in line with the findings of the phylogenetic 

analysis that also demonstrate the distinct nature of the Beijing lineage (Figure 41). 

Similarly the drug susceptibility profiles of the strains can also be superimposed onto the 

topology graph (Figure 50). 
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Figure 50. Drug susceptibility profiles of strains by quadrant. Resistance data submitted by contributing 
laboratories. 

When the drug resistance information is added it is clear that there is a broad range of 

resistance phenotypes in the large bottom group with the majority being either 

monoresistant or MDR. There is a greater propensity in the Beijing group towards XDR, 

which is well known within this clade. Interestingly the left hand subgroup of the larger 

Beijing group contains no susceptible samples and instead contains a large number of 

pre-XDR and XDR. In particular the TDR samples from the Eastern Cape fall into this 

group. Therefore this left hand group does appear to cluster samples together that have a 

propensity towards drug resistance. This group is made up of atypical Beijing isolates and 

emphasises that this subclade of MTB is predisposed to drug resistance. Within this 

cluster there were 144 unique mutations that were not present in the typical Beijing 

isolates. 141 of these were nsSNPs and therefore possibly protein-modifying, one led to a 
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lost start codon and two led to a gain of stop codons and therefore a prematurely 

truncated protein. 

Gene ontology analysis was carried out on the SNPs that were present in atypical but not 

typical Beijing isolates in order to give clues as to what pathways may be leading to this 

propensity to either drug resistance or transmission of resistant isolates. The main areas in 

which concentrations of mutations were found were (Figure 51): 

1. Latency / dormancy / persistence 

2. Type III secretion systems 

3. Repair proteins 

4. Cell wall proteins 

a. Lipids 

b. Terpenoid pathway 
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Figure 51. Cluster diagram of main gene ontology areas overrepresented by SNP mutations. 
Generated using BiNGO app of Cytoscape. 

Latency / dormancy / persistence 

Table 24. Genes containing mutations with gene ontology latency / dormancy / persistence 

Gene Function No. 
isolates 

pknD Kinase for MmpL7, envelope formation  1/27 

pknB Energy, cell shape, regulates cell growth 
and division 27/27 

pknK VirS-mediated stimulation of transcription, 
persistent infectious state in mice 1/27 

phoR 2 component sensor 2/27 
mprB Stress response, persistent infectious state 26/27 
mmpL7 Envelope formation, threonine pathway 26/27 
ompA Possible porin 26/27 

 

A large number of genes fell into the nucleotide-binding and/or ATP-binding categories. 

The highest number of genes was seen in the GO grouping nucleotide binding with 78 
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genes representing 14% of the genes. Only the most significant genes will be discussed 

here (Table 24). 

pknD is a kinase that acts upon MmpL7, likely involved in tuberculosis envelope 

formation  and serine/threonine pathways. Likewise pknB also catalyses ATP to produce 

energy but is involved in cell shape with depletion of pknB resulting in narrow elongated 

cells. It is also important in threonine pathway with pknB acting upon one of the 

uridultransferases. The nsSNPs in question are upstream of the PASTA domain and 

therefore do not appear to be in the extracytoplasmic domain. However, this gene in 

general is important in regulating cell growth and cell division and therefore plays a role 

in TB latency. It is able to respond to extracellular stimuli, particularly peptidoglycans 

that can stimulate growth of dormant bacteria by interacting with PknB. pknK and phoR 

are both kinases and cyclases with pknK modulating VirS-mediated stimulation of 

transcription from the mym promoter. This has been shown to confer a survival 

advantage in mice and is important for persistent infectious states and immune 

modulation. It also phosphorylates the transcriptional regulator VirS. phoR is a two-

component response sensor kinase membrane associated PHOR. Two separate unique 

nsSNPs are present, with one in each of two different isolates. One of the isolates is from 

the Eastern Cape subset of strains (SA62), the other was an atypical isolate included from 

the larger study. All Eastern Cape isolates contain another nsSNP in codon 172 but this is 

also shared with other typical Beijing isolates. This gene is transcribed with the adjacent 

gene phoP to produce the phoPR two-component system. One nsSNP was found in phoP 

in SA154 only. This component is thought to be important in pathogenesis, with the phoP 
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gene from H37Rv, but not H37Ra, able to restore the synthesis of sulpholipids, 

diacyltrehaloses and polyacyltrehaloses in a knock out mutant. 

