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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.



Acknowledgements

I would firstly like to thank my supervisors, Professor Vic Arcus
and Dr Adele Williamson. Their support and enthusiasm through this

project has been invaluable and inspiring.

To Daniel Schipper, Cheryl Ward, Andrea Haines, and Rose Swears,
please know how much I appreciate you! Without Daniel’s
computational expertise and Rubber Duck ability, I would not have
nearly as much data. Rose and Andrea provided invaluable help with
making all the information comprehensible - I apologise to the
former that this wasn’t rocket science, but something far worse.
And of course, I could not have finished without the help of the

best librarian.

I would also like to thank C2 for all the small things. I would
especially like to thank our lab mum, 3Judith, for all the gluten
free baking and comfort. Within the Arcus group and on the other
side of the corridor, from troubleshooting to genuinely caring,

thank you.

Lastly, thank you to my family, chosen and blood, who listened to
an unimaginable amount of babbling without complaint. Your love,
practical assistance (what’s dinner?), and care through my studies
has been amazing. A special shout out to my sister for having
listened to so much of my thesis that she can now explain it to
friends who ask her what I’ve been doing. I deserved a Quanitferrum
Gold shake many times, thank you for putting up with me! To my

Scouting, church, and Latin families, gratiatis ago.

ii



Table of Contents

Y 013 o = Y o i
Acknowledgements . oo vt ii ittt ittt ittt iieetietsertneranssannnns ii
Table of Contents. ...t it it ii
List Of FigUreS .. it iiiiiiiieiineeteeeeooeesasesossssnsasnnnnas %
List of Tables ...ttt ittt ittt eeens vi
Chapter 1 Introduction......ciiiiiiiiiiiiinneroneeennasnnananns 1
1.1 Tuberculosis: the disease 426 .......ciiiiiiiiiinnnennnnns 1
1.2 Tuberculosis: the organism 325 ...... ..t iiiiiinnernnnnns 3
1.3CSL B23 i iiiiiiiiiit ittt e 4
1.40bjectives 156 . .viiiiiiiiiietieetennetasetonsssnsssnnnnas 6
Chapter 2 Methods 1651, ... .. iiiiiiiiineineeronsnennssnnananns 8
2.1Genome Investigation 1425 .. ... ..ttt iiiiinnennnnns 8
2.1.1Data SoUrCeS 56. ..ttt neranennannans 8
2.1.2 Geneious Read Alignment 232........cciiiiiiirinnnnnnns 8
2.1 .3 RGAPEPPIPE .ttt ittt i it it e e e i et e 9
2.2ANalysis TOO1S 666 ..vvviiiiiineereeeronsesosasonssonnasas 9
2.2.1Quality & Coverage 262.....ccuiieieiierenneronsnsnnanans 9
2.2.2 Investigation of CS1 genomic features 35............. 10
2.2.3Repeat Analysis 212.....ciiiiiiirnnerennnennssnnnnnns 10
2.2.40utlier Repeat Region 156.....ciiiiiiiinnnnnneennnnnns 11
2.3Visualising Results 560 ......ciiiiiiiinnneerronnnnnnnnns 11
2.3.1Genome Viewing 88. ... iiiiiiiininerrennenenseonnnnnns 11
2.3.2Genome and Analysis Viewing 275.....cciiiiiiinnnnnns 12
2.3.3VRIP Investigation 197......ciiiiiiiiinnernncrnnnnnns 13
Chapter 3 ResUltsS ...ttt iiietieeneenseronssonsasnnsnnns 14
3.1Genome Quality Analysis 1515 .....ciiiiiiirnnerennnnnnnns 14
3.1.1VRIP MApPPiNg. et et iineeroeeeonseoosesonsssnsssnsnesns 14
3.1.2FastQC 932, .. ittt ittt i ittt ittt 15
3.1.3Qualimap 394 incl tables...... ittt iiiinennnns 30
3.2Repeat Analysis 779 ...ttt ittt 32
3.2.1WindowMasker 336. ...ttt ittt ittt it 32



B e 34

3.3Genome Analysis 621 .....viiiiiitiiitittette et 37
B33 Ll BRIG. t e ittt ittt e 37
B3.AVRIP ANAlysSis tiviiiiiieiineeeonnesoessonsssosssonssannsss 41
3.4.1CaS10/CSML. ittt ittt ittt 42
3.4.21prN/mCedE 413, . . . ittt i it it et e 46
3.4.3PE_PGRS17 318. .. iiiiiiiiiiiiiiiiiiiiiiiiii it 50
34,4 KStD 525 . ittt i i i i i i i i i i i e e 52
3.4.5mManB 205 . it i i i i i i i i e e e 58

3. 4.6VRIP SUMMArY .t vttt teneesonsesoncesossessoncosonsnses 60
Chapter 4 DisCUSSION. ...ttt eetoeseensesonssonsssnnsssns 61
4.1Closing the CS1 GENOME .. itviitirereneerosseonsssnsssanns 61
4.2Genetic Features of CS1 ...ttt nnnnnns 62
4.2.1Repeat regioNnNsS. . vttt iiieeineeeonseeoseronssonnans 62
4.2.2CRISPR PEEIONS .t ittt titineetonnessssosnnssssssnnnns 65
4.2.31S6110 regions and transposoNns.........cceveveereennns 65
4.2 AV RIPS . ittt e 66
4.3Section ..., Error! Bookmark not defined.
4.3.1Subsection................. Error! Bookmark not defined.
Chapter 5 Recommendations.......viiiiiiiiinnerienenennenonnnnns 72
5.1Section ....ciiiiiiiiiiiii., Error! Bookmark not defined.
5.1.1Subsection................. Error! Bookmark not defined.

R =T =T o] < 74

iv



List of Figures




List of Tables

vi



List of

Abbreviations & terms

Cs1

SNP
L4.4.1.1
PacBio
Mtb

In silico
H37Rv
VRIP
NCBI
BBDuk
BBNorm
Kmers

SD

PHRED
Mpileup
Ir

BLAST & BLASTX
PPE
CRISPR
JSON

IGgv

BRIG

vii



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% Maori, 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,



food insecurity and malnutrition, and diabetes, increase
susceptibility to tuberculosis [9]. These inequalities affect
Maori 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 1is wuseful 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 1is 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 1last 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].



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].
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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 &
DSe6Qebec in the Canadian strains). As shown in Figure 2, this is a
region present in the reference Mtb strain, H37Rv, but not 1in
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].

acn W iseme e <Hv13’59n’m;22 | Reireo 1762 asmm 1589

H3TRv 1987 457 DSEM= dedation 1 008, k40
1,086,638 RO152 delation 1,396,621

Figure 2: A schematic of the RD152 (shown in green) and DS6%e¢c (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 Maori 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 Maori
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 1is 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.



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



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

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 ©-indexed to 1l-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

10



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, I, [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 1listed. 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

11



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 wvisually 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.
12



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 Pix1lrE. 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, base roughly 99.90%),

which 1is a call accuracy of

deduplicated to acceptable parameters, have less variance in

15



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 1issues 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.

PacBio draft coverage

2.50%
1.50%

0.50%

draft

-0.50% '0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50
Coverage by lllumina reads

Percentage of Pacbio

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.

Standard .
Property Mean value 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.

Lower . Upper
Property Quartile Median 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

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.

(-‘fenome Bases Repeat % Number of Mean repeat size
size masked repeats
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 I,

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 I, 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 I. 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 I. score of O shows a completely random
sequence with no repetition. The highest I, 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.

. Upper . Lower ..
Maximum Quartile Median Quartile Minimum Mean Mode
ALL 6.337 1.3248 0.86275 0.561875 0.0189 1.0007 1.7159
prokaryotes
Mtb 0.833 N/A 0.5647 N/A 0.4082 0.5767 N/A
gﬁf incl. g33 N/A 05859  N/A 04082 05818 N/A

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

Accession Species and strain name Genome length I, score

NC_002677 M. Lleprae TN 3,268,203 0.833
M. avium subsp.

NC_002944 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 I, tool was wused 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 I. 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

3.3.1BRIG

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, Casl1@/csml, QEX90791, QEX91071, manB, 1lprN, 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/Csml 9 33

1584992 1596982 Very Low None None Not measured Not measured
1656532 1657752 Good FEW99_01579 Unknown integral membrane protein, QEX90791.1 10 37

1718589 1719896 Very Low FEW99_01640 PPE46_1 Not measured Not measured
1721029 1722336 Very Low F6W99_01645 PPE46_2 Not measured Not measured
1938993 1940495 Good FEW99_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 PPES5 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 1prN/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 FEW99_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 FE6W99_03395, rplR and rpsg, originally in one annotation 12 78

F6W99_03396

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 ©
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 Casl10/csml

The Casl10/csml 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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NP_217339.1 ) MK KVWLRDSRNPSQF TDEVDEADIGVSDRRI LDAISYHHSSALRTAAENGRLAADAPAYIAY NIAAGTDRRAADSDDGHGASTWOPDTPLYSMFHNRFGSGTANLAFAPENLDDRKPINIPSPRRIEFDKDRYA
T T Sazs

QEX90645,1 MRTEAM MK KVWLRDSRNPSQF TDEVDEADIGVSDRRI LDAI SYHHSSALRTAAENGRLAADAPAYIAY IADNIAAGTDRRXADSDDGHGAS THOPDTPLYSMFNRFGSGTANLAF APEMLDDRKP INIPSPRRIEFDKDRYA
NP_217339.1 CIWHYLQATGQSDFKSAL FDKQDTFYNEKAF LL TTFDVSGIQDF IYTIHSSGAAKML RARSFYLENL TEHL IDEL LARVGLSRANLNYSGGGHAYLLLPNTESARK SVEQF EREANDML LIIVNKLKATL VDL ERSDTYLASL LNVLEATL SFVPSSTDASEVWDVSLFDHLKL TGALGA
QEX90644.1 cmmeemeeeeme e eemee e eeeeeeee SRS :

QEX90645,1 CIWHYLQATGQSDFKSALFDKQDTFYNEKAF LL TTFDVSGIQDFIYTIHSSGAAKMLRARRRSS KIVNKLKATLVDLERSDTYLASLLNVLEATL SFVPSSTDASEVWDVSLFDHLKL TGALGA
NP_217339.1 ENFATRLF TATGSVPLAANDLMRRPNE SASQASNRALRYSGL YREL SEQLSAKKLARYSADQLRELNSRDHDGQKGDRECSVCHTVNATYSADDEPKCSLCQAL TAASSQI QSESRRF L LI SDGATHGLPLPFGATLTFCSRADADKALQQPQTRRAYAKNKF FAGECL GTGLIVGDYVA
QEX90644,1 IRRPNESASQASNRALRYSGLYRELSEQLSAXKLARYSADQLRELNSROHDGOKGDRECSVCHTVNRTVSADDERK CSLCQAL TAASSQIQSESRRF LLISDGATXGLPLPFGATLTFCSRADADKALQQPQTRRRYAKNKFFAGECLGTGLWVGDYVA
QEX98645.1 . -- -eeee e -~

NP_217339.1 QUEFGDYVERASGIARLGVLRLDVONLGQAF THGFMEQGNGK FNTISATAAFSRIMLSLFFRQHINYVLARPXLAPITGDOPARPREATIIYSGGDOVF\WWGAWDDY GIELRERFHEFTQGLLTVSAGIGMFPDXYPISVMAREVGDLEDAAKSLPGKNGVALFDREF TFGHDELLSH
QEX98644,1 QUEFGDYVKRASGIARLGVLRLDVONL GQAF THGFMEQGNGKFNTT SRTAAFSRIL SLF FRQHINYVLARPKL RPTTGDOPARPAEATI IYSGGDDVFVVGAKDDVI EF GI ELRERFHEF TQGKL TVSAGI GMFPOKYPISVMAREVGDL EDAAK SLPGKNGVAL FDREF TFGHDELLS

QEX90645.1

FIVKLLELLAERDDRITKARWVYFLTRMRNPTGDTAPFQQF ANRLHQWFQDPTDAXQLETALHLYIYRTRKEESE
AFIYKLLELLAERDDRITHKARWVYELTRMANP TGDTAPFQQF ANRLHQWFQDPTDAKQLE TALHLYIYRTRKEESE

NP_217339.1 VIEEXYRHIADYF SGNEERGM
QEX90644.1 VIEEXYRHIADYF SGNEER(
QEX9@645.1

Figure 18: A comparison of Cas10/csml 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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QEX90645.1-CS1 -0.01548
T E— KBG13244 1-africanum 0.02864
CF107968.1-russia -0.00228
CFH21709 1-uk_midlands 0.00198
CLZ06969 1-russia -0.00387
—_— AMC56247 .1-bovis 0.00076
KAK25921 1-india-CWCFVRF_MDRTB_670 0.00099
AMC43051 1-F10
AAK472151-CDC1551 0

Figure 19: A phylogenetic tree from Clustal Omega showing the relatedness of matches for csml.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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QEX90645.1-CS1
KBG13244,1-africanum
CLZ96969.1-russia
CFH21709.1-uk_midlands
CF107968.1-russia
AMC43051.1-F1

AAK47215,1-CDC1551
AMC56247.1-bovis

QEX98645.1-CS1
KBG13244 . 1-africanum
CLZe6969.1-russia
CFH21709,1-uk_midlands
CFI27968.1-russia
AMC43051.1-F1

AAK47215,1-CDC1551
AMC56247 . 1-bovis

QEX90645.1-CS1
KBG13244.1-africanum
CLZ06969.1-russia
CFH21709.1-uk_midlands
CFI07968.1-russia
AMC43051,1-F1

AAK47215.1-CDC1551
AMC56247.1-bovis

QEX90645,1-CS1
KBG13244.1-africanum
CLZ06969.1-russia
CFH21709.1-uk_midlands
CFI07968.1-russia
AMC43051.1-F1

AAK47215.1-CDC1551
AMC56247.1-bovis

QEX90645,1-CS1
KBG13244,1-africanum
CLZ06969,1-russia
CFH21709.1-uk_midlands
CFI07968.1-russia
AMC43051.1-F1

