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Abstract:

Despite the overshadowing threat of the COVID-19 pandemic, tuberculosis (TB)
persists as a major global health challenge, responsible for an estimated 1.6 million
deaths in 2021 and afflicting approximately one-third of the global population. The
World Health Organization's urgent appeal for cost-effective, accessible, sensitive,
and specific diagnostic tools underscores the pressing need for innovative solutions.

This thesis was initiated by exploring the diagnostic potential of two promising
technological avenues: the gene-editing tool CRISPR-Casl12a and Raman
spectroscopy. At the inception of the project, these technologies remained largely
uncharacterised within the context of TB diagnosis.

The investigation conducted throughout this research subsequently revealed a
significant gap in the current knowledge base pertaining to the application of Raman
spectroscopy in TB diagnostics. Specifically, no prior research had considered the
influence of the microbiome on the Raman spectra of test results.

This thesis delves deeper into this uncharted territory, focusing on the Raman
characterisation of Mycobacterium tuberculosis and Mycobacterium bovis BCG.
Using In silico methods and examining the bacteria's cell wall lipids, the research
illuminates the physical components contributing to the Raman spectra of these
bacteria, unearthing new spectral elements in the process. Furthermore, deploying a
collaboratively-developed Python package for multivariate statistical analysis, this
study differentiates subtle variations between M. bovis BCG and other closely related
bacteria using the bovine microbiome as an experimental model, an aspect not
previously considered.

This research enhances our understanding of the Raman spectra of organisms
similar to M. bovis BCG and, for the first time, takes into account the role of the
microbiome. In the process, it broadens our knowledge of these complex organisms.
By employing open-source statistical tools, the thesis also contributes to wider
applications within the field.

Ultimately, this research hopes to facilitate the application of these diagnostic tools
beyond tuberculosis, offering a potent weapon in humanity's ongoing battle against
infectious diseases.
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Chapter 1:

1. Introduction:

1.1. Aetiology of Tuberculosis:

Long considered a disease of the Victorian age, Tuberculosis (TB) has never
disappeared and continues to be a very much lived reality for the vast majority of the
global population and persists in infecting countless individuals on an annual basis
across the world (1). A significant cause of mortality and morbidity in many countries,

TB has plagued humanity since time immemorial.

Evidence for TB infection can be found as far back as Ancient Egypt and beyond,
with the oldest infected remains having been identified in Hungary and believed to be

approximately 9000 years old (2).

The disease itself is caused by ten bacteria which form the Mycobacterium

tuberculosis bacterial complex (MTBC), all of which belong to the genus,
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Mycobacterium (3). Figure 1 illustrates these organisms, below:

Mpycobacterium tuberculosis
bacterial complex

Mycobacterium bovis Mycobacterium tuberculosis
Mpycobacterium orygis Mycobacterium caprae

Mycobacterium microti Mycobacterium africanum

Mycobacterium suricattae Mycobacterium pinnipedii

Mycobacterium mungi

Figure 1 - The Mycobacterium tuberculosis bacterial complex. Created with BioRender.com

Primarily, TB is a respiratory disease caused by bacteria; often referred to as
pulmonary TB. It can exfiltrate the lungs and establish infection elsewhere in the
body, leading to extrapulmonary TB. Perhaps a more insidious aspect of TB infection
is its ability to infect a person and then remain latent (Hereto referred as “Latent TB
Infection” or LTBI). Though unable to infect other people in the latent phase of
disease, the disease can become active and begin to cause symptoms (4). In the

active stage of infection, the bacteria can then proliferate and spread between
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individuals. This occurs in approximately 10% of individuals who are infected with the
TB causing bacteria (5), though it is thought to be significantly higher in patients co-
infected with Human Immunodeficiency Virus (HIV) (6). Latent TB infection is also a
contraindication for certain biological therapies such as infliximab, which inhibits
Tumour Necrosis Factor Alpha (TNF-a), a critical cytokine in the immunological

control of TB infection (7).

In 2021, the World Health Organization (WHO) estimate that approximately 1 in 3
people worldwide are infected with TB causing bacteria and approximately 1.6
million people lost their lives due to the disease (1). These statistics must also be
considered within the context of the ongoing COVID-19 pandemic and it is of a
growing concern that COVID-19 is likely to be a major setback in the fight against
tuberculosis (8). Specifically, there are concerns relating to treatment and diagnosis
access, as well as individual behaviour where people are reticent to undertake
treatment if they begin to present with symptoms due to a perceived risk of COVID-
19. Additionally, the free proliferation of TB infection has significant healthcare and

economic costs (9, 10, 11).

The symptoms of pulmonary tuberculosis are illustrated in Figure 2 opposite (4):
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Symptoms of pulmonary TB:

Persistent cough (Often bloody)

Lack of appetite & weight loss ——

Figure 2 - Symptoms of pulmonary TB. Created with BioRender.com

Should the bacteria exfiltrate the lungs, symptoms often present based on the locale
of the extrapulmonary infection, i.e. if the infection disseminates into the bones, it will

present as osteomyelitis (12).

Common sites of extrapulmonary infection include the lymph nodes, the central
nervous system, the genital tract, the skeletal system, and the gastrointestinal tract.
Naturally, upon presentation, these extrapulmonary TB possesses many issues
when attempting treatment based upon the ease of access of the location of the

extrapulmonary infection.
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1.2. Pathogenesis of Tuberculosis:

1.2.1. Initial Infection:

Upon inhalation, the bacteria travel to the lungs where they are immediately
besieged by macrophages present within the alveoli, though this is to the bacteria’s
benefit. Once engulfed by macrophages, the bacteria can begin to multiply. It has
been theorised that, in a hostile environment, the bacteria are able to change their
metabolic state and use the macrophages as a nutrient source (13). However, it is

also at this point that the body’s adaptive immunity starts (14).

The bacteria travel to the lymph nodes where they are beset by CD4+ T-cells
alongside dendritic cells (15). In this moment, the bacteria are fighting an uphill

battel, where, the infection then proceeds in one of three directions:

1. Complete resolution
2. Latent infection

3. Active infection

All of which are dependent on various factors such as general health of the
individual, whether they are malnourished and the effectiveness of their immune

system as well as the number of bacteria inhaled and the duration of exposure.

Complete resolution of infection does indeed occur, but it is worth noting that it is an
exception rather than a rule when considering TB infection (16, 17). As a result, the

majority of people develop a latent infection.
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1.2.2. Latent Tuberculosis:

Within the context of tuberculosis, when one discusses “Latent” infection or Latent
Tuberculosis Infection (LTBI), it is in reference to the causative pathogen
establishing an infection within an individual yet remaining in a relative state of
homeostasis. The immune system actively attacks the infection but remains unable
to fully eliminate it. Meanwhile, the immune defence is of a substantial enough level

that it prevents the bacteria from fully propagating around the body.

For approximately 90% of people with TB, this is where the infection stays. As for the
underlying molecular mechanisms for this process, it has been covered in extensive

detail by various researchers in many papers (18, 19, 20). However, it tends to arise

from a variety of attributes that Mycobacteria sp. possess which are unique to the

genus.

For the sake of clarity, latent infection consists of a variety of factors continuously

attacking the TB causing bacteria.

From the outset and upon engulfment by macrophages, the bacteria are transported
to lymph nodes in the periphery. Once here, the adaptive immune response
commences, and the bacteria are attacked by macrophages and CD4+ T cells in a
bid to isolate the infection. Concurrently, an entire cascade of chemokines,
cytokines, and complement proteins are released in a bid to stem the spread of the

infection and draw other immune cells to the site of the bacteria.
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Over time, granulomas form. At the centre of a granuloma is the causative agent of
TB: A member of the MTBC. However, on the exterior, one would see a collection of

macrophages, and other immune cells such as neutrophils and dendritic cells (21).

Histologically, if one were to extensively examine a TB granuloma, one would see
that there is a mixture of intact and disrupted cells, living and dead cells and cellular
debris, with a greater number of dead cells as one gets closer to the centre. Towards
the centre, living cells from the MTBC are found in hypoxic conditions. The borders

of these granulomas are often well-defined in cases of LTBI (22).

1.2.3. Active Tuberculosis:
Should the immune system fail to contain the bacteria within a granuloma (be this
immediately following infection or due to factors within an individual’s life which
influence the ability to contain the bacteria), the bacteria spill out into the respiratory
tract and it is here that they are able to contaminate sputum and disseminate to other

individuals and, thus, perpetuate the cycle of infection (23).

Meanwhile, following the activation of the bacteria, an infected individual will begin to

present with the symptoms listed in Figure 2.

1.2.4. Extrapulmonary Tuberculosis:

TB does not always affect the lungs. In approximately 15% of active cases, the
bacteria are able to leave the lungs and go on to infect other organs and tissues
(24), causing what is known as extrapulmonary TB. This primarily affects lymph
nodes which are not directly associated with the lungs (specifically, the cervical

lymph nodes in the neck where the infection has been previously known as scrofula).
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It can also affect the central nervous system, the genital tract, the skeletal system

(where it has been known as Pott’s disease) and the gastrointestinal tract (25).

The underlying mechanism of extrapulmonary infection has not yet been fully
established though there are several theories pertaining to how the bacteria are able

to exfiltrate the lungs (24).

These primarily consist of the “trojan horse” theory, where the bacteria infect a
macrophage and are then carried away to a distant site where they proliferate (24).
Additionally, there are also theories relating to MTBC bacteria being able to infiltrate

and spread via endothelial cells as well as dendritic cells (26).

Diagnosis of extrapulmonary TB can also present with its own issues, due to the
differing location of the bacteria. A key example of this would be the use of smear
microscopy (a technigue where the healthcare worker takes a sputum sample; stains
it and then examines it under a microscope) and its failure to detect extrapulmonary

TB if the patient does not present with pulmonary symptoms (27).

Conversely techniques relying on an immunological response (such as the
Tuberculin skin test or the Quanti-FERON Gold test) present with relatively accurate
results (though these tests present with their own limitations which shall be
discussed later on) (28). Additionally, fine needle biopsy of the site of a suspected

extrapulmonary infection can yield successful diagnosis (29).
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For most individuals extrapulmonary TB is of minimal concern, however, the
prevalence of extrapulmonary TB vastly increases in populations co-infected with

Human Immunodeficiency Virus (HIV) (30) .

1.2.5. HIV-TB Co-infection:

Human Immunodeficiency Virus (HIV) is a retrovirus which attacks the immune
system (specifically CD4+ T-cells), ultimately leaving those who are infected with the
virus unable to fend off infections that an individual with a fully functioning immune

system can easily defeat (most commonly known as opportunistic infections) (31).

When a person infected with HIV is no longer able to fend off such infections, they
proceed on to Acquired Immune Deficiency Syndrome (AIDS) (32). Historically,
HIV/AIDS was a death sentence and the vast majority of people infected with HIV
would develop AIDS and then pass away from complications arising from

opportunistic infections (33).

Fortunately, HIV/AIDS treatment has improved drastically since the virus’ advent in
the 1980’s and anti-retroviral therapy can reduce viral titre to such an extent that an
individual cannot spread the virus to others, and they are exceedingly unlikely to
suffer complications from the virus (34). As a result of the successful developments
in treatment, a HIV patient in a high-income country is likely to enjoy a high standard

of living and a lifespan comparable to someone with type 1 diabetes (35, 36).

The same cannot be said for those living in Sub-Saharan Africa, where HIV/AIDS is
of the greatest burden (37) and whilst some countries such as Botswana have

successfully sought to defeat the scourge of HIV/AIDS (Botswana is set to achieve
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the WHO'’s goal of 90-90-90! by 2024, even when 20% of the population has
HIV/AIDS) (38), others continue to have an exceptionally high case rates of
HIV/AIDS without any imminent prospect of completely resolving the situation (A key
example being South Africa where anti-retroviral therapy rates are plateauing and
the country continues to struggle in the aftermath of the HIV/AIDS denialist policies

of the Mbeki government) (39).

HIV/AIDS within the context of TB is a co-morbidity where HIV patients are
significantly more likely to develop active TB (an approximately 26-fold increase)(40)

and extra-pulmonary TB (41), whilst also increasing the chances of mortality (42).

TB alone is a horrific disease, however, co-infection with HIV is an important
consideration given the spread of TB within countries where HIV is prevalent, and
the detrimental impact HIV can have on a person’s ability to ward off TB. From a
public health perspective, HIV/TB co-infection means that co-infected patients are
more likely to develop an active infection and spread TB to others; it is therefore
critical to successfully identify and treat co-infected patients in a bid to stem TB

infections (as well as HIV).