Type III secretion systems 

A number of the genes containing mutations specific to the type III secretion system were 

identified. These included secY, containing a nsSNP in 26 out of 27 of the atypical 

Beijing isolates identified. This protein is involved in protein export. It interacts with 

both secA and secE to allow the translocation of proteins across the plasma membrane by 

forming part of a channel. It is one of seven secretory proteins (secA-F and secY) that 

comprise the prokaryotic protein translocation apparatus. This forms the channel pore as 

part of the heterotrimeric complex in the membrane. The secA ATPase then drives the 

translocation. Likewise secD is also mutated in 26 out of 27 isolates and this forms part 

of the same system as above. When complexed with proteins SecF and YajC, SecDFyajC 

stimulates the proton motive force-driven protein translocation, and appears to be 

required for the release of mature proteins from the extracytoplasmic side of the 

membrane. Cell division protein ftsY is a functional homologue of the GTP-binding SRP 

receptor, which works as a signal recognition particle within the bacterial secretion 

system.  

Repair proteins 

The key pathways containing mutated genes involved in repair are DNA replication, 

nucleotide excision repair, mismatch repair and homologous recombination. uvrD2 is 

mutated in 26 out of 27 of the atypical Beijing isolates, which has helicase and ATPase 

properties. This gene is important in post-incision events of nucleotide excision repair 

and methyl-directed mismatch repair. The gene ruvA, also mutated in 26 isolates, may 
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promote strand exchange reactions during homologous recombination through its action 

as a helicase. It plays an essential role in the ATP-dependent branch migration of the 

Holliday junction. Analysis of the nsSNP in this gene suggests that it is very likely to 

affect protein function (with a SIFT score of 0.00). recC is also mutated in 26 isolates and 

codes for exodeoxyribonuclease V subunit gamma. This leads to exonucleolytic cleavage 

(in the presence of ATP) in either the 5'- to 3'- or 3'- to 5'-direction to yield 5'-

phosphooligonucleotides. It exhibits a wide variety of catalytic activities including ATP-

dependent exonuclease, ATP-stimulated endonuclease, ATP-dependent helicase and 

DNA-dependent ATPase activities.  

The most interesting finding was a mutation in dnaE in all of the atypical isolates, which 

codes for DNA polymerase III subunit alpha. This protein catalyses the DNA-template-

directed extension of the 3'- end of a DNA strand by one nucleotide at a time and acts as 

the main replicative polymerase. DNA polymerase III is a complex, multichain enzyme 

responsible for most of the replicative synthesis in bacteria. This DNA polymerase also 

exhibits 3' to 5' exonuclease activity. The alpha chain is the DNA polymerase. DNA 

polymerase III contains a core (composed of alpha, epsilon and theta chains) that 

associates with a tau subunit. This core dimerises to form the POLIII' complex. PolIII' 

associates with the gamma complex (composed of gamma, delta, delta', psi and chi 

chains) and with the beta chain to form the complete DNA polymerase III complex. One 

nsSNP is present in 26/27 isolates (S898L) and one additional nsSNP present only in 

SA98 (A760D).  

Cell wall proteins 



 215 
The terpenoid backbone biosynthesis pathway was highlighted in the analysis with a 

number of genes along the pathways displaying mutations. These included acetyl-CoA 

acetyltransferases such as fadA, reductases such as lytB1 and synthesis enzymes including 

grcC2, idsA1 and ispE.  

Terpenoids are used by MTB in cell wall assembly, synthesis of other essential molecules 

and isotuberculosinol (isoTb) biosynthesis.43 Disruption to this pathway in mutational 

screens has been shown to reduce the ability of MTB to block acidification of the 

engulfing phagosome compartment.44 It is unclear how this may lead to increased 

propensity towards drug resistance but possibilities include an increased ease of 

transmission with an increased mycobacterial load through reduced phagocytosis 

efficacy. 

