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Abstract 

In 2019, active infections of Mycobacterium tuberculosis (Mtb) 

affected 10 million people globally, with 1.4 million deaths, and 

an additional 1.7-1.9 billion people infected without symptomatic 

disease (latent Mtb). While Mtb is often associated with Asia and 

Africa, New Zealand had 360 Mtb infections and 21 deaths in 2019, 

and roughly 20% of cases were caused by three strains unique to 

New Zealand. One is CS1 (formerly Rangipo), which is known to be 

more transmissible than its relatives and has been causing 

outbreaks in the Waikato region for 30 years. As CS1 has genetic 

features linked to virulence in unrelated Mtb strains, having a 

complete and accurate record of genetic features is important, in 

particular those with the potential to change protein structure 

(Variable Regions Inside Proteins, VRIPs). Resolving VRIPs would 

simultaneously remove sequencing mistakes and increase knowledge 

about Mtb virulence. The aim of this project was to investigate 

the genetic cause of improved transmissibility in CS1 and produce 

a closed genome. 

Sequencing data from Illumina and PacBio reads was processed, 

assembled, and checked for quality discrepancies which would 

require more sequencing to resolve. VRIPs were mapped alongside 

regions of low-quality data, low data-coverage, and repeat regions. 

Characteristics of the CS1 genome, such as repeat levels and size, 

were found by comparing with the reference strain H37Rv. 

The read data and assembly were found to be good quality, and the 

genome is of high enough quality to be considered closed. As 

expected, some regions of low coverage and poor quality were 

discovered inside large repeat regions, and more work on these 

would be valuable. 13 of the 32 VRIPs were verified, all linked 

with virulence factors. 5 verified VRIPs caused genes to split 

into domains, accumulating mutations in the non-coding region. 

Further work resolving the remaining 19 VRIPs is recommended. 
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Chapter 1 

Introduction 

1.1 Tuberculosis 

Tuberculosis is a human disease caused by the bacterium Mycobacterium 

tuberculosis (Mtb). Mtb is a pathogenic bacterium within the so-

called M. tuberculosis Complex (MTC), which includes Mycobacterium 

africanum and Mycobacterium bovis [1]. Different species in the 

MTC can infect different animals, for example M. bovis is mainly 

found in cows, however it has been found in humans and has the 

same disease mechanism. Mtb infiltrates macrophage immune cells 

in the lungs and is spread by coughing, although it can be found 

most anywhere in the body [2-4]. Typical symptoms of active disease 

are coughing, fever, fatigue, and weight loss [5]. Antibiotic 

resistant tuberculosis and comorbidity with HIV cause higher 

fatalities and therefore are priorities [2]. 30 countries have 

notable issues with Mtb outbreaks, all of them developing nations, 

but this disease is a global concern [2]. 

In 2019, active Mtb infections affected 10 million people globally, 

with 1.4 million deaths, and an additional 1.7-1.9 billion more who 

were infected without symptomatic disease (latent Mtb) [2; 6]. 2019 

saw 360 Mtb infections in New Zealand, and 21 deaths [7]. The 

infection rate in New Zealand of 7.5 per 100,000 and death rate 

between 4-6% has held relatively steadily over the last 30 years [7]; 

[8]. Most New Zealand Mtb patients were aged between 25 and 34 

years, however 3% were children [7]. In 2016, New Zealand-

contracted cases were 41.4% Māori, 13.8% Pacific Islanders, and 

36.2% European/other ethnicity, with 60.9% cases residing in 

socio-economically deprived areas [8]. Tuberculosis 

disproportionately affects deprived communities. This is because 

factors which affect deprived communities, such as poverty, 

smoking and alcohol use, over-crowding, poor access to health care, 
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food insecurity and malnutrition, and diabetes, increase 

susceptibility to tuberculosis [9]. These inequalities affect 

Māori and Pasifika populations disproportionately more than other 

groups in New Zealand, and there is a lack of research on strains 

prevalent in these two populations and their impact [9]. Globally, 

Mtb has been the leading cause of death by infectious agent since 

2007, above HIV/AIDS [10]. 

For prevention, currently only the Bacillus Calmette–Guérin (BCG) 

vaccine is approved, and its effectiveness varies by population 

and age group [2]. In children, it provides roughly a 20% reduction 

in infection and a 71% reduction in infections becoming active 

[11], although these results vary significantly between regions 

and populations [10]. This reduction is useful as latent 

infections can become active when the immune system is weakened, 

often decades after exposure, which occurs in 5-10% of latent 

infections, with roughly a quarter of the world’s population 

affected by latent Mtb  [2; 3; 6]. The BCG vaccine is more 

effective protection against severe forms of tuberculosis disease, 

which requires hospitalisation and can be life-threatening, than 

all latent or mild symptomatic Mtb infections [10]. This 

protection can last 15 years and longer, depending on the 

patient’s age when vaccinated and environmental factors [10]. 

Antibiotic treatment for tuberculosis is long (6-18 months) with 

a high risk of drug resistance and relapse [12], and both treatment 

time and cost are even greater for drug-resistant strains [2]. 

Treatment of active non-drug resistant Mtb involves six months of 

a multi-drug rifampicin-based regimen [13], with a 3.1% chance of 

relapse and 50-94% risk of developing multi-drug resistance [12]. 

This treatment is also expensive, at USD860 per patient [2]. For 

these reasons, the discovery of new drugs and vaccines are a 

priority for the World Health Organisation [2]. In order to reach 

this goal, it is important to find drug targets and learn more 

about Mtb and its strains [2]. 
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1.2 Tuberculosis phylogeny 

There are many phenotypically and genetically distinct Mtb strains 

around the world, often linked with a population and geographic 

location, and these can be split into 7 related lineages, as shown 

in Figure 1 [1; 14]. The most common and widespread lineage is L4, 

while L7 is known to grow slowly, and L2 is generally more virulent 

[1; 14]. Transmission rate, ratio of latent to active infections, 

and disease severity (together referred to as virulence) differ 

between Mtb strains, clades, and lineages [1; 14]. 

 

Figure 1: A figure showing the relatedness of lineages inside the MTC. 
Reference strain H37Rv is in Lineage 4.10, the New Zealand strain CS1 
is found in Lineage 4.4, while Beijing is found in Lineage 2. Taken from 
Figure 1.2 in Mulholland, 2019 [14]. 
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While Mtb is associated with residents in and immigrants from 

Africa, Asia, and the Pacific [15]; [16], New Zealand has three 

main strain clusters causing significant numbers of cases: 

Colonial Strain 1 (CS1, formerly known as Rangipo), CS2 (formerly 

known as Otara), and Southern Cross [1; 17]. CS1 and CS2 together 

make up 43% of New Zealand-born cases [14] and both belong to Mtb 

clade L4.4.1.1, which also includes the Canadian strains due to a 

common historical origin [1; 14; 17]. A feature of this clade is 

the presence of the so-called “Beijing deletion” (RD152 in L2 & 

DS6Quebec in the Canadian strains). As shown in Figure 2, this is a 

region present in the reference Mtb strain, H37Rv, but not in 

Beijing-family strains. This is of interest as the Beijing strains 

in L2 are known for high virulence [17; 18], and are not closely 

related to L4.4.1.1 strains, which means the deletions evolved 

independently and could carry fitness advantages [17]. 

 

Figure 2: A schematic of the RD152 (shown in green) and DS6Quebec (shown 
in blue) deletions. Taken from Figure 2.7 in Mulholland, 2019 [14]. 

1.3 CS1 

CS1 is the largest and most widespread New Zealand cluster, 

accounting for about a quarter of cases in Māori patients and 

still causing semi-regular outbreaks four decades after emerging 

[1; 17]. It likely arose from a 1980’s clonal expansion, combined 

with social changes and urbanisation which affected Māori 

populations in particular [17]. CS1 has been responsible for some 

unusual prolonged outbreaks [19], and is noted for its high rate 

of active cases, being 20% of all traced contacts [20], which is 

not surprising considering certain deletions and other genetic 

features carried by CS1 are shared by strains known for their 

virulence [1]. It has been noted that CS1 has extra virulence 
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genes and genetic features (including Single Nucleotide 

Polymorphisms or SNPs) not found in H37Rv, with which it otherwise 

shares high similarity [20]. Tuberculosis strains show high 

genetic diversity with a multitude of SNPs [21] which can affect 

protein structure and gene expression [22]. CS1 has 247 SNPs 

compared to other sequenced Mtb strains, of which 236 are not 

found in H37Rv and 26 are not found in any other strain [14]. CS1 

and other strains have genes which have been moved and duplicated, 

including IS6110 insertion sites which are linked with increased 

growth [23]. These extra genes and genetic features could provide 

an advantage for CS1 and explain the high transmission rate, in 

particular some of the genetic features could change the structure 

of existing proteins. Previous work by Mulholland using short-

read Illumina sequences showed two cases where SNPs affected the 

biochemical properties of the encoded proteins [1]. 