Furthermore, co-infected patients represent a unique subset of TB patients where
special considerations must be given to treatment given the hepatotoxic nature of

both ART and anti-mycobacterial drugs (43) as well as such considerations being

190-90-90 = 90% of the population knowing their HIV status, 90% of positive individuals on anti-retroviral
therapy, 90% with suppressed viral loads.
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made for diagnoses within HIV/TB patients due to the diminished ability for the body

to mount an immune response (44).

Due to this diminished ability, the diagnostic criteria for some diagnostic tests must
be adjusted accordingly (a prime example being the tuberculin skin test where the
reaction is graded as positive if the size of the respective weal is >5mm, whereas a
test is considered positive if the weal is >15mm in a “healthy” individual). However,
adjusting the diagnostic criteria for testing is only possible if one knows their HIV

status (45).

Lastly, another factor to consider when discussing HIV/TB co-infection is the lack of
infrastructure within the countries where co-infection is prevalent. This includes
rail/road infrastructure, but also electrical, telecommunications and medical/scientific
infrastructure. Due to this lack of development, issues relating to HIV and TB are

more pronounced because of inaccessibility to diagnostics and treatment (46).

This contrasts strongly with high-/very high-income countries such as the United
Kingdom, Germany and Norway, where healthcare is readily accessible to the
majority of the population (47). Therefore when a case of TB/HIV co-infection does
present, it can be readily addressed, thus reducing the probability of the infection

being spread or a patient going from a latent infection to an active infection (48).

1.3. Tuberculosis Treatment:
Unlike the majority of bacteria, Mycobacterium sp. occupy a rather specific
phylogenetic niche where they are neither Gram positive or Gram negative. Instead,

Mycobacterium sp. are considered acid-fast (49).
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That is to say that they are unable to be colourised by components of the Gram
stain; instead, they appear to acquire some of the Gram stain but not all of it, thus
making it difficult to differentiate them from, either Gram positive or Gram negative

bacteria (49).

This is largely due to Mycobacterium sp. having a vastly different cell wall structure
from most other pathogenic bacteria, which makes developing drugs for the bacteria
more challenging. As a result, the drugs utilised against Mycobacterium sp. often

differ from those utilised in other infections (50, 51, 52).

For instance, beta-lactam antibiotics (such as penicillin) work by binding irreversibly
to penicillin-binding proteins, said proteins are important for cell wall synthesis. With
these proteins inhibited, the cell wall can no longer be maintained, and the bacteria

is then uncontrollably flooded by water, causing cell lysis (53).

Beta-lactam antibiotics are routinely used on Gram positive bacteria, however, they
are ineffective against Gram negative bacteria and Mycobacterium sp.. Instead,

drugs targeting protein synthesis and other metabolic pathways are used (54).

Initially, these drugs were used as a monotherapy for TB, though these fell out of
favour as it became clear that monotherapy was not suitable for TB treatment. This
was noted at the time, as some trial participants relapsed following attempts to treat
TB with streptomycin, with such a relapse presenting with streptomycin resistance

(55).
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Over time, as collective knowledge grew, the repertoire of antibiotics which could be
used on TB expanded, and this included drugs such as rifampicin and isoniazid.
Eventually, combination therapy began to be utilised, as it was noted that the level of
resistance dropped significantly when drugs were used in combination and it is this

combination therapy which is still used today (56).

1.3.1. Standard Tuberculosis Treatment:
Due to the increased success of combination therapy, TB is now treated in
accordance with several different drug regimens which are constantly being studied,

reviewed and modified.

As for the basis of this treatment, the first course of treatment has a tendency to be

based on two or three of five drugs, pending upon the phase of treatment (57):

1. Rifampicin
2. Isoniazid

3. Pyrazinamide
4. Ethambutol

5. Streptomycin

Assuming an individual has no contra-indications for therapy and is presenting with
active disease, duration of treatment can vary between 4 and 12 months. As for the
progression of the course of drugs, this tends to vary by jurisdiction. For instance,

the guidance provided by the Centre for Disease Control in the USA varies from the

guidance provided by the National Institute for Health and Clinical Excellence (NICE)
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in the UK (58). Additionally, low- and middle- income countries also need to consider

accessibility and cost of certain drugs (59).

Overall, the WHO recommends several treatment regimens to successfully treat TB;
the overall course will be influenced by the accessibility and cost of drugs as well as
the prevailing attitude of the prescribing doctor. Additionally, treatment may vary

should a patient have extrapulmonary TB or a HIV infection.

1.3.2. Drug-resistant Tuberculosis
Unfortunately, like a lot of infectious diseases that are caused by bacteria, increased

resistance to antibiotics is a substantial concern when discussing tuberculosis.

Thankfully diagnostic methods are continuously improving at detecting drug
resistance, though they are far from perfect. Drug resistant TB tends to result in
poorer healthcare outcomes as well as increased disability-adjusted life years for the

patient and a high economic burden in the countries where it has taken root (60).

As previously mentioned, drug resistance in M. tuberculosis was first noted during
the trials of streptomycin in the 1940’s. One of the issues with the use of macrolide
antibiotics is that they are primarily bacteriostatic in nature (they inhibit growth), but

they do not always deliver the mortal blow (61).

The mechanism of action of macrolides is very similar to other antibiotics utilised
against the MTBC. That is to say that they target specific enzymes within certain
metabolic pathways and, ultimately, this leads to inhibition of growth though not

necessarily destruction of the cell (62).
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However, said antibiotics can only target bacteria that are actively growing. Due to
this, there is a correlation between bacterial growth rate and the efficiency of the

respective antibiotic (63).

MTBC bacteria meanwhile are very fickle by nature. Due to their slow growth and
their cell wall differing from most pathogenic bacteria, researchers are already
fighting an uphill battle due to a lack of drug targets. When this is combined with their
propensity to undertake DNA methylation as well as the development of Single
Nucleotide Polymorphisms (SNPs), MTBC bacteria become even more formidable

(64).

As a result of these factors, MTBC readily develop drug resistance. That is, MTBC
bacteria can withstand a barrage of antibiotics and a notable proportion of TB cases
present as somewhat drug resistant to one of the first-line antibiotics that patients

are treated with (65).

1.3.3. Multi-drug Resistant Tuberculosis:

Multi-drug resistant TB (MDR-TB) presents as TB which displays resistance to two or
more of the first-line antibiotics used against TB (66). This means that treatment is
often protracted and drawn out, fostering the dissemination of the MDR-TB between

individuals.

MDR-TB tends to result in poorer prognosis and has a higher rate of remission when
compared to TB where multi-drug resistance is not present. Additionally, such cases
present with further increased disability-adjusted life years for the patient and a high

economic burden in the countries where it has taken root (67).
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Whilst MDR-TB is a cause for concern in the countries where TB is the most
prevalent, the burden of MDR-TB is patrticularly notable in countries of the former

USSR (68).

1.3.4. Extensively Drug Resistant Tuberculosis:
MDR-TB is only the tip of the iceberg. As time has progressed, the emergence of

extensively drug resistant TB (XDR-TB) has emerged (69).

Quite simply, the WHO defines this as (1):

“XDR-TB is TB that is resistant to rifampicin, plus any fluoroquinolone, plus at least

one of the drugs bedaquiline and linezolid”

However, whilst XDR-TB exacerbate the issues related to economic cost, disability
and quality of life as previously mentioned, it does not appear to be spreading as
rapidly as MDR-TB (70). Collectively, approx. 5% of the bacteriologically confirmed

diagnoses of TB express some form of drug resistance (1).

To summarise, drug resistance represents a significant public health concern when it
comes to managing tuberculosis. With the advent of the COVID-19 pandemic, cases
of drug resistance are becoming increasingly more difficult to identify and there is

great trepidation that recent progress may be lost (1, 71, 72, 73).

For the vast majority of patients, TB can be treated, provided that treatment is
adhered to and cases are rapidly identified. It is therefore of the utmost primacy that
diagnostic methods are rapid, cheap, and accurate whilst also identifying any drug
resistance.
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1.4. Tuberculosis Diagnostics:
NB: The following sections will seek to incorporate and update the work covered by

Macgregor-Fairlie et al. 2020 (74).

Treatment represents only one side of the coin when it comes to resolving the issues
that arise from TB worldwide and the World Health Organization holds both

treatment and diagnosis with the same parity of esteem (1).

Diagnosis is typically underpinned by a combined use of molecular detection
methods, immunological based assays and direct culture and observation (75).
These methods, however, do have known limitations such as, being less effective in
individuals infected with HIV (due to their reduced immune response) (76), those
with a latent infection (77), and in children unable to produce significant sputum
containing MTBC (78). Furthermore, these methods often require a steady supply of
electricity, well-trained personnel and lab modules, which are seldom available in the
often under-resourced laboratories in low- and middle-income countries (LMIC) (79,
80). In terms of diagnosing extrapulmonary TB, diagnosis often remains the same as
with pulmonary or latent TB, though it is often combined with the use of invasive

biopsies taken from the suspected site of infection.

Timely and effective diagnosis for combatting and eradicating TB is at the heart of
WHO guidelines with management of latent infections being considered a key
component in eradication (81). However, this goal is poorly supported by current
technologies which fall short of the portable diagnostic needs, exhibiting poor-

sensitivity, special-handling requirements, and complicated, costly procedures.
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There is, therefore, an urgent need to develop diagnostic methods that can
accurately, rapidly, and cheaply diagnose TB particularly, in the rural areas of the

Global South.

1.4.1. Direct culture and observation:

The ‘gold-standard’ for positive diagnosis of TB is the use of traditional plate culture
(82), typically conducted in a high containment laboratory, due to the inherent risk
associated with working with MTBC. The culturing of MTBC raises several issues,
mainly relating to the growth rate of MTBC, which is substantially slower than other
pathogenic organisms, most probably due to a selective pressure at which faster
growing Mycobacterium sp. induces a greater immune response (83). It can often
take more than four weeks for the MTBC to produce colonies using the traditional
Lowenstein-Jensen medium (LJ) (84). An advantage of plate culture is that drug
sensitivity testing can take place concurrently, enabling clinicians to guide

antimicrobial therapy more effectively (85).

Mycobacteria growth indicator tubes (MGIT) seek to overcome this using a
fluorescent probe, which is quenched by dissolved oxygen within a selective
medium. Upon successful cultivation of a member of the MTBC, the oxygen is
depleted, causing the probe to be activated. This is subsequently detected using a
light sensor. The MGIT has been shown to reduce the mean detection time from
38.6 days to 21.4 days (84). Meanwhile, a patient with an active TB continues to

(unknowingly) disseminate the infection. It is worth noting that to successfully culture
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the organism requires high level of expertise and MGIT only offer a rather minor

advantage over the traditional culture methods (86).

Since the MTBC is a group 3 Hazard according to the Advisory Committee on
Dangerous Pathogens (87), defined as a biological agent, which “...can cause
severe human disease and may be a serious hazard to employees...may spread to
the community...” (87), it requires the corresponding containment facilities to be
safely handled. However, this is not always possible within LMICs and, even less so
within the more rural settings. Any such facility would also require the relevant
expertise and logistics to be run, which is not possible in many of the circumstances
(88). Furthermore, sampling methods of MTBC can be inconsistent, with the
subsequent sensitivity varying between 16-60% (89). Sampling methods can involve
for instance, a patient producing sputum and ejecting it into a sterile container, or
more invasive methods such as, bronchoalveolar lavage and bronchial washing (90).
Both exhibiting a significant difference in their sensitivity of 85.7% versus 50.0%,
respectively (90). This can consequently have an impact on the detection rate in
local settings, and consideration must be also given to the impact the lavage or

washing methods may have on the patients themselves (91).

The use of smear microscopy is often used in tandem with culture in resource poor
settings. The method requires the use of the Ziehl-Neelsen stain that dyes MTBC
and can often result in low sensitivity (56%) in the early active cases (92). Whilst
both culture and smear microscopy can be very useful when used together, their

efficacy drops significantly in paediatric (93) and HIV or immunocompromised

19| Page



patients due to the lower levels of MTBC in the sputum as well as a weakened ability

to produce sputum (94, 95).

Further methods have been combined with culture to successfully diagnose TB
including, the chest X-ray and the Tuberculin skin test. Nevertheless, their efficacy
was found to be relatively poor when compared to other more modern methods,
which utilise molecular or immunological techniques (96, 97). The diagnostic flaws of
these methods are often attributed to the effect of the human error in interpretation of
the results (98). To overcome this, several companies are developing computational
algorithms to better interpret chest X-ray results and significantly boost the detection
rate whilst this still varies considerably between patient populations due to the co-

morbidities (99).