 

5.3.5 Evolution of drug resistance 

In order to place the Eastern Cape strains into an evolutionary context in terms of drug 

resistance it was important to sequence more susceptible isolates. 14 further isolates 

underwent sequencing; three MDR strains and the rest fully susceptible isolates. Isolates 

were chosen from a similar location and with similar MIRU-24 patterns. This allows us 

to focus on the mutations that a) are causing resistance and b) may be predisposing 

towards resistance. By applying a maximum parsimony analysis onto a new maximum 

likelihood phylogenetic tree the evolution of the order of drug resistance mutations can 

be estimated (Figure 52). 
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Figure 52. Evolution of drug resistance mutations leading to TDR strains. Maximum likelihood tree 
based on SNPs with order of drug resistance evolution estimated through parsimony.  

This demonstrates that isoniazid is the initial drug that resistance develops to in the 

population, mostly conferred by the common katG mutations. However, in contrast to 

previous studies the next drugs that resistance occurred to were the injectables, both first-

line (streptomycin) and second-line.45 This is unusual at first glance but is likely to be 

because isoniazid and streptomycin were the only two drugs available in South Africa for 

some time due to rifampicin’s initially high cost. This may explain why rifampicin 

resistance occurred relatively later, together with pyrazinamide resistance. Alternatively, 

this could be a case of convergent evolution or homoplasy with particular drug resistance 

mutations being so strong that they develop independently of one another. Despite this, of 

particular concern is the clear transmission of pre-XDR strains within the community 
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with a number of the strains, from different areas of the Eastern Cape, which suggests 

that this transmission is much more widespread than first realised. The final gene in 

which resistance mutations accumulate is gyrA, mutations in which confer resistance to 

fluoroquinolones. This is again in contrast to previous studies in which the terminating 

branch determining mutation was in pncA. 

Six of the new susceptible isolates that were sequenced were from the atypical subclade 

(bottom five isolates on Figure 52) while five were from the typical subclade (top five 

isolates on Figure 52). With both susceptible and highly resistant atypical isolates present 

this presented an opportunity to start to explore the differential mutations that are present 

that may predispose to drug resistance. So far only a handful of key genes have been 

examined with further analysis reserved until a larger collection of strains is available 

(Figure 53). 

 

Figure 53. Maximum-likelihood tree with selected key mutations highlighted.  
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While this demonstrates some interesting changes that are occurring during the evolution 

of drug resistance in this set of particular isolates, it is too early to draw conclusions. 

Further studies are being planned to explore the evolution of drug resistance and putative 

predisposing mutations in other MTB populations. 
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5.4 Discussion 

This study acted as a proof-of-concept for the use of whole-genome sequencing in 

tuberculosis public health planning and control. We first demonstrated that specific drug-

resistance conferring mutations can be searched for in WGS data and this can very 

quickly produce a drug resistance profile. As well as being relatively simple technically, 

this method can also be much quicker than waiting for MTB isolates to grow sufficiently 

for first-line, and then second-line testing to be completed. When this project was first 

formulated, large amounts of DNA were required in order to construct sequencing 

libraries. However, recent concept studies have demonstrated the ability to directly 

sequence MTB and identify to the species level from sputum samples without any initial 

culture.46 With further refinement it is likely to be possible in the near future to fully 

sequence and generate SNP profiles from the small amounts of DNA present in human 

sputum, allowing for culture-free genotyping and drug susceptibility testing. This would 

save 2–6 weeks, allowing for the identification and early treatment of drug resistant 

infections, and the ability to detect novel mutations, unlike currently available DNA strip-

based tests. 

These methods have already started to show promise in the direct clinical care of patients. 

A recent study examined the case of a patient infected with two different strains of XDR-

TB. Detection of the drug resistance mutations present took a few days rather than 

waiting for weeks for a reference laboratory to carry out phenotypic testing. This analysis 

also identified resistance to five additional antibiotics that the reference lab did not test. 

We have found similar benefit recently with a significant saving in time to DST results of 

9 weeks.47 In this retrospective analysis we also found that this knowledge would have 
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saved the patient from receiving substandard therapy during the weeks until the full DST 

results were available. 