While work focussing on CS1’s SNPs and evolutionary heritage has 

been carried out and a draft genome is available, a completed 

“closed” genome has not yet been created [1; 17; 20]. A closed 

genome would allow further work to be done to investigate the 

virulence of CS1 and other L4.4.1.1 strains, confirm the work 

which has already been done around the SNPs and genetic features 

CS1 carries, and potentially inform treatment and prevention 

measures. A closed genome has the advantage of being accurate and 

complete, so strain identification is more accurate and drug 

targets can be found more efficiently. Instead of screening many 

potential compounds on a live microbe that is notoriously hard to 

grow and hazardous to human health, protein information from the 

closed genome can be utilised to develop compounds that target 

particular proteins in silico. H37Rv has a closed genome available, 

however most strains of Mtb have only incomplete or no sequences 

available. For CS1, there is a complete PacBio genome which has 

had limited detailed curation (Genbank, accession NZ_CP044345.1, 

henceforth referred to as the PacBio “draft”) and short Illumina 

reads which have been used to polish the raw PacBio sequence [Aung, 
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Mulholland, personal communication]. Illumina sequencing produces 

short high fidelity reads. PacBio produces long reads with a 

higher error rate, but is less susceptible to errors caused by 

repeat regions and is easier to assemble into a contiguous draft 

than Illumina reads. The use of both sequencing technologies has 

the advantage of being complimentary, creating a genome which is 

accurate and less affected by the many repeat regions in a Mtb 

genome. However, further work is required to complete and close 

CS1 genome, due to the discovery of regions of dense genomic 

discrepancies between CS1 and H37Rv and poor coverage of the 

Illumina reads when mapped to the PacBio draft, which could 

indicate the need for further polishing to close the genome [24]. 

This is not uncommon for complete sequences created by automated 

methods with limited curation [25]. 

The dense genomic discrepancies between CS1 and H37Rv take many 

forms, from large insertions and deletions, to Variable Regions 

Inside Proteins (VRIPs) [24]. VRIPs are defined as regions where 

clusters of base changes and small insertion-deletions are found 

inside the annotation of a protein-coding gene. VRIPs can cause 

genes to be split into multiple annotations due to early stop 

codons, as well as causing potential changes to protein structure. 

VRIPs could be the result of errors in sequencing, assembly, or 

post-assembly polishing, thus the existence of each as a true 

feature of CS1 must be verified. 

1.4 Objectives 

The aim of this project was to use bioinformatic techniques to 

examine and resolve potentially significant genetic discrepancies 

found in CS1 compared with other strains of Mtb, such as VRIPs. 

Resolving these discrepancies would show the location and extent 

of poor sequencing in the draft genome, in order that the genome 

may be closed. Resolving discrepancies would also identify which 

of those discrepancies are genuine features of CS1, and which are 

artefacts of sequencing errors. Confirmed discrepancies could 
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provide valuable new targets for drugs and vaccines against the 

highly disease-causing CS1, and could also give us insight into 

the characteristics of this strain compared with H37Rv, without 

needing to manipulate it in a laboratory environment. Thus, this 

project investigated the data quality of the draft genome, and 

attempted to use previously-identified genetic discrepancies in 

the CS1 draft to close the genome and elucidate potential genetic 

mechanisms behind CS1’s high active infection rate. 
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Chapter 2 

Methods 

2.1 Genome Investigation 

2.1.1  Data sources 

The draft genome used in the present work was created by other 

projects through Single Molecule Real-Time sequencing (PacBio) [1; 

26]. The resulting sequence had been polished using Illumina reads 

from Mulholland [Aung, Mulholland, personal communication] before 

uploading to NCBI. The draft genome was downloaded from NCBI on 

10/04/2020. The Illumina reads were also used in this project. 

2.1.2  Geneious Read Alignment 

In line with a previous project conducted in 2020 [24], the Mauve 

alignment [27] tool  was used in Geneious version 2020.0.3 [28] 

to map the Illumina reads to both the CS1 draft and H37Rv. The 

reads were trimmed with BBDuk [29] using the default settings in 

Geneious, then error corrected and normalised using defaults in 

BBNorm [29]. The Dedupe tool [29] was used despite the reads being 

paired, with kmers of 30 and 31 as per the default settings. The 

reads were then aligned to H37Rv using Geneious’s assembly tool 

on recommended settings. This assembly was then manually inspected. 

Low and high coverage (in comparison with the mean) regions were 

searched for and annotated. The VRIPs previously found were mapped 

against 2 S.D. high and 1 S.D. low coverage zones. Methods and 

tools to graph the mapping were investigated in the literature 

but none were found. 

Both the raw and fully-processed Illumina reads were run through 

a non-Geneious tool, FastQC [30], to inspect and compare their 

quality. An existing assembly of the reads assembled to H37Rv was 

loaded into Geneious, however Geneious redid the assembly step. 

This assembly was compared to the Genious-created assembles to 
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the CS1 draft and H37Rv. Known mutations were searched for in all 

three assemblies in order to assess potential errors in assembly. 

A non-Geneious tool, Qualimap [31], was then used to compare the 

quality for the three assemblies. This process showed a different 

assembly tool was required.  

2.1.3  RGAPepPipe 

The assembly was run using the RGAPepPipe (available from 

https://github.com/pepperell-lab/RGAPepPipe), as had been done 

above in Geneious. The reads were processed and assembled to the 

CS1 draft and H37Rv to default settings with BWAmem used as the 

assembler for both assemblies. The H37Rv assembly was used as a 

control to check for errors in the assembly process. After the 

Illumina reads were processed and deduplicated by the pipeline, 

FastQC was run to check the processed-read quality. The CS1 PacBio 

draft was also quality-checked using FastQC. The RGAPepPipe 

assemblies to H37Rv and the CS1 draft were run by the pipeline 

through Qualimap to assess the quality of the assembly. The 

results from FastQC and Qualimap were compared to the Geneious 

assemblies. As the RGAPepPipe assemblies were found to be improved, 

these were used for the rest of this project. 

2.2 Analysis Tools 

2.2.1  Quality & Coverage 

In order to ascertain confidence in the assembly and discrepancies 

found, three tools were used to analyse the coverage and quality 

of the CS1 draft-Illumina assembly.  

The first of these, Qualimap, investigated the quality of the CS1 

RGAPepPipe alignment itself. This has been discussed above in 

section 2.1.3. 

The second tool was a script created by Daniel A. Schipper [32], 

which was used to investigate the correlation between 

discrepancies and poor quality regions. This was done by finding 

https://github.com/pepperell-lab/RGAPepPipe
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areas with low quality defined by cumulative PHRED scores of the 

Illumina reads to any PacBio base position under thresholds of 

300 and 600. PHRED scores communicate the certainty a base call 

is accurate, by using a logarithmic scale where 10 is 90% certainty 

while 60 is 99.9999% certainty [33]. The positions in the PacBio 

draft where the cumulative PHRED score was below each threshold 

were printed into .csv and .bed files for later use and visual 

analysis, and manually matched with known VRIP regions. All files 

were manually corrected from 0-indexed to 1-indexed before use. 

Three files for visual analysis were created for ease of visual 

analysis: Very Low Quality, under 300; Low Quality, under 600; 

and Overlapping Quality, where a region of under-300 quality 

occurred within a region of under-600 quality. The overlapping 

points for each quality threshold were removed from their 

respective lists and merged to form the Overlapping Quality list. 

The third tool, SAMTools [34], was used for the mpileup function 

to provide coverage data for each base position in the assembly. 

The data was stored for later visual analysis. 

2.2.2  Investigation of CS1 genomic features 

Known SNPs identified by Mulholland [1] and genomic discrepancies 

from the summer project were found in both RGAPepPipe assemblies 

using the Integrative Genome Viewer [35]. Lists were compiled in 

Excel to show the affected genes and positions. 

2.2.3  Repeat Analysis  

Mtb repeat regions were investigated in the literature in order 

to check if repeat regions could be responsible for the genomic 

discrepancies and anomalies in quality and coverage. 

Tools were investigated to investigate the locations of repeat 

regions. The NCBI tool WindowsMasker [36] was installed and run 

on a Macintosh Operating System. WindowsMasker was used for both 

H37Rv and CS1, and the output modified into .csv and .tdv files. 

The output was also examined in Excel to investigate repeat sizes 
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and compare the two strains. After investigating spread of repeat 

lengths, only repeats longer than 99 base pairs were included in 

an output .tdv file used for visual analysis. The two reasons for 

this cut off were that most repeats were shorter than the cut off, 

and secondly that the length of most Illumina reads (as seen from 

FastQC and Qualimap) meant they would be unaffected by a repeat 

region shorter than 100 bases. Slippage events and sequencing 

errors would be more likely for repeats longer than 99 bases. 

To measure the levels of repetition in Mtb genomes, Ir [37] was 

run on Linux on the whole CS1 genome, and a windowed analysis was 

also carried out. The output was analysed in relation with other 

prokaryotes previously collected by Haubold and Weihe [37]. 

2.2.4  Outlier Repeat Region  

The investigation of the WindowsMasker data showed an outlier 

repeat region of significant length in CS1 which did not occur in 

H37Rv. BioCyc [38] and Uniprot’s BLAST function [39] were used to 

identify the gene the outlier repeat occurs inside. The region 

was manually inspected in the Integrative Genome Viewer to verify 

the repeat and its motif. The region was also manually inspected 

in Geneious to compare with H37Rv, checking for genomic 

discrepancies which were then listed. The repeat region was 

annotated as overlapping both a PPE gene and a CRISPR, so CRISPR-

Cas Finder [40] was used to investigate CRISPR sites. No CRISPR 

regions were annotated in H37Rv’s NCBI entry at all, thus the 

CRISPR-Cas Finder was used to check why this might be the case. 

It was found that the annotations of CRISPR regions in CS1 were 

inaccurate, and the region was visually inspected to identify it. 

CRISPR-Cas Finder results are included in the appendix as a JSON. 

2.3 Visualising Results 

2.3.1  Genome Viewing 

In order to analyse the CS1 genome and the assemblies, visual 

inspection was required. Although Geneious is a viewer, this 
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function cannot be separated from its in-built assembly tools, so 

the Integrative Genome Viewer (IGV) was used to view the 

RGAPepPipe assemblies. This tool has a region-of-interest mapper 

and can read .bed files as generated earlier by the Schipper 

script. The region-of-interest mapper was used to find and view 

low quality regions from the custom-made Schipper script, as well 

as to manually inspect the CS1 genome and alignment. 