1.4.2. Molecular and immunological detection:

Historically, the above-described direct detection methods have formed the basis of
TB diagnostics. However recently, a shift has occurred towards, either molecular or
immunological methods. These rely on the detection of molecules or compounds
associated with MTBC (as opposed to the entire organism) or the detection of
components of the immune system reactive to MTBC (e.g., antibodies). There is
currently a growing number of detection products on the market utilising these
approaches. The two most prominent widely used assays are the
molecular/Polymerase Chain Reaction (PCR)-based, GeneXpert MTB/RIF® assay
and the immunological-based, QuantiFERON-TB gold® assay. GeneXpert first

pellets bacteria from sputum and then uses PCR to test for the presence of rpoB, a
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gene in MTBC responsible for producing RNA polymerase B. It also tests for

resistance to Rifampicin, a first-line antibiotic.

Gamma interferon release assays (e.g., the QuantiFERON-TB gold®) have been
developed to test for latent TB by analysing the levels of gamma interferon released
by immune cells (taken from a blood sample) in the presence of TB antigens. If the
level of release is found to be above a specified threshold, a patient is considered

positive for latent TB.

Whilst the GeneXpert has been successfully tested to detect other members of the
MTBC in silico, it has not been tested in the field and, as such, has not been
approved by the WHO, FDA, Medicines and Healthcare Regulatory Agency or EMA
for the diagnosis of other MTBC organisms (100). It should be noted that, in theory,
GeneXpert will detect other MTBC organisms and the treatment of TB which is
caused by other MTBC remains broadly the same as TB caused by M. tuberculosis

(101), but it is not a definitive diagnostic tool against other members of the MTBC.

Gamma interferon release assays (e.g. the QuantiFERON-TB gold®) have been
developed to test for TB infection by analysing the levels of gamma interferon
released by immune cells (taken from a blood sample) in the presence of TB
antigens. If the level of release is found to be above a specified threshold, a patient
is considered positive for TB. These assays possess broad detection and often

produce false positives for M. tuberculosis specifically (102, 103).

There are several additional diagnostic methods for diagnosing TB, though their

uptake is not as prevalent (104). Notably, this includes loop-mediated isothermal
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amplification (LAMP) (105), which uses isothermal amplification procedure, in
contrast to the PCR’s multiple and cycling reactions, to produce a result that can be
visualised by the naked eye. Although the sensitivity of LAMP is questionable in
smear negative samples (106) and the infrastructure required to carry out these tests
can often be prohibitively expensive (107), this method is recognised by the WHO
(108). Another example is the line probe assay (LPA), which uses PCR to amplify
DNA from MTBC and subsequently, applies the output to immobilised
oligonucleotides on a strip. These oligonucleotides in turn, emit a colourimetric
signal, which signifies the presence of gene mutations conferring drug resistance
within the sample. LPAs are useful in detecting drug resistance in addition to the
MTBC in smear positive samples (109) but are not recommended for use in smear
negative samples due to their poor detection rate (108, 110) as the result of low
numbers of individual cells being below the limit of detection. Further the WHO
approved diagnostic method is urine-based lipoarabinomannan assay, which seeks
to detect the presence of the MTBC compound, the Lipoarabinomannan, in the urine
of TB patients. Although these assays have been demonstrated as useful, they are
contraindicated in HIV and immunocompromised patients due to their poor sensitivity

in these patient groups (111).

Molecular or immunological approaches can produce results in considerably shorter
times than conventional culture. These tests are known to be prone to false positives
(112), and thus a combined use with culture methods enables a more accurate

diagnosis. Though limitations become prominent when used in HIV,
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immunocompromised, paediatric or latent patients (113, 114). Additionally,
molecular or immunological assays are costly to deploy and require a good level of
expertise and suitable infrastructure to be implemented as evident by their high
uptake in high-income countries such as the United Kingdom (115) yet, almost
negligible uptake in countries such as, India or Eswatini (116), which often lack such

infrastructure.

Overall, the inherent weaknesses of the current diagnostic methods as well as the
reasons for their failings are broad and various. To briefly summarise the limitations
of the current repertoire of TB tests include being highly time-consuming (in either
acquisition or generation of results), requiring specialist laboratory equipment and
well-trained personnel, being open to wide interpretation, exhibiting low specificity,
which is further exacerbated in HIV and immunocompromised patients as well as
children, or infrastructure issues within LMICs. Therefore, recent developments have
been sought to overcome many of these limitations by both reducing the equipment

and infrastructural requirements and by utilising different sample types.

To further summarise, the repertoire of current diagnostic tools; their inherent
strengths and weaknesses can be seen in Error! Reference source not found.,

opposite:
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Diagnostic
method

Bacterial culture

MGIT (Becton
Dickinson and
Company, USA)

Smear
microscopy

Tuberculin skin

test (Sanofi,
France)

GeneXpert
MTB/RIF
(Cepheid, USA)

QuantiFERON-
TB Gold
(Qiagen, USA)

TB LAMP (Eiken,

Japan)

Sensitivity
(95% Cl)?

100%!""7

86_93%(1 18)

60-69%1"®

73-79%">

48-78%!"2"

82-88%!"2

61-86%!"2"

85.6-
92.6%'%

Specificity
(95% ClI)

100%¢"17

99.99%"1)

97-98%"1?)

60-63%("20

57-81%"'2"

96-98%!("22

57-81%"2"

91.0-
96.1%"2

295% Confidence interval

+ +

+ 4+ + +

Strengths

Gold standard of
sensitivity and specificity
Drug sensitivity testing
can take place in tandem
(through use of drug
diffusion disks)

Cheaper than
molecular/immunological
methods

Faster than conventional
culture

High degree of specificity
and sensitivity

Rapid, on-site delivery
Cheap

Few reagents are
required

Readily available in
healthcare settings
Non-invasive

Cheap

Can be used for LTBI
Can be rapidly deployed
Requires no handling of
Mtb

Can test for Mtb and
rifampicin resistance
Rapid turnaround (<2
hours)

Cartridges can be stored
at room temperature

Can be used for LTBI
Blood sample (which is
easier to acquire than a
sputum sample)

Rapid detection

Sensitivity and specificity
comparable to PCR
testing

Cheaper to run than PCR
Visual readout

Rapid detection

Weaknesses

Requires high level
biosafety containment
laboratory

Generation of results is
time-consuming (>28
days)

More expensive than
conventional culture
Requires specialist
training

Method is labour
intensive

Requires high-
containment lab
Requires training
Reagents are toxic (e.g.
phenol)

Low specificity &
sensitivity

High initial costs,
although has multiple
applications

Results take approx. 5
days to appear

Requires repeated visits
to healthcare professional
Highly variable sensitivity
and specificity

High initial start-up cost
(>$10,000)

Variable sensitivity in
HIV/Immunocompromised
patients (73 - 87%)

Low sensitivity in smear-
negative patients (64 —
75%)

Less sensitive in
HIV/Immunocompromised
individuals (43-49%)
Less sensitive in children
(70-76%)

Requires handling of
blood samples

Requires specialist
training

Relatively expensive
Infrastructure required
can be prohibitively
expensive

Cannot be used for LTBI
Presents a significant
contamination risk if run
in a molecular biology
laboratory
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Line probe 95.6-
assays for Mtb 97 5%129
(Hain
Lifescience,
Germany &
Nipro, Japan)

Determine TB 13-93%1)

LAM Ag test
(Abbott, USA)

98.7-
99.5%129

87-99%12%)

Can detect resistance to
isoniazid and/or
rifampicin

Rapid detection (<6
hours)

Non-invasive

Rapid detection

Useful in
immunocompromised/HIV
patients who are
seriously ilP

Less sensitive and
specific in smear-negative
samples (62.5-74%) and
(84.9-92.8%)

Requires electricity
Reagents require
refrigeration/freezing
Cannot be used for LTBI

Large vaniability in
sensitivity

Not recommended in
immunocompetent
individuals

Table 1 - Currently used diagnostic techniques, recognised by the WHO, with the associated strengths and
weaknesses, and their associated sensitivity and specificity (alongside a 95% confidence interval), taken from
Macgregor-Fairlie et al. 2020 (71)

3 Defined as “respiratory rate >30 breaths per min, body temperature >39°C, heart rate >120 beats per min, or

unable to walk unaided”
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1.4.3. Recent developments:
The above represents the current repertoire of diagnostic techniques for TB. As
always, researchers and commercial interests are always in the process of

enhancing current techniques or attempting a new approach entirely.

For instance, digital droplet PCR (ddPCR) is an advancement of PCR which offers
absolute quantification rather than the relative quantification which is offered by real-
time PCR (qPCR). ddPCR is a more recent innovation which partitions the
amplification reaction seen in PCR (in the form of dropwise reactions) and this way, it
provides an absolute quantification of gene expression rather than a relative one.
Due to this, its sensitivity is higher than qPCR, and this method is capable to detect
single copies of DNA (126). This technique has been already used to monitor mixed
populations of cells to better understand drug-resistance (127). Whilst ddPCR offers
a greater amount of sensitivity than quantitative or g°PCR methods and can be used
to test for MTBC infection in both sputum and blood samples (128, 129), it often can
be prohibitively expensive (130). However, ddPCR could greatly expand the number

of tests which can be concurrently run, as has happened with SARS-CoV-2 (131).

CRISPR/Cas9 is a technology that is often thought of as a gene-editing technique.
Essentially, it has acted as a programmable enzyme that can “cut” DNA in specific
places, though recent discoveries have identified more enzymes which possess

collateral activity as well as an ability to target single stranded DNA, as is the case

with Casl2a (132).
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Contemporary research has demonstrated that this technique could be used to
detect MTBC DNA (133). This is particularly noteworthy due to its potential to be
lyophilised onto a lateral flow stick with attomolar sensitivity, enabling it to be readily
deployed in areas where electricity is seldom available (134). Ai et al. (133) have
utilised a recombinase polymerase amplification (RPA) to increase the amount of
genetic material before placing the amplification product onto the lateral flow stick.
RPA is a DNA/RNA amplification technique that can be run at a relatively low
temperature (ca. 37°C). The speed of the amplification of RPA is proportional to the
temperature (e.g., the higher the temperature, the faster the reaction) and, in this
instance, it was utilised to amplify 1IS6110, a highly conserved genetic element in the
MTBC (135). Due to the adaptable nature of the assay, the template to be amplified
and analysed using CRISPR/Cas12a can be modified, enabling its extension to
identify resistance mechanisms. The overarching principles of CRISPR/Cas are
summed up in A.1. Use of CRISPR-Cas for the detection of Tuberculosis:Error!

Reference source not found..

Complimenting this, is the ability CRISPR/Cas to be used in tandem with PCR to
significantly bolster the limit of detection in more resource-rich settings. Furthermore,
it has been demonstrated that the technique has a better overall diagnostic
performance when compared with the GeneXpert MTB/RIF® assay as well as a

faster turnaround (136).

Next-generation sequencing is also a potential tool in the fight against TB.

Historically, the thought of large devices such as a Sanger or Pyro sequencer being
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deployed to the field would not have been taken seriously. However, recent
developments have meant that sequencing technology has been miniaturised
further, with the advent of techniques such as Nanopore sequencing which have
been deployed on the front lines of disease outbreaks such as the Ebola outbreak in

Africa in the mid-2010s (137).

The development of artificial intelligence systems is another way that we are
improving our repertoire of techniques, by enhancing the level of accuracy and

sensitivity to TB when chest X-ray and smear microscopy is employed (138).

The last technique to be discussed is that of Raman spectroscopy. Raman is a
spectroscopic and (potentially) portable analytical tool, which could be readily
deployed into rural areas. Raman spectroscopy has been utilised in many other
applications, such as the diagnosis of cancer (139) and to identify bacterial
infections. The technique utilises the phenomenon of Raman scattering to detect the
unique molecular fingerprints of various bacteria when subjected to an excitation with
a certain wavelength of light. Preliminary research has demonstrated its ability to
detect TB alone (both drug-sensitive and drug-resistant serotypes), however no
research exists as to its efficacy outside of a monoculture sample (a critical objective
if such a device were to make it to market). The successful development of an
Raman-based method would enable clinicians to rapidly screen through a vast
number of patients due to Raman's ability to scan a sample within a matter of
minutes, as opposed to many hours molecular methods use. Given the benefits of

Raman spectroscopy and the accessibility of it throughout the duration of this
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project, this is the main technique that shall be utilised and discussed in this thesis

(140).