We also highlight the importance of understanding clade and subclade relationships of 

MTB isolates. Certain clades are prone to drug resistance and, particularly in the Eastern 

Cape of South Africa, this leads to the accumulation of mutations to the point that the 

strains become totally drug resistant. In this cohort of strains it occurred in a subclade that 

has previously been recognised to be responsible for a large proportion of XDR-TB cases 

in the region.20 WGS was able to correctly identify the resistance mutations present, as 

well as the phylogenetic relationship between isolates. The strength of this technique is in 

contact tracing where WGS is able to highlight how TB may be spreading amongst a 

known contact network. 48,49 WGS is able to capture all of the genetic variation between 

strains and therefore provides high-resolution maps of potential transmission events, as 

well as the aforementioned drug resistance profiles. Not all isolates necessarily need to be 

sequenced; a limited number of isolates can be examined and SNP-based typing assays 

developed on the SNPs present.50 This identifies the strains from the population that need 

to be examined, thereby significantly reducing the cost of WGS. This finer clustering can 

be combined with knowledge of when a patient may have been infected, their likely 

infectious period and their social network to provide estimates of transmission pathways. 

However, WGS is not just a public health tool. The data generated can be used for the 

discovery of novel mutations as demonstrated by the search for the resistance mutations 

conferring PAS resistance in the Eastern Cape cohort of isolates. While this study was 

limited by the small number of isolates available and the inconsistent nature of PAS 

phenotypic testing, it again acts as a proof of principle for this de novo discovery process. 
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This, combined with advanced techniques of visualising the relationship of isolates, can 

be used to identify mutations that may confer an advantage to MTB, leading to drug 

resistance. This may be due to problems in repair pathways leading to a high mutation 

rate or changes in pathogenicity of transmissibility. The ready availability of large 

amounts of data allows for hypotheses of important pathways to be generated. If a 

biosafety level 3 laboratory were available, this would then allow for further research to 

analyse the nature of these mutations and the effects that they have on transcription and 

translation of proteins. 

Finally there is the question of whether we are causing drug resistance to occur through 

our programmatic delivery of therapy. We examined the Eastern Cape highly resistant 

isolates together with closely related MDR and susceptible isolates and were able to 

demonstrate the order in which drug resistance mutations accumulate. This closely 

followed the changes that occurred in programmatic therapy since the first introduction of 

isoniazid in South Africa. Understanding both the impact that programmatic decisions in 

different locations around the world has on local isolates and risk stratification of 

particular clades or subclades that may predispose to drug resistance, will inform the 

generation of new public health and treatment guidelines. We feel that the combination of 

WGS and the development of clade and subclade specific treatment algorithms, driven by 

the resistance potential of the particular organism, will lead to the end of the “one-

treatment-fits-all” approach and the dawn of a more targeted pharmacogenomic 

methodology. 
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CONCLUSION 

In this thesis I have demonstrated how whole genome sequencing can be implemented to 

answer microbiological questions. The full economic cost of sequencing bacterial 

genomes is now well under $100 and improvements to library construction and 

sequencing chemistries have meant that you can go from DNA to result in 24 hours. This 

means that pathogens can now be sequenced in real-time, with a concomitant impact on 

public health microbiology and outbreak control. One particular area of interest is how 

WGS can benefit the fight against antimicrobial resistance, now recognised in multiple 

countries as a significant threat to our gains in the control of communicable diseases. 

For MRSA the benefit is in producing a genetic test that does not require prior knowledge 

of the structure of the SCCmec. This is important in an organism where increasing 

mixing of human and animal strains is leading to an ever greater increase in diversity of 

cassette structures and a reduction in the sensitivity of targeted molecular assays. For 

tuberculosis this means that first and second-line drug susceptibility testing, that can take 

up to 10 weeks, can be done in 1 day. This allows treatment decisions to be made quickly 

and the added information available allows for transmission tracking, missing case 

identification and superspreader identification. 