AAK47215.1-C0C1551
AMCS56247.1-bovis

KAK25921,1-india-CWCFVRF_MDRTB_670

KAK25921.1-india-CWCFVRF_MDRTB_678

KAK25921.1-india-CWCFVRF_MDRTB_67@

KAK25921.1-india-CWCFVRF_MDRTB_678

MRTEAMNPQLIEAIIGCLLHDIGKPVQRAALGYPGRHSAIGRAFMK KVIWLRDSRNPSQF TDEVDEADIGVSDRRILDAISYHHSSALRTAAENGRLAADAPAYIAYIADNIAAGTDRAXADSDDGHGAS TWDPDTPLYSMFNRFGSGTANLAFAPEMLDDRKPINIPSPRRIEFDKDRYA
MRTEAMNPQLIEATIGCL LHDIGKPVQRAALGYPGRHSATGRAFMCKVILRDSRNPSQF TDEVDEADIGVSDRAI LDAISYHHSSALRTAAENGRLAADAPAY IAY TADNIAAGTORRK A DSDDGHGAS TWDPDTPLY SMFNRFGSGTANLAF AP EMLDDRKPINIPSPRRIEFDKDRYA
MRTEAMNPQLIEATIGCL LHDIGKPVQRAALGYPGRHSATGRAFMK KVWLRDSRNPSQF TDEVDEADIGVSORRI LDATSYHHSSALRTAAENGRLAADAPAYIAY TADNIAAGTDRRKADSDDGHGAS TWOPDTPLYSMFNRFGSGTANLAF APEMLDORKPINIPSPRRIEFDKDRYA
MRTEAMNPQLIEATIGCL LHDIGKPVQRAALGYPGRHSAIGRAFML KVWLRDSRNPSQF TDEVDEADIGVSORRILDAISYHHSSALRTAAENGRLAADAPAYIAY - - -NIAAGTDRRXADSDDGHGAS TWOPDTPLYSMFNRFGSGTANLAF APEMLDDRKPINIPSPRRIEFDXDRYA
MRTEAMNPQLIEAIIGCL LHDIGKPVQRAAL GYPGRHSAIGRAFMK KVWILRDSRNPSQF TDEVDEADIGYSDRRILDAISYHHSSALRTAAENGRLAADAPAYIAY - - -NIAAGTDRAXA DSDDGHGAS TWOPDTPLY SMFNRFGSGTANLAF APEMLDDRKPINIPSPRRIEFDKDRYA
MRTEAMNPQLIEATIGCL LHOIGKPVQRAAL GYPGRHSAIGRAFMY KVWLRDSRNPSQF TDEVDEADIGYSORRILDAISYHHSSALRTAAENGALAADAPAYIAY - - -NIAAGTDRRXADSDDGHGAS TWDPDTPLYSMFNAFGSGTANLAF APEMLDDRKPINTPSPRRIEFDKDRYA
----- MNPQLIEAIIGCLLHDIGKPVQRAALGYPGRHSAIGRAFMKKVWLRDSRNG SQF T DEVDEADIGVSORRILDAISYHHSSALRTAAENGRLAADAPAYIAYIADNIAAGTDRRXADSDDGHGASTWDPDTPLYSUFNRFGSGTANLAF APEMLDDRKPINIPSPRRIEFDKDRYA
MRTEAMNPQLIEATIGCL LHDIGKPVQRAALGYPGRHSATGRAFMKKVVILRDSRNPSQF TDEVDEADIGVSDRAI LDAISYHHSSALRTAAENGRLAADAPAYIAY IADNIAAGTDRRYADSDDGHGAS TWDPDTPLYSMFNAFGSGTANLAF APEMLDDRKPINIPSPRAIEFDKDRYA
MRTEAMNPQLIEATIGCL LHDIGKPVQRAAL GYPGRHSATGRAFMK KVIJLRDSRNPSQF TDEVDEADIGYSORRI LDAISYHHSSALRTAAENGRLAADAPAY IAY IADNIAAGTDRRIA DSDDGHGAS TWDPDTPLYSMFNAFGSGTANLAF APEMLDDRKP INIPSPRRIEFDKDRYA
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ATVNCLKATLVDLERSDTYLASLLNVLEATLSFVPSSTDASEVWDVSLFDHLKL TGALGACTWHYLQATGQSDFK SAL FDXQOTF YNEKAF LLTTFOVSGIQDF IYTIHSSGAAKMLRARRRSS - - - - - === - m o e m e e e oo e oo e e e e e oo
ATVNKLKATLVDLERSDTYLASLLNVLEATLSFVPSSTDASEWDVSLFDHLY L TGALGACTWHYLQATGQSDFKSAL FOXQDTF YNEKAF LLTTFOVSGIQDF IYTIHSSGAAXMLRAR SFYLEMLTEHLIDELLARVGL SRANLNYSGGGHAYLLLPNT ESARKSVEQF EREANDMLL
ATVNCLKATLVDLERSDTYLASLLNVLEATLSFVPSSTDASEVWDVSLFDHLXL TGALGACTWHYLQATGQSDFKSAL FOXQDTFYNEKAF LLTTFDOVSGIQDFIYTIHSSGAAKMLRAR SFYLEMLTEHLIDELLARVEPPR -« < = v v v v mmm v mmcm v m e m e e
ATVNKLKAILVOLERSDTYLASLLNVLEATLSFVPSSTDASEVWDVSLF DHLEL TGALGACTWHYLQATGQSDFKSAL FDXQDTFYNEKAF LLTTFOVSGIQDFIYTIHSSGAAXMLRAR SFYLEMLTEHLIDEL LARVGL SRANLNYSGGGHAYLLLPNTESARK SVEQF EREANDWLL
AIVNCLKATLVDLERSDTYLASLLNVLEATLSFVPSSTDASEWDVSLFDHLKL TGALGACIWHYLQATGQSDFKSAL FDXQDTFYNEKAF LLTTFDVSGIQDFIYTIHSSGAAKMLRAR SFYLEMLTEHLIDEL LARVGL SRANLNYSGGGHAYLL LPNTESARK SVEQF EREANDULL
ATVNKLKATLVDLERSDTYLASLLNVLEATLSFVPSSTDASEVWDVSLFDHLKL TGALGACIWHYLQATGQSDFKSAL FDKQDTF YNEKAF LLTTFDVSGIQOF IYTIHSSGAAKMLRAR SFYLEMLTEHLIDELLARVGL SRANLNYSGGGHAYLLLPNTESARK SVEQF EREANDULL
ATVNCLECATLVDL ERSDTYLASLLNVL EATL SFUPSSTDAS EVWDVSLFDHLYL TGALGACTWHYLQATGQSDFKSALFOXQOTFYNEKAF LL TTFDVSGIQOFIYTIHSSGAAKMLRAR SFYLEMLTEHLIDEL LARVGL SRANLNYSGGGHAYLLLPNTESARK SVEQF EREANDMLL
ATVNCLKATLVDLERSDTYLASLLNVLEATLSFVPSSTDASEVWDVSLFDHLXLTGALGACIWHYLQATGQSDFK SAL FDXQOTFYNEKAF LLTTFOVSGIQOF IYTIHSSGAAKMLRAR SFYLEMLTEHLIDEL LARVGLSRANLNYSGGGHAYLLLPNTESARL SVEQF EREANDULL
ATVNCLKATLYDLERSDTYLASLLNVLEATLSFVPSSTDASEVWDVSLFDHLYL TGALGACTWHYLQATGQSDFK SAL FDKQOTF YNEKAF LLTTFDVSGIQOFIYTIHSSGAAXMLRAR SFYLEML TEHLIDEL LARVGL SRANLNYSGGGHAYLLLPNTESARKSVEQF EREANDULL

B L e e e

ENFATRLFIATGSVPLAANDLMARPNESASQASNRALRYSGLYREL SEQLSAKKLARYSADXAVAPAG- - --------- L e
ENFATRLFIATGSVPLAANDLMRRPNESASQASNRALRYSGLYREL SEQLSAXKLARYSADQL RELNSRDHDGQKGDRECSVCHTVNRTVSADDERPKCSLCQALTAASSQIQSESRRFLLISDGATKGLPLPFGATLTFCSRADADKALNRPGESGDSLT
ENFATRLFIATGSVPLAANDLMARPNESASQASNRALRYSGLYREL SEQLSAXKLARYSADQLRELNSRDHDGOKGDRECSVCHTVYNRTVSADDERPKCSLCQAL TAASSQIQSESRRFLLISDGATHGLPLPFGATLTFCSRADADKALQQPQTRRRYAKNKFFAGECLGTGLWVGDYVA
ENFATRLFTATGSVPLAANDLMARPNESASQASNRALRYSGLYREL SEQLSAXKLARYSADQLRE LNSROHOGQKGDRECSVCHTVNRTVSADDEPKCSLCQALTAASSQIQSESRRFLLISDGATHGLPLPFGATLTFCSRADADKALQQPQTRRRYAKNKFFAGECLGTGLWVEDYVA
ENFATRLFIATGSVPLAANDLMRRPNESASQASNRALRYSGLYRELSEQLSAXKLARYSADQLRELNSRDHDGQKGDRECSVCHTVRRTVSADDERPKCSLCQALTAASSQIQSESRRF LLISDGATXGLPLPF GATLTFCSRADADKALQQPQTRRAYAKNKFFAGECLGTGLWVEDYVA
ENFATRLFIATGSVPLAANDLMRRPNESASQASNRALRYSGLYREL SEQLSAXKLARYSADQLRELNSRDHDGQK GDRECSVCHTVNRTYSADDERPKCSLCQALTAASSQIQSESRRFLLISDGATKGLPLPFGATLTFCSRADADKALQQPQTRRAYAKNKF FAGECLGTGLWVGDYVA

QUEFGDYVKRASGIARLGVLRLDVONLGQAF THGFMEQGNGKFNTISRTAAFSRMLSLFFRQHINYVLARP - - - KLRP ITGOOPARPREATIIYSGGDOVF VWGAWDDVIEFGI ELRERFRQHINYVLARP - - - KLRP I TGDOPARPREATIIYSGGOOVF VWGAWDDVIEFGI ELRERF
QUEFGDYVKRASGIARLGVLRLDVONLGQAF THGFMEQGNGKFNTI SRTAAFSRMLSLFFRQHINYVLARP - - - KLRPTTGDOPARPAEAT ITYSGGODVF VVGAWDDVIEFGI ELRERFRQHINYVLARP - - - KLRP I TGDOPARPAEAT ITYSGGDOVFVVGAWDDVIEFGIELRERF
QUEFGDYVXRASGTARLGVLRLDVONLGQAF THGFMEQGNGKFNTESRTAAFSRMLSLFFRQHINYVLARP - - -KLRPITGDOPARPREATIIYSGGOOVF VWGAWDDVIEFGI ELRERFRQHINYVLARP - - - KLRP ITGDOPARPREAT ITYSGGOOVF VWGAWDDVIEFGI ELRERF
QUEFGDYVKRASGIARLGVLRLOVONLGQAF THGFMEQGNGKFNTISRTAAF SRMLSLFFRQHINYVLARP - - -KLRP I TGDOPARPREATITYSGGDOVF VWGAKDDVIEFGI ELRERFRQHINYVLARP - - - KLRP ITGDOPARPREATITYSGGDOVF VWGAWDDVIEFGI ELRERF

KAK25921,1-india-CWCFVRF_MORTB_670

HEFTQGXLTV--~----- SAGIGMFPOKYPISVMAREVGDL EDAAKSLPGENGVALFDREFTFGWDELL SKVIEEKYRHIADYF SGNEERGMAF TYKLLELLAERDDRITKARWVYFLTRMRNP TGDTAPF QQF ANRLHQuWF QOPTDAKQLKTALHLYIYRTRKEESE
HEFTQGKLTV - - - - - - - SAGIGMFPDKYP I SVMAREVGDL EDAAKSLPGKNGVALFDREFTFGWDELL SKVIEEKYRHIADYF SGNEERGMAF YKL LELLAERDORITKARWVYFLTRMRANPTGDTAPF QQF ANRLHQWF QOPTDAKQLKTALMLYIYRTRKEESE
HEFTQGKLTV------- SAGIGMFPDKYPISVMAREVGDL EDAAKSLPGKNGVALFDREFTFGHDELL SKVIEEKYRHIADYF SGNEERGMAF TYKLLELLAERDORITHARIVYFLTRMRNPTGDTAPF QQF ANRLHQWF QOPTDAKQUKTALHLYIYRTRKEESE
HEFTQGKLTV- - - - - - - SAGIGMFPOKYPISVMARE IGDL EDAAKSLPGKNGVALFDREFTFGWDELL SKVIEEKYRHIADYF SGNEERGMAF 1YKLLELLAERDORI TKARWVYF L TRMANPTGDTAPFQQF ANRLHQWF QOPTDAKQLKTALHLYIYRTRKEESE

AIH75186.1-southKorea
KCQ99813.1-partial_sweden
CMR68736.1-russia
COV47571.1-amstercam
AMC430851.1-F1
AMCES171,1-africanum
AAK47215,1-CDC1551
AGL28263,1-TamilNaduSouthIndia
(CSicasle-2

CRD18704.1-uk

AIH75186.1-southKorea
KCQ99813,1-partial_sweden
CMR68736.1-russia
COV47571.1-amsterdam
AMC43051.1-F1
AMC65171.1-africanum
AAK47215.1-CDC1551
AGL28263,1-TamilNaduSouthIndia
CSlcasle-2

CRD18704,1-uk

AIN75186.1-southKorea
KCQ99813,1-partial_sweden
CMR68736.1-russia
COV47571.1-amsterdam
AMC43051.1-F1
AMC65171.1-africanum
AAK47215.1-CDC1551
AGL28263.1-TamilMNaduSouthIndia
CSicasle-2

CRD18704.1-uk

AlH75186.1-southKorea
KCQ99813.1-partial_sweden
CMRE68736.1-russia
COV47571.1-amsterdam
AMC43051.1-F1
AMC65171.1-africanum
AAK47215.1-CDC1551
AGL28263.1-TamilNaduSouthIndia
CSicasle-2

CRD18704,1-uk

AIH75186,1-southKorea
KCQ99813.1-partial_sweden
CMR68736.1-russia
COV47571.1-amsterdam
AMC43051.1-F1
AMCE5171.1-africanum
AAK47215.1-CDC1551
AGL28263.1-TamilNaduSouthIndia
CSlcasle-2

CRD18704.1-uk

MAPEAMNPQLIEATIGCLL HDTGXPVQRAAL GYPGRHSATGRAFMKK VL RDSRNPSQF T DEVDEADIGYSDRRTLDAT SYHHSSAL RTAAENGR LAADAPAYTAYTADNT AAGTDARKADSDOGHGAS THDPDTPL YSIFNRFGSGTANLAF APEMLDDRKPINIPSPARTEF DKDRYA
-------------------------------------------- MKKVILRDSRNPSQF T DEVDEADIGVSDRRILDAT SYHHSSALRTAAENGRLAADAPAYIAY - - -NIAAGTDRRKADSDOGHGAS TWDPDTPLYSHFNRF GSGTANLAF APEMLDDRKP INIPSPARTEF DKDRYA
MRTEAMNPQLIEATIGCLL HDIGKPVORAAL GYPGRHSAIGRAFMKK VL RDSRNPSQF T DEVDEADIGVSDRRILDAI SYHHSSAL RTAAENGRLAADAPAYIAY - - -NIAAGTDRRKADSDDGHGAS THDPDTAL YSMFNRF GSGTANLAF APEMLDDRKPINIPSPARIEF DKDRYA
-------------------------------------------------------------------------------------------- MGRLAADAPAYIAYIADNI AAGTDRRKADSDOGHGAS THDPDTALYSHFNRF GSGTANLAF APEMLDORKPINIPSPARIEFDKDRYA
HRTEAMNPQLIEATIGCLLHDIGKPVQRAAL GYPGRHSATGRAFMKKVIHL RDSRNPSQF T DEVDEADIGVSDRR ILDAT SYHHSSAL RTAAENGRLAADAPAY IAYTADNI AAGTDARYADSDOGHGAS THDPDTPLYSMFNRF GSGTANLAF APENLDDRKP INIPSPRRIEFDKDRYA
------------------------------------------------------------------------------------------------------------------------------------------- MFNRFGSGTANLAF APEMLDDRKPINIPSPARIEFDKDRYA

MATEAMNPQLIEAITGCLLHDIGKPVQRAALGYAGRHSAIGRAFMKK VWL RDSANPSQF TDEVDEADIGVSDRRTLDAI SYHHSSAL RTASENGRLAADAPAYIAYTADNIAAGTDRR X ADSDOGHGAS THDPDTPLYSMFNRFGSGTANLAF APEMLDDRKPINIPSPRRIEFDKDRYA

ATVNKLKAILVDLERSDTYLASLLNVLEATLSFVPSSTDASEVWDVSLFOHLKLTGALGA CIMHYLQATGQSDF KSALFDKQDTFYNEXAFLLTTFDOVSGIQOF I YT IHHSGAAKMLRARSFYLEMLTEHL IDELLARVGLSRANLNYSGGGHAY LL LPNTESARKSVE -QF EREANDIL
---------------------------------------------------------------------- NSRLPTTLMNAR - - - - -DQPPAEVSDQRVSGL - - - - TGAVHSGAAKMLRARSFYLEMLTEHL IDELLARVGLSRANLNYSGGGHAYLLLPNTESARKSVE - QFEREANDIL
ATVNKLKAILVDLERSDTYLASLLNVLEATLSFVPSSTDASEVWDVSLFOHLKL TGALGA CIHHYLQATGQSDF KSALFOKQDTFYNEXAFLLTTFDVSGIQOF IYTIHSSGAAKMLRARSFYLEMLTEHL IDELLARVGLSRANLNYSGGGHAYLLLPNTESARKSVE - QF EREANDIL
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Figure 20: Filtered BLAST comparison results for csml.1 (top) and csml.2 (bottom). No strain shares the last
four amino acids not truncation in csml.1, although other strains are truncated slightly later. Csml.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 csml.1. This is of interest as the VRIP occurs at the end of
csml.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.