The techniques mentioned here are by no means exhaustive of the current methods
in development, but an indication of where the field of TB diagnostics could be going.
In general, demands are being placed on scientists to develop methods which can
be readily deployed to rural areas where general infrastructure may be lacking.
Therefore, these techniques need to prove sensitive, accurate and, ideally, able to

function without mains electricity or extensive amounts of training.

To further summarise, the repertoire of current diagnostic tools; their inherent
strengths and weaknesses can be seen in Table 2 - Diagnostic techniques currently
in development with the associated strengths and weaknesses, and their associated
sensitivity and specificity (alongside a 95% confidence interval), taken from

Macgregor-Fairlie et al. 2020 (71)Error! Reference source not found., opposite:
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Diagnostic Reported
method Sensitivity
ddPCR 29 NA*
CRISPR/Cas12a 90% (133
Deeplex-MycTB NA
(Genoscreen,
France)
Whole Genome >95%143)
Sequencing
(WGS)
MinION 94 8%+
Nanopore
sequencing
(Oxford Nanpore
technologies,
UK)
247 —
39.9%
(148)(95%
CI®)
Aeonose (eNose WA yi 30U
BV, Netherlands) (95% CI)
LETNET Active TB:
spectroscopy 84.62% (148
LTBI:
86.84%14®)

Reported
Specificity

98% (%

>95%(142

98%(144)

>90%(148)

44-65%
(147)

(95% ClI)

Active TB:
89.47%14®

LTBI:
65%!148)

A

+ + + +

+ + + + +

Strengths

Reported sensitivity down to 1
copy of DNA per sample

Provides absolute quantification of
sample

Flexibility to analyse sputum and
blood

Rapid tumaround (<1.5 hours)
High sensitivity and specificity
Reaction can take place at room
temperature

Reaction can be readily visualised
Reaction can be readily adapted to
cover other serovars of Mtb and
drug-resistant strains

Culture-free

Can use multiple sample sites
Detection of Rifampicin resistance
supersedes GeneXpert
MTB/RIF(41

Provides resistance profiles to 15
drugs (142)

Can be multiplexed to analyse up
to 384 samples (42

Identifies more than 100 different
mycobacterial species (42
Culture-free

Detects drug resistance
Whilst price is high, itis
continuously decreasing
Enables global surveillance of
strains

Portable

Can detect drug resistance
Cheaper than WGS (<$71 per
sample)

Has been deployed in the field
Quick turnaround (<6 hours)
Culture-free

Quick turnaround (<24 hours)
Blood sample

Non-invasive

Highly portable

Rapid tumaround (<10 mins)
Battery powered

Portable

Battery powered

Low cost per sample (<$7)
Quick tumaround (<2 hours)
Blood sample

Weaknesses

Prohibitively expensive ($10,000+)
Requires uninterrupt ble power
supply

Non-specific targeting is feasible
Efficacy not established for
paediatric or
HIV/Immunocompromised patients

Requires storage at -20°C
Longer turnaround compared to
other methods (48 hours)
Requires PCR to be performed
before sequencing

Requires access to web
application

Requires molecular biology lab
Requires expensive sequencing
equipment

May miss novel sequences
conferring resistance

Requires sputum

Longer turnaround compared to
other methods (up to 72 hours)
Some techniques are prohibitively
expensive (>$95 per sample)
Requires uninterrupt ble power
supply

Requires sputum

May miss novel sequences
conferring resistance

Requires uninterrupt ble power
supply

High initial start-up costs

Full characterisation to take place
Requires sputum

High variability in results
Effective miRNA yet to be
uncovered

Must be utilised regularly

Lower sensitivity and specificity in
men, smokers and people with a
high Body Mass Index

Requires internet access

Cannot determine drug sensitivity
Efficacy in LTBI and
immunocompromised yet to be
established

No efficacy established for
HIV/Immunocompromised and
paediatric patients

Small sample size in cited paper
(n=118)

No analysis of drug-resistance
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Al Processing 68-96%°®  72-85%"°® + Can be analysed on remote —  Requires mobile phone data

(95% CI) (95% Cl) servers access
+  Non-invasive —  Preliminary results vary between
+  Diminishes human error populations

Arginine film NA NA +  Quick tumaround (<2 hours) —  Requires sputum sample
+  Culture-free — Requires un interruptible electricity
+ PCRfree supply
+ Reported sensitivity down to 4. 4nM
of DNA('4®)

Table 2 - Diagnostic techniques currently in development with the associated strengths and weaknesses, and
their associated sensitivity and specificity (alongside a 95% confidence interval), taken from Macgregor-Fairlie et
al. 2020 (71)

1.5. Epidemiology of Tuberculosis:

The spread of TB across the globe is currently focused within South-East Asia (in
2021, this region accounted for 45% of TB cases globally (1)). Of the countries most
affected by TB, approximately two thirds of all global cases can be accounted for by

a mere eight countries (150):

1. India

2. Indonesia

3. China

4. The Philippines
5. Pakistan

6. Nigeria

7. Bangladesh

8. The Democratic Republic of the Congo

4 Not Available
5 Confidence interval
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As illustrated in Figure 3, below:
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Figure 3 - Estimated TB incidence in 2021, for countries with at least 100 000 incident cases (1)

However, of all the cases in 2021, approximately 6.7% occurred in people living with
HIV (1), though the prevalence of co-infection can vary greatly between countries

and regions. For instance, in some parts of Southern Africa, this can exceed 50%.

When discussing drug resistance, three countries account for 42% of global cases of

MDR-TB (1):

1. India
2. The Russian Federation

3. Pakistan

This often presents as rifampicin resistance. However, other forms of resistance are

increasingly emerging, both from a genotype and phenotype perspective.

Additionally, due to the ongoing COVID-19 pandemic, the level of resistant TB
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notifications has marginally increased, likely due to a reluctance of patients to pursue

treatment and diagnosis (151).

The WHO notes that there is a significant gap between TB notifications and
estimates; this primarily arises due to a lack of surveys, and it has been proposed
that such surveys should be held more frequently. Other objectives that countries
should be striving to achieve is to regularly confirm the presence of TB using
bacteriological methods, though this presents with a great number of issues due to

infrastructural and logistical demands.

In terms of overall mortality, the majority of TB deaths arise from four countries (1):

1. India

2. Indonesia

w

Myanmar

»

The Philippines

Globally, TB is the 13" leading cause of death ((152) Figure 4, opposite), and, prior
to the emergence of COVID-19, it was the single deadliest infectious agent on an
annual basis. COVID-19, however, has also impacted the fight against TB. As a
result, the WHO has reported an increased in global deaths from TB, despite
downward trends prior to the pandemic. With the primary reason being that those
suffering from TB being unlikely to attend healthcare facilities due to concerns arising

from COVID-19 (71).
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Number of deaths by cause, World, 2019

Cardiovascular diseases I 18.56 million
Cancers N 10.08 million
Respiratory diseases NG 3.97 million
Digestive diseases I 2.56 million
Lower respiratory infections | 2.49 million
Neonatal disorders I 1.88 million
Dementia I 1.62 million
Diabetes | 1.55 million
Diarrheal diseases I 1.53 million
Liver diseases I 1.47 million
Kidney diseases |l 1.43 million
Road injuries M 1.2 million
Tuberculosis |l 1.18 million
HIV/AIDS |l 863,837
Suicide Jll 759,028
Malaria il 643,381
Homicide il 415,180
Parkinson's disease Jjj 362,907
Nutritional deficiencies Jj 251,577
Drowning J§ 237,242
Meningitis Jj 236,222
Protein-energy malnutrition J§ 212,242
Maternal disorders Jj 196,471
Alcohol use disorders || 168,015
Drug use disorders | 128,083
Fire | 111,292
Hepatitis | 79,176
Poisonings | 77,162
Conflict and terrorism | 62,985
Heat (hot and cold exposure) | 47,461
Natural disasters | 6,076

Source: IHME, Global Burden of Disease (2019) OurWorldInData.org/causes-of-death « CC BY

Figure 4 - Global number of deaths by cause, 2019 (152)

The interaction between COVID-19 and latent TB is still being elucidated, and it is
not known if COVID-19 infection can increase the likelihood of latent TB becoming

active, though there are case studies demonstrating that this is feasible, but it does

not appear to be widespread (153).

Lastly, in terms of the spread of TB, two notable predictors of TB prevalence are
Gross Domestic Product (GDP)(Per capita) and malnutrition. Wherever there is a low
GDP per capita combined with high prevalence of malnutrition, the probability of
developing TB disease is substantially higher, though this is multi-faceted. For

instance, a decline in income could make an individual less likely to pursue health

care (154, 155) .
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1.6. Bovine Tuberculosis:

So far only human tuberculosis has been discussed at length. However, often
neglected is the impact of bovine tuberculosis. The aetiology of bovine TB is similar
to human TB with one exception: The primary causative agent is M. bovis (156).
Though symptoms, even in animals, present in a similar fashion to humans: Bloody

cough, and weight loss.

Bovine TB can be spread to humans via infected animals (either directly, or to
abattoir workers during slaughter and the subsequent aerosolisation of the bacteria,

as well as unpasteurised dairy products (157).

The primary diagnostic method for bovine TB is similar to humans: Gamma
interferon release assays or a tuberculin skin test (157). On the other hand,

treatment differs considerably.

Naturally, in humans, there is a focus on treatment until there is complete resolution
of symptoms. However, the same cannot be said for bovine TB. As a result, when a
cow is positively identified as having bovine TB, the movement of the cattle is
severely restricted and, often, the infected animals are culled (158), in accordance

with EU directive 2016/429 EEC (159), which applies to both the EU and UK.

Due to the above, bovine TB often has a significant impact upon farmers and the
wider economy. In the UK alone, it was estimated that bovine TB costs the UK
taxpayer approximately £150 million per year (160), and this is only set to increase

as time progresses.
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Additionally, within the context of the above and with some farmers still struggling to
recover following the foot and mouth disease outbreak in 2001 (161), it has become
the policy of the British government to undertake a highly controversial badger cull

(162).

Whilst bovine TB predominantly affects cattle, M. bovis can infect other animals and
has been documented in numerous species, including dogs, cats, deer, camels and,

most importantly, badgers (163).

The data on the impact of mass badger culling is inconclusive, however, one of the
more recent meta-analyses on the topic has concluded that the impact of a cull is
exceptionally limited (164). Meanwhile, other researchers believe that it may have a
contradictory effect due to the rapid dispersion of infected badgers in areas where

culling has taken place (164).

Regardless, the economic impact of bovine TB cannot be denied. M. bovis is
significant for a variety of other reasons. Primarily, vaccination for TB has relied upon
the use of an attenuated strain of M. bovis called Bacille Calmette-Guérin (BCG),

which shall be discussed below.

1.7. TB Vaccination:

Vaccination is the process of inducing immunity within an individual by introducing a
component (or derivative) of a pathogen into a person in the hopes of reducing the
severity of or preventing an infection from establishing itself. Relevant to TB is the

use of M. bovis BCG as mentioned above.
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M. bovis BCG is the result of approximately 230 passages of M. bovis taken from the
udder of an infected cow and then grown on glycerin, potato and ox bile medium
over the course of 11 years. Following the years of effort by Albert Calmette and
Camille Guérin, a significantly less pathogenic yet somewhat immunogenic organism

had been generated (165).

However, the BCG vaccine has several problems associated with it. First and
foremost, the vaccine is relatively poor in terms of efficacy in preventing infection (ca.
30%)(166). As for its ability to prevent an active infection arising from a latent
infection, its efficacy is approximately 71% (167). The vaccine itself is also
contraindicated in patients who are immunosuppressed (e.g. HIV patients) (168),
which is counterproductive given that HIV patients are significantly more likely to

develop active disease and are therefore prime candidates for a TB vaccine.

Secondly, the vaccine tends to form an oozing ulcer at the site of the injection which
often leaves a scar (169). This occurs at such a frequency that the presence of such

a scar is often considered the hallmark of TB vaccination.

Of course, there are multiple vaccine candidates in development for TB, however, at
the time of writing none have come close to being released into the market, and this

does not seem likely to change within the near future (170).

Ultimately, the BCG vaccine is a tool that can be utilised in the fight against TB, but it
is worth noting that it is not the ultimate preventative measure against TB as
vaccination is with other diseases (such as measles). Additionally, it is only most

beneficial when used in populations with a high infection rate of TB but cannot be
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used in populations where it is contraindicated (for instance, populations with a high
HIV burden) and it is this latter fact where it becomes more difficult to reconcile BCG
vaccination with a high level of HIV infection, as is the case in some countries such

as South Africa.