Routine use of WGS in public health microbiology will provide a treasure trove of 

information in a single sequencing run. Typing and antimicrobial susceptibility data will 

allow one to assess whether an outbreak is due to an old or newly emerging clone. Up to 

now such investigations were often carried out at a distant reference laboratory, with time 

taken to send specimens and also for batching by each individual investigation (e.g. DST, 

serotyping, MLST, etc.). Finally, the information obtained would often not resolve the 
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transmission chain to any great level, leaving much interpretation in light of social 

network data unfulfilled. While none of these studies have focused purely on an outbreak 

setting, the evidence presented highlights how transmission and evolution of drug 

resistance mutations can be followed through a population. With organisms where the 

mutation rate is sufficiently high, this same technique can allow one to reconstruct 

transmission pathways within and between hospitals and the community. Our current 

work is focusing on the use of such techniques for tuberculosis in long drawn out 

community outbreaks. 

In addition, while DSTs can be performed using genomic information and in turn the 

transmission of drug resistant mutants and the programmatic impact of drug decisions 

determine the structure of this evolution, more information on specific drug resistant 

organisms can be obtained. For example, I have demonstrated that WGS can be used to 

interrogate the differences within clades and subclades of MTB that may predispose to 

drug resistance. The evidence presented constitute early findings in one regional 

population in one country. We are now extending this study to incorporate multiple 

communities in other countries that are currently experiencing an expansion of MDR and 

XDR-TB. While genomics may be slower and more technically demanding than new 

molecular techniques such as the Cepheid Xpert MTB/RIF assay, its ability to detect 

previously uncharacterised mutations may prove invaluable in the future. The early work 

on novel PAS mutations has started to demonstrate this utility, and this has been 

continued in a genome-wide association study of drug resistant mutations in a large 

number of isolates that is currently under review.  
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The important next steps include a unified approach to pathogen genomics, both within 

countries and globally. When PCR was first introduced in virology, assay choice quickly 

exploded but with the consequence that sensitivities and specificities varied widely 

between, and sometimes even within, laboratories. Only later did standardisation, such as 

the introduction of international units for many viruses, and explicit levels of detection 

appear. With genomics we have the opportunity to put in place joint frameworks, 

algorithms and pipelines to ensure that this highly complex technique does not descend 

into every lab analysing samples in their own way.  

In Australia we have started work on this as the Public Health Laboratory Network expert 

advisory group on whole genome sequencing. A document on ensuring national capacity 

for guided surveillance has already been published, with the next step being the 

development of cloud-based pipelines that can be used by any researchers or clinicians in 

Australia. These developments will go hand-in-hand with training schemes to ensure that 

our next generation of laboratory scientists, public health registrars and clinical 

microbiology registrars all have the requisite knowledge to interpret the complicated 

findings delivered by whole genome sequencing.  

Globally work is also underway with the Global Microbial Identifier consortium working 

on a platform to store WGS data and consider how genomic information and metadata 

can be safely and securely stored, and shared in an ethical yet pragmatic manner. The aim 

is to ensure that WGS for public health microbiology moves forward in a coordinated 

multinational manner, without the development of multiple competing pipelines leading 

to difficulties in interpreting findings from different centres and jurisdictions. Part of this 

includes training for our next generation of clinical scientists and public health registrars; 
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this is already being developed in Australia with the first national genomics curriculum 

currently under review, informed by many of the findings within this thesis. 

Therefore the principles presented in this thesis are just the first step to establishing 

genomics in public health medicine. While there are significant challenges, including 

ethical, legal and privacy issues, these need to be worked through at a national and 

pannational level. This thesis demonstrates that multiple aspects of genomics can be 

explored to the benefit of the public health and these findings will go on to inform our 

work at the newly established NSW Pathogen Genomics Partnership Project.  
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APPENDIX 

Author contributions by chapter 

Chapter 2 

• Extraction and curation of NCBI MRSA sequences 

• Analysis and interpretation of proteins common to SCCmecs 

• Design of assembly pipeline specific for highly variable SCCmecs. Pipeline 

subsequently used for the following publications: 

o Hill-Cawthorne GA, et al. Recombinations in staphylococcal cassette 

chromosome mec elements compromise the molecular detection of methicillin 

resistance in Staphylococcus aureus. PLoS ONE. 2014;9(6):e101419.  

o Abd El Ghany M…Hill-Cawthorne GA, et al. Genomic and Phenotypic Analysis 

Reveal the Emergence of Atypical Salmonella Senftenberg Variant in China. (For 

submission to Emerg Infect Dis). 

o Wang Q…Hill-Cawthorne GA, Sintchenko V. It is not all about SNPs: 

Comparison of mobile genetic elements and deletions in Listeria monocytogenes 

genomes links cases of hospital-acquired listeriosis to the environmental source. 