45




3.4.2 1prN/mcedE

The 1lprN/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 1lprN 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 1@bp 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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WP_085324142 1-refseq_full_decipiens 0.07899

TXA08794 1-bovisEgypt_partial 0.2432
TXA41256.1-bovisEgypt 0.14805

WP_085324925 1-refseq_full_decipiens 0.1578
WP_015303311.1-refseq_full_canettii -0.00787
REM97690.1-SouthAfricakwaZuluNatal_partial_PotDrugRes 003234
WP_042915070.1-refseq_full_canettii -0.02563

PLV46466.1-microti 0.07529

TXA42122 1-bovisEgypt 0.08137
REZ35700.1-SouthAfricakwaZuluNatal_partial_PotDrugRes -0.03301
AGL25049 1-HaarlemTamilNadu 0.01939

QEX91374.1-CS1-0.01254

AMC43805 1-F1 -0.00578

CS1lprN-1 -0.00491

REZ39364 1-SouthAfricakwaZuluNatal_partial_PotDrugRes -0.00866
AMC52717 1-bcg 0.00866

MX180154 1-KazakhstanAlmaty-DrugRes 0.00612

RENO05801 1-SouthAfricakwaZuluNatal_partial_PotDrugRes -0.00612
REM58201.1-SouthAfricakwaZuluNatal_partial_PotDrugRes -0.00504
REW12574 1-SouthAfricakwaZuluNatal_partial_PotDrugRes -0.00334
0SC62488 1-punjabGurdasspur_BEIJING 0.00181

WP_044097405 1-refseq_full_canettii 0.00244
WP_014001771.1-refseq_full_canettii 0.0025

WP_015291492 1-refseq_full_canettii 0.00251

REQ60177 1-SouthAfricakwaZuluNatal_partial_PotDrugRes -0.00251

ey [pA Ea

Figure 22: A phylogenetic tree from Clustal Omega showing the relatedness of matches for lprnl. 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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TXA42122 1-bovisEgypt 0.07888

PLV46466.1-microti 0.07777

WP_085324142 1-refseq_full_decipiens 0.08958

KBV42654 1-NRITLD34 0.07793

NKE26836 1-H37RvP_newyork_partial 0.06242
WP_085325791 1-refseq_full_decipiens 016557
PLV47433.1-microti 0.15973

COW41813.1-amsterdam 0.08675

REU54076 1-southAf_KwaZuluNatal_partial_drugres -0 07305
REW15735 1-southAf_KwaZuluNatal_partial_drugres -0.04359
QEX91375.1-CS1 0.01981
REM58028.1-southAf_KwaZuluNatal_partial-drugres -0.0134
AMC43806.1-F1 -0.00067

AGL25049 1-southindiaTamilNaduHaarlem 0.02477
REQ55662 1-southAf_KwaZuluNatal_partial _drugres -0.00907
WP_015291492 1-refseq_full_canettii 0.00166

COW41847 1-amsterdam -0.02689

AMC52717 1-BCG 0.03007
RENO05801.1-southAf_KwaZuluNatal_partial_drugres -0.01943
0SC62488 1-BeijingPunjabGurdasspur -0.00205
WP_014001771 1-refseq_full_canettii 0.00168
WP_044097405 1-refseq_full_canettii 0.00167

il

1

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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WP_085324142.1-refseq_full_decipiens
PLVA6466.1-microti

TXA42122.1-bovisEgypt
REZ39364.1-SouthAfricakwaZuluNatal_partial PotDrugRes
AMC52717.1-bcg

AGL25049. 1-Haar lemTamilNadu
WP_044097495,1-refseq_full_canettii
WP_915291492.1-refseq_full_canettii
MXI8@154.1-KazaknhstanAlmaty-DrugRes
WP_014001771.1-refseq_full_canettii
05C62488.1-punjabGurdasspur_BEIIING
RENOS5801.1-SouthAfricakwaZuluNatal_partial_PotDrugRes
REW12574,1-SouthAfricakwaZuluNatal_partial_PotDrugRes
QEX91374.1-CS1
REQ6@177.1-SouthAfricakwaZululatal_partial_PotDrugRes
REM58281.1-SouthAfricakwaZuluNatal_partial_PotDrugRes
CS11prh-1

AMC43805.1-F1
REZ3570@.1-SouthAfricakwaZululatal_partial_PotDrugRes
TXA@8794.1-bovisEgypt_partial

TXR41256.1-bovisEgypt
WP_985324925.1-refseq_full_decipiens
WP_915303311.1-refseq_full_canettii
REM97690.1-SouthAfricakwaZuluNatal_partial_PotDrugRes
WP_942915070.1-refseq full_canettii

WP_285324142.1-refseq_full_decipiens
PLV46466.1-microti

TXA42122.1-bovisEgypt
REZ39364.1-SouthAfricakwaZulutlatal partial_PotDrugRes
AMCS52717.1-beg

AGL25@49 . 1-HaarlemTamilNadu
WP_044097405.1-refseq_full_canettii
WP_015291492.1-refseq_full_canettii
MXI88154.1-KazaknstanAlmaty-DrugRes
WP_814001771.1-refseq_full_canettii
05C62488.1-punjabGurdasspur_BEIIING
REN@5801.1-SouthAfricakwaZululatal_partial_PotDrugRes
REW12574.1-SouthAfricakwaZululatal_partial_PotDrugRes
QEX91374.1-CS1
REQ6@177.1-SouthAfricakwaZululatal_partial_PotDrugRes
REMS58201.1-SouthAfricakwaZuluNatal_partial_PotDrugRes
CS1lprN-1

AMC43805.1-F1
REZ3570@.1-SouthAfricakwaZuluNatal_partial_PotDrugRes
TXA@8794,1-bovisEgypt_partial

TXA41256.1-bovisEgypt
WP_085324925.1-refseq_full_decipiens
WP_015383311.1-refseq_full_canettii
REMI7690.1-SouthAfricakwaZuluNatal_partial_PotDrugRes
WP_242915070.1-refseq_full_canettii

WP_985324142.1-refseq_full_decipiens
PLV46466.1-microti

TXA42122.1-bovisEgypt
REZ39364,1-SouthAfricakwaZululatal_partial_PotDrugRes
AMC52717.1-bcg

AGL25849.1-Haar1emT ami 1Nadu
WP_0844097495.1-refseq_full_canettii
WP_0915291492.1-refseq_full_canettii
MX18@154.1-KazakhstanAlmaty-DrugRes
WP_014001771.1-refseq _full_canettii

0SC62488, 1-punjabGurdasspur_BEIIING
REN@5801.1-SouthAfricakwaZuluNatal_partial PotDrugRes
REW12574.1-SouthAfricakwaZuluNatal_partial_PotDrugRes
QEX91374.1-CS1
REQ60177.1-SouthAfricakwaZuluNatal_partial_PotDrugRes
REM58201.1-SouthAfricakwaZuluNatal_partial_PotDrugRes
Cs1lprii-1

AMC43805.1-F1
REZ3570@.1-SouthAfricakwaZuluNatal_partiasl PotDrugRes
TXAQ8794.1-bovisEgypt_partial

TXA41256.1-bovisEgypt
WP_085324925.1-refseq_full_decipiens
WP_015303311.1-refseq_full_canettii
REM9769@.1-SouthAfricakwaZululatal_partial PotDrugRes
WP_042915070.1-refseq_full_canettii

TXA42122, 1-bovisEgypt

PLV46466.1-microti
WP_085324142.1-refseq_full_decipiens
COW41813,1-amsterdam

COn41847 ,1-amstercam

AMC52717.1-8CG

05C62488, 1-BeijingPunjabGurdasspur
WP_014001771.1-refseq_full_canettii
WP_044097405.1-refseq_full_canettii

RENOG5801, 1-southAf_KwaZuluNatal_partial_drugres
AGL25049.1-southIndiaTamilNadubaarlem
WP_015291492.1-refseq_full_canettii
AMCA43806.1-F1

QEX91375.1-CS1

REQ55662, 1-southAf_KwaZuluNatal_partial_drugres
REMS8028.1-s0uthAf_KwaZuluNatal_partial-drugres
REW15735,1-50uthAf_KwaZuluNatal_partial_drugres
REUS4076. 1-s0uthAf_KwaZuluNatal_partial_drugres
KBV42654.1-NRITLD34
NKE26836.1-H37RvP_newyork_partial
WP_085325791,1-refseq_full_decipiens
PLV47433,1-microti

TXA42122.1-bovisEgypt

PLV46466,1-microti
WP_085324142.1-refseq_full_decipiens
C0K41813.1-amsterdam

COW41847 . 1-amsterdam

AMC52717.1-BCG

0562488, 1-Bed jingPunjabGurdasspur
WP_014001771.1-refseq_full_canettii
WP_044097405.1-refseq_full_cenettii

RENO5801, 1-southAf_KwaZuluhatal_partial_drugres
AGL25049,1-southIndiaTamilNaduHaarlen
WP_015291492.1-refseq_full_canettil
AMC43806.1-F1

QEX91375,1-C51
REQ55662.1-s0uthAf_KwaZuluNatal _partial drugres
REM58028, 1- southAf_KwaZuluNatal _partial-drugres
REW15735.1-s0uthAf_KwaZuluNatal_partial_drugres
REU54076.1-southAf_KwaZuluNatal_pertial_drugres
KBV42654.1-NRITLD34

NKE26836, 1-H37RvP_newyork_partial
WP_085325791.1-refseq_full_decipiens
PLV47433,1-microtd

TXA42122,1-bovisEgypt

PLV46466.1-microti
WP_085324142.1-refseq_full_decipiens
CON41813. 1-amsterdam

COW41847,1-amsterdam

AMC52717.1-8BCG

05C62488, 1-BeijingPunjabGurdasspur
WP_014001771.1-refseq_full_canettii
WP_044097405 . 1-refseq_full_canettii

RENOS801, 1-southAf_KwaZuluNatal_partial_drugres
AGL25049. 1-southIndiaTamilNadukaarlem
WP_015291492.1-refseq_full_canettii
AMCA3806.1-F1

QEX91375.1-CS1
REQS55662.1-southAf_KwaZuluNatal_partial_drugres
REMS8028, 1- southAf_KwaZuluNatal_partial-drugres
REW15735.1-s0uthAf_KwaZuluNastal_partial _drugres
REUS4076, 1-southAf_KwaZuluNatal_partial_orugres
KBV42654,1-NRITLD34
NKE26836,1-H37RvP_newyork_partial
WP_085325791.1-refseq_full_decipiens
PLV47433.1-microtd

Figure 24: Filtered BLAST comparison results for 1lprNl1 & 2 (in order, 2 being N-terminal). The VRIP occurs in
1prN2 and there appears to be a greater level of variation in matched strains for 1lprN2, 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,
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QRPDGSFYAAVKLDLOKNVLLP) SLLGSLHVELAPPTDRPPTGRLVDGSRITEANTDRFPT

FYAAVKLDLOKNVLLI LLGSLHVELAPPTDRPPTGRLVDGSRI TEANTDRFPT
AAVKLDLDKNVLLI LGSLHVELAPPTDRPPTGRLVDGSRITEANTDRFPT
-TEANTDRFPT

WLVTI‘Y!DGNDLPNJATAYLWYSL LGSVHVELAPPAGVAPQGKLKNGSLIPLSSAGAYPS
QGHHALVTMOLNGNVDLPANATANLGQT SLLGSLHI ELAPPTDVPPEGKLGEGSLIRLSSAGRFPS
QGIHALVTMRLDGDVDLPANATAKIGTTSLLGSYHI ELAPPKGEARQGX LRDGSLIAL SHGSAYPS

QGHHALVTMALDGDVDLPANATAXIGTTSLLGSYHI ELAPPKGGARQGKLADGSLIALSHGSAYPS

MAALLAAVALATLSGC - -GFRGLNSFNLPGT TIRAQ! T -
VTKIER-
AVQAQL o TVGHVTKIER-

TVGHVTKIER~

TEEVFSAL GALEET VDLVPRLAELTAGL IDAVEGLNAF SATLARDXDNLGRALDTLPEAVRVLNENREHIVDAF AALKRLATVTSHVL AXTXVDFAEDLRSLYPVVKAL SONRSOFVTAQQILLTFPFPNFGIKQAVAGDYLNVFTTF
TEEVFSALGVWWINKGNLGALEE ITDETYQQVAGW KGLLPRLAELTSGL - SRQVGDIIDATDGLNAF SATLARDKENLSRTLOTLPDAL RVLNKNRDOHIVEAFAALKKLATVTSHYL SETKTOFAEDLKGL YSYVKALNDNRKNFVTSLQLLLTFPFPNFGI KQAVRGDYLNVFTTF