Regardless, the WHO recommends the use of the BCG vaccination in children, as a

combative effort to wipe out TB.

In terms of physiology, M. bovis BCG possesses several physical and genetic
elements which make it distinct from M. bovis and, ultimately, reduces its
pathogenicity. As a result, unlike M. bovis and M. tuberculosis, M. bovis BCG can be
handled safely within a laboratory with a biosafety level of 2. As a result, M. bovis
BCG shall be used as a model organism for bovine and human tuberculosis within

this project (171).

1.8. Mycobacterium Cell Wall Structure:

Mycobacterium sp., possess a rich cell wall which differs greatly from most other
pathogenic bacteria. In terms of the actual cell wall structure, (49) covers this
extensively; this is further added to by Dulberger et al. (172) as per Figure 5,

opposite.

Research has often considered the use of Raman spectroscopy on MTBC but this
has a tendency to focus primarily on mycolic acid as the main spectral element that
allows for detection of the bacteria (173); this could present with false positives given
that there are other bacteria within the respiratory tract that also contain mycolic acid

within their cell walls, prior to the publication of this thesis, no research has been
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performed that compares the spectra from Mycobacterium sp. with other mycolic

acid containing species of bacteria from the order Mycobacteriales.

Given the conserved nature of mycolic acids within the cell walls across MTBC and
other Mycobacteriales (174), it is plausible that the Raman spectra generated from
the analysis of these bacteria could broadly overlap. It is therefore necessary to
consider other molecules which may contribute to building a better picture of the

Mycobacterial cell wall, as both Dulberger et al. (172) and Cook et al. (49) detalil.

MTBC generally present with an especially thick cell wall that contains several
peptidoglycan-arabinogalactan polymers that are unique to Mycobacterium sp. (175)
and these compounds (as well as their interaction with the mycolic acid on the cell
surface) are more likely to be a viable diagnostic target to identify within the cell wall
of any Mycobacterium sp. By identifying these and incorporating their unigue Raman

spectra into a spectral barcode which enables healthcare staff to identify spectral
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elements which are unique to the bacteria within the MTBC, the prospect of a rapid

Raman (or spectral)-based diagnostic test gets closer to being a reality.

Surface lipids (PDIM)

Mycomembrane
|(8nm)

- Mycolic acids

Arabinogalactan|

—— LAMs

Q u Qolg :
AR %%OW
e

g Peptidoglycan

2a.q0
Q

Periplasm
(14 nm)

Cytoplasmic
membrane (7 nm)

Figure 5 -The cell envelope layers are populated by proteins that build and modulate the cell envelope.

Proteins discussed in the Review for which structural information is available are PknB (Protein Data Bank (PDB)
entries 2KUI and 1MRU), Ag85B (PDB entry 1FOP), GIfT2 (PDB entry 4F1Y), KasA (PDB entry 4C6X), FtsZ (PDB
entry 4AKWE), PonAl (PDB entries 5CXW and 5HLD), EmbC (PDB entry 3PTY); MviN-FhaA forkhead-associated
(FHA) domain complex (PDB entry 30UN), CmaA2 (PDB entry 1KPI), L,D-transpeptidase 2 (LDT2; PDB entries
3TUR, 5DUJ) and MspA porin (PDB entry 1TUUN). Dashed lines represent protein regions that are not resolved in
crystal structures. Phosphoinositol mannosides (PIMs) are dark purple (inositol) and light purple (mannose) and
are short. Lipomannans (LMs) are derived from PIMs and are shown with more light purple mannose residues.
Lipoarabinomannans (LAMs) are similar to LMs but have branched, light green arabinose chains. Peptidoglycan
is blue; dark blue crosslinks are D-D, light blue crosslinks are L-D. Arabinogalactan is dark green (galactan) and
light green (arabinan). Trehalose is represented by two dark orange hexagons and is linked to the mycolic acids
in trehalose monomycolate (TMM) and trehalose dimycolate (TDM). For mycolic acids, light yellow indicates a-
cis/cis-cyclopropane; dark yellow indicates keto, trans-cyclopropane; light orange indicates keto, cis-
cyclopropane; orange indicates methoxy, trans-cyclopropane; and dark orange indicates methoxy, cis-
cyclopropane. PDIM is red. Many classes of surface and cytoplasmic membrane lipids are not included. (172)
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Other structures and compounds that are present within the cell wall of MTBC are
also worth considering; these could include specific proteins such as MmpL3 (176),
lipids (177), or trehalose esters or glycolipids (178). It therefore becomes necessary
that any diagnostic technique which considers the physical characteristics of the
MTBC (such as Matrix-Assisted Laser Desorption/lonisation-Time-Of-Flight or
MALDI-TOF) must also consider the entire physical structure as opposed to a
specific element present within the bacteria and must be fully characterised, as well

as noting particularly unique spectral elements of the cell wall membrane.

Mycolic acids form the largest constituent part of the cell wall of MTBC; they are also
the definitive spectral elements that Muihlig et al. (173) uses to identify
Mycobacterium sp. in the vast amount of current literature. The more up-to-date
Stockel et al. (179) discusses these spectral motifs within the context of some
bacteria that reside within the microbiome, however the paper fails to consider the
effects of other mycolic acids within other bacteria that can reside within the

microbiome as well as failing to further analyse other.

Mycolic acids themselves are long-chain 2-alkyl branched, 3-hydroxy fatty acids and
are ubiquitous within the outer coat of the Mycobacteriales order. On the cell wall of
Mycobacterium sp. they can be found, either, as free acids, or esterified to

arabinogalactan, trehalose, glucose or glycerol (180).

The structure of the acids themselves vary between species; Marrakchi et al. (181)
discusses these at length, and the generalised structure of these compounds is

illustrated in the Figure 6, opposite:
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Mycolic acid

R—CHO + R'—CH,—COOH

Meroaldehyde Fatty acid
(Mero-chain)

(i branch)

Figure 6 - Generalised formula for mycolic acids

In terms of structures specific to Mycobacterium spp., (182) addresses these directly,

in Figure 7, opposite:

OH COOH

OH .
H,C-(CHy) P X~(CHy),,-Y~(CHy),CH — CH-(CH), CHy a-Mycolic acids

OH COOH

OH ¢ PR
HC-{CH,)HC=CH-(CH,),CH—CH-(CH,), CH, o-Mycolic acids

HC 0 OH COOH
H3C-(CH), —HC —C — (CH,),,-Y-(CH),CH—CH-{CH,) - CH, Katonycolic: acids
HC  OCH, OH COOH
1 - .
H,C~(CH,), —HC —HC — (CH,),,-Y~(CH,),CH—CH-(CH,)  CH, Methcymyoobc acids
H,C o OH COOH

I FARY E li ids
HLC-(CH,), —HC —HC —CH— (CHy),,~Y~(CHy) ,CH —CH-(CH,), CH, POXYTYCOIC ad

0O ?H ?DDH

| _—
HO —C — (CH,),,-Y~(CH,) CH=CH-(CH,), CH, @ Carboxymycolic acids

OCH, CI!H EI:DDH

1 @-1-Methoxym lic acids
H4C —CH —(CHy)rX-{CH,),~Y~(CH,) CH — CH-(CH),,’ CHy ymyco

Figure 7 - Generalised formulas for the Mycolic acids in the cell walls of Mycobacterium sp. (155)
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The proportion of the above mycolic acids on a bacterium can allow researchers to

characterise the bacteria that is being analysed (183). However, the extent to which

this allows scientists to differentiate between Mycobacterium sp. and other

mycobacteriales has not been established. Yassin et al. (182) goes on to illustrate

that there is an overlap within the size and structure of these compounds in the

Table 3 below:

Genus: Total number of Number of Pyrolysis
carbons: double bonds: products:
Corynebacterium 22-36 0-2 8-16
Mycobacterium 60-90 2 22-26
Rhodoccocus 30-56 0-4 12-18

Table 3 - Variations in size and structure of mycolic acid within the mycolic acid containing genera of the order
Actinomycetales (182)

Mycobacteriales contain a variety of compounds and components which are likely to
produce Raman spectra that are unique to those organisms, though it is plausible

that the mycolic acid make up the primary constitutive part of the spectra.

Therefore, if any Raman-based assay were to attempt to incorporate mycolic acids
into a test for TB, it would need to consider the configuration of mycolic acids and be

able to differentiate these by applying chemometric methods.

1.9. Scope of this thesis:
M. tuberculosis and the MTBC continues to be a pathogen of significant concern
across the globe and claims the lives of millions of people every year. Effective

diagnosis remains an issue in identifying TB cases due to a wide variety of reasons
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as identified above and in Macgregor-Fairlie et al. (74). Though the vast majority of

these issues arise due to a lack of infrastructure and access to specialist facilities.

Vaccination in and of itself is not a completely effective tool in preventing the
proliferation of TB between individuals, especially those co-infected with HIV.
Meanwhile, treatment (for the most part) remains incredibly effective but for it to be

truly effective, we must improve on and add to our diagnostic methods for TB.

The WHO recommends the combined approach of prevention, monitoring/diagnosis
and treatment, with the bulk of the focus being on effective diagnosis. Raman
spectroscopy is a potential workaround for this, and there is potential for this

technique to be deployed in the field for the effective diagnosis of TB.

Additionally, whilst Raman spectroscopy has been utilised in characterising M.
tuberculosis and other Mycobacterium sp., no research has been undertaken in
understanding the Raman spectra of the bacteria that occupy the same ecological
niche nor other similarly related bacteria. In essence, previous research has failed to

look at the bigger picture.

Therefore, the primary aims of this thesis are as such:

1. The construction of an in silico Raman library of key compounds present on
the cell wall of Mycobacterium sp.

2. The Raman analysis of cell wall extracts of M. tuberculosis, M. smegmatis
and M. bovis using optical trapping to consolidate the information provided by

the in silico analysis above.
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3. ldentification and Raman analysis of bacterial genera inhabiting the
respiratory tract of B. taurus, and a further comparitive analysis of the Raman
spectra of M. bovis BCG and other Mycobacteriales.

4. An investigation into the limit-of-detection of Raman spectroscopy in a
representative artificial sputum sample, containing the bacteria identified in
point 3.

5. The design of a theoretical CRISPR/Cas-based assay which seeks to identify
M. tuberculosis, in addition to genes which confer drug resistance. NB: This
part of the thesis was initially covered at the outset of this project, however,
due to the COVID-19 pandemic, it was later abandoned. Due to the work that

was carried out, this part of the project is now contained in the appendix.

The discussion sections of each chapter will be limited to technical evaluations of the
data generated, with further discussion on key aspects of the results within the

context of the published literature and current diagnostics in chapter 7.

Chapter 2:

2.1. Bacteria, Molecules and Compounds:

N.B: Scanning Electron Micrographs (where uncited) were generated by the
author under guidance from Regan Doherty and Catherine Griffiths at the
Southampton Biomedical Imaging Unit, University Hospital Southampton NHS

trust. For the methodology used to acquire the SEM images, see
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A.2. SEM preparation protocol for bacteria..

Figure 8 - Scanning Electron Micrograph of M. bovis BCG taken at 7,015x magnification. Acquired from the
University of Southampton Biomedical Imaging Unit at University Hospital, Southampton. A cluster of bacteria
dominates the entire picture. An individual cell is highlighted.

2.1.1. Mycobacterium bovis, Mycobacterium tuberculosis, & Mycobacterium
smegmatis:
Mycobacterium bovis BCG (NCTC 5692) makes up the most significant bacterial
species that this project will consider. Whilst Mycobacterium tuberculosis is the
most clinically significant species within the Mycobacterium genus, it is a pathogen
with safety requirements beyond those that the School of Chemical Engineering at
the University of Birmingham can provide and it therefore cannot be safely

handled within the context of this project.
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Genetic and structural elements from M. tuberculosis shall be considered in

Chapter 3,4,5,6 & A.1.

Meanwhile, M. bovis BCG will be considered in Chapters 5,6 & A.1.

M. bovis BCG (NCTC 5692) was acquired from the National Collection of Tissue
Cultures (NCTC), UK Health Security Agency (Formerly Public Health England),

Porton Down, UK.

Cell wall lipids of M. tuberculosis H37Rv and M. smegmatis Mc2 155 were kindly
provided by the Bhatt group from the University of Birmingham’s Institute of

Microbiology and Infection.