2.3.2  Genome and Analysis Viewing 

In order to investigate the cause and reliability of CS1 genomic 

discrepancies, the spatial relationships between repeats, low 

quality regions, and genomic discrepancies (such as VRIPs) were 

visually analysed. The BLAST Ring Image Generator (BRIG) [41] was 

found to be suitable to visually display these spatial 

relationships.  

BRIG was then installed onto a Windows Operating System with the 

NCBI C++ toolkit [42], and BLAST [43] downloaded separately. The 

final image used genomes added as genbank files, while quality 

and anomaly information were tab delimited files added as 

annotations. Due to space and legibility, Very Low Quality and 

the Overlapping Quality files were combined into one ring, with 

four corrupted and unverifiable points removed (3696137-3693141, 

2079564-2078078, 1963504-1962513, and 1465758-1465334). Coverage 

files were processed through BRIG’s inbuilt graph creation tool, 

then added as a ring. The settings for the final image were 

defaults except slot spacing was set to x-small, shading turned 

off, and image size adjusted to 2500 by 2500 pixels.  

It is of note that the coverage graph generated by BRIG’s graph 

creation tool does not have a scale and appears to be baselined 

at an unknown value; neither factor was able to be user-controlled. 

The blue bars on the coverage graph are anomalies which could not 

be removed, although this was attempted by making the final image 

a composite of two graphs image-edited. IR results were separately 

graphed using Excel and not included in the BRIG figure. 
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In addition, Excel, Geneious, and IGV were used separately and in 

combination to attempt to visualise the coverage, quality, and 

genomic data for the outlier repeat. However, visualisation was 

not found to be achievable. 

2.3.3  VRIP Investigation 

The VRIP regions from the summer project were separated out after 

analysing for confidence (see above). Regions not found to overlap 

with low quality and repeat regions were noted and the annotated 

gene name and function found in IGV. Those genes with names and 

known functions were researched in the literature, and the most 

promising candidates for virulence effect were investigated 

further. 

Images of the VRIP regions were created in Paint using Geneious 

data showing the coverage information gathered earlier, and IGV 

data showing some of the reads in relation to each other and the 

PacBio draft. 

The selected CS1 genes (and gene fragments in the case of genes 

which had multiple annotations) containing VRIPs were run through 

a BLASTx [44] search of the Mtb cluster under default settings 

which was capped at 100 results. The hit results were downloaded 

as a csv, and the query-anchored alignment saved in text files. 

The alignment was rerun in Clustal Omega [45]  and filtered down 

for legibility, producing phylogenetic trees as well as alignments 

coloured by amino acid, both of which were saved as screenshots 

and edited for size in PixlrE. This was redone for comparing H37Rv 

with CS1 for each shortlisted gene.
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Chapter 3 

Results 

3.1 Genome Quality Analysis 

3.1.1 VRIP mapping  

To view VRIP regions, composite images from Geneious and IGV were 

created. Figure 3 shows one of the VRIP regions by comparing H37Rv, 

the PacBio CS1 draft, and the CS1 Illumina reads. Typical features 

seen in a VRIP include lower coverage regions near read-stacks, 

reads with mutations, and insertion-deletion differences between 

H37Rv and CS1. It is of note that Geneious used its own assembler 

while IGV uses the RGAPepPipe assembly, however this does not 

greatly affect the VRI regions (the exact number of stacked reads 

may vary slightly). 
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Figure 3: A composite image of manB, showing the H37Rv and CS1 alignment 
in Geneious (top), coverage graph from IGV (blue histogram), Illumina 
reads as mapped in Geneious to H37Rv with markers showing coverage above 
2 SD or below 1 SD of the mean (yellow section, shown for a comparison 
in order to analyse any differences in read stacking or coverage gaps), 
and Illumina reads mapped to CS1 using the RGAPepPipe and viewed in IGV. 
In red is the VRIP, characterised by multiple insertions, deletions, 
and base changes. In the IGV reads section, black boxes show bases 
differing from the consensus. 

3.1.2 FastQC 

The following figures (4-13) illustrate FastQC quality scores for 

the Illumina reads before and after RGAPepPipe processing. The 

raw Illumina reads had very short and artificially long reads, 

high read duplication rates, odd GC percentage scores, and quality 

scores as low as a PHRED of 2 (an accuracy of 37%). After 

processing using the RGAPepPipe, reads are higher quality (lowest 

at 30, which is a base call accuracy of roughly 99.90%), 

deduplicated to acceptable parameters, have less variance in 
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length, and have a normal GC percentage distribution. The 

processed reads are of good quality and high-confidence, so the 

discrepancies in CS1 are not due to poor-quality read data. 
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Figure 4: FastQC output showing the quality scores of bases inside the raw Illumina reads (paired reads separated). 
Forward-direction reads are shown on the left, and reverse-direction reads on the right. The scores are PHRED scores. The 
scores are inconsistent with values dropping into low-confidence areas near the end of the read (20 is an accuracy of 99%, 
less than this is a cause for concern due to the chance of the base being incorrectly called). Most values are high, which 
indicates processing will remove low-quality reads. 
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Figure 5: FastQC output showing the quality scores of bases inside the processed and deduplicated Illumina reads. The 
scores are PHRED scores. While the first 20 bases in a read are lower quality, this is by a small margin (32 is a call 
accuracy of 99.937%, 38 is a call accuracy of 99.9842%, and 40 is a call accuracy of 99.99%). The quality does not drop 
off at any point, which indicates low error rates and high-confidence data. 
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Figure 6: FastQC output showing the number of raw Illumina reads (paired ends separated) with certain quality scores, 
calculated by averaging the quality scores for each base inside the read. Forward-direction reads are shown on the left, 
and reverse-direction reads on the right.  The scores are PHRED scores. The hump in the right-hand read-set around a PHRED 
of 17 (98% accuracy) indicates some issues, however the shape of both curves are quite good with a right-skew towards 
higher values. 
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Figure 7: FastQC output showing the number of processed and deduplicated Illumina reads with certain quality scores, 
calculated by averaging the quality scores for each base inside the read. The scores are PHRED scores. Over 100,000 reads 
have a score of 37 (99.98% (2 d.p.) call accuracy). While not a smooth upward curve, the skew towards higher scores shows 
most of the data is of high quality with low error. 
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Figure 8: Graph from FastQC showing the number of raw Illumina reads (paired reads separated) with a given GC percentage. 
Forward-direction reads are shown on the left, and reverse-direction reads on the right. The ideal distribution is shown 
in blue, with the actual GC percentages shown in red. A normal distribution cannot be seen, instead there are peaks around 
2% and 40% as well as around 66%, indicating poor-quality reads. 
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Figure 9: Graph from FastQC showing the number of processed and deduplicated Illumina reads with a given GC percentage. 
The ideal distribution is shown in blue, with the actual GC percentages shown in red. The data is near a normal distribution 
centred around 66% GC content, indicating good quality reads. 
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Figures 10 and 11 show read-length data before and after 

processing. Long reads are easier to map accurately, as the length 

allows more room for distinguishing features so the read is placed 

correctly. Short reads such as CATGAGACC, on the other hand, are 

ambiguous as they could have come from and could be mapped to any 

place in the genome. However, a large number of long Illumina 

reads indicates that poor-quality bases, often found at the ends 

and in reverse-direction reads, may not have been removed. 

Removing poor-quality bases improves the dataset, but will also 

reduce read sizes. Figure 10 shows a large peak above 250 bases 

for both forward and reverse-direction reads, which disappears 

after processing in Figure 11. This is consistent with poor-

quality bases being removed from reads, increasing quality but 

decreasing read size. 
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Figure 10: Graph from FastQC showing the lengths of raw Illumina reads (paired reads separated). Forward-direction reads 
are shown on the left, and reverse-direction reads on the right.  Longer reads are more likely to be mapped accurately 
and without ambiguity, however the sharp peak indicates that low-quality bases may still be attached to the reads, making 
them artificially longer. 
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Figure 11: Graph from FastQC showing the lengths of Illumina reads used in the alignment. Longer reads are more likely to 
be mapped accurately and without ambiguity. Longer reads are also less likely to have errors caused by repeat regions. 
The modal length is around 160 bp. The shape of the distribution shows that lower-quality bases have been removed from 
reads, giving a variety of sizes. 
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Figures 12 and 13 show duplication data before and after 

processing. Reads which have been duplicated can cause the number 

of reads to be artificially high without adding any information. 

This can result in extra regions appearing, despite not actually 

existing in the genome. Another issue with duplicated reads are 

stacks of reads over a location which may or may not disagree with 

each other (making determining the true identity of bases 

difficult). Figure 12 shows there is some duplication in the raw 

Illumina reads, particularly with reads having 10-50 duplicates. 

Figure 13 shows the duplication reduced after processing and 

deduplication, but some duplication remains. Some duplication, as 

seen between 2 and 9 reads in Figure 13, is to be expected and 

can help improve coverage. The peak at 10-50 duplicates remains, 

although smaller, and could be due to large repeat regions giving 

the appearance of duplication. 
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Figure 12: Graph from FastQC showing the duplication levels in the raw Illumina reads (paired reads separated). Forward-
direction reads are shown on the left, and reverse-direction reads on the right. The current sequence is in blue, with 
red showing duplication levels if deduplicated to a given percentage (77.56% for forward-direction reads, and 74.56% for 
reverse-direction reads). FastQC indicated that these results were satisfactory, however the number of reads with a 
duplication between 10 and 50 was noted. 
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Figure 13: Graph from FastQC showing the duplication levels in the processed and deduplicated Illumina reads. The current 
sequence is in blue, with red showing duplication levels if deduplicated 82.74%. These reads had duplicates removed, which 
was successful as the data is now closer to the deduplicated line. The peak at 10-50 duplicates still remains, which may 
be due to repeat regions. 