(Under review in J Clin Microbiol). 

o McCallum N…Hill-Cawthorne GA, Sintchenko V. Genomic epidemiology of 

Clostridium botulinum isolates from temporally related cases of infant botulism in 

New South Wales, Australia. (Under review in J Clin Microbiol). 

• Analysis and interpretation of SCCmec structures and relationships 

Chapter 3 

All of the contributions in this chapter were my own, including: 
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• Design of experiment 

• Selection of software 

• Development of a consensus gold standard approach to pipeline assessment 

• Use of Cochrane model in the assessment of software 

• Design of final pipeline for mycobacterial re-sequencing. Pipeline subsequently used 

for the following publications: 

o Ali A…Hill-Cawthorne GA, et al. Whole Genome Sequencing Based 

Characterization of Extensively Drug-Resistant Mycobacterium tuberculosis 

Isolates from Pakistan. PLoS ONE. 2015; 10(2):e0117771.  

o Perdigão J…Hill-Cawthorne GA, et al. Genomic diversity of drug-resistant 

Mycobacterium tuberculosis isolates in Lisbon Portugal: Towards tuberculosis 

genomic epidemiology. Int J Mycobacteriol 2015. 

o Hasan Z…Hill-Cawthorne GA, et al. Whole genome sequencing-based 

characterization of extensively drug resistant (XDR) strains of Mycobacterium 

tuberculosis from Pakistan. Int J Mycobacteriol 2015.  

o Kanji A…Hill-Cawthorne, et al. Characterization of genomic variations in SNPs 

of PE_PGRS genes reveals deletions and insertions in extensively drug resistant 

(XDR) M. tuberculosis strains from Pakistan. Int J Mycobacteriol 2015. 

o Perdigão J…Hill-Cawthorne GA, et al. Unraveling Mycobacterium tuberculosis 

genomic diversity and evolution in Lisbon, Portugal, a highly drug resistant 

setting. BMC Genomics. 2014;15(1):991. 
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o Outhred AC…Hill-Cawthorne GA, et al. Added value of whole-genome 

sequencing for management of highly drug-resistant TB. J Antimicro Chemother 

2014;pii:dku508. 

o Coll F…Hill-Cawthorne GA, et al. Rapid determination of anti-tuberculosis drug 

resistance from whole-genome sequences. Genome Med 2015 (Accepted). 

o Outhred AC…Hill-Cawthorne GA, et al. Identifying likely transmission pathways 

within a 10-year community outbreak of tuberculosis by high-depth whole genome 

sequencing. (Submitted to mBio). 

o Coll F, McNerney R, Hill-Cawthorne GA, et al. Whole genome association 

analysis of a global collection of Mycobacterium tuberculosis clinical isolates 

gives new insight into drug resistance. (Revision submitted to Nat Gen). 

Chapter 4 

• Design of experiment, particularly genomics and antimicrobial resistance testing 

• Design of mapping pipeline for SNP phylogeny 

• Design of assembly pipeline 

• Identification of drug resistance mutation 

• All annotation and comparative genomics between isolates 

• Development of revised genealogy and correction of previous publications in this 

area 

• Pairwise comparison of high and low immunogenicity strains 

Chapter 5 

• Development of resequencing pipeline 

• Use of sequencing for drug resistance assessment 
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• Development of phylogenetics pipeline 

• Design of XDR/TDR experiment including strain selection for comparison to TDR 

strains 

• Pairwise comparison for PAS resistance 

• Use of ontology tools to assess for pathways of higher mutability 

• Use of topological visualisation for SNP data 

• Use of phylogeny to examine the programmatic impact of antimicrobial drug 

selection on resistance evolution 

 