TEEVLSAL EEITDETY VDLVPRLAELTSGL TDAVDGLNAF SASLARDXDNLGRALDTLPEATRVLNKNRDHIVEAF SALHKLADVTSHIL AX TKVDF AADLKDL YAAVKALNDNRRNFVTSLQLLLTFPFPNFGIKQAVAGDYLNVFTTF
TEEVFSAL EETIDETHQAVAGRQAQFVNLVPRLAEL TAGL - NRQVHDITDALDGLNAYSATLARDKDNLGRAL DTLPDAVRVL NQNRDHIVDAF AALKRL TMVTSHVL AETKVDFGEDLKDL YSTVKALNDDRKDFVTSLQLLLTFPEPNFGTKQAY-- - -—--- -
TEEVFSALS EET. IQAVAGRQAQFVNLVPRLAELTAGL IDALDGLNAVSATLARDKDNLGRALDTL PDAVRVLNQNRDHIVDAF AALKRLTMYTSHVL AETXVDFGEDLKDL YSIVKAL VTSLQLLLTFPFPNFGIKQA LNVETTF
TEEVFSALG EETIDETHQAVAGRQAQFVNLVPRL DGLNAVSATLARDKDNLGRALDTLDAVRVLNQNRDHIVDAF AL KRLTMVTSHVL AE TKVDFGEDLKDL YSIVKAL! VTSLQLLLTFPFPNFGIKQA LIVFTTE
TEEVFSAL EETIDETHQAVAGRQAQFVNLVPRLAELTAGL TDALDGLNAVSATLARDXDNL GRALDTL PDAVRVLNQNRDHIVDAF AALKRL THVTSHVL AETKVOFGEDLKDL YSTVKAL VTSLQLLL LWVFTTF
TEEVFSAL EEI VNLVPRLAEL TAGL -NAQVHDIIDALDGLNAVSATL ARDDNLGRALDTLPDAVRVLNNRDHIVDAF AALKRL THYTSHVL AETKVDF GEDLKDLYSTVEALNDDRKOFVTSLQLLL TFPFPNFGTKQAVRGDYLNVETTF
TEEVFSAL EEI UNLVPRLAEL TAGL - NRQVHDIIDALDGLNAVSATL ARDKDNLGRALDTL PDAVRVLNQNRDHIVDAF AALKRL TMVTSHVL AETKVDFGEDLKDL YSTVEAL VTSLQLLLTFPFPNFGIKQ LWETTF
TEEVFSAL EET. QAQFVNLVPRLAEL TAGL - NRQVHDITDAL DGLNAVSATLARDKDNLGRALDTL PDAVRVLNQNADHIVDAF AAL KRL TMVTSHVL AETKVDF GEDLKDL YSTVKAL VTSLQLLLTEPFPN LWVFTTF
TEEVFSALGVVWINKGNVGAL EE TTDETHQAVAGRQAQFVNLVPRLAEL TAGL - NRQVHDIIDAL DGLNAVSAT LARDXDNLGRALDTLPDAVRVLNQNADHIVDAF SALKRLTHVTSHVL AETKVDF GEDLKDLYSIVKAL VTSLQLLLTEPFPNFGIKQA LWVETTF
TEEVFSAL EETIDETHQAVAGRQAQFYNLVPRLAEL TAGL IDALDGLNAVSATLARDKDNL GRALDTL PDAVRVLNQNRDHIVDAF AALKRLTMYTSHVL AETKVDFGEDLKDLYSIVKAL VTSLQLLLTFPFPNFGIKQA LMNVFTTF
TEEVFSALGVWWNKGNVGAL EETIDETHQAVAGRQAQFYNLVPRLAEL TAGL - NRQVHDIIDAL DGLNAVSAT LARDKDNLGRALDTLPDAVRYLNONRDHIVDAF AALKRLTHMYTSHVL AE TKVDF GEDLKDLYSIVKAL! VTSLQLLLTFPFPNFGIKQY LWFTTE
---------------------------------------------------------------- MLNQNRDHIVDAF AALKRL THYTSHVL AETKVDFGEDLKDL YSIVEAL VTSLQLLLTFPEPN LIWVFTTF
e -RQUHDIIDALDGLNRVSATLARDKDNLGRALDTLPDAVRVLNQNRDHIVDAF AAL KRL TMVTSHVL AETKVDFGEDLKDL YSTVKAL VTSLQLLLTFPFPNFGIKQA LNVETTE

-~GNVGALEETIDETHQAVAGRQAQFVNLVPRLAEL TAGL - NRQVHDIIDAL DGLNAVSATLARDXDNLGRALDTL PDAVRVLNQNRDHIVDAF AAL KRLTMVT SHVL AETXVOFGEDLKDL YSIVKALNDDRKDFVTSLQLLLTFPFPNFGIKQAVRGDYLNVFTTF

VLNQNRDHIVDAFAALKRLTMYTSHVL AETKVDFGEDLKDLYSIVKALNDDRKOFVTSLQLLLTFPFPNFGIKQAVRGDYLNVFTTF
-MDGLNAVSAILARDXDNLGRALDTLPDAVRVLNQNRDHIVDAF AL KRLTMVTSHVL AETKVDFGEDLKDLYSIVKALNDDRKDFVTSLQLLLTFPFPHFGIKQAVRGDYLNVFTTF
------------------------- ~VVDKAL TSVPKALAVLAQERTKIADT IDRVGKF SAIAADTI HQSKQSLVDNLRNIAPALRSLADAGPSL TRGLDGLATYPHPASTVRNWFRGDYANLTLIV
TERTLAAVSLLLNGGGLGQVQDITXTLSTAFSGREQOLANLLNQLDTFVGYL - NDQKSDITAATDHLNNLVGQF ADQXPTIDKALKTIPQAL TVLKDERENLANALGEVGQLSALAADSY NK TKENLIXELKDLGPVLQSLADAGPAL TRSLGFLGTFPFPAETLSKWIRGDYANLTAVI
TEQALAAVALLLNGGGYSNIYDITEALSTAFAGREDDLRSLIEQLDQATGYL - DOQUADITAAT ESVINLIGQTADQKPVVDKAL RTIPDALAVLRDERENLAEALAQLGKFSALAADSY NQTREALVHELKDL GPVLESLADAGPAL TRALSFLPTFPFPKETL TNWMRGDYANLTLVL
TEQT WLSLVLWLWIYE‘LSY‘F'\G‘EWLRGLXQLDTFTAVL NQSGDITAATDSLNALVGKFADQQPYVFDRALATIPDALAVLADERDTLVEAAEQLSKF SALTVDSY KX TTANLVTELRQLGPVLESLANSGPAL TRSLSLLATFPFPNETFQNFQRGDYANLTATY
-AVLADERDTLVEAAEQLSKF SALTVDSYNK TTANLVTELRQLGPYLESLANSGPAL TRSLSLLATFPFPNETFQNFQRGEYANLTALY
TEQTLMLSLVLMGGLGQV@ITEALSTAFAG EHDLRG LXGQLDTFTAVL NNQSGDIIAATDSLNALYGKFADQQPVFDRALATIPDALAVLADERDTLVEAAEQLSKFSALTVDSY NKTTANLVTELRQLGPVLESLANSGPAL TRSLSLLATFPF PNETFQNFQRGDYANL TALY

DLTLRAIGETFFTTSYFDPN'AHHAETVHPPDF LVGELA- -
DLTLRRLGETEF TTAYFDPNHAHHSETLNPPDFLIGELA
DLTLRALGETEF TTAYFDPNMAHNETLNPPDF LVGEMA
DLTLRRIGETFFTTAYFOPNMAHMDEILNPPOFLIGELA
DLTLRRIGETFF TTAYFOPNMAHMDEILNPPOFLIGELA
DLTLRRIGETFFTTAYFOPNUAH'DETLNPPOFLIGELA
DLTLRAIGETEFTTAYFOPNHAHDETLNPPDFLIGELA
DLTLRRIGETFFTTAYFOPNMAH'DEILNPPOF LIGELA
DLTLRRIGETFFTTAYFOPNUAHDEILNPPDFLIGELA-
DLTLRRIGETFF TTAYFDPNUAHDEILNPPOF LIGELA-
DLTLRRIGETFF TTAYFDPNMAHHDE ILNPPOF LIGELA
DLTLRRIGETFFTTAYFDPNMAHMDEILNPPOFLIGELA
DLTLRRIGETEF TTAYFDPNUAHUDETLNPPOFLIGELA
DLTLRRIGETFFTTAYFDPNHAHIDETLHPPDF LIGELA
DLTLRRIGETFFTTAYFOPNMAH!OELLNPPDFLIGELA
DLTLRRIGETFFTTAYFDPNMAHUDEILNPPOF LIGELA
DLTLRRIGETFFTTAYFOPNUAHIDELLNPPOFLIGELA
DLTLRRIGETFF TTAYFOPNMAHMDEILNPPOFLIGELA- - - - -NLSGQAADPFKIPPGTASGQ
DLTLSRIDQGLF TGSAHEGNLTQLELQWGR - - - TIGHQPSPYTGG- -~ - -~ -~~~ ---~
DLTLSRLDASFL TGTRFECNL TEL ELQUGR -
DLTLSAIDSGFF TGTRYECDL TELELQWGR -
DLTLSRIDQGLLTGTRHECHLTQLELQWGR -
DLTLSRIDQGLL TGTRHECHL TQLELQWGR -
DLTLSRIDQGLL TGTRWECHL TQLELQWGR - - -

~NLSGQAADPFTIPAGSGQ- -
LSGQAADPFEIPPGTAAH-
LSGQAADPFKIPPGTASGQ

NLSGQAADPFKIPPGTASGQ

TIGQFPSPCTAGYRGTPGNPLTIAYRIDQGR

~MSRMNLAAGGLATGSMLLAGCQ - - FGOLN SLAMPGTAGHGSGAYSI TVELPOVATLPQNS PYMVDDVTVGSVAGISA- - - - - EQASDGSFYAAVKLALDKNVVLPANSTATVAQTSLLGSMHIDLNRPLDRPAVGRLTOGSKIAEANTG
< ~MARILLRGGALVAGSVLLAGCQ- - FDGLN SLAMPGTAGHGGGAF TVTVEMADVATLPQNSPVMIDDVTVGSVSGISA - ~EQRSDGSFYAAVKLALDKNVVLPANATATVAQTSLLGSLHIDLSPPYGKPATGRLVDGSK ISESNTG
MKRTWLRGSVLAAGSAL LAGCQ- -FGGLN SLPLPGTAGHGPGAYE I TVEMPDVATLPQNSPVMVDDVTVGSVSGITA - - - - - EQRSDGSF YAAVQLSLOQNVWL PANAIAKVSQTSL LGSMHVEL ARPVDXPAIGRLVDGSRIPESRTG
VQRPDGSF YAAVKLOLOKNVLL PANAVAKVSQTSLLGSLHVELAPPTDRPPTGALVDGSRXOOOOISH
VQRPDGSFYAAVKLOLDKNVLLPANAVAKVSQTSLLGSLHVELAPPTDRPPTGRLVDGSRITEANTD
-VQRPDGSFYAAVKLOLDKNVLLPANAVAKVSQTSLLGSLHVELAPPTDRPPTGRLVDGSRITEANTD

LQSLLWFAPGPAPAPPAWASW EFNLVAINN 1- -DGQQRAACRLSVWALNSLPLPGTAGHGEGAYSYTVEMADVATLPQNS PYMVDDVTVGSVAGIVA -

. v es “MTASSALLAGC - - QFGGLN SLPLPGTAGHGEGAYSVTVEMADVATLPQNSPYMVDDYTVGSVAGIVA - - - - -VQAPDGSF YAAVKLDLDKNVLL PANAVAKVSQTSLLGSLHVELAPPTDRPPTGRLVDGSRITEANTD
mllHLﬂAHLYASSﬂLLAGC - QFGGLN SLPLPGTAGHGEGAY SVTVEMADVATLPQNS PVMVDNVTVGSVAGIVA - - - - -VQAPDGSFYAAVKLDLDKNVLL PANAVAXVSQTSLLGSLHVELAPPTDRPPTGRLYDGSRITEANTD
< <MNRTWLRATTLTASSALLPGC- VGGLNSLPLPGTM!GAYSVTV!WVATLPQSWWWVTVGSVAG!VA ~~~~~ VQRPDGSF YAAVKLOLDKNVLLPANAVAKVSQTSLLGSLHVELAPPTDRPPTGRLVDGSRITEANTD
-VQRPDGSF YAAVKLOLDKNVLLPANAVAKVSQTSLLGSLHVELAPPTORPPTGRLYDGSRITEANTD
-VQAPDGSF YAAVKLOLDKNVLLPANAVAKVSQTSLLGSLHVELAPPTDRPPTGALVDGSRITEANTD
-VQRPDGSF YAAVKLDLDKHVLL PANAVAKVSQTSLLGSLHVELAPPTDRPPTGRLVDGSRITEANTD
-VQRPDGSFYAAVKLDLDKNVLL PANAVAKVSQTSLLGSLHVELAPPTDRPPTGRLVDGSRITEANTD
-VQRPDGSFYAAVKLDLOKNVLL PANAVAKVSQTSLLGSLHVELAPPTDRPPTGRLYDGSRITEANTD
~VQAPDGSF YAAVKLDLDKNVLLPANAVAKVSQTSLLGSLHVELAPPTDRPPTGRLVDGSRITEANTD
- -VQAPDGSF YAAVKLDLOKNVLLPANAVAKVSQTSLLGSLHVELAPPTDRPPTGRLVDGSRITEANTD
“VQRPDGSP YAAVKLOLDKNVL - « « ==« s v v v nmmeemnsemmssnnenraseennnesamaennans
'VQHPDGS' ..........................................................
~RQGWHALVTHMRLDGDVDLPANATAKIGTTSLLGSYHIELAPPXGEARQGK LRDGSL TAL SHGS
RQGWHALYTMRLDGDVOLPANATAKIGTTSLLGSYHIELAPPXGEARQGK LRDGSL IALSHGS