Figure 9 - Scanning Electron Micrograph image of Mycoplasma bovis taken at 20,000x magnification.
Acquired from the University of Southampton Biomedical Imaging Unit at University Hospital, Southampton. A
cluster of bacteria dominates the centre of the picture. Individual cells can be readily visualised.

2.1.2. Mycoplasma bovis:

Mycoplasma sp. are a remarkable genus of bacteria, in that they do not possess a

cell wall. Making up a significant proportion of the microbiome of B. taurus, they
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are opportunistic pathogens and are resistant to a notable number of antibiotics.
For the sake of clarity, Mycoplasma bovis shall be referred to using its full name to

avoid confusion with Mycobacterium bovis.

Mycoplasma bovis was readily utilised in Chapters 5 & 6.

Mycoplasma bovis (NCTC 10131) was acquired from the National Collection of
Tissue Cultures (NCTC), UK Health Security Agency (Formerly Public Health

England), Porton Down, UK.

2.1.3. Mycoplasma hyosynoviae:
Mycoplasma hyosynoviae is another member of the Mycoplasma genus which
forms part of the microbiome of B. taurus. Like other members of the Mycoplasma
genus, they are opportunistic pathogens and resistant to antibiotics. They also

lack a cell wall.

M. hyosynoviae was utilised in Chapters 5 & 6.

M. hyosynoviae were kindly gifted by Andrew Rycroft, the Royal Veterinary
College, London, UK. Identify was confirmed via PCR of the conserved

hypothetical protein mhp165 and through whole genome sequencing.

48 | Page



rrae ov ‘ ‘; nie
6637 1BKY § 19 KD1S

sl 3, isr 1.8
SO TR

\

- o) L
see” 100~ Ay DTS o

1Y
-~

Figure 10 - Scanning Electron Micrograph image of P. aeruginosa isolates attaching to glass surfaces.
Isolates can be observed in the top two boxes, whilst more clustered cells can be observed in C and D.
Magnification was not stated in the paper. Taken from Deligianni et al. (184)

2.1.4. Pseudomona aeruginosa:
Pseudomonas aeuginosas is a common commensal of animals, which is often an

opportunistic pathogen. P. aerguinosa was utilised in Chapters 5 & 6.

P. aeruginosa was acquired from the Overton group in the School of Chemical

Engineering at the University of Birmingham, UK.

2.1.5. Pseudomonas fluorescens:
Pseudomonas fluorescens is a common commensal of animals, which is often an

opportunistic pathogen. P. fluorescens was utilised in Chapters 5 & 6.

P. fluorescens was acquired from the Overton group in the School of Chemical

Engineering at the University of Birmingham, UK.
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Figure 11 - Scanning Electron Micrograph image of B. cereus taken at 5,000x magnification. Individual cells
can be readily visualised. Taken from Filho et al. (185)

2.1.6. Bacillus cereus:
Bacillus cereus (NCTC 11143) is a common commensal of animals and can cause
food-related illness in humans. Additionally, the bacteria is well-known to be

spore-forming. B. ceresus was utilised in Chapters 5 & 6.

B. cereus was acquired from the biology teaching labs in the School of Chemical

Engineering at the University of Birmingham, UK.
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Figure 12 - Scanning Electron Micrograph image of E. coli taken at 10,000x magnification. A cluster of
bacteria dominates the picture. Individual cells can be readily visualised. Taken from Krishnakumar (186)

2.1.7. Escherichia coli:
Escherichia coli is a common commensal bacteria which colonises the digestive
tract of both animals and humans. Occasionally, it can cause disease, as well as

opportunistic infections such as cystitis. E. coli was utilised in Chapters 5 & 6.

E. coli TOP10 were used in this project and acquired from Fisher Scientific,
Loughborough, UK. E. coli TOP10 is a proprietary strain of E. coli that
incorporates several genetic elements which foster the ability of the E. coli to

transform and clone heterologous genes.
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Figure 13 - Scanning Electron Micrograph image of M. haemolytica taken at 8,000x magnification. A cluster of
bacteria dominates the picture. Note the extracellular matrix that the bacteria have generated. Individual cells
can be readily visualised. Two cells undergoing fission are highlighted. Taken from Haig (187)

2.1.8. Mannheimia haemolytica:
Mannheimia haemolytica (NCTC 10638) is a causative agent of bovine respiratory
disease and is capable of causing disease within cattle. It is often present within

the microbiome. M. haemolytica was used in Chapters 5 & 6.

M. haemolytica was purchased from NCTC, UK Health Security Agency, Porton

down, UK.
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Figure 14 - Scanning Electron Micrograph of M. catarrhalis, taken at 2000x magnification. A vast biofilm forms
in the centre of the micrograph. The arrow present points to an individual cell. Taken from Tan et al. (188)

2.1.9. Moraxella catarrhalis:
Moraxella catarrhalis (NCTC 11020) is a commensal bacteria of the bovine
respiratory tract, and is capable of causing disease in both humans and cattle. M.

catarrhalis was used in Chapters 5 & 6.

M. catarrhalis was purchased from the NCTC, UK Health Security Agency, Porton

down, UK.
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Figure 15 - Scanning Electron Micrograph of R. erythropolis taken at 2,736x magnification. Acquired from the
University of Southampton Biomedical Imaging Unit at University Hospital, Southampton. A cluster of bacteria
dominates the entire picture. An individual cell is highlighted in the picture, with an arrow emphasising the cell.

2.1.10. Rhodococcus erythropolis:
Rhodococcus erythropolis (American Type Culture Collection (ATCC 4277)) is an
often soil dwelling bacteria that has been known to cause opportunistic infections

in humans. The genus often forms part of the microbiome of cattle. R. erythropolis
was used in Chapters 5 & 6.

R. erythropolis was acquired from the biology teaching labs in the School of

Chemical Engineering at the University of Birmingham, UK.
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Figure 16 - Scanning Electron Micrograph of S. aureus taken at 10,000x magnification. A cluster of bacteria
dominates the e picture. An individual cell is highlighted in the picture. Taken from Zeng et al. (189)

2.1.11. Staphylococcus aureus:
Staphylococcus aureus (NCTC 10788) is a prolific organism which is present in

the microbiome of both humans and animals. It is capable of causing destructive
disease and known to acquire antibiotic resistance. Generally speaking, the
organism resides on the skin as well as in the upper and lower respiratory tracts.

S. aureus was utilised in Chapters 5 & 6.

S. aureus was purchased from the NCTC, UK Health Security Agency, Porton

down, UK.
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Figure 17 - Scanning Electron Micrograph of C. glutamicum taken at 1,350x magnification. Acquired from the
University of Southampton Biomedical Imaging Unit at University Hospital, Southampton. A biofilm of bacteria
dominates the picture. A small cluster of bacteria undergoing fission is highlighted, with an arrow pointing to
them.

2.1.12. Corynebacterium glutamicum:
Corynebacterium glutamicum (ATCC 13032) is an important organism that is often
utilised in industrial production of proteins and amino acids. Additionally, the
bacteria is physiologically similar to bacteria within the MTBC and other
Mycobacterium sp.; as a result, it is often used in comparative studies. The genus

is also known to cause opportunistic disease and to be a member of the

microbiome. C. glutamicum was used in Chapters 5 & 6.

C. glutamicum was Kindly donated by Professor Gurdyal Besra, School of

Biosciences, University of Birmingham, UK.
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2.1.13. Chloramphenicol:
Chloramphenicol is a broad spectrum and semi-synthetic antibiotic which has
activity against a wide variety of Gram-negative and Gram-positive organisms.

Chloramphenicol’s mechanism of action is via inhibition of protein synthesis.

Chloramphenicol was acquired from Fisher Scientific, Loughborough, UK
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2.1.14. Ampicillin:
Ampicillin is a B-lactam antibiotic which inhibits cell wall synthesis. Whilst most -
lactams target only Gram-positive bacteria, due to an extra amide group, ampicillin

is able effective against Gram-negative bacteria.

Ampicillin was acquired from Fisher Scientific, Loughborough, UK.
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2.1.15. Kanamycin:
Kanamycin is a protein synthase inhibitor. It primarily targets Gram-negative

bacteria and inhibits relevant enzymes involved in protein synthesis.
Kanamycin was acquired from Fisher Scientific, Loughborough, UK.

2.2. Sample Preparation Methodologies:
2.2.1. Bacterial Cultures & Purification Methodologies:

2.2.1.1. Mycobacterium bovis BCG & Mycobacterium tuberculosis 7H9:
M. bovis BCG was initially cultured on Middlebrook 7H11 agar (Fisher scientific,
Loughborough, UK) + 0.2% glycerol (VWR, Lutterworth, UK) + 10% OADC growth

supplement (Merck, Gillingham, UK) and then incubated at 37°C for 4 weeks.

Colonies were then transferred to Middlebrook 7H9 (Fisher scientific,
Loughborough, UK) + 0.2% glycerol + 10% OADC growth supplement and then

incubated at 37°C and 150RPM for 1 week (190).
M. tuberculosis H37Rv was cultured as above by the Bhatt group.

2.2.1.2. Mycobacterium smegmatis:

M. smegmatis was cultured under recommended culture conditions by the Bhatt

group.
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2.2.1.3. Mycoplasma bovis:
Mycoplasma bovis was cultured as per Cook et al. (191), though 5% CO2was not

added to the incubator. Antibiotics were also omitted.

Yeast extract was made as per the recommendations of the ATCC under “Yeast
Extract #3”. Yeast extract was prepared by dissolving 1509 of store bought freeze-
dried baker’s yeast (Saccharomyces Cerevisiae. Allinson’s, Peterborough, UK) in
1000ml de-ionised water and then autoclaved at 121°C before being allowed to
settle overnight. The supernatant was then transferred into centrifuge bottles and
spun at 9000RPM for 50 mins. The supernatant was then aliquoted into 200ml
bottles and the precipitate discarded. The supernatant was then further autoclaved

at 121°C and the aliquots were then stored at 2-8°C.

2.2.1.4. Mycoplasma hyosynoviae:
M. hyosynoviae was cultured as per Cook et al. (191), though 5% CO2 was not

added to the incubator. Antibiotics were also omitted.

Yeast extract was made as per the recommendations of the ATCC under “Yeast
Extract #3”. Yeast extract was prepared by dissolving 1509 of store bought freeze-
dried baker’s yeast (Saccharomyces Cerevisiae. Allinson’s, Peterborough, UK) in
1000mI de-ionised water and then autoclaved at 121°C before being allowed to
settle overnight. The supernatant was then transferred into centrifuge bottles and
spun at 9000RPM for 50 mins. The supernatant was then aliquoted into 100ml|
bottles and the precipitate discarded. The supernatant was then further autoclaved

at 121°C and the aliquots were then stored at 2-8°C.
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2.2.1.4. Pseudomonas fluorescens:
P. fluorescens was cultured on solid nutrient agar media (Oxoid, Basingstoke, UK)
at 30°C for 24 hours before being transferred to liquid nutrient broth (Oxoid,
Basingstoke, UK) and subsequently incubated at 30°C and 150RPM for 24 hours

(192).

2.2.1.5. Pseudomona aeruginosa:
P. aeruginosa was cultured on solid nutrient agar media (Oxoid, Basingstoke, UK)
at 37°C for 24 hours before being transferred to liquid nutrient broth (Oxoid,
Basingstoke, UK) and subsequently incubated at 37°C and 150RPM for 24 hours

(193).

2.2.1.6. Bacillus cereus:
B. cereus was cultured on solid nutrient agar media (Oxoid, Basingstoke, UK) at
37°C for 24 hours before being transferred to liquid nutrient broth (Oxoid,
Basingstoke, UK) and subsequently incubated at 37°C and 150RPM for 24 hours

(194).

2.2.1.7. Escherichia coli:
E. coli was cultured on solid nutrient agar media (Oxoid, Basingstoke, UK) at 37°C
for 24 hours before being transferred to liquid nutrient broth (Oxoid, Basingstoke,

UK) and subsequently incubated at 37°C and 150RPM for 24 hours (195).

Selective nutrient agar was also used. Respective selective nutrient agars

contained 100pg/mL ampicillin, 50ug/mL kanamycin, and 12.5ug/mL
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chloramphenicol. Antibiotics were dissolved in de-ionised water and then filtered

through a 0.22um syringe filter.

2.2.1.8. Mannheimia haemolytica:
M. haemolytica was cultured on solid colombia blood agar (196)(Oxoid,
Basingstoke, UK) at 37°C for 24 hours before being transferred to liquid nutrient
broth (Oxoid, Basingstoke, UK) and subsequently incubated at 37°C and 150RPM

for 24 hours.