The FastQC output above shows that the raw Illumina reads benefitted from RGAPepPipe processing. Extremely short 

and artificially long reads with low-quality end-bases were removed along with duplicate reads. This improved 
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GC percentages, which can cause issues with gene identification when skewed, as well as overall base call 

accuracy. 
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3.1.3 Qualimap 

Figure 14 and Tables 1-4 show the Qualimap output for the 

RGAPepPipe alignment of the Illumina reads to the CS1 draft, and 

show the alignment was successful and of good quality. Mean 

coverage appears good at 47 times, however the standard deviation 

is 40, meaning 34.1% of the CS1 draft is covered by between 7 and 

47 Illumina reads. 0.04% of the draft has no Illumina-read 

coverage whatsoever, particularly on either side of where the 

genome was opened (incidentally, this is inside a highly-

repetitive PPE gene), meaning there is no confidence in the 

features of those regions. Coverage of thirty or greater is 

preferred, however for most of the draft this is not an issue as 

the reads are good quality, have low error rate, and have high 

certainty. Furthermore, most of the CS1 draft is identical to 

H37Rv, which is expected as they are from the same lineage, so 

low coverage is not a concern for those regions. The RGAPepPipe 

assembly is therefore of good quality, with only small regional 

drops in quality and coverage which can be investigated. 

 

Figure 14: Graph showing the percentage of the PacBio CS1 draft covered 
by processed and deduplicated CS1 Illumina reads in the RGAPepPipe 
assembly. 0.04% of the PacBio draft has no coverage. The modal coverage 
is 31 reads, while the mean coverage is 47.2 reads with a standard 
deviation of 40.4 reads. Qualimap did not provide separated values for 
coverage over 50 reads. 
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Table 1: Quick snapshot of RGAPepPipe alignment of the processed and 
deduplicated Illumina reads to the PacBio draft. 

Property Mean value 
Standard 
Deviation 

Median 

Mapping quality (PHRED) 57.96 Not Given Not Given 

Coverage (reads) 47.21 40.40 Not Given 

 

Table 2: Insert sizes in the processed and deduplicated Illumina reads 
aligned in the RGAPepPipe to the PacBio draft. 

Property 
Lower 
Quartile 

Median 
Upper 
Quartile 

Insert size (bp) 158 242 382  

 

Table 3: Base frequency in the contig formed by the RGAPepPipe using 
Illumina reads mapped to the PacBio draft. A PHRED of 57.96 means the 
mean base-call certainty is 99.9998%. 

Base Number of bases Percentage of bases 

Adenine 34,970,206  16.78% 

Cytosine 69,068,497 33.13% 

Thymine 35,489,134 17.02% 

Guanine 68,930,196 33.07% 

N 0 0 

GC percentage N/A 66.2% 

 

Table 4: Error data from the RGAPepPipe alignment of the processed 
deduplicated Illumina reads to the PacBio draft 

General error rate per base 0.0072 
Number of mismatches 1,476,725 
Number of insertions 6,870 
Percentage of mapped reads with insertions 0.48% 
Number of deletions 12,861 
Percentage of mapped reads with deletions 0.87% 
Percentage of homopolymer indels* 59.09% 
*This is the percentage of all insertion 
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3.2 Repeat Analysis 

3.2.1  WindowMasker 

WindowMasker (Winmasker) was used to investigate repeat regions 

in the CS1 draft, as large repeat regions can cause errors in 

sequencing, which can result in apparent discrepancies. Winmasker 

was also run on H37Rv as a comparison of repeat number and length. 

From the comparison of the two genomes, it does not appear as 

though there have been any significant slippage events, with one 

exception (a 1519 repeat in the CS1 draft). From Table 4 and 

Figure 15, most repeat regions are less than half of the length 

of the average Illumina read, making mistakes caused by repeat 

regions to be less likely. There is a difference in the pattern 

of outliers between CS1 and H37Rv, which could be associated with 

repeat-heavy genes (such as PE/PPE genes, involved in virulence). 

Winmasker also produced a list of repeat regions, which was used 

to verify potential involvement of large repeats in the appearance 

of CS1 discrepancies. 

Table 5: Winmasker output for CS1 PacBio draft and H37Rv, showing the 
percentage of bases masked as repeats. CS1 is larger than H37Rv but also 
has a 0.046% increase in repeats. CS1 has more repeats by base pairs as 
well as individual repeat regions, but these repeat regions are 
marginally smaller than in H37Rv. 

 Genome 
size 

Bases 
masked 

Repeat % 
Number of 
repeats 

Mean repeat size 

CS1 4,416,671 783,296 17.735 34,327 22.819 
H37Rv 4,411,532 780,336 17.689 34,168 22.838 
Difference 5,139 2,960 0.046 159 -0.019 
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Figure 15: WinMasker output of repeat region lengths for CS1 PacBio draft and H37Rv visualised as box and whisker plots. 
On the upper left, outlier points are included, and the far outlier in CS1 at 1519 bases long is visible. On the upper 
right, the data distribution of the boxes is shown with the lower and upper quartiles, median, and mean values (calculated 
with outliers). The bottom plot shows the same as the upper right but only includes repeats at or above 100 bases in 
length (the plots exclude the far outlier in CS1, but the calculation includes it).
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3.2.2  Ir 

Data from Haubold and Weihe [37] was used in light of the WinMasker 

output to investigate where CS1 fits inside the diversity of Mtb 

repeats. Haubold and Weihe’s Ir tool [37] measures how repetitious 

a region or genome is, rather than how many repeat regions or 

their location, with higher numbers indicating a more organised 

structure. The highly repeat-rich PE/PPE protein family is only 

found in Mtb species, suggesting that Mtb may have high genome 

repeat levels. However, Table 5 summarises the prokaryotes in the 

Haubold and Weihe dataset and shows that Mtb species were just 

above the lower quartile. Table 6 shows that CS1 sits close to 

the median value within Mtb species. The CS1 draft is not anomalous 

in its levels of repeats, further confirming that the assembly is 

likely accurate. 

Table 6: Data from Haubold and Wiehe investigating the Ir score for 330 
species of prokaryote, including five species in the Mycobacterium 
tuberculosis cluster. A comparison between the Mtb cluster and the 
entire dataset is shown. An Ir score of 0 shows a completely random 
sequence with no repetition. The highest Ir value was 6.337 for 
Methylobacillus flagellatus KT, showing a highly organised and repeat-
rich genome. The subsection of Mtb cluster tested is in the lower 50% 
of all prokaryotes for repeat content. The addition of CS1 had minimal 
effect on the values. 

 Maximum 
Upper 
Quartile 

Median 
Lower 
Quartile 

Minimum Mean Mode 

All 
prokaryotes 

6.337 1.3248 0.86275 0.561875 0.0189 1.0007 1.7159 

Mtb 0.833 N/A 0.5647 N/A 0.4082 0.5767 N/A 
Mtb incl. 
CS1 

0.833 N/A 0.5859 N/A 0.4082 0.5818 N/A 

Table 7: Data from Haubold and Wiehe comparing the Ir scores for 5 
species in the Mycobacterium tuberculosis cluster, with CS1 added. An 
IR score of 0 shows completely random sequence with no repetition.  

Accession Species and strain name Genome length Ir score 

NC_002677 M. leprae TN 3,268,203 0.833 

NC_002944 
M. avium subsp. 
paratuberculosis K-10 

4,829,781 0.6248 

NC_000962 M. tuberculosis H37Rv 4,411,532 0.5647 

NC_002755 M. tuberculosis CDC1551 4,403,837 0.453 

NC_002945 M. bovis AF2122/97 4,345,492 0.4082 

NZ_CP044345 M. tuberculosis CS1 4,416,671 0.607 
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Haubold and Weihe’s Ir tool was used to investigate the 

organisation of repeat regions inside the CS1 draft. Three window 

sizes were used (1,000 bases, 5,000 bases, and 10,000 bases), and 

repeat levels were measured inside each window over the whole 

genome. It is notable that the lowest coverage regions around the 

opening of the genome have repeat peaks. As seen in the WinMasker 

data, most repeats are small and close together, causing peaks of 

high repetition levels which decrease as the window size increase. 
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Figure 16: Graphs created from Ir data showing repetition level of the PacBio draft over 1,000-bp, 5,000-bp, and 
10,000-bp windows. Most repeat regions are small and close together, as seen by the merging of peaks between 
1,000 and 10,000 windows. 
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3.3 Genome Analysis 

3.3.1 BRIG  

As the quality of the data and assembly have been confirmed, the 

individual discrepancies were investigated using BRIG. Figure 17 

shows the image created by BRIG with relevant genetic features, 

and the VRIPs shown there are listed in Table 7. VRIPs which 

overlap with low quality and low coverage regions or with large 

repeats can be disregarded as unverifiable by this project. Of 

the 32 identified VRIPs, 19 were in this category. This does not 

mean they are not true features of CS1, but they will need to be 

resequenced so better data quantity and quality can be obtained 

to resolve them. It is of note that because of the annotation 

system changes, Table 7 is not a complete list of VRIPs, nor of 

variable regions outside of proteins. The CS1 draft would benefit 

from searching for more of these discrepancy regions, and targeted 

resequencing and polishing for unverified VRIPs. 
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Figure 17: The circular CS1 genome in BRIG, showing (from the centre outwards) GC content and repeat regions (blue), H37RV 
comparison, sites of large insertion-deletions and Variable Regions Inside Proteins (VRIPs), regions where the cumulative quality 
score of all reads is under 300 (yellow) or 600 (green), and coverage (purple). Large insertion-deletions tended to be either 
suspected annotation errors or transposons and similar elements, and have been included out of interest. The figure shows only 
a small amount of clustering for VRIPs and large indels, with most repeat regions overlapping with low quality and low coverage 
regions but not with all VRIPs or large indels. Coverage values spike at various points over the genome. Note that the blue 
markings over the coverage graph appear to be a software artefact. Large insertion-deletions are notable and should be reviewed 
in another project, as many of these are transposons and similar elements, while others are genes and parts of genes which have 
been added or deleted.
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The 32 VRIPs shown in Figure 17 are listed in Table 7 with base position, the name and locus tag of the gene it appears 

in, whether the gene coincides with a Low or Very Low quality region, and the number and largest size of repeats in 

the gene.  Genes which had low quality regions were discarded. Not all genes had annotated names, and some annotation 

positions had changed between being found in December 2019 and the current analysis. Of the 13 VRIPs not explained by 

repeat regions or poor-quality data, 5 were chosen for further analysis on the basis of potential importance to 

virulence or cell survival. 