MNRINLRATILTASSALLAXCQ- -FGGLXSLPI.PGTAG‘GEXAVSVTVEMDVATLPQ‘SMMJWTVGSV‘GWA-
- ~MNRIWLRATILTASSALLAGCQ- -FGGLN SLPLPGTAGHGEGAYSVTVEMADVATLPQNSPVMVDDVTVGSVAGIVA-
- ~MNRIWLAAIILTASSALLAGCQ- - FGOLN SLPLPGTAGHGEGAYSVTVEMADVATLPQNSPYMVDDYTVGSVAGIVA -
- ~MNRIWLRATILTASSAL LAGCQ- - FGGLN SLPLPGTAGHGEGAYSVTVEMADVATLPQNSPVIMVDDVTVGSVAGIVA -
- <MNRIWLAATILTASSALLAGCQ- - FGGLN SLPLPGTAGHGEGAY SVTVEMADVATLPQNSPVMVDDVTVGSVAGIVA -
- ~MNRIWLRATILTASSALLAGCQ- - FGGLN SLPLPGTAGHGEGAYSVTVEMADVATLAQNSPVMVODVTVGSVAGIVA -
- -MNRIWLRATILTASSALLAGCQ- - FGGLN SLPLPGTAGHGEGAYSVTVEMADVATLPQNSPVMVDDVTVGSVAGIVA -
MNRIWLRATILTASSALLAGCQ- -FGOLN SLPLPGTAGHGEGAYSVTVEMADVATLPQNSPVMVDDVTVGSVAGIVA -
= “MRIGLTLVMIAAVVASCG- -WRGLN SLPLPGTQGNGPGSF AVQAQLPDVNNIQPNSRVRVADYTVGHVTKIE - -
--------------------- ASCG- - WRGLN SLPLPGTQGNGPGSF AVQAQLPDVNNIQPNSRVRVADVTVGHVTKIE