2.2.1.9. Moraxella catarrhalis:
M. catarrhalis was cultured on brain-heart infusion agar (Oxoid, Basingstoke, UK)
at 37°C for 24 hours before being transferred to brain-heart broth (Oxoid,
Basingstoke, UK) and subsequently incubated at 37°C and 150RPM for 24 hours

(197).

2.2.1.10. Rhodococcus erythropolis:
R. erythropolis was cultured on brain-heart infusion agar (Oxoid, Basingstoke, UK)
at 37°C for 48 hours before being transferred to brain-heart broth (Oxoid,
Basingstoke, UK) and subsequently incubated at 37°C and 150RPM for 48 hours

(198).

2.2.1.11. Staphylococcus aureus:
S. aureus was cultured on solid nutrient agar media (Oxoid, Basingstoke, UK) at
37°C for 24 hours before being transferred to liquid nutrient broth (Oxoid,
Basingstoke, UK) and subsequently incubated at 37°C and 150RPM for 24 hours

(199).
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2.2.1.12. Corynebacterium glutamicum:
C. glutamicum was cultured on Tryptic soy agar (Oxoid, Basingstoke, UK) at 37°C
for 48 hours before being transferred to Tryptic soy broth (Oxoid, Basingstoke,

UK) and subsequently incubated at 37°C and 150RPM for 48 hours.

2.2.1.13. Bacterial preparation:
For Raman analysis, cells were centrifuged at 3900 rpm (Eppendorf Centrifuge
5810/5810 R. Eppendorf, Stevenage, UK) for 10 mins and the supernatant was
removed. The cells were then resuspended in 1ml of sterile, distilled water and
spun again (173). Cells were aseptically removed from the respective pellet using
a 10pL inoculating loop and spread on to an autoclaved aluminium coated glass
slide. The cells were then allowed to air dry under laminar flow for two hours. For
the analysis of C. glutamicum, R. erythropolis and M. bovis BCG, three biological
repeats (defined as the use of different, independently grown or prepared samples
to assess the biological variability of an experiment) were carried out (20), whilst
only one biological repeat was carried out for the remaining bacteria.. For all
samples, 100x technical repeats (defined as the repetition of a measurement

using the same sample and conditions) were carried out per biological repeat.

2.3. Molecular Methods:

2.3.1. Bacterial Transformation:
E. coli TOP10 were transformed in accordance with the protocol available from
New England Biolabs (NEB) “High Efficiency Transformation Protocol
(C2987H/C29871)” (200).
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2.3.2. Plasmid Purification:
Plasmid purification was undertaken in accordance with the with the protocol
available from Thermo Scientific “GeneJET Plasmid Miniprep Kit #K0502, #K0503”

(201).

2.3.3. Digestion, Phosphorylation & Ligation:
Plasmid digestion was carried out in accordance with the protocol available from
New England Biolabs titled “Optimizing Restriction Endonuclease Reactions” with

the addition of 0.5ug 100x BSA to make a total reaction volume of 50uL (202).

Phosphorylation and ligation of oligonucleotides took place in accordance with
Marrafini et al. (203). Oligonucleotides were ordered from Integrated DNA
Technologies, Inc. (Leuven, Belgium). Plasmids containing the relevant genes of

interest were ordered from Thermo Fisher, with ampicillin as a resistance marker.

2.3.4. Gel Electrophoresis & extraction:
Gel electrophoresis was carried out in 1% agarose gel containing GelRed
(BioTium, Fremont, USA) and 1x TBE buffer (Tris base 10.8gL™%, boric acid 5.5gL"
1 EDTA 1.16gL?). pCRISPR was pooled and then 10uL BlueJuice™ Gel-

Ladepuffer (10x) (Invitrogen, Inchinnan, UK) added.
The gel was then run at 120V for 60 mins.

Gel extraction was carried out in accordance with the protocol from Thermo

Scientific “GeneJET Gel extraction kit, #K0691, #K0692” (204).
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2.4. In silico Methods:

2.4.1. Avogadro:
Avogadro is an advanced molecule editor and visualiser which can generate input
for computational chemistry programs such as ORCA and acts as a Graphic User
Interface (GUI) for said programmes (205). Avogadro can visualise structural files
of a compound in .CML format. It can also generate in silico Raman data following
the submission of ORCA output files containing the computational information of a

compound after such a file has been generated by ORCA.

Structural files were acquired in .CML format from Chemical Entities of Biological
Interest (ChEBI) directory, available from the European Molecular Biology

Laboratory’s European Bioinformatics Institute (EMBL-EBI). Input files for ORCA
were generated and optimised for use on ORCA via Avogadro utilising BP86 and

Split valence polarization with diffuse functions.

These files were then modified with the insertion of script designed to facilitate the
generation of output files remotely via BlueBEAR (Blue Birmingham Environment
for Academic Research. The University of Birmingham’s high performance

computer).

Output files were then visualised on Avogadro, as was Raman spectral data.
Avogadro v1.2.0 was used throughout the duration of this project and the

associated work was carried out in Chapter 3.
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2.4.2. ORCA:
ORCA is an ab initio quantum chemistry package that is able to generate in silico
measurements of compounds. It has been widely cited in literature and was
developed by the Max Planck Institute for carbon research (206, 207, 208).
Specifically, the package has been optimised for the generation of spectroscopic

readouts (209).

ORCA 5.0.3 was utilised throughout the duration of this project and was operated

via BlueBEAR. The work associated with ORCA was carried out in Chapter 3.

2.4.3. BlueBEAR:
Blue Birmingham Environment for Academic Research or BlueBEAR is the
University of Birmingham’s high-performance computer which is capable of
undertaking the large calculations required for the generation of output files which

visualise the in silico Raman spectra of the compounds discussed in Chapter 3.

The computations therefore described herein were performed using the University
of Birmingham’s BlueBEAR HPC service, which provides a High Performance
Computing service to the University’s research community.

See http://www.birmingham.ac.uk/bear for more details.

2.5. Analytical Methods:

2.5.1. Optical Trapping:
Optical trapping (also known as optical tweezers) relies on the principle of

radiation pressure exerted by light (210). When a laser beam passes through a
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microscopic object, it exerts a force on the object due to a transfer of momentum
from the photons contained within that beam (211). By utilising this force and
focusing the light on to a specific area, objects can be trapped and held in place
(See Figure 18). This trapping effect can be used on all manner of materials,

ranging from single atoms(212) to cellular organisms (213).

Optical trapping took place using a 1064nm Cobolt 04-01 Series diode laser
(HUBNER Photonics, Germany) fed directly into the Leica lens via a fibre optic

cable and was utilised in Chapter 4.

I Optical trapping

Raman microscope with optical
trapping laser fed via fibre optic
cable (left)

") - Direction of photons
m = Optical waist
L 4

Figure 18 - Schematic of Optical trapping within the context of this project. Created by Biorender.com
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2.5.2. Raman Spectroscopy:
Raman spectroscopy is a technique that measures the ability of a compound to
reflect a known wavelength of light; it measures the way light is scattered when an
object is hit by a laser at a specific wavelength. When this is done, it generates a
fingerprint and allows the identification of an object to take place (214); this also

extends to pathogens.

The underlying theory of Raman spectroscopy is based on several principles. An

overview of how Raman works is illustrated in Figure 19 below:

Electron energy transfer level

To detector

Incident light Fluorescence

Anti-Stokes Raman A A A
scattering

Rayleigh
scattering

Stokes Raman Er Es Ens

scattering

A
B Evio
. ¥

Rayleigh Stokes Anti-Stokes Fluorescence
(elastic Raman Raman
scattering)

Sample

Figure 19 — An illustration of the theory or Raman spectroscopy. For reference, Er = the energy of a Rayleigh
scattered photon, Es = the energy of a Stokes photon Eas denotes the energy of an anti-Stokes photon and
Evib= the energy involved in a molecular vibrational transition. Created with Biorender.com
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When photons strike a sample, it interacts with the molecules in various ways.
Some of this light may bounce off the surface as a reflection or scatter in a way
that does not change its energy (Rayleigh scattering), meaning it keeps the same
wavelength as the incoming light. If the energy of the incoming photons aligns with
an electronic energy level of the molecule, these photons can trigger the molecule
to reach this state, and then the molecule releases a photon with a longer
wavelength during its return to the normal state (a process known as
fluorescence). Raman scattering, which involves energy exchange, can also occur
when incoming photons cause specific molecular vibrations (unique to each
chemical group). In the Stokes Raman scattering scenario, the molecule takes in
energy and emits a photon with a wavelength longer than the incoming photon.
Conversely, if the molecule starts from an already vibrationally excited state, it can
lose vibrational energy and pass it onto the scattered photon (anti-Stokes Raman
scattering), causing the emitted photon to have a shorter wavelength than the

initial one.

Raman is able to rapidly identify pathogens, even when compared to other
spectrometry techniques such as Matrix-Assisted Laser Desoprtion/lonisation —
Time-Of-Flight (MALDI-TOF) (<10 mins vs 60+ mins (214, 215)), this allows for a
rapid turnaround time. A Raman spectroscopy setup also requires substantially
less room when compared to MALDI-TOF. Furthermore, given the use of only one

wavelength of light such a device can be miniaturised into a highly portable
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version (216). Raman is also highly sensitive and able to detect 1-4 x10? cells/mL

within a sample (217).

Due to its inherent ability to be miniaturised as well as the ability to rapidly identify
bacteria, it is therefore feasible to develop a high-throughput screening technology
for TB and bovine TB using Raman spectroscopy. This is particularly useful when

there are large cohorts of patients, or a large herd of cattle that need to be

screened within a small amount of time.

A Raman spectrometer is composed of a laser that is used to illuminate the object
of interest, this then reflects, absorbs and scatters the electromagnetic radiation.
Following this, the scattered radiation is fed into a spectrometer and filtered to
eliminate the wavelength of the laser (Rayleigh scattering) then fed into a

computer via a charge-coupled device (CCD) and interpreted.

An InVia Raman spectrometer system by Renishaw (Wooton-under-edge, UK)
equipped with a Leica confocal microscope DM2500 and 100x Leica objective
lens with a 785nm diode laser was used to acquire the Raman spectra in

Chapters 4, 5 & 6. Further specifics are expanded upon within their respective

chapter.

2.5.3. WIRE:
Windows-based Raman Environment (WIiRE) is the proprietary software package
from Renishaw, which acts as the GUI for the Raman spectrometer. WIiRE allows
users to control the Raman instrument, as well as view samples and configure

measurements. Additionally, WIRE also enables users to perform basic
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processing and analysis of data, such as background fluorescence removal, noise

removal, cosmic ray removal, etc.

WIRE 5.2 was used in the analysis of the Raman data generated in Chapters 4, 5

& 6.

2.6. Software for the data analyses:

Figures, where uncited, were created using biorender.com and Inkscape 1.2.1 .
References were organised with EndNote 20.4.1. Microsoft Office Excel 365 and
Plotly were used to for data plotting. The Python script used for the generation of
average spectra, PCA, PCA quadrant analysis, SOM and SOMDI was
collaboratively developed with Paulo De Gomes and is readily accessible via
Vettigli et al. (218) . The Python script used for the generation PCA-LDA,
confusion matrix, and spectral barcodes was collaboratively developed with Daniel
P Weston and is readily accessible via Weston (219). The customised Python
scripts for statistical analyses were adapted for use in this project and locally

deployed via Jupyter Notebook 6.4.8.

2.7. Statistical methods used for the data analyses:

2.7.1. Principal Component Analysis (PCA):
Principal Component Analysis is a dimensionality reduction technique that
transforms data into a new coordinate system, capturing its variance in a few
principal components. It simplifies complex datasets, revealing patterns and

reducing computational complexity.
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When being applied to Raman spectral data, PCA can unravel underlying patterns
within the intensity variations across the spectra. It identifies dominant spectral
features and reduces data dimensionality, aiding in visualising sample similarities,

detecting outliers, and highlighting key molecular contributors (220).

2.7.2. PCA Quadrant Analysis:
PCA Quadrant Analysis extends PCA by categorising data points into quadrants
based on their scores along principal components. In this instance, two principal
components were used. It enhances interpretation by highlighting relationships

between variables, aiding in the identification of distinct clusters or trends.

Quadrant analysis enhances PCA's utility in Raman spectra by categorising
spectra based on their principal component scores. This can unveil distinct
chemical or structural groups within a dataset, providing a more intuitive

understanding of how different components contribute to spectral variations (221).