Table 8: A list of the 32 CS1 VRIPs shown above. Each gene contains one VRI. The start and end base positions of the gene are 
shown, alongside the locus tag assigned in the latest-accessed version of the PacBio draft. Where genes have been split into 2 
or more annotations since the VRIs were discovered, relevant accessions are noted. Quality shows if there is an overlap between 
the gene and a low-quality region as seen above. For VRIPs that did not overlap with a low-quality region, the number and largest 
size of repeats were measured. Of the 32 VRIPs, 5 had annotations that no longer exist, while another 8 overlapped with very-
low-quality regions. Of the 19 remaining VRIPs, 6 had repeats over 100bp long, which could be the true cause of the discrepancies. 
The other 13 VRIPs cannot be explained by low quality data or repeat-related errors and are therefore of significant interest: 
GlyS, Cas10/csm1, QEX90791, QEX91071, manB, lprN, PPE61, kstD, QEX91665-QEX91666, pheA, hypothetical F6W99_02917, fadD2, and 
rplR-rpsE. It would be ideal to search again for VRIs to find all inside and outside current annotations. It would also be ideal 
to further investigate the repeats over 100, and the exact placement of low-quality regions in relation to the VRIs. 

Gene Start Gene End Quality Locus Tag Gene name Number of repeats Largest repeat 

6271 7056 Very Low F6W99_00008 Antibiotic ABC transporter Not measured Not measured 

144343 144864 Very Low F6W99_00131 None Not measured Not measured 

144912 145304 Very Low F6W99_00132 None Not measured Not measured 

338887 342277 Very Low F6W99_00320 PPE24 Not measured Not measured 

648127 660577 Very Low None None Not measured Not measured 

986012 987835 Good F6W99_00962 Putative PPE40 11 117 

991754 993145 Good F6W99_00968 GlyS_2 – tRNA glycine ligase 4 17 

1470411 1472849 Good F6W99_01431-33 CRISPR-associated protein Cas10/Csm1 9 33 

1584992 1596982 Very Low None None Not measured Not measured 

1656532 1657752 Good F6W99_01579 Unknown integral membrane protein, QEX90791.1 10 37 

1718589 1719896 Very Low F6W99_01640 PPE46_1 Not measured Not measured 

1721029 1722336 Very Low F6W99_01645 PPE46_2 Not measured Not measured 

1938993 1940495 Good F6W99_01864 Unknown two-component sensor kinase, QEX91071.1 10 24 

1987859 1988938 Good F6W99_01911 manB 8 31 
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Gene Start Gene End Quality Locus Tag Gene name Number of repeats Largest repeat 

2092499 2101965 Good F6W99_02005-06 PPE55 81 209 

2104733 2115883 Good None None Not measured Not measured 

2226435 2226731 Very Low F6W99_02126 None Not measured Not measured 

2264178 2265332 Good F6W99_02168-69 lprN/mce4E (starts F6W99_02168) 9 33 

2296601 2301024 Very Low None None Not measured Not measured 

2320106 2321363 Good F6W99_02208 PPE61 15 44 

2321505 2323218 Good F6W99_02209-10 PPE62 14 153 

2326134 2327825 Good F6W99_02214-16 kstD, with interrupting hypothetical 14 25 

2574668 2575864 Good F6W99_02468-69 Hypothetical aminotransferase. QEX91665.1 and QEX91666.1. 11 46 

2664033 2664998 Good F6W99_02535 pheA (prephenate dehydratase) 8 40 

 

3088785 3089966 Good F6W99_02917 None 13 53 

3090068 3091696 Good F6W99_02918 FadD2 13 34 

3104942 3107455 Good F6W99_02930 PE-PGRS4 16 513 

3234963 3236294 Good F6W99_03039 PPE32_2 16 129 

3584427 3585477 Good F6W99_03395, 
F6W99_03396 

rplR and rpsE, originally in one annotation 12 78 

3608936 3611257 Very Low F6W99_03424 PE-PGRS10 Not measured Not measured 

3865113 3866120 Good F6W99_03677 PE-PGRS17 1 274 

4407495 4409706 Very Low None None Not measured Not measured 
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3.4 VRIP Analysis  

The 5 chosen verifiable VRIPs were compared with H37Rv in Clustal 

Omega to show how the VRIPs affect the amino acid sequences (shown 

in Figures 18, 21, 25, 28, and 33). They were also compared in 

the same tool with other strains to explore if any similar features 

appear in other strains, and where any differences are in relation 

to the VRIP. If other strains have similar features, this makes 

their appearance in CS1 more plausible. Alternatively, if these 

features are unique to CS1 or found in strains known for their 

virulence, then this may provide some clues about its enhanced 

transmissibility. To do this comparison, the sequences were run 

through BLAST to find similar sequences in other strains, and non-

redundant sequences were removed from the list as those stand in 

for many strains and are hard to trace. The exception to this were 

matches from candidates which were part of the MTC but non-M. 

Tuberculosis, such as M. bovis, as exact location and strain are 

less important in those cases. For the remaining strains, 

phylogenetic trees were created in Clustal Omega to find the 

closest matches. The closest matches and any drug resistant, 

unusual, or notable (Beijing, CDC1551, Haarlem, F1) strains were 

used to produce the final phylogenetic trees (shown in Figures 19, 

22-23, 26, 29-31, and 34) and comparison images (shown in Figures 

20, 24, 27, 32, and 35). 

Protein accessions are used here, instead of the gene accessions. 

The symbols under the alignments refer to residues with similar 

properties as determined by the Gonnet PAM 250 matrix. Positions 

with strong conservation (a matrix score greater than 0.5) are 

shown with a “:”. These positions have amino acids with similar 

chemical properties, for example serine substituting for threonine. 

Positions with weak conservation (a matrix score greater than 0 

but less than or equal to 0.5, such as cysteine and alanine) are 

denoted by “.”. Positions without any symbols show where either 
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there is no conservation or where one or more sequences have a 

deletion. 

3.4.1 Cas10/csm1 

The Cas10/csm1 VRIP causes the CS1 variant to split in two, as 

shown in Figure 18. Most of the VRIP is in the non-coding region 

between the two coding regions, however 4 amino acids are affected. 

The changes to those amino acids are non-conserved, which is 

consistent with their position at the end of the N-terminal region. 

Truncations are seen in other strains, but not in the same place 

as CS1 (Figure 20). Notable matches to the N-terminal region, as 

seen in Figure 19 include CDC1551 (also known as OshKosh), M. 

africanum, and M. bovis. The C-terminal region was not given a 

phylogenetic tree as this region was identical to H37Rv
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Figure 18: A comparison of Cas10/csm1 in H37Rv (NP_217339.1) and CS1 (QEX90644.1 and QEX90645.1, split by the VRI). A 
frame-shift causes the early stop in QEX90645.1, and not seen in the amino acid sequence is a series of insertion-deletions 
after the end of QEX906445.1. Earlier in QEX90645.1 there is a 9bp insertion, which is part of the VRIP while distant from 
the main cluster. Strains with this sort of shortening are of interest, as are those with the added bases.  
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Figure 19: A phylogenetic tree from Clustal Omega showing the relatedness of matches for csm1.1. Two Russian strains are 
represented, as well as a strain from the UK. A multi-drug-resistant strain from India, F1, and CDC1551 (the latter two 
notable for outbreaks) also appeared as matches. M. africanum and M. bovis are represented, with M. africanum being the 
closest match to CS1.
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Figure 20: Filtered BLAST comparison results for csm1.1 (top) and csm1.2 (bottom). No strain shares the last 
four amino acids not truncation in csm1.1, although other strains are truncated slightly later. Csm1.2 is similar, 
with no strain starting as late, however the match is identical and overall the matches contain less variation 
than with the full-length proteins matching with csm1.1. This is of interest as the VRIP occurs at the end of 
csm1.1, while other strains appear to have variation nearby, such as the 3-residue deletion in F1 and the early 
truncation of both Russian strains. 
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3.4.2 lprN/mce4E 

The lprN/mce4E VRIP causes the CS1 variant to split in two, as shown in Figure 21. While most of the VRIP is in 

the non-coding region between the two coding regions, 12 amino acids at the end of the N-terminal section are 

affected, with 2 more deleted. The changes to those amino acids are mainly non-conserved. Truncations are mainly 

seen in strains with only a partial sequence and so may not be a true reflection of length, and the amino acids 

affected by the VRIP do not match any other strains (Figure 24). The strains closest to CS1 changed between the 

N and C terminal sections, but many were unchanged, including several drug-resistant strains (Figures 22-23). 