oo ATAGCPTLLARLLAVGSC - - -VLLIATGCA - - FHGLNSLPLPGAVGAGSGANI YHVLVANVGTL ESNSPVLINDVWVGSI SRMTVCTQL TAQC TEKGIWYADVEI SVERDAVVPANAVASVGQTSL LGSMHLELNPPLGQPATGRLQPGATIGLNRSS
~~~~~~~~~~~~~~~~~~~ MIARGKVRLPGFARRVFVWGCC - - -WFSATGCA - - FHGLNSLPLPGAVGRGPGANI YHVE LPNVGTME SNSPVMIDDVWVGSVGEMR - - - - - - - - - - VRGWHADVEI SVKROVWVPANVVASVGQTSL LGSMHVELNTPPGQGGSGRLQPGATIPLSRST
RYPTTEEVLSALGW LEEITDETY QDQFVDLVPRLAELTSGL - NRQUNDI IDAVOGLNRF SASLARDKDNLGRALDTLPEATRVL - - NKNRDHIVEAF SALHKLADYTSHILAK TXVOF AADLKDL YAAVKALNDNRRNFVTSLQLLLTEPEPNFGI KQAVRGDYL

RFPTTEEVF SALGWVNKGNLGALEEI TDETYQAVAGRQDQFKGLLPRLAEL TSGL - SRQVGDITDATDGLNAFSATLARDKENLSRTLOTLPDALRVL - - NKNRDHIVEAFAALKKLAT VTSHVLSETXTDFAEDLKGLYSYVKALNDNRKNFVTSLQULLTFPEPNFGIKQAVRGDYL
REPTTEEVFSALGWVNKGNFGALEEI TDEAYQAVAGRQGQFVDLVPRLAEL TAGL - NRQVNDI TDAVEGLNRFSATLARDKDNLGRALDTLPEAVRVL - - NENREHIVDAFAALKRLAT VT SHVLAK TXVDF AEDLRSLYPVVRAL SONRSOFVTAQQILLTFPFPNFGIKQAVRGDYL
SMTSPSAAMPALSRSNOPTD- - - - - L T L T T T
REPTTEEVFSALGVWVNKGNVGALEE I IDETHQAVAGRQAQFVNLVPRLAELTAGL - NRQVHDI TDALDGLNRVSAILARDKDNLGRALDTLPDAVRVL - - NQNRDHIVDAF AALKRL TMVTSHVLAE TKVOF GEDL KDL YSIVKALNDORKOFVTSLQLLLTFPFPNFGIKQAVRGDYL
RFPTTEEVFSALGWVNKGNVGALEEITDE THQAVAGRQAQFVNLVPRLAEL TAGL - NRQVHDIIDALDGLNRVSAILARDKDNLGRALDTLPDAVAVL - - NQNRDHIVDAF AALKRLTMYTSHVLAE TXVOF GEDLKDLYSTVKALNDDRKDFYTSLQLLLTFPFPNFGI KQAVAGDYL
RFPTTEEVFSALGVWVNKGNVGALEEITDETHQAVAGRQAQFVNLYPRLAEL TAGL - NRQVHDIIDALDGLNRVSAILARDXDNLGRALDTLPDAVAVL - - NQNADHIVDAF AL KRLTMYTSHVLAE TXVDFGEDLKDL YSIVKALNDDRKDFVTSLQLLLTFPFPNFGIKQAVRGDYL
RFPTTEEVFSALGWVNKGNVGAL EETTDETHQAVAGRQAQFYNLVPRLAEL TAGL - NAQVHDIIDALDGLNRVSAILARDXDNLGRALDTLPDAVAVL - - NQNRDHIVDAF AALKRLTMYTSHVLAE TXVDF GEDLKDLYSIVKALNDORKOFVTSLQLLLTFRFPNFGIKQAVAGDYL
REPTTEEVF SALGWVNKGNVGAL EET IDETHQAVAGRQAQFVNLVPRLAEL TAGL - NRQVHDITDALDGLNAVSAILARDKDNLGRALDTLPDAVAVL - - NQNRDHIVDAF AALKRLTMYTSHVLAETKVOF GEDLKOL YSIVKALNDDRKOFVTSLQLLLTFPPPNFGIKQAVRGDYL
REPTTEEVFSALGWVNKGNVGALEETTDETHQAVAGRQAQFYNLVPRLAEL TAGL - NRQVHDITDALDGLNRVSATLARDKDNLGRALDTLPDAVAVL - - NQNROHIVDAF AALKRLTMVTSHVLAE TXVOF GEDLKDLYSIVKALNDORKOFVTSLQLLLTFPFPNFGIKQAVRGDYL
RFPTTEEVFSALGWVNKGNVGALEEI IDETHQAVAGRQAQFVNLVPRLXGVDGGAXTGR XHDXTDAL DGLNRVSATLARDXDNLGRALDTLPDAVAVL - - NQNADHIVDAF AALKRLTMYTSHVLAE TXVDF GEDLKDL YSIVKALNDDRKDFVTSLQLLL TFPFPNFGIKQAVRGDYL
RFPTTEEVF SALGWVNKGNVGALEE L IDETHQAVAGRQAQFVNLVPRLAEL TAGL - MIQVHDIXDALDGLNRVSAILARD\DNLWLDYLFDAVRVL PQNNDHIVDAFMLtRLTHWSWLAET(VDFGEDLM.KVSIVKALMDQKDFVTSLQLLLTFP”NFGIKQR\RGWL
REPTTEEVF SALGVWVNKGNVGALEE I TDETHQAVAGRQAQFVNLVPRLAEL TAA
RFPTTEEVF SALGWVNKGNVGAL EET TDETHQAVAGRQAQFVNLVPRLAETRFSP - SNA SMMS
QFPTTEEVFSALGWVNKGNVMLEEIIDEWVAGRQ&QFVNLWRL
HFPTTEEVFSALGVWNKG~ -

AVPS?!QYLMLS.VLNGGGLCQVQD!T!ALSYAPAOR!POLIOLIGQLDTH‘AVL 'NQSGDXXMTD‘SLNRLVASSPTSW”IWPSFTRSROP‘ISGTGSSRLPSS-
AYPSTEQTLAALSLVLNGGGLGQVQOI TEALSTAFAGREHDLAGLIGQLDTF TAYL - NNQSGDITAATDSLNRLVGKFADQOPVFDRALATIPDALAVL - ADEHDTLV!M!QLSK’SALTVDSVN&TTMLVTELRQ(GWLESLANS(:PALTlSLSLLATFPFPNEVQiFQﬂGEYA
TYPSTEQTLSSVSAVVNGGGLGQIGET THNFNAAL SGNQGATRDL ITRLDTFVGTF -DQQADNL IASIQELNRFAGTLAGQRO TVAEALAXVPPALDVL - - IRERPRLTTALDKLAVFSNTATGL IRDTQADLVANLKNLEPT IQALVDOVGPE IDAALAF SLTFPFPQNLIDRGARGDYF
AYPSTEQTLSSLGAVVNGGGLGQIGEVVHNF STAL SGNGPAFRDLLTRLOTFVTTL -DDQRGNIVOSIQALNRLSATFAEQROVISNALQKIPPALDVL - - IKERPALTSALDHLATFSN TATRLVNOAQDOL VANLKNL EPT IKALADVGPEFGVATAAGFVF PF TQNFYDRAVAGDYF

NVETTFOLTLRALGETFF TTAYFDPNUAHMNETL
NVETTFOLTLRRLGETFF TTAYFOPNMAHMSETL -
NVETTFOLTLRRIGETFF TTSYFDPNMAHMAELV- -

---------- N-PPOF LVGEMANL SGQAADPFKIPPGTASGQ
N-PPOFLIGELANLSGQAADPFKIPPGTAAM - -
-N-PPDFLVGELANL SGQAADPE T IPAGSGQ-
-N-PPDFLIGELANLSGQAADPFKTPPGTASGQ-
-N-PPDFLIGELANL SGQAADPFKIPPGTASGQ-
- - -N-PPDFLIGELANLSGQAADPFKIPPGTASGQ
---------- N-PPDFLIGELANL SGQAADPFKTPPGTASGQ
-N-PPDFLIGELANL SGQARDPFKIPPGTASGQ-
-N-PPDFLIGELANLSGQAADPFKTPPGTASGQ-
-N-PPDFLIGELANLSGQAADPFKIPPGTASGQ-
-N-PPDFLIGELANLSGRAADPFKIPPGTASGQ-

NVETTFOLTLRRIGETFF TTAYFOPNMAHVDEIL -
NVETTFOLTLRAIGETFF TTAYFOPNMAHDEIL -
NVFTTFOLTLRRIGETFF TTAYFOPNMAMVDETL -
NVFTTFOLTLRRIGETFF TTAYFDPNMAHVDETL -
NVETTFOLTLRRIGETFF TTAYFOPNMAHDEIL -
NVETTFOLTLRRIGETFF TTAYFDPNMAHVDEIL -
NVETTFOLTLRRIGETFF TTAYFDPNMAHVDEIL -
NVFTTFOLTLRRIGETFF TTAYFOPNMAHMDELL -

NLTAIWLTLSRINGLLTGTMECKLTQLELMRTIW PSPCT&GYRGTWLTXAV‘W - - - 5w
NUWAHLOLTIPRLERGLMLGTHIGELHAPE PPAPGDPYYLNYTLOPLHAGLVP « - < <« v« -~ LPGPPPSQAR - - TMVAPMPAETPWPATDTP’SAWAEGGG

NLHVOLDLSIPRLKRGLLLGTHIGQLDEPE --= -WLPGEW&"INVTLWLWLRVPINDPNALPLPPPPPDMPG PQSAYGPRPGPAPTPDAS - LGQTPPAATAPTGDGG

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).

YP_177774.1 ARAGT IRGPYGGIGGAGGVGGAGGAAGAVTTT THASF NDPHGVAVNP GGNVYVTNFGSGTVSVINPATNTVTGSPITIGNGPSGVAVSPVTGLYFVTNF DSNTVSVIDPTTNTVTGSP T TVGTAPTGVAVNPYTGEVYVTNFAGDTVSVI
JEX92859. 1 AGT AGGAGRGPVGGI GGAGGYGGAGGAAGAY TTTTHASFNDPHGVAVNPGGNYYVTNFGSG INPATNTVTGSPITIGNGPSGVAVSPYTGLVFVTNEDSNTVSVIDPTTNTVTGSPITVGTAPT NPVTGEVYVT! TVSV

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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PRI03947 1-bovis_partial 0.07429
{ KEA70881.1-2104HD_partialRomania 0.03566
KBI06052.1-MAL020147_partial -0.02183
ANZ81621 1-KaragandyKazakhstan_drugres_ PEPGRS45 000078
— CMP38979 1-russia 0.00362
t— EQM21734.1-FJ05194-ChinaDrugRes 0.00075
KEP56505.1-BEIJING _thailand_mdr 0

— EMT36883 1-orygisPartial 0
 — CS1PEPGRS17 0

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 MALO20147 have matched as well. M. orygis is the closest match to CS1.

PRI®3947.1-bovis_partial - -GVGGAGGAGT TFGVAGGDGGT GGVGGHGGL I GVGGHGGDGGTGGTGGAVSLARAGTAG
KEA7@881.1-2104HD_partialROMBNIA s e eSS e e e eeEesesseees-s-—-— - --GGAAGLT TGGAVSLARAGTAGGA LARAGTAG
(MP38979.1-russia EA RLLIGDGAHGAPGTGQAGGDG! JGNGGNGGSGAP GAAGLIGNGGAGGTC LARAGTAG
KEPS56505.1-BEIJING_thailand_mdr LIGDGAHGAPGTGQAGGA JGNGGNGGSGAPGQA GLIGNGGAGGTGGAVSLARAGTAG
EQM21734.1-F)85194-ChinaDrugRes GRYLIGDGAHGAPGTGQAGGA GNGGNGGSGAPGQAGGAGGAAGLIGNGGAGGTGGAVSLARAGTAG

ANZ81621.1-KaragandyKazakhstan_drugres PEPGRSAS == - e ss oo oo o oo oo e e o e \GNGGNGG r.ICHCG—GGTfG~ LARAGTAG
EMT36883,1-orygisPartial ot 1 SRKLIGDGAHGAPGTGQAG! {GNGGNGGSGAP
CS1PEPGRS17 VINTPTEALVGRKLIGD - AHGAPGTGQAGGA G

KBI96@52.1-MALO20@147 partial

PRIO3947.1-bovis_partial
KEA70881.1-2184HD_partialRomania
CMP38979.1-russia
KEP56505.1-BEIJING_thailand_mdr
EQM21734.1-F105194-ChinaDrugRes
ANZ81621.1-KaragandyKazakhstan_drugres_PEPGRS45
EMT36883.1-orygisPartial

CS1PEPGRS17

KBIO6O52,1-MALB20147 partial

FDSH*’S:ID3TT”T /TGSPI T
'THFDSh /( ID“TY‘T TCSF'

5\,‘1'19 TvTst:'T‘:Gf SGVA

Figure 27: Filtered BLAST comparlson 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 1is
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.

CEZ23704 1-uk_midlands 0.06267
AMC52778.1-BCG 0.0029

TXB92399 1-partialWales -0.03631
QEX91420.1-CS1 0.00634
CKP71688.1-uk_midlands -0.00339
CKT76350.1-uk_midlands -0 00511
TXA42211.1-bovis 0. 03452
PLV46431.1-microti_OV24 0.03334
WP_085327034 1-refseq_full_decipiens 0 03307
WP_015291525 1-refseq_full_canetti 0.0089
WP_015294483 1-refseq_full_canettii 0.00423
WP _014001794 1-refseq_full_canetti -0.00015
AEJ48467 1-Beijing_family_Fujian 0.00137
Q7D5C1.1-CDC1551 -0.0003

KAN91181 1-bovis_Bz31150 -0.00016
AGL25096 1-haarlem 0.00647

AGL29014 1-CAS/NITR204_tamilNadu 0 00211

_‘E CKP21033.1-uk_midlands -0.06267

L

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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WP _085327034 1-refseq_full_decipiens 0.03045
TXA42211.1-bovisEgyptcattie 0. 03105
PLV46431.1-microti 0.03681

WP_015294483 1-refseq_full_canettii 0.00169
WP_014001794 1-refseq_full-canettii 0.00047
AFE18331 1-kerala_southindia 0.00049
00D62878.1-CDPH_C57 -0.08253
QEX91421.1-CS1 0.16537

00D55822 1-CDPH_C56 -0.16537
CFS00689 1-netherlands -0.0107

— AMC52779.1-bcg 0.0006

AGL29014 1-nitr204_tamilNadu 0.00086
AGL25096.1-haarlem 0.00574

KAN91181 1-bovisUgandaPotHumPath 0
AEJ48467 1-fujian 0.00185
Q7D5C1.1-cdc1551 0

)

:

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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— WP_085327034 1-refseq_full_decipiens 0.0362
_: TXA42211 1-bovisEgypt 0.03191
PLV46431.1-microti 0.03594
WP_015291525 1-refseq_full_canettii 0.00959
WP _015294483 1-refseq_full_canettii 0.00354
WP _014001794 1-refseq_full-canetti 0.0004
AUS52754 1-mexicoMichoacan 0.03485
CS1kstD-2 -0.0587
_: PLV47511.1-microti 0.07204
CNH54243 1-southAfricaStellenbosch 0.02941
EFD75237 1-GM_1503 -0.03342
R AMC52779.1-BCG -0.00832
AGL25096 1-TamilNaduHaarlem 0.00315
AGL29014 1-NITR204TamilNadu 0.00092
| Q7D5C1.1-CDC1551 0
KAN91181.1-bovisUganda 0
AEJ48467 1-fujlan_ccdc5079 0.00179

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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CKP21033.1-uk_midlands
TXA42211.1-bovis
PLV46431.1-microti_OV24
WP_815291525.1-refseq_full_canettii
AMC52778.1-BCG
CKP71688.1-uk_midlands
KAN91181.1-bovis_Bz31150
WP_015294483.1-refseq_full_canettii
CEZ23704.1-uk_midlands
QEX91420.1-CS1
TXB92399.1-partialiales

-~ -MTVQEFD\ VAAHRGLSTV TYLHGIVGE IVEPERIDAYLDRGP EMLSFVLKHTPLKIMCWVPGYSDY
1SAQE TAAHRGLSTIVIEXAPHF {IPN YLHGI! YLERGPEMLSFVLKHTPLKMCY 'SD'

TAQEYDV AALTAAHRGLSTVWLEXAAHF EAARTYLHGI IGDVWEPERIDTYLDRGPEMLSFVLKHTPLKMCWVPRYSDYYPEAPGGRA - -

-~ -MTAQEFDVVVVGSGAAGHVAALVAAHRGLST EAARTYLHGIVGEIVEPERIDAYLDRGPEMLSFVLKHTPLKMCWVPGYSDYYPEAPGGRPG -
AGMVAALVAAHRGLSTVWY EAARTYLHGIVGE! 'LDRGP EMLSFVLKHTPLKMCWVPGYSDYYPEAPGGRPG -

AGMVAALVAAHRGLSTY TYLHGIVGE IVEPERIDAYLDRGP EMLSFVLKHTPLKIMCWYPGYSDYYPEAPGGRP - -

WP_085327034.1-refseq_full_decipi
AGL25096.1-haarlem
AGL29914,1-CAS/NITR204_tamilNadu
WP_014001794.1-refseq_full_canettii
Q705C1.1-CDC1551
AE)48467.1-Beijing_family Fujian
CKT7635@.1-uk_midlands

CKP21033.1-uk_midlands
TXA42211.1-bovis
PLV46431.1-microti_OV24
WP_015291525.1-refseq_full_canettii
AMCS2778.1-BCG
CKP71688.1-uk_midlands
KAN91181.1-bovis_Bz31150
WP_015294483 ,1-refseq_full_canettii
CEZ23704.1-uk_midlands

QEX91428. 1
TXB92399.1-partialiales
WP_085327034.1-refseq_full_decipiens
AGL25096.1-haarlem
AGL29914.1-CAS/NITR204_tamilNadu
WP_014001794.1-refseq_full_canettii
Q7D5C1.1-CDC1551
AEJ48467.1-Beijing_family Fujian
CKT7635@.1-uk_midlands

CKP21033.1-uk_midlands
TXA42211.1-bovis
PLV46431.1-microti_OV24
WP_015291525.1-refseq_full_canettii
AMC52778.,1-BCG
CKP71688.1-uk_midlands
KAN91181.1-bovis_Bz31150
WP_015294483.1-refseq_full_canettii
CEZ23704.1-uk_midlands
QEX91420.1-CS1
TX892399.1-partialNales
WP_085327034.1-refseq_full_decipiens
AGL25096.1-haarlem
AGL29914.1-CAS/NITR284_tamilNadu
WP_014001734.1-refseq_full_canettii
Q7D5C1.1-CDC1551

AEJ48467.1-Beijing family_Fujien
CKT76350.1-uk_midlands

CKP21033.1-uk_midlands
TXA42211.1-bovis
PLV46431.1-microti_OV24
WP_015291525.1-refseq_full_canettii
AMCS2778.1-BCG

CKP71688. 1-uk_midlands
KAN91181.1-bovis_Bz31150
WP_015294483.1-refseq_full_canettii
CEZ23704.1-uk_midlands
QEX91420,1-CS51
TX892399.1-partialkales
WP_085327034.1-refseq_full_decipiens
AGL25096.1-haarlem
AGL29014.1-CAS/NITR204_tamilNadu
WP_014001794.1-refseq_full_cenettii
Q7D5C1.1-CDC1551
AE148467.1-Beijing_family_Fujian
CKT76350. 1-uk_midlands

WP_985327@34.1-refseq_full_decipiens
WP_015294483.1-refseq_full_canettii
AEJ48467.1-fujian
KAN91181.1-bovisUgandaPotHumPath
AFE18331.1-kerala_southIndia
WP_014001794.1-refseq_full-canettii
Q705C1.1-cdc1551
AGL29914,1-nitr204_tamilNadu
AMC52779.1-bcg

00D62878.1-CDPH_C57

QEX91421.1-CS1

00055822.1-COPH_C56
AGL25096.1-haarlem
CF500689.1-netherlands
TXA42211.1-bovisEgyptcattle
PLV46431.1-microti

WP_085327@34.1-refseq_full_decipiens
WP_015294483.1-refseq_full_canettii
AEJ48467.1-fujian
KAN91181.1-bovisUgandaPotHumPath
AFE18331.1-kerala_southIndia
WP_014001794.1-refseq_full-canettii
Q705C1.1-cdc1551
AGL29914.1-nitr204_tamilNadu
ANC52779.1-bcg

00062878 .1-COPH_C57

QEX91421.1-CS1

00055822.1-COPH_C56
AGL25096.1-haarlem
CFS@@689.1-netherlands
TXA42211.1-bovisEgyptcattle
PLV46431.1-microti

WP_085327634.1-refseq_full_decipiens
WP_015294483.1-refseq full_canettii
AEJ48467.1-fujian
KAN91181.1-bovisUgandaPotHumPath
AFE18331.1-kerala_southIndia
WP_214001794,1-refseq_full-canettii
Q7D5C1.1-cdc1551
AGL29014.1-nitr204_tamilNadu
AMCS2779.1-bcg

00062878 .1-COPH_C57

QEX91421.1-CS1

00055822, 1-CDPH_C56
AGL25096.1-haarlem
CFS00689.1-netherlands
TXA42211.1-bovisEgyptcattle
PLV46431.1-microti

WP_985327034.1-refseq_full_decipiens
WP_915294483.1-refseq_full_canettii
AE)48467.1-fujian
KAN91181.1-bovisUgandaPotHumPath
AFE18331,1-kerala_southIndia
WP_014001794.1-refseq_full-canettii
Q705C1.1-cdc1551
AGL29914.1-nitr204_tamilNadu
AMC52779.1-beg

00062878, 1-COPH_C57

QEX91421.1-CS1

00D55822.1-CDPH_C56
AGL25096.1-haarlem
CFS08689.1-netherlands
TXA42211.1-bovisEgyptcattle
PLV46431.1-microti
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TEWTVGAKANTGOGI LAAEKLGAAL ELMEDAWMGP TVPLVGAPWF AL SERNSPGS I IVNMSGX RFMNE SMP YVEACHHMYGGE YGQGPGPGENIPAWLYFDQQYRDRYIFAGLQPGQRIPRXNLESGVITQAE TLEELASKAGL - - PVDEF LAW'WMTGXDWG!SAVMY
TEWTVGAKANTGDGI TAGEKLGAAL TVPLVGAPWF, IIVHMSGKRFMNE SMPYVEAC 'GGE F GQGP VFOQQYRORYIFAGLQPGQRIPNKWMESGVIVRADTLEELAEKAGL - - PVAEF TATVARFNGF
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TEWTVGASANTGDGILAAEKLGAALDLMDDAINGP TVPLVGKPYI hR>=voee ~SHPARPVYPRTNSLPPSSVSTHSPGPVSTRTTTAGKVPTIATTA- - - - - VRAVSPKIT -
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TEWTVGAKANTGDGI TAAEKLGAALDLMDDAIWGP TVPLVGKPWF AL ISGXRFMNE SHP VFOQRYRDRYIFAGLQPGQRVPRRWLDSGVIVAADTLGELAGKAGL - - PADEL TATIE“FWMSMEWGESAMV
TEWTVGASANTGDGI LAAEKLGAALDLMDDAIMGP TVPLVGKPHF AL SERNSPGST XWS&R’MWWMWEWGNEMPWFM}WWW FAGLQPGQRIPSANLDSGVIVQADTLAELAGKAGL - - PADEL TATVQRFNAF ARSGYDEDYHRGESAYDRY
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YGOPTNKPNPNLGEL SHAPYYAAKLVPGDLGTKGGT RDDGSITEGL' IGHTYPGPGGT IGPAMTF GYLAALHTAGEN- - -

YGOPTNKPNPNLGEVGHPPYYAAKMVPGDLGTXGGT: RDDGSIIDGL YPGPGGT IGPAMTFGYLAAL

YGOPSNXPNPNLGEVGHPPYYGAKMYPGDLGTKGGIRTOVNGRALRDDGSI IDGL! YPGPGGT AAL Qr

WPTN\’WLGM@WLGT ADDGSIIDGL VMGHTYPGPGGTIGP. GYLAAL
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ADDGSIIOGL! YPGPGGTIGPAMT AAL Qi
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YGOPTNKPNPNLGEVGHPPYYGAKMVPGDLGTXGGIRTDVNGRAL RDDGSI10GL 1GHTYPGPGGT 1GP

GEVGHPPY KGGIR' RDDGSIIOGL YPGPGGT IGPAMT

GT RDDGSTIOGL
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= -HLSFVLWPLKMNPGVSDWPEAPGGRPG

-MSAQEYDVWWVGSGGAGHVAALTAAHRGL ST IVIEXAPHF GGSTARSGGGVIWIPNNEVLK RDGVKDTPEM“TYLMI IG)WEPERIDWL ERGPEMLSFVLKHT PLKJ{'&NPWSDWPESPGGMEG
---MTAQEYDVVWVGSGGAGHVAAL TAAHRGL STWWLEXAAHF GGSTARSGGGVWIPNNEVLK ROGVRDTPEAARTYLHGI IGDWEPERIDTYLDRGPEML SFVLKHTPLKICWVPRYSDYYPEAPGGRAEG - -

RSIEPKPFNARKLGADMPGL EPAYGKVPLNVVVHMQQDYVRLNQLKRHPRGVLRSMKVATATMUAKATGKNLVGMGRAL IGPLRIGLQRAGVPVE LNTALTDL YVENGVVSGVYVRDTNASES - AEPTLIRARRGVI LACGGF EHNEQURVKYQRAPT
-RSIEPKPFNARKLGADMAGLEPAYGKVPLNVVVMQQDYVRLNQLKRHPRGVLR SMKVGAR TMUAKATGKNLYGHMGRAL IGPLRIGLQRAGYPVELNTALTDLFVE SGVVSGVYVRDSHEAES - AEPQUIRARRGVI LACGGF EHNEQURTKYQRAPT
RSIEPKPFNARKLGADMAGLEPAYGKVPLNVVVMQQDYVRLNQLKRHPRGVLRSMKVGARTMHAX ATGKNLYGMGRAL IGP LRI GLQRAGVPVE LNTAFTDLFVENGVVSGVYVRDSHEAES - AEPQLTRARRGVI LACGGF EHNEQURIKYQRAPT

EPKPF LGADMAGL! 'LNVVVMQRDYVRLNQLKRHPRGVLR SMKVGAR TMUAKATGKNLVGMGRAL IGPLRIGLORAGVPVELNTAFTDLFVENGVVSGVYVRADSHEAE S - AEPQLIRARRGVI LACGGF EHNEQURIKYQRAPT
-~ - ~GRSIEPKPF NARKLGADMAGL EPAYGKVPLNVVVMQQD YVRLNQLKRHPRGVL R SMKVGAR TMUAKATGKNLVGMGRAL IGP LRI GLQRAGVPVE LNTAF TDLFVENGVVSGYYVRDSHEAESPSGPQLIRARRGVI LACGGF EHNEQURIKYQRAPT
- GRSIEPKPFNARKLGADMAGL EPAYGKVPLNVVVMQQDYVRLNQLKRHPRGYL R SMKVGAR TMUAKATGKNLVGMGRAL IGPLAIGLC VELNTAFTOLF V Y -AEPQL. LACGGFEHNEQURIKYQRAPI

- GRSLEPKPFNARKLGADMAGL EPAYGKVPLNVVYMQQDYVRLNQLKRHPRGVLR SMKVGARTMUAKATGKNLVGMGRAL IGPLRIGLQY VELNTAFTDLF Y ES-AXPQLI LACGGFEHNEQURIKYQRAPT

TTEWTVGAKANTGDGI IAAEKLGAALDLMDDAIKIGP TVP LVGKPHFAL SERNSPGS LIVNMSGKAF M- NESHP YVEACHHMYGGEHGQGPGPGENT PAWLVFDQRYRDRYIF AGLQPGQRVPRRHLDSGVIVAADT LGE LAGKAGL PADEL TATIERFNAF ARSGVDEDYQR
TTEWTVGASANTGDGI LAAEX LGAALDLMDDAWKIGP TVPLVGKPWFALSERNSPGS T IVNMSGKAFM - NESHMP YVEACHHMYGGEHGQGPGPGENI PAKLVFDQRYRDAYIF AGLQPGQR IPRRILDSGVIVQADT LAELAGRAGLPADEL TATVQRFNAFARSGVDEDYHR -
TTEWTVGASANTGDGT LAAEK LGAALDLMDDAWIGP TVP LVGKPWFALSERNSPGS T IVNMSGKRFM- NESHMPYVEACHHMYGGEHGQGPGPGENI PAWLVFDQRYRDRYIF AGLQPGQRIPS SHLDSGVIVQADT LAELAGRAGLPADEL TATVQRFNAF ARSGVDEDYHR -
TTEWTVGASANTGDGI LAAEX LGAALDLMDDAMIGP TVP LVGKPWFAL SERNSPGSTIVNMSGKRF M - NESIP YVEACHHMYGGEHGQGPGPGENI PAKLVFDQRYRDRYIF AGLQPGQR IPSRILDSGVIVQADT LAELAGKAGLPADEL TATVQRFNAF ARSGVDEDYHR -
TTEWTVGASANTGDGI LAAEX LGAAL DLMDDAKKGP TVPLVGKPYFAL SERNSPGSTIVNMSGKRFM- NESIP YVEACHHMYGGEHGQGPGPGENI PAWLVFDQRYRDRYIF AGLQPGQR IPSRNLDSGVIVQADT LAELAGKAGLPADEL TATVQRFNAF ARSGVDEDYHR -
TTEWTVGASANTGDGI LAAEX LGAALDLMDDAWGP TVPLVGKPYFALSERNSPGST TVNMSGKRFM- NESIP YVEACHHMYGGEHGQGPGPGENT PAWLVFDQRYRDRYIF AGLQPGQRIPSRWLDSGVIVQADTLAELAGKAGLPADEL TATVQRFNAF ARSGVDEDYHR -
TTEWTVGASANTGDGI LAAEKLGAALDLMDDAWNIGP TVP LVGKPWFALSERNSPGS I TVNMSGKRFM- NESHPYVEACHHMYGGEHGQGPGPGENI PAWLVFDQRYRDRYIF AGLQPGQRIPSRHLDSGVIVQADTLAELAGKAGL PADEL TATVQRFNAF ARSGVDEDYHR -
TTEWTVGASANTGDGI LAAEX LGAALDLMDDALKIGR TVP LVGKPWF AL SERNSPGS T IVNMSGKRFHM- NESIP YVEACHHMYGGEHGQGPGPGENI PAWLVFDQRYRDRYIF AGLQPGOR IPSRHLDSGVIVQADT LAELAGKAGLPADEL TATVQRFNAF ARSGVDEDYHR -
TTEWTVGASANTGDGI LAAEX LGAALDLMDDAWGP TVP LVGKPWFALSERNSPGST IVNMSGKRFH- NESHPYVEACHHMYGGEHGQGPGPGENI PAKLVFDQRYRDAYIFAGLQPGOR IPSRHLDSGVIVQADTLAELAGKAGLPADEL TATVQRFNAF ARSGVDEDYHR -
- - ~GPGPGENIPAWLYFDQRYRDAYIFAGLQPGQRIPSRHLDSGVIVQADTLAELAGKAGLPADEL TATVQRFNAFARSG- - -
144D LAEVRIGLVMVAWA.WGTFPAVWLVDTGPGEN!PNLVFNRVRDIY!FMLWQRIPSNLDSGVIVQADYLAELWMLPADEL TAW'WMSGPUWMWHTGD
GPGENIPAWLVFDQRYRDRYIFAGLQPGQRIPSRWLDSGVIVQADT LAELAGKAGLPADEL TATVQRFNAFARSG -~ < < -« v v e ovn e
WEHWGASANTGDGI LMEKLGMLDLMMEPTW LVGKMALSERNSPGSIIVNMSEKRFH MSWWEAOIWGGWPGPGENIPMLXFNMD!YIFASLW!PSNHLDSGVIWDTLAELAG!MI.PADELTATVQRFWMSGWEM
--MFDQRYRDAYIFAGLQPGQRIPSRHLDSGVIVQADTLAELAGKAGL PADEL TATVQRFNAFARSGVDEDYHR -
TTEWTVGAKANTGDGI ! LMEKLGMLELM!DMGPT\D LV&MALSE&NSPGSIIVNMS(\KRM WMWEVQGWMPMLVFWYHMLWINKHLESM IQAETLEELASKAGLPYDEF LATVQRFNGFARTGIDEDYHR -
TTEWTVGAKANTGDGI IAGEK LGAALDVMEDAWKIGP TVP LVGAPKFAL SERNSPGSTIVNMSGKAFM - NESHMP YVEACHHMYGGEF GQGPGPGENI PANLVFDQQYRDAYIF AGLQPGQR IPNKWMESGVIVRADT LEELAEKAGLPVAEF TATVARFNGF ARQGVDEDFHR - - - - -

BERARRRARRRRRRAREN S KRR KRR REE SERRN S: Re: ARe wee W

AYDRYYGOPTNKPNPNLGEVSHPPYYAAKIVPGDLGTKGC ADDGSITEGL! VMGHTYPGPGGT IGPAMTFGYLAALHIVGEA- - -
AYDRYYGDPTNKPNPNLGEVGHPPYYGAKIVPGDLGTKGGIRTDVNGRALRDDGS T IDGLYAAGNVSAPVMGHTYPGPGGT IGPAMTF GYLAALHIADQAGKR
AYDRYYGDPSNKPNPNLGEVGHPPYYGAKIWPGDLGTKGGIRTOVNGRALADDGS ITDGLYAAGNVSAPYVMGHTYPGPGGT IGPANTFGYLAALHIADQAGKR
AYDRYYGDPSNKPNPNLGEVGHPPYYGAKIVPGDLGTKGGIRTDVNGRALRDDGS I IDGLYAAGNVSAPVMGHTYPGPGGT IGPAMTFGYLAALHIADQAGKR
AYDRYYGDPSNYPNPNLGEVGHPPYYGAKIVPGDLGTKGGIRTDVNGRALRDDGS I IDGLYAAGNVSAPVMGHTYPGPGGT IGPAMTFGYLAALHIADQAGKR
AYDRYYGOP TNKPNPNLGEVGHPPYYGAKIVPGDLGTKGGIRTOVNGRALRDDGS I IDGLYAAGNVSAPVMGHTYPGPGGT IGPAMTFGYLAALHIADQAGKR
AYDRYYGDPSNKPNPNLGEVGHPPYYGAKIWPGDLGTKGGIRTOVNGRALRDDGS I TOGLYAAGNVSAPVMGHTYPGPGGT IGPAMTF GYLAALHIADQAGKR
AYDRYYGDPSNKPNPNLGEVGHPPYYGAKIWPGDLGTKGGIRTDVNGRALRDDGS I TDGLYAAGNVSAPVMGHTYPGPGGT IGPAMTF GYLAALHIADQAGKR
AVDRW@PSNKPWNLGEVGHWWWWP@LGTKGGI nmnmnossunmmwmm IGPAMTFGYLAALHIADQAGKR

AVDRWGDPSNKMLGEV&PPWWWG)LGY mmmmuuomsx INLVM@NSAMWPWTIGPMT’GYLMLWKR
AYDRYYGDPSNKPNPNLGEVGHPPYYGAKIWPGDLGTKGGIRTOVNGRALRDDGS T IDGLYAAGNVSAPVMGHTYPGPGGT IGPAMTF GYLAALHIADQAGKR
AYDRYYGDPTNKPNPNLGEISHPPYYAAKIVPGDLGTKGGIRTDIHGRALRADDGS I TEGLYAAGNVSAPVMGHTYPGPGGT IGPAMTFGYLAALHIAGEN- - -
AYDRYYGDPTNKPNPNLGEL SHAPYYAAKLVPGDLGTKGGIRTOVHGRALRDDGS I IEGLYAAGNVSAPVMGHTYPGPGGT IGPAMTFGYLAALHIAGEN- - -
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MTAQEFDVVWGSGGAGMVAAL TTAHRGL STLVWEKAPHYGGS TARSGGGVHI PRNEVLKRYGVRD TPEAARAYLHGIVGDIVEPERIDTYLDRAPEMLSFVTKHT - PLXMCWVPGYSDYYPEAPGGRPGG - - -

TVQEFDVVWGSGAAGHMVAALVAAHRGL STVWEKAPHYGGS TARSGGGVWI PNNEVLKRRGVRDTPEAARTYLHGIVGETVEPERIDAYLDRGPE! LEHT -PLEMCWVPGYSDYYPEAPGGRPGGRST EPKPFNARK L GADIMAGL EPAYGK V?Lv\l/l\IHRGPE"'.SF\.'
FYMTVQEF DVWWGSGAAGMVAAL VAAHRGL STVWEKAPHYGGS TARSGGGVHI PRNEVL XRRGVRDTPEAARTYLHGIVGEIVEPERIDAYLDAGPE! LKHT-PLXMCVPGYSDYYPEAPGGRPG- -
WP_014981794.1-refseq_full-canettii MTVQEF DVWWGSGAAGMYAALVAAHRGL STVVWEKAPHYGGSTARSGGGVUWI PRNEVLKRRGVRDTPEAARTYLHGIVGEIVEPERIDAYL DRGPE! HT-PLKMCWVPGYSDYYPEAPGGRPG
Q7D5C1.1-CDC1551 ==~ -HMF YMTVQEF DVWWGSGAAGMVAAL VAAHRGL STVWVEKAPHYGGS TARSGGGVHI PNNEVLKRRGVRDTPEAARTYLHGIVGE IVEPERIDAYL DRGPE! KHT -PLKMCWVPGYSDYYPEAPGGRPG- -
WP_015294483.1-refseq full_canettii - = = =M TVQEF DVWWGSGAAGM/AAL VAAHRGL STVWVEKAPHYGGS TARSGGGVH I PNNEVLKRRGVRDTPEAARTYLHGIVGE IVEPERIDAYL DAGPE!

WP_085327@34.1-refseq_full_decipiens
KAN91181.1-bovisUganda
AEJ48467.1-fujian_ccdc5079

(HT-PLEMCWVPGYSDYYPEAPGGRPG
WP_015291525.1-refseq_full_canettii MTAQEFDVVWWGSGAAGMVAALVAAHRGL STVWVEKAPHYGGS TARSGGGVWT PNNEVLKRRGVRDTPEAARTYLHGIVGE IVEPERIDAYLDRGPE! HT -PLKMCWVPGYSDYYPEAPGGRPG
AUS52754.1-mexicoMichoacan -= QEFDVVWGSGAXGMVAALVAAHRGL STVWVEKAPXOO000NS GGGVWI PRNEVLXXRXXRD TPEAARTYLHGIVGE IVEXERTDAYLDRGPE! LKHT - PLXMCWVPGYSDYYPEAPRIOOOCK - -
AGL250896.1-TamilNaduHaarlem SFVLKHT -PLKMCWVPGYSDYYPEAPGGRXG
AGL29@14.1-NITR204Tami INadu SFVLKHT-PLKMCH VPGYSDYYPEAPGGRPG
CSlkstD-2

EFD75237.1-GM_1503
AMC52779.1-BCG . - -
TXA42211.1-bovisEgypt NSAQEYDVVWWGSGGAGMVAAL TAAHRGL STIVIEKAPHF GGSTARSGGGVHI PNNEVLXRDGVXDTPEAARTYLHGIIGDVVEPERIDTYL ERGPEMLSFVLEHT - PLEMCWVPRYSDYYPESPGGRAEG

PLV46431.1-microti MTAQEYDVVWGSGGAGMVAAL TAAHRGL STVVL EKAAHF GGSTARSGGGVIHT PNNEVLKRDGVRDTPEAARTYLHGI IGDVVEPERIDTYLDRGPEMLSFVLKHT - PLXMCWVPRYSDYYPEAPGGRAEG- - -~ < ==« < == s smeocmmmnammnaanaaans
PLV47511.1-microti MTGTEMDDFDHVVDVL IVGSGGGGMAAAL TAHAF GLDTLVWEKSPYFGGSTALSGGGIWYPGAPSQRRAGYCPDPEGVWGYLLRITDGLVSQARIRQYVDSAP: LEGL SGWFEFVIWKPGYADYYPELPGGSELGSTINVPAIDLRXLGPDEK
CNH54243.1-southAfricaStellenbosch

HP_085327034.1-refseq_full_decipiens -- -- ASTEPKPFNARKLGADMPGLEPAYGKVPLNVVVMOQDYVRLNQLKRH- - PRGVLRSMKVATRTMUAKATGKNLVGHMGRAL TGPLAIGLORAGYPVELNTAL TDLYVE - NGVWSGVYVRDTNASESAEPTL I RARRGVILACGGF EHNEQURY
KAN91181.1-bovisUganda NPGYSDYYPEAPGGRPGGRSI EPKPFNARKLGADMAGL EPAYGKVPLNWAMOQDYVRLNQLKRH - - PRGVL RSMKVGARTMHAKATGXNL VGHGRAL 1GPL RIGLQRAGVPVELNTAF TOLFVE - NGWWSGVYVRDSHEAESAEPQL T RARRGVILACGGF EHNEQURT
AE)48467.1-fujian_ccdc5079 0000 -----e- GRSTEPKPFNARKLGADMAGLEPAYGKVPLNVVVYQQDYVRLNQLKRH- - PRGVLRSHKVGARTMHAKATGKNLVGHGRAL TGPL RTGLQRAGVPVELNTAF TDLFVE - NGYWSGVYVRDSHEAESAEPQLTRARRGVILACGGF EHNEQURT