Figure 21: A comparison of lprN in H37Rv (NP_218012.1) and CS1 (QEX91374.1 and QEX91375.1, split by the VRI). The VRI is 
“bookended” by first a 10bp frameshifting deletion in CS1 which causes the early stop in QEX91375.1, then a 10bp insertion. 
QEX91375.1 starts with the next V. LprN2 is where the VRIP occurs. Strains with this sort of shortening are of interest. 
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Figure 22: A phylogenetic tree from Clustal Omega showing the relatedness of matches for lprn1. Several partial proteins 
from potentially drug resistant outbreaks in South Africa appear, alongside Beijing-family strains, the vaccine BCG strain, 
a drug-resistant strain from Kazakhstan, contagious strains like Haarlem and F1, and several non-M. tuberculosis strains 
(M. bovis, M. microti, M. canettii, M. decipiens). CS1 has no close matches. 
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Figure 23: A phylogenetic tree from Clustal Omega showing the relatedness of matches for lprn2. Several partial proteins 
from potentially drug resistant outbreaks in South Africa appear, alongside Beijing-family strains, the vaccine BCG strain, 
two representatives from Amsterdam, contagious strains like Haarlem and F1, and several non-M. tuberculosis strains (M. 
bovis, M. microti, M. canettii, M. decipiens). CS1 has no close matches. NRITLD34 and a partial from an early H37Rv patient 
appear here. CS1 is in a cluster, with one Amsterdam strain and two from South Africa being the closest matches. 
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Figure 24: Filtered BLAST comparison results for lprN1 & 2 (in order, 2 being N-terminal). The VRIP occurs in 
lprN2 and there appears to be a greater level of variation in matched strains for lprN2, however the other 
strains matching lprN1 suggest a similar separation of the two protein segments. LprN2 has matched with strains 
where the protein appears to be full size, however the last 12 residues for CS1, which match the VRI location, 
do not match any other strain.
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3.4.3 PE_PGRS17 

The PE_PGRS17 VRIP includes a single 4 amino acid insertion and numerous point mutations, as shown in Figure 

25. This makes it unusual, as most VRIPs contain numerous insertions and deletions even if this isn’t seen at 

the amino acid level. The changes to amino acids in the VRIP are mainly conserved, however a surprising number 

are not conserved. Most of the matches are partial records missing the N terminus, which includes a lot of the 

VRIP region (Figure 27). Of those strains which are not missing the VRIP due to partial sequencing, all are 

identical except for M. bovis. The matches include 2 non-human strains and two drug-resistant strains (one of 

which is part of the Beijing strain family) (Figure 26). 

Figure 25: A comparison of PE_PGRS17 in H37Rv (YP_177774.1) and CS1 (QEX92859.1). It is notable that the only insertion-
deletion in this VRIP is the insertion of EQAL in CS1, the rest of the changes are due to point mutations. Many of the 
mutations in this VRIP are silent or complimentary. 
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Figure 26: A phylogenetic tree from Clustal Omega showing the relatedness of matches for PE_PGRS17. Drug-resistant strains 
from China, Kazakhstan, and Thailand appear, with the latter being from the Beijing strain family. Partial records from 
M. bovis, M.  orygis, Romania, and strain MAL020147 have matched as well. M. orygis is the closest match to CS1. 

 

Figure 27: Filtered BLAST comparison results for PE_PGRS17. CS1 is longer which may be due to four of the results being 
partial records, otherwise it is no different from M. orygis. This suggests the large repeat found may not be causing 
disruption, especially as all matches with bases inside the VRI region have the VRI, except for M. bovis. The partial 
Romanian record does not have bases in the VRI, however it does have its own shortly after starting. Of note is that CS1 
has a missing glycine inside the VRI region. 
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3.4.4 kstD 

The kstD VRIP causes the CS1 variant to split in three parts, as shown in Figure 28. The middle section is 

reversed in direction to the others and overlaps with the N-terminal section. 14 amino acids at the end of the 

N-terminal section are affected with mainly non-conservative changes, however the C-terminus of the middle 

section is identical to H37Rv despite the N-terminus being entirely dissimilar. A similar truncation is seen in 

other strains (a UK strain, NITR204, and GM1503), but the C-terminus of the N-terminal section is not similar 

to any other strain, and the middle section shows multiple deletions in respect to other strains (Figure 32). 

The strains closest to CS1 change with a significant number of M. canettii strains and a Beijing-family strain 

from Fujian (Figures 29-31). 

Figure 28: A comparison of kstD in H37Rv (NP_218054.1) and CS1 (QEX91420.1, QEX91421.1, and QEX91422.1). QEX91421.1 is 
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the protein accession of a hypothetical protein, and this gene is in the reverse direction (the other three are forward). 
This VRIP is marked by repeated base changes and short 1-8bp insertion-deletions. 

 

 

Figure 29: A phylogenetic tree from Clustal Omega showing the relatedness of matches for kstD1.0. Strains from the UK 
appear alongside a partial record from Wales. BCG, CDC1551, a Beijing-family strain from Fujian, NITR204 (of interest due 
to having a similar accession to Haarlem, appearing alongside it frequently, and appearing to be significant in its own 
right), and Haarlem  are notable matches. M. canettii, M. microti, M. decipiens, and M. bovis are represented as well. 
CS1 does not have a close match but appears in a cluster with 4 UK strains, the partial record from Wales, and the vaccine 
strain BCG. 
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Figure 30: A phylogenetic tree from Clustal Omega showing the relatedness of matches for the hypothetical protein dubbed 
kstD1.5. BCG, CDC1551, a Beijing-family strain from Fujian, NITR204, and Haarlem are notable matches. M. canettii, M. 
microti, M. decipiens, and M. bovis (including a potentially human-infecting strain) are also represented. The closest 
match to CS1 is CDPH_C56. 
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Figure 31: A phylogenetic tree from Clustal Omega showing the relatedness of matches for kstD2.0. BCG, CDC1551, a Beijing-
family strain from Fujian, NITR204, and Haarlem  are notable matches. M. canettii, M. microti, M. decipiens, and M. bovis 
are represented as matches. CS1 does not have a close match but appears in a cluster M. microti, the strain from 
Stellenbosch, GM_1503, and the Mexican strain. 
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Figure 32: Filtered BLAST comparison results with for kstD1.0, the hypothetical protein kstD1.5, and kstD2.0. 
KstD1.0 and 1.5 contain the VRIP, however shortened kstD2 is of interest as well as kstD1.5. KstD2 mainly matched 
with far larger sequences, although lengths varied and one strain (GM_1503) was similarly truncated. The 
hypothetical appears to match non-truncated proteins as well, however it was notable that BCG and Haarlem were 
also shorter than expected, while CDC1551 was far longer. For kstD1, neither CDC1551 nor Haarlem share the early 
truncation of CS1, while BCG and a UK strain were much shorter. No matches had the exact VRIP as CS1. The level 
of variation found is surprising as malfunction in this gene is associated with failure to grow in vivo.
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3.4.5 manB 

The manB VRIP is 36 amino acids long with a “bookended” 2-residue deletion and 2-residue insertion (Figure 33). 

This VRIP has only 3 residues identical to H37Rv, and another 9 of some level of complementarity. The number of 

non-conserved residues is unusual for their position in the middle of the protein. manB is notable for being 

the only alignment with significant conservation over every strain for most places, however just under half of 

the VRIP does not match any other strain, and there is more variation in this area among other strains (Figure 

35). There is a variety of matching strains, including 4 non-human strains and M. africanum (Figure 34). 

 

Figure 33: A comparison of manB in H37Rv (YP_177951.1) and CS1 (QEX91118.1). It is unclear why QEX91118.1 starts later 
than YP_177951.1 when they are identical at the nucleotide level, this could be an annotation error. Some of the amino 
acids in the VRI are complimentary. None of the insertion-deletions cause a stop-changing frameshift – in fact the two 
proteins are the same size other than the first 8 amino acids. 
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Figure 34: A phylogenetic tree from Clustal Omega showing the relatedness of matches for manB. Drug-resistant strains from 
China, Kazakhstan, and Thailand appear, with the latter being from the Beijing strain family. Notable matches include M. 
bovis, M.  canettii, M. microti, M. africanum, F1, and Haarlem. Strain 2279 is the closest match to CS1. 
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Figure 35: Filtered BLAST comparison results for manB. M. africanum, strain and 2279, and Amsterdam have notable 
variation around CS1’s VRI, but there are no exact matches for 16 bases nor for both the positioning and size of 
the deletion. Also of interest is that strain 98 is truncated before CS1’s VRI, meaning the hexapeptide repeats 
forming the beta helix are missing. 

3.4.6 VRIP Summary 

The five VRIPs shown above are all characterised by amino acid and nucleotide changes when compared to 

H37Rv. VRIPs resulted in annotation splits in three cases, which was seen in a few other strains with 

some variations. For those which were not split, PE_PGRS17 had strains which appeared to have identical 

sequences, however this is uncertain as most of the matches were partial records. No identical matches 

were seen for manB, although variation was observed in the same region as the CS1 VRIP. For all five 

VRIPs, a variety of human and non-human strains were observed, with several candidates from the Beijing 

family as well as strains known for drug resistance and virulence. There is a possibility that the 

latter two candidates appear only due to sample bias, as these strains are the most likely to have been 

sequenced than slow-growing and less virulent strains. 
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Chapter 4 

Discussion 

4.1 Closing the CS1 Genome 

While VRIPs could be signs of poor-quality data, all genomic data 

used to create the CS1 draft is of good quality overall, as is 

the quality of the draft itself. However, there are patches of 

poor quality and poor Illumina coverage which would benefit from 

further polishing. Nevertheless, the genome is high enough quality 

to be considered closed. This was determined by analysis of 

several factors (number of contiguous segments or contigs, 

coverage, error rate, core gene presence, and parameter 

sensibility) [46-48]. Contigs are pieces of an assembled genome 

made up of many reads, often creating gaps between contigs, 

meaning more complete genome assembly will have less contigs and 

fewer gaps [46; 48]. As PacBio was used for CS1, one single contig 

was produced, so the number of contigs is not an issue, and the 

use of Illumina to confirm the Pacbio sequence helps to improve 

certainty in the closed genome [46]. While 15% of the genome has 

coverage less than 7 reads, the majority of those regions are 

identical to H37Rv and so pose little concern. The error rate is 

low at 0.0072, and while this could be improved, the use of H37Rv 

as a comparison while noting local error values for SNPs increases 

reliability. All core genes are present, and parameters like 

repeat size, repeat number and percentage, GC percentage, and 

genome size are all within range for Mtb strains. It is difficult 

to achieve a true “closed” genome, with finished and near-finished 

genomes varying greatly in quality and number of coverage gaps 

[47; 48]. The CS1 genome is well within the acceptable range. 