WP_014001794.1-refseq_full-canettii -- - -GRSTEPKPFNARKLGADMAGLEPAYGKVPLNVVVMQQDYVRLNQLKRH- - PRGYLASHKVGARTMUAKATGKNLVGHGRAL IGPLRIGLQRAGVPYELNTAF TDLFVE - NGVWSGVYVRDSHEAESAEPQLIRARRGVIL ACGGF EHNEQURT
Q7D5C1.1-(DC1551 GRSTEPKPFNARKLGADMAGLEPAYGKVPLNV/VMQQDYVRLNQLKRH - ~PRGYLASHKVGARTMHAKATGXNLVGMGRAL TGPL ATGLQRAGVPVELNTAF TDLFVE - NGYWSGYYVRDSHEAESAEPQLIRARRGVILACGGF EHNEQURT
WP_015294483.1-refseq_full_canettii GRSIEPKPFNARKLGADMAGLEPAYGKVPLNVY/VMQQDYVALNOLKRH- ~PRGYLASHKVGART A LVGMGRALIGPLAIGLORAGVPYELNTALTDLFVE - SGYWSGYYVRDSHEAESAEPQLT RARRGVILACGGF EHNEQURT
WP_015291525.1-refseq_full_canettii e - -~ - ~GRSTEPKPFNARKLGADMAGLEPAYGEVPLNVWVIMQQDYVALNQLKRH- - PRGVLRSMKVGARTHL GPLAIGLQRAGVPVELNTAF TDLFVE -NGVVSGVYVADSNEAEAAEPQLIRARCGVILACGGF EHNEQURT
AUS52754.1-mexicoMichoacan - - = = = XOO0OO0XXKXARK L GADMAGL EPAYGKVPLNVVVIMQQDYVRLNQLKRH - - PRGVLRYIVGARTMY GPLRIGLQRAGVPVELNTAF TDLFVE -NGVWSGYYVRDSHEAESAEPQLTRARRGVILACGGF EHXEQURT
AGL25@95.1-TamilNaduHaarlem “eees PKPFNARKL GADMAGLEPAYGKVPLNVVVMQUDYVRALNQLKRH- - PRGVLRSHKVGARTIHA IGGRAL TGPLRIGLQRAGVPVELNTAF TDLFVE - NGYWSGVYVXDSHEAESAEPQLI RARRGVILACGGF EHNEQURT
AGL29914.1-NITR204Tami INadu PKPFNARKLGADMAGLEPAYGKVPLNVYVIQQDYVRLNQLKRH- - PRGVLASMKVGARTMIA NLVGHGAL TGPLRIGLQRAGVPVELNTAF TDLFVE - NGYWSGVYVADSHEAESAXPQLTRARRGVILACGGF EHNEQURT
CS1kstD-2

EFD75237.1-GM_1503

AMC52779.1-8C6
TXA42211.1-bovisEgypt
PLV46431.1-microti
PLV47511.1-microti
CNHS54243.1-southAfricaStellenbosch

(LGPDEAGL EP-VG.V»_N\WDQOWa NLLKRH
-PRGIWLGPKELATFYRIRQSH

WP_085327034.1-refseq_full_decipiens KYQRAPITTEWTVGAXANTGDGI IAAEXL GAALDLMDDAGP TVPLY - GHPIF ALSERNSPGS I TVNMSGH R FMNESMPYVEACHHMY GGEHGQGPGPGENI P ANLVFDQRYRDRYIFAGL - - -~ - - -- - -~ QPGORVPARKLDSGYIVAADT LGELAGKAGLPADELTATIERFNAFA
KAN91181.1-bovisUganda KYQRAPITTEWTVGASANTGOGILAAEXLGAALDLMDDAVMWGPTVPLY - GXPIF ALSERNSPGS I IVNMSGKRFMNESMPYVEACHHMYGGEHGQGPGPGENI PANLVFDQRYRDRYIFAGL - - -~ -~ -~ - -~ QPGQRIPSRILDSGVIVQADTLAELAGHKAGLPADELTATVORFNAFA
AEJ48467.1-fujian_ccdc5079 KYQRAPITTEWTVGASANTGOGILAAEKLGAALDLMDDAWKWGPTVPLY - GKPIF AL SERNSPGS T IVNMSGHRFMNE SMPYVEACHHNYGGEHGQGPGPGENIPANLVFDQRYRDRYIFAGL - - - ~ - - - - - - ~-QPGQRIPSSHLDSGVIVQADT LAELAGKAGLPADEL TATVQRFNAFA

WP_014001794.1-refseq_full-canettii KYQRAPITTEATVGASANTGOGI LAAEXL GAALDLMDDANGPTVPLY - GKPIWFALSERNSPGS T IVNMSGKR FMNESMPYVEACHHNYGGEHGQGPGPGENIPANLVFDQRYRDRY IFAGL QPGQRIPSRWLDSGVIVQADTLAELAGKAGLPADELTATVQRFNAFA
Q7D5C1.1-CDC1551 KYQRAPITTEWTVGASANT GOGI LAAEXL GAALDLMDDAVKGP TVPLY - GXPIWF AL SERNSPGSTIVNMSGKRFMNESMPYVEACHHMYGGEHGQGPGP GENIPAlL VFDQRYRDRY IFAGL --QPGQRIPSRHLDSGVIVQADTLAELAGKAGLPADELTATVQRFNAFA
WP_015294483.1-refseq full_canettii KYQRAPITTEWTVGASANTGDGI LAAEXLGAALDLMDDAWMGP TVPLY - GHPIFALSERNSPGSTTVNIMSGKRFMNE SHPYVEACHHNYGGEHGQGPGPGENI PAKL VFDQRYRDRYIFAG. -QPGQRIPARWLDSGVIVQADT LAELAGKAGLPADELTATVQRFNAFA
WP_015291525.1-refseq full_canettii KYQRAPITTEWTVGACANTGDGI LAAEXL GAALDLMDDAWMGPTVPLY - GXPIFALSERNSPGS T TVNMSGKRFMNE SMPYVEACHHNYGGEHGQGPGPGENI PANLYFDQRYRDRYIFAG -QPGQRIPARWLDSGYIVQADT LAELAGHAGLPADELTATVQRFNAFA
AUS52754.1-mexicoMichoacan KYQRAPITTEWTVGXSANTGDGI LAAEKLGAALDLMDDAMGPTVPLY - GXPIFALSERNSPGS I IVNMSGHRFMNESMPYVEACHHMYGGEHGQGPGP GENI PANL VFDQRYRDRY IXAGL --QPGQRIPSXXLDSGVIVQADT LAELAGKAXLPADELTATVQRFNAFA

AGL25096.1-TamilNaduHaarlem KYQRAPITTEWTVGASANTGOGILAAEXLGAALDLMDDAMGPTVPLY - GHPIY ‘LLSERNSPGSIIV KRFMNESMPYVEACHHNYGGEHGQGPGPGENIP AL XFDQRYRDRYIFAGL- - -~~~ ===~ QPGORIPSRWLDSGVIVQADTLAELAGKAGLPADELTATVQRFNAFA
AGL29914.1-NITR204Tami INadu KYQRAPITTEWTVGASANTGOGILAAEK KRFMNESM xPY"EACHH"VGGEKSGE?C“G‘NI’»l LVFDQRYRD\

QPGQRIPSRILDSGYIVQADTLAELAGKAGLPADELTATVQRFNAFA
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AMC52779.1-BCG KYQRAPITTEWTVGASANTGDGILAAE RFMNESMPYVEACHHMYGGEHGQGPGPGENIPAKLVFDQRYRDRYIFAG -QPGQRIPSRILDSGVIVQADT LAELAGKAGLPADELTATVQRFNAFA
TXA42211.1-bovisEgypt KYQRAPITTEWTVGAKANTGOGI LAAEKL GAAL ELMEDAVGP TVALY -GAPIF ALSERNSPGS T TVNMSGKRFMNE SMPYVEACHHUYGGE YGQGPGPGENI PAKL VF DOQYRDRY IFAG -QPGQRIPRKWLESGYIIQAETLEELASKAGLPVDEFLATVQRFNGFA
PLV46431.1-microti KYQRAPITTEUTVGAXANTGOGI IAGEXL GAALDVMEDALMGP TVPLY - GAPIF AL SERNSPGS T TVNMSGH R FMNE SMPYVEACHHNYGGEF GQGPGPGENI PAKL VF DQQYRDRYIFAGL. -QPGQRIPNKMMESGVIVRADTLEELAEXAGLPVAEFTATVARFNGFA
PLV47511.1-microti E-ELPIL »\GIIS‘GPAAI'GDGIR’-GQ (VGAATDLLDEAWM FPAIQIPDG?‘!Q“'LNER!’I!PAQFIVNGM RFINEAAPYMDF GHAMIEGQKS GVTHIPCHLITDHRSFNRYVWAGHL PIPKIPFAPVPTGRALPPAML ESGVVHAANSIWDEY IGVPAAELRATAARFNELA
CNH54243.1-southAfricaStellenbosch =~ =ecesecommcm o -=snmene---MDFG EGQKS - - - -GVTHIPCHL ITDQRSFNRYVVGGHL PTPKIPFAPVP TGREVPAAKL ESGVVHAAMSWE EMAAK IDVPADQLRATATRFDELA
WP_085327034.1-refseq_full_decipiens RSGVDEDYQRGESAYDRYYGDPTNKPNPNLGEVSHPPYYAAKMVPGDLGTHGGYATDVHGRAL RODGS TTEGL YAAGNVSAPYMGHTYPGPGGTIGP: GYLAALHIVGEA

KAN91181.1-bovisUganda RSGVDEDYHAGESAYDRYYGOPSNKPNPNLGEVGHPPYYGAKMYPGDLGTXGGIATDVNGRAL RDDGS ITDGL YAAGNVSAPYMGHTYPGPGGTIGPAMTF GYLAAL HIADQA!

AEJ48467.1-fujian_ccdc5879 RSGVDEDYHRGESAYDRYYGDPSNKPNPNLGEVGHPPYYGAKMVPGDL GTHGGIRTDVNGRAL RDDGS TIDGL YAAGNVSAPVMGHTYPGPGGTIGPAMTF GYLAALHIADQAGKR

WP_014001794.1-refseq_full-canettii RSGVDEDYHAGESAYDRYYGOPTNKPNPNLGEVGHPP YYGAKMVPGDLGTKGGIR TDVNGRAL RODGS TIDGL YAAGNVSAPVMGHTYPGPGGTIGP: GYLAALHIADQA

Q7D5C1.1-(DC1551 RSGVDEDYHRGESAYDRYYGOPSNKPNPHLGEVGHPPYYGAKMYPGDLGTKGGIRTDVNGRAL RDODGS TIDGL YAAGNVSAPYMGHTYPGPGGT IGPAMTF GYLAALHIADQA!

WP_015294483.1-refseq_full_canettii RSGVDEDYHRGESAYDRYYGOPTNKPNPNLGEVGHPPYYGAKMVPGDLGTHGGIRTDVNGRAL RODGSTIDGL YAAGNYSAPVMGHTYPGPGGTIGPAMTFGYLAALHIADQAG

WP_015291525.1-refseq_full_canettii RSGVDKDYQRGESAYDRYYGDPTNKPNPHLGEVGHPPYYAA ¥GGIRTDVNGRAL RDDGSTIDGL YAAGNVSAPVMGHTYPGPGGT IGPAMTF GYLAAL HTADQA!

AUS52754.1-mexicoMichoacan RSGVDEDYHIGESAYDRYYGDPSNKPNPNLGEVGHPPYYG! XGGIRTDVNGRALRDDGSTIDGL YAAGNVSAPVMGHTYPGPGGT IGPAMTF GYLAALHIADQAG

AGL25096.1-TamilNaduHaarlem RSGVDEDYHRGESAYDRYYGOPSNKPNPNLGEVGHPPYYGAI XGGIRTDVNGRAL RDDGSTIDGL YAAGNYSAPYMGHTYPGPGGTIGPAMTFGYLAALHIADQAGK!

AGL29914.,1-NITR204Tami INadu RSGVDEDYHRGESAYDRYYGDPSNKPNPNLGEVGHPPYYGAKMYPGDLGTHGGIRTDVNGRAL RDDGS 11DGL YAAGNVSAPYMGHTYPGPGGT IGPAMTFGYLAAL HIADQAG!

CS1kstD-2 a MVPGDLGTXGGIRTDVNGRAL RDDGS IIDGL YAAGNVSAPYVMGHTYPGPGGT IGPAMTF GYLAALHIADQA!

EFD7S237.1-:1563: 3 sesssshsncssassssstasssisessmgssdessiadsad MVPGDLGTXGGIRTDVNGRAL RDODGSTIDGL YAAGNVSAPVMGHTYPGPGGTIGPAMTFGYLAAL HIADQAGKR

AMC52779.1-BCG RSGVDEDYHRGESAYDRYYGDPSNKPNPNLGEVGHPPYYGAKMVPGDLGTKGGIRTDVNGRAL RDDGS TIDGL YAAGNYSAPVMGHTYPGPGGTIGP: GYLAALHIADQAG!

TXA42211.1-bovisEgypt RTGIDEDYHRGESAYDRYYGDPTNKPNPNLGEISHPPYYAAKMYPGDLGTXGGIRTDIHGRAL RDDGSTTEGL YAAGNVSAPYMGHTYPGPGGTIGP: AALHIAGEN-

PLV46431.1-microti RQGVDEDFHRGESAYDRYYGOPTNKPNPNLGEL SHAP YYAAKLYPGDLGTHGGIRTDVHGRAL RDDGS TTEGL YAAGNYSAPVMGHTYPGPGGTIGPA =

PLV47511.1-microti RKGHDDDF NAGDSVYDNYYGOPT - LPNPNLCPLGDPPYYAF RIVLGDLGTSGGLL TDEHARVL RRDGT TVPGL YAVGNT SAPVMGRSYAGAGATIGPAMTF GF A-

CNH54243.1-southAfricaStellenbosch RKGHDDDF NRGDSVYDNYYGOPT - LPNPNLYPLGDPPYYAFRIVLGDLGTSGGL LTDEFAR»LRnDCSV\’AG YAVGNTSAA! CRSYJGAGAT!E’ MTF GFVAAKHAAKQAISSHRR

Figure 32: Filtered BLAST comparison results with for kstD1.0, the hypothetical protein kstD1.5, and kstD2.9.
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 kstD1l, 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).

YP_177951.1

QEX91118.1

Figure 33: A comparison of manB in H37Rv (YP_177951.1) and CS1 (QEX91118.1). It is unclear why QEX91118.1
than YP_177951.1 when they are identical at the nucleotide level, this could be an annotation error. Some
acids in the VRI are complimentary. None of the insertion-deletions cause a stop-changing frameshift - in
proteins are the same size other than the first 8 amino acids.
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EPZ66407.1-98 0.18023
AMCB65716.1-africanum 0.00068

CKO28714 1-UK_midlands 0.02645

CNY23567 1-Amsterdam 0.05811
QEX91118.1-CS1 0.03926

AMC74810.1-2279 001554

AUS52481 1-michoacanMexico 0.03908
PLV50768.1-microti 0.09859

TXA40237 1-bovisEgypt 0.05203
WP_085323442 1-refseq_full_decipiens 0.04294
AGL24827 1-SouthindiaTamilNadu_Haarlem 0.01287
WP_015303791.1-refseq_full_canettii 0.00531
CKL70153 1-ukMidlands 0.00264

CNV63064 1-Netherlands 0 00277

CKN99541 1-ukMidlands 0.00283
AMC43553.1-F10

CLY19803.1-russia 0.00285

CLO51312 1-russia 0.00285

CKP30204 1-uk_midlands 0.00285

nnlinln

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 1is
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
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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 1in 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 1is 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 I~ showed the CS1 repeats
were within the expected range of other M. tuberculosis strains.
Unlike many repeat-masking tools, neither Winmasker nor I, 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 1is valuable information. Accurate
representation of repeat sequences is best obtained by high-
accuracy Illumina reads, while 1lower-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 1inside 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 1low-quality is an 1issue,
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 DSeebec 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 1IS6110 regions flanking a variety of genes 1in 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
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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 1linked to survival and virulence. The five which were
analysed in detail were chosen due to the potential of being

adaptive advantages.

Cas10/Csml 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].
Casl10 has two domains, one which binds and cleaves DNA and another
for synthesising cyclic oligoadenylate [64]. Cyclic
oligoadenylates act as a signaller for  Csmé6, which
indiscriminately degrades RNA [62; 63]. Interestingly, the CS1
casle VRIP causes a split which would be consistent with the two
domains being separated. Furthermore, casl® 1is 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 Casl so the specific role
of casl@ in virulence and growth speed is unknown. However, the
CS1 casl1e VRIP has the potential to impact drug resistance, growth

speed, and virulence.

LprN, also known as mced4E, is an immunomodulating 1lipoprotein
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 1lprN 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 1lprN is not

clear.

PE_PGRS17 1is 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 1is 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 1is 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, 1like
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 casl1@). 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 Cas1@, 1lprN, 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, Ilow
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 1less virulent strains, would be wuseful 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 1is adequate in order to
resolve or verify them. There are also 1likely 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 1IS6110 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 1S6119,
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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