A related issue is the case of genome annotation. Between the 2020 

Steele project [24] and this current work, the prokaryote 

annotation software in NCBI was updated, changing the annotations 



 

62 

on the CS1 genome. This changed the VRIPs, as by definition these 

were dense mutation clusters inside protein annotations. Some 

became defunct and did not have a locus tag, and presumably some 

variable regions ignored in the Steele project now have 

annotations around them. Annotation errors are common and can be 

widespread [49], and have been found in Mtb [50]. While automatic 

annotation is constantly improving with better algorithms and 

larger databases, automated with manual annotation (“curated 

annotation”) remains the gold standard [25]. For CS1 VRIPs, the 

best solution would be to find all variable regions regardless of 

whether they appear inside an annotation. 

4.2 Genetic Features of CS1 

4.2.1 Repeat regions 

The repeat analysis in WinMasker and Ir showed the CS1 repeats 

were within the expected range of other M. tuberculosis strains. 

Unlike many repeat-masking tools, neither Winmasker nor Ir rely 

on databases of known repeat regions [25; 36; 37], making the 

identification of unknown repeat regions easier and more accurate  

[25; 51]. CS1 has a larger genome than H37Rv, and most of the 

extra bases are repeats, which is of interest as many virulence 

genes contain repeats. Repeat regions are important components of 

the genome, involved in everything from mobile elements impacting 

gene regulation and CRISPRs, to protein structure and location 

signalling, to physical and informational organisation [51; 52]. 

The importance of mobile elements and CRISPRs in particular is 

discussed below, but both play integral roles in cellular survival 

and fitness. The importance of repeats is true in any genome, for 

example it is estimated that two-thirds of the human genome is 

made up of repeats, some of these being mobile elements, physical 

elements such as telomeres, and regulatory regions [51]. Similar 

roles are seen in prokaryotes, with many repeat regions part of 

regulatory regions and mobile elements [53]. As repeats play 

important genomic roles, defining their sequences and describing 
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their biological function is valuable information. Accurate 

representation of repeat sequences is best obtained by high-

accuracy Illumina reads, while lower-base-accuracy PacBio 

sequencing can provide repeat size and location [54]. 

The size of the repeats were the same between CS1 and H37Rv, with 

most repeats being under 100 bases long. However, the “scatter 

pattern” of outlier repeats above 100 bases varied between H37Rv 

and CS1 (Figure 15). CS1 seems to have smaller outliers with one 

notable exception (discussed shortly), and a more even transition 

between dense clustering closer to 100 bases and more spacing as 

repeat size increases. 

Outlier repeats are here defined as larger than 100 bases, for 

two reasons. Firstly, most repeats were 99 bases or smaller. 

Secondly, repeats larger than 100 bases would take up half the 

size of the average Illumina read in this sample, potentially 

causing slippage, issues with duplicated reads (as seen in the 

Qualimap output), and problems with assembly. Low quality regions 

and gaps could be expected inside large repeats due to ambiguity 

[55], and both low quality and gaps were seen to some extent, 

particularly around the opening point of the circular genome. 

Repeats often have subtle differences across their length, causing 

apparent base mismatches due to being mapped to the wrong position 

[55], and this was also seen in the CS1 Illumina reads. A sign of 

repeat-related duplication could be read-stacking, which was seen 

around many repeat regions, with sometimes hundreds of reads 

stacked precisely on each other and disagreements between reads. 

The disagreements may not be of any significance, as it is known 

that more read coverage often results in more disagreement simply 

due to the number of reads [48], and it could also be due to 

repeat region subtleties [55], however it could also be an 

indicator of low-quality. Low quality regions appeared throughout 

the genome, including in repeat regions, however many of the large 

repeats had few disagreements between high-quality Illumina reads. 
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Most outlier repeats were between 100 and 200 bases long, and this 

range appeared to be of the best quality more consistently. It 

would be valuable to investigate quality for large repeats which 

occur inside VRIP genes such as PPE32. PE/PPE proteins are a 

repeat-rich protein family characterised by repetitive Proline-

Glutamine (PE) or Proline-Proline-Glutamine (PPE) motifs at the N 

terminus which have roles in virulence and disease progression. 

PPE32, for example, plays a role in apoptosis of host macrophages 

as well as in the survival of intracellular Mtb through cytokine 

production [56]. If the repeats in genes like PPE32 have not 

caused VRIPs and there are no low-quality regions, those VRIPs 

could be considered verified. As such, an investigation into the 

quality of repeats in and around VRIPs would provide valuable 

insight into the genetic features of CS1. 

While repeat regions between 100 and 200 bases were common, larger 

repeats (such as one in PE_PGRS4, at 513 bases long) also were 

found around VRIPs, although not exclusively. These could prove 

more difficult to resequence where low-quality is an issue, 

however H37Rv had larger repeats than CS1. The only exception to 

this was CS1’s 1519-base repeat, which interrupted PE_PGRS57. This 

repeat was unable to be explored, and due to mis-annotations, 

quality and coverage issues, and genes affected by the site, it 

would be worthy of further investigation. The site of the repeat 

appears as a truncated hypothetical protein (F6W99_02187, which 

was found to match the genome position PE_PGRS57 in H37Rv, as well 

as its protein sequence with a BLAST error value of 0.1) followed 

by a 22-repeat CRISPR mis-annotation, followed by an annotation 

(F6W99_02188) which runs into fadD19 and bears similarity to 

fadD19 in M. africanum. This repeat has read-stacking as 

previously described, as well as sections of low-coverage and 

poor-quality reads. The repeat region contains multiple repeats 

backing onto each other, however none were found to be CRISPRs.  
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4.2.2 CRISPR regions 

While the 1519-base repeat was not found to contain a CRISPR 

region, CRISPRs are themselves of interest. Firstly, the 36-base 

Direct Repeat (DR) region in Mtb is a CRISPR region known to have 

mobile elements inside it, which is of note for virulence and 

strain typing [23] [57]. Secondly, CRISPR-Cas systems can be 

linked to virulence [57; 58]. Due to the link with virulence 

through mobile elements, the locations of CS1’s CRISPR regions 

are of significance. In the future, comparisons between 

clinically-significant and less-virulent strains could lead to 

more insight into the role of CRISPRs in tuberculosis. 

4.2.3 Mobile Elements: IS6110 regions 

Mobile elements are found throughout Mtb genomes, including in 

CRISPR regions. The movement of mobile elements is likely the 

cause behind some of the apparent large insertion-deletions 

between CS1 and H37Rv shown in Figure 17. IS6110 elements in 

particular have been shown to influence gene regulation, by 

interrupting genes [59], facilitating deletions [60], and 

increasing gene expression [61]. IS6110 insertions have been 

linked to drug resistance and extrapulmonary tuberculosis [61]. 

Insertion sequences like IS6110 are particularly relevant in CS1, 

as IS6110 is found in H37Rv flanking the region deleted in both 

the “Beijing” RD152 and DS6Quebec deletions (Figure 2) [1]. IS6110 

create “fingerprints” which can be used to differentiate strain 

families, for example Beijing strains have similar IS6110 patterns, 

which is even more interesting when considering the regulatory 

effect on genes flanked by IS6110 [23].  Beggs, Eisenach, and Cave 

found IS6110 regions flanking a variety of genes in two 

clinically-significant Beijing strains, including 9 PE/PPE genes, 

and these regions showed differences to H37Rv [23]. Further work 

into IS6110, transposons, and other mobile elements is recommended 

to further enhance understanding of CS1 virulence. This would also 



 

66 

clear much of the list of large insertion-deletions seen in Figure 

17. 

4.2.4 VRIPs 

VRIPs and similar regions are fascinating, as they could represent 

sequencing errors, non-coding regions accumulating mutations, or 

an adaptive advantage for CS1. The verified VRIPs appeared inside 

genes linked to survival and virulence. The five which were 

analysed in detail were chosen due to the potential of being 

adaptive advantages. 

Cas10/Csm1 is the nuclease of the Mtb CRISPR-Cas system. Mtb has 

a type III-A CRISPR system which protects it from viral attack, 

particularly against double-stranded DNA bacteriophages [62; 63]. 

Cas10 has two domains, one which binds and cleaves DNA and another 

for synthesising cyclic oligoadenylate [64]. Cyclic 

oligoadenylates act as a signaller for Csm6, which 

indiscriminately degrades RNA [62; 63]. Interestingly, the CS1 

cas10 VRIP causes a split which would be consistent with the two 

domains being separated. Furthermore, cas10 is potentially 

implicated in drug resistance, while others in the CRISPR-cas 

system have been linked to virulence [58; 65]. The abundance of 

CRISPR-cas proteins seems inversely linked to virulence and growth 

speed in Lineage 7 (known to be less virulent and slower growing) 

[65], while mutations and deletions appear in Lineage 2 [58], 

however much of the research focuses on Cas1 so the specific role 

of cas10 in virulence and growth speed is unknown. However, the 

CS1 cas10 VRIP has the potential to impact drug resistance, growth 

speed, and virulence. 

LprN, also known as mce4E, is an immunomodulating lipoprotein 

involved in the invasion of host cells by Mtb [66]. It is highly 

immunogenic but was found to remove immune protection against Mtb 

when trialled as a vaccine candidate, with mice suffering 

increased tuberculosis-related tissue damage [66; 67]. LprN has a 

high rate of polymorphisms, particularly linked to drug resistant 
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strains but also to survival in general [68]. Differences have 

also been noted in lprN and other mce4 proteins between the non-

pathogenic Mycobacterium smegmatis and H37Rv [69]. The CS1 LprN 

VRIP causes a split which also appears to split domains, but the 

significance is unknown as the mechanism of action of lprN is not 

clear. 

PE_PGRS17 is part of the PE/PPE gene family, which are poorly 

characterised but involved in virulence. As one of two analysed 

VRIPs to not cause a split, the VRIP could cause an adaptive 

advantage. Certainly, this gene has great variation, with SNPs 

and insertion-deletions similar to the CS1 VRIP [70]. PE_PGRS17 

activates and matures host dendritic cells, and other PE_PGRS 

proteins are known to be involved in apoptosis of this immune cell 

type [70; 71]. It also is antigenic and triggers cytokines from 

T- and dendritic cells during infection and is upregulated eight-

fold in brain microvascular epithelium invasions [72]. PE_PGRS17 

promotes T-cell proliferation [71], and is involved in Mtb 

persistence in vivo [73]. It increases survival in M. smegmatis 

while promoting host cell death [74]. Alphafold [75] structures 

(Figure 36) show a change in conformation between H37Rv and CS1 

due to the VRIP, and these structures could assist in discovering 

the mechanism of action for PE_PGRS17.
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Figure 36: Alphafold predictions viewed in RasMol for PE_PGRS17, with H37Rv on the left and CS1 on the right. The VRIP is indicated in red, affecting residues 99-140. The gap 
between the N terminal alpha helix and the C terminal beta-sheet cluster in smaller in CS1 than H37Rv. The certainty for both structural predictions was 92%. Thanks to Daniel 
Schipper for implementing AlphaFold for these images.
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KstD is crucial for utilising stored cholesterol as a carbon 

source [76], and Mtb cannot multiply inside macrophages without 

it [77]. Stored cholesterol affects cell wall permeability, and 

was found to reduce rifampin uptake [76]. Fitness and survival 

are reduced when KstD is inactivated [76], particularly for 

survival inside dendritic cells (which can act as an alternative 

to macrophages as a host) [78]. While the analysis showed 

variation between strains, this is not a protein to mutate lightly 

due to the catastrophic effect if it is deactivated. The way CS1 

kstD was split into three pieces, with the middle piece in the 

reverse direction, was not seen in other strains, and there were 

unique regions caused by the VRIP. As CS1 infects and grows 

successfully, the changes in kstD could potentially provide a 

fitness advantage, and if not, this could provide valuable insight 

into the diversity and action of kstD in tuberculosis. 

The final gene analysed was manB, a mannophosphomutase on the 

lipoarabinomannan pathway. Lipoarabinomannan binds to host 

macrophages [79], and is important in host macrophage survival 

and Mtb virulence [80]. For example, overexpression of manB in M. 

smegmatis causes increased lipoarabinomannan levels and increased 

association with human macrophages [81]. The CS1 manB VRIP, like 

for PE_PGRS17, does not cause any splits, however it does produce 

a unique sequence inside the hexapeptide repeat, which is 

predicted to change the structure of that region and therefore 

could impact function [24]. 

These five proteins provide some clues into CS1 virulence for 

further investigation, in particular PE_PGRS17 and manB have 

predicted structural changes caused by the VRIP. This points 

towards the VRIPs in these cases providing a fitness advantage, 

as while the effect could be neutral, the VRIPs occur in the 

middle of domains and impact overall structure rather than in less 

functionally-important regions (such as the ends, which had 

similar non-conserved residues in other VRIPs, for example kstD 
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and cas10). However, there is the possibility that apparently-

unique regions and features, such as in PE_PGRS17 and the reversed 

domain in kstD, are shared by slower-growing and less virulent 

strains which have not been sequenced yet. Clinically-significant 

strains, such as those displaying drug resistance, are more likely 

to be prioritised for sequencing, so the appearance of many of 

these strains as matches to VRIP-affected genes is not necessarily 

an indicator of a virulence-enhancing effect. Of more interest 

were unusual results, such as M. africanum (an ancient member of 

the MTC causing disease in North Africa [82]), M. canettii (a rare 

smooth variant found in humans around the Horn of Africa [83]), 

M. bovis (found in cows, with occasional human infection [84]), 

M. microti (found in small rodents like voles as well as cats 

[85]), M. orygis (found mainly in oryx with occasional human 

infection [86]), and the vaccine strain BCG. These results were 

not often a close match for CS1 with the exception of M. africanum, 

but their appearance could not be attributed to an abundance of 

sequenced strains, and many are slower-growing. 

Another note on the VRIP analyses is that not all strains had 

completely-sequenced proteins (indicated in those figures with 

“partial”), which particularly impacted PE_PGRS17 results. 

Partial protein records do not have the full amino acid sequence 

and may contain errors. It is also possible that annotation error 

affected some of the proteins, for example the middle annotation 

of CS1 kstD is largely dissimilar to any other strain, and while 

the other two segments are forward-direction genes, this one is 

not. This calls into question whether this segment of CS1 kstD is 

shorter than the annotation, and what protein it produces in the 

context of a split-domain kstD. 

The domain-splitting seen in Cas10, lprN, and kstD was shared by 

very few strains, however independent domains is the first step 

in domain shuffling. Domain shuffling involves copying a gene 

encoding a protein domain and insertion into a different locus, 
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leading to hybrid proteins where one domain is used by different 

proteins, a process which has led to new, sometimes crucial, 

proteins and is key to evolution [87]. Domain shuffling events 

have previously been observed in MTC genomes [88], which gives 

credibility to this observation. 

Further investigation into VRIPs would be valuable for both CS1 

and for Mtb research in general. Finding, verifying or resolving, 

and analysing VRIP genes (and perhaps also non-coding VRIP-like 

regions) not only gives clues into the cause of increased 

transmissibility in CS1, but also could help clarify the roles 

and mechanism of action for many Mtb genes and proteins, which 

currently are poorly understood. This in turn could contribute to 

the discovery of new drug targets and new drugs, particularly in 

the case of antibiotic persistent and resistant Mtb. 
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Chapter 5 

Conclusions and Future Work 

The aim of this project was to close the CS1 genome and investigate 

its high transmission rate through investigating VRIPs. CS1 makes 

up a large portion of New Zealand-origin tuberculosis cases, and 

a closed genome will itself help discover the cause of its high 

transmission rate. This research could also elucidate the 

advantageous traits of international strains of clinical 

significance and new drug targets. A variety of computational 

tools were used to investigate the draft genome quality and 

investigate potential non-genetic causes of VRIPs, as well as the 

effect of a selection of verified VRIPs. 

Many VRIPs were not verifiable by this work, however the genome 

was found to be of good enough quality to be declared closed. A 

closed genome gives better certainty for strain-typing and 

research into Mtb genomes, not just CS1. Poor quality, low 

coverage, and high repeat regions have been found, which can be 

used to re-sequence these regions as needed, particularly where 

VRIPs and SNPs appear. The region around the genome opening would 

benefit from resequencing in particular. Knowledge about high 

repeat regions can also help with research on repeat elements 

related to virulence, such as mobile elements. 

This project verified 13 VRIPs, which provides valuable 

information into the diversity of proteins in Mtb. Several were 

found to have potential virulence and survival effects, which 

could be individually investigated in the future. Further 

investigation into the diversity of Mtb proteins, especially in 

slow-growing and less virulent strains, would be useful in 

discovering protein mechanisms of action and effect on patient 

outcomes. Part of this would be to investigate the unverified 

VRIPs, ensuring quality and coverage is adequate in order to 

resolve or verify them. There are also likely to be VRIPs 
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unaccounted for due to annotation error, and variable regions 

outside coding proteins were out of scope for this project; 

finding and resolving both would provide valuable information. 

Annotation errors were found, and in the future manual annotation 

curation would be valuable. Correcting the CRISPR mis-annotation 

in the 1519 base repeat would be one immediate step, and adding 

CRISPR annotations found in this project would be another. This 

will help researchers of CRISPRs and protein diversity to gather 

accurate results of the feature they are investigating. 

Outside of CS1 and similar to the need to investigate protein 

diversity in less clinically-significant strains, mapping IS6110 

regions in those strains can facilitate understanding of the role 

of IS6110 in virulence, protein expression, and gene deletion, as 

well as its history. A comparison of IS6110 in clinically-

significant strains, animal strains, Lineage 7 strains, and MTC 

relatives such as M. africanum would assist in this purpose. 

This work confirmed the genome of New Zealand Mtb strain CS1 is 

closed and gave insight into its genetic features and 

characteristics. Future work could focus on CS1 (investigating 

the verified CS1 VRIPS, the unverified and yet-to-be-found CS1 

VRIPS, or resolving the identified poor-quality regions and 

annotation errors) or on the wider MTC (analysing virulent and 

less-virulent strains for VRIP-like elements and IS6110, 

investigating virulence and survival mechanisms of action for 

proteins with verified CS1 VRIPs), but will regardless have an 

impact on the understanding of virulence in CS1 and Mtb.  
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