In the work presented in this thesis, the PCA quadrant analysis has afforded us
the ability to see which spectral components have the greatest amount of

influence in the distribution of our PCA datapoints.

2.7.3. Self-Organised Mapping (SOM):
Self-Organised Mapping is an unsupervised machine learning technique that
creates a low-dimensional representation of high-dimensional data. It organises
similar input data into clusters on a map, preserving the topological relationships

present in the original data.
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SOM is valuable for organising and clustering Raman spectra based on similarities
in their vibrational patterns. It helps visualise spectral relationships, identifying
regions of similar composition. SOM is particularly useful when exploring complex
molecular mixtures or subtle variations in chemical structures, such as those

present in and on bacteria (222).

2.7.4. Self-Organised Mapping Discrimination Index (SOMDI):
SOMDI assesses the discriminatory power of a Self-Organised Map. It measures
the separation between clusters on the SOM, providing insights into how well the

map distinguishes different classes or groups within the data.

SOMDI assesses how well a SOM distinguishes between different groups or
classes in Raman data. It quantifies the separation between clusters on the SOM,
indicating the map's effectiveness in capturing relevant chemical differences

among samples (223, 224).

2.7.5. Self-Optimising Kohohen Index Network (SKINET):
SKINET is an additional form of multivariate analysis that simultaneously provides
dimensionality reduction, feature extractions and multi-class classification, by

combining both SOM and SOMDI into a single tool (224).

2.7.6. Principal Component Analysis — Linear Discriminant Analysis (PCA-
LDA):
PCA-LDA combines PCA and Linear Discriminant Analysis to enhance class

separation in multivariate data. PCA identifies relevant features, and LDA
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optimally projects these features for effective classification, improving the

performance of pattern recognition algorithms.

PCA-LDA optimises the classification of Raman spectra. PCA identifies critical
spectral features, and LDA builds a decision boundary to maximize class
separation. This combined approach is powerful for discriminating between

different sample types based on their Raman signatures (225).

2.7.7. Confusion Matrix:
A Confusion Matrix is a table that evaluates the performance of a classification
algorithm. It compares predicted and actual class labels, displaying true positives,
true negatives, false positives, and false negatives. It is a crucial tool for assessing

model accuracy and identifying misclassifications.

In Raman spectroscopy, a confusion matrix assesses the accuracy of a
classification model. It quantifies the success of identifying specific chemical or
biological components in a sample based on their Raman spectra, providing

insights into the model's strengths and areas for improvement (226).

2.7.8. Two-Way Analysis of Variance (ANOVA):
A two-way ANOVA, applied to Raman spectral data, investigates how two
categorical factors influence the spectral intensities of bacterial species. The
factors could represent different species (Factor 1) and an additional experimental
condition (Factor 2), like varying treatments or time points. The analysis assesses
whether variations in spectral intensities are due to each factor individually, as well

as their potential interaction. Significant results for Factor 1 indicate overall
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differences in Raman spectra between bacterial species, while Factor 2 reveals
effects from the additional condition. An interaction effect suggests non-additive
influences. In Raman data interpretation, this method elucidates how experimental

variables jointly impact spectral characteristics (227).
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Chapter 3:

3. In silico analysis of the Mycobacterial cell wall:

3.1. Introduction:
N.B: Due to the COVID-19 pandemic, this work was undertaken during the 6-

month lab closure at the University of Birmingham.

Over the last years it has become more and more feasible to undertake In silico
analysis using various types of computers (228, 229, 230, 231). Large universities
such as the University of Birmingham often possess a supercomputer, which
utilise large processors with numerous cores and memory systems of

considerable size (232).

Additionally, due to the COVID-19 pandemic, there has been a large interest in
moving away from lab work to in silico work, often due to the social distancing
measures as well as lockdowns around the world (233). For instance, a
straightforward albeit rudimentary search for “in silico” on ScienceDirect, one can
see a steady upward trend across the years, with accelerated increases during the

years 2020 and 2021.

As discussed, the ability to work remotely with in silico work via a university’s
supercomputer is one of the benefits which have come into play during the
COVID-19 pandemic. However, what has not been discussed yet is the ability to
analyse compounds which are not readily available, or compounds which would

take a substantial amount of time to fully analyse.
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Additionally, in silico work can enable scientists to work with more complex
systems, such as protein interactions (234), drug interactions (235) and enzyme
kinetics (236). Specifically, for this project, in silico work was undertaken to
generate Raman spectra for compounds present within the cell wall of M.
tuberculosis. The aim of this was to generate evidence which would support the
analysis of the Mycobacterium sp. in the following chapter as well as enable the
author of this thesis to pick out relevant Mycobacterium peaks in the in vitro

research in the chapters following this one.

3.1.1. European Molecular Biology Laboratories:
As such, the structural data was initially acquired from the European Molecular
Biology Laboratories (EMBL). EMBL is a world-renowned research institution
focused on molecular biology, genetics, and structural biology. It was established
in 1974 and is currently headquartered in Heidelberg, Germany. With collaboration
between several sites in 6 European countries, with sites in Germany, France,

Italy, Spain, and the United Kingdom (237).

EMBL's research focuses on understanding the fundamental principles of life, with
the ultimate goal of improving human health and addressing societal challenges.
Their research includes studying the structure and function of biomolecules,
investigating gene expression and regulation, and understanding cellular

processes and interactions.

One of the key areas of research at EMBL is the characterisation of compounds of

interest. EMBL researchers utilise a range of techniques to characterise molecules
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& compounds, including X-ray crystallography, nuclear magnetic resonance
(NMR) spectroscopy, mass spectrometry, and electron microscopy. The EMBL
maintains a structural database of compounds, in the form of the Chemical Entities
of Biological Interest database (ChEBL), and it is this database from which
structural information was taken for this chapter. ChEBL utilises user-submitted
data from various institutions, which it then verifies utilising cross-referencing from

other researchers, as well as verification from researchers at the ChEBL (238).

3.1.2. Avogadro:
Avogadro is an open-source, cross-platform computational chemistry software
program designed for molecular modelling and visualization. The program was
first released in 2006 and has since become a widely used tool in the

computational chemistry community (205).

Avogadro is used for a variety of applications in computational chemistry, including
molecular modelling, quantum chemistry, molecular dynamics simulations and
analysing in silico Raman data with input from ORCA. The program allows users
to build, edit, and manipulate molecular structures, and to calculate properties
such as energies, vibrational frequencies, and molecular orbitals, as well as the

display of artificial Raman and Infrared (IR) data.

One of the key features of Avogadro is its flexibility and extensibility. The program
can be easily customised and expanded with plugins, allowing users to add new

features and capabilities to the software.
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Avogadro has been used in a wide range of research studies and applications in
computational chemistry. For example, generating illustrative outputs for the
physical properties of carbon nanotubes (239), and the construction of &
optimisation of the in silico structure of potential antimalarial compounds (240). For
this specific project, as detailed above, it was used to optimise the geometry from

the compounds of interest and generate suitable input data for ORCA.

3.1.3. BlueBEAR:
The BlueBEAR supercomputer is a high-performance computing facility at the
University of Birmingham. The facility is designed to support a range of research
activities across many scientific fields, including physics, chemistry, engineering,

and life sciences.

BlueBEAR is built around a hybrid architecture, which combines traditional central
processing units (CPUs) with graphics processing units (GPUs) and field-
programmable gate arrays (FPGAS). This architecture allows researchers to tackle
computationally challenging problems that require massive amounts of parallel
processing power, such as simulations of complex systems, data analysis, and

machine learning.

The supercomputer is also equipped with a high-speed network, which enables
researchers to transfer large amounts of data quickly and efficiently between the
computer nodes and storage systems. The facility provides researchers with a
range of storage options, including high-performance parallel file systems, object

storage, and archival storage, to support data management needs.
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In terms of capabilities, BlueBEAR has been used in published research across
many different fields. For instance, the simulation of pandemics (241), deployment
in understanding metabolomics in HepaRG cells (242) and an investigation into

the properties of molecular crystals (243).

BlueBEAR’s hybrid architecture, high-speed network, and advanced storage
options provide researchers with the computational resources needed to tackle
complex problems and generate new insights into a wide range of scientific

phenomena.

3.1.4. ORCA:
ORCA (short for "Open-Source Computational Chemistry Software") is a powerful
computational chemistry software package that allows researchers to model and
simulate a wide range of chemical systems using quantum mechanics. Developed
by a team of researchers at the Max Planck Institute for Chemical Energy
Conversion, ORCA has become a popular tool for studying chemical reactions and

properties, with a growing user base around the world (207).

ORCA employs a range of advanced algorithms and techniques to perform
calculations on molecules and materials, including density functional theory (DFT),
wavefunction-based methods, and semi-empirical methods. The software package
can be readily modified, allowing researchers to tailor their calculations to their

specific research questions and computational resources.

In recent years, ORCA has been used in a variety of scientific applications,

including drug discovery (244), materials science (245, 246), and energy research.
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Specifically, a recent study used ORCA to investigate the catalytic mechanism of
an enzyme involved in the production of biofuels (247), as well as another study
which sought to understand critical reactions used in the production of ammonia

(248).

Overall, ORCA is a powerful tool in generating in silico data and it is through the
combined use of BlueBEAR, Avogadro & ORCA that this chapter becomes

feasible.

3.2. Methods:

3.2.1. European Molecular Biology Laboratories:
EMBL was utilised via ChEBL by searching for the term “Mycobacterium
tuberculosis” with the option for three-star verification being taken. 157 entries
were present. Of these, 21 compounds (See Table 4 opposite) with a direct
source from M. tuberculosis were identified, and their associated MolFile were

downloaded for further use with Avogadro.
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Compound name:

SMILES:

# (2R)-2-[(1R)-1-Hydroxy-12-2-[14-(2- c(cceceee1c(c1)cececeececceecec[C@@H](0)[C@H](C([0-]1)=0)
Icosylcyclopropyl)-Tetradecyl]-Cyclopropyl- Cccceececececcecececcececececcececcec)ceceeccececac(ce)
Dodecyl]-Hexacosanoate CCECCCCECCCCEECEECEE

#2 (2R)-2-[(1R)-1-hydroxy-12-2-[14-(2- C(CCcCcccr1c(cr)cececeecceeeCiC@@Hl(0)[C@H](c(0)=0)
icosylcyclopropyl)tetradecyl]cyclopropyldodecyl] | CCCCCCCCCCCCCCCCCCCCCCCC)Cccccecececeac(c?)
hexacosanoic acid Ccccccceeceecececceccecceccecccce

#3 (2R)-2-[(1R)-1-hydroxy-14-2-[14-(2- C(CCCCcCcC1C(C1)CcccceceeceecececCiC@@HI(O)[C@HI(Cc(0)=0)
icosylcyclopropyl)tetradecyl]cyclopropyltetradecy | CCCCCCCCCCCCCCCCCCCCCCCC)CCccceccececeac(c2)
[lhexacosanoic acid cccceceececcececceccececceccececcecce

#4 (2R)-2-[(1R)-1-hydroxy-16-2-[10-(2- C(CCCCCCccer1c(ceceecececececceceac(cececeececcceccccceccCiC@@HI(0)[C@H]
octadecylcyclopropyl)decyl]cyclopropylhexadecy | (C([O-])=0)CCCCCCCCCCCCCCCCCCCCCCCC)C2)c1)ccececececcce
[lhexacosanoate

#5 (2R)-2-[(1R)-1-hydroxy-18-2-[10-(2- C(CCCCCCCcr1c(cceeececececcecac(cececcecceccecccececcceccececccCiCe@HIo)[C@H]
icosylcyclopropyl)decyllcyclopropyloctadecyllhex | (C([0-])=0)CCCCCCCCCCCCCCCCCCCCCCCC)C2)C1)cccececececcececce
acosanoate

#6 (2R)-2-[(1R)-1-hydroxy-18-[2-[10-(2- C(CCCCCcCceer1c(ceceecececececececeac(cecececececccececccececcccice@HI(o)[Cc@H]
nonadecylcyclopropyl)decyl]cyclopropyl]octadec | (C(0)=0)CCCCCCCCCCCCCCCCCCCCCCCC)C2)c1)cceceecececceccece
yl]hexacosanoic acid

#7 (2R)-2-[(1R)-1-hydroxy-18-[2-[10-(2- C(CCCCCCccr1c(cceeececececececac(cecececceccecceccececcceccececccCiC@@HI(o)[Cc@H]
nonadecylcyclopropyl)decyl]cyclopropyloctadecy | (C([O-])=0)CCCCCCCCCCCCCCCCCCCCCCCC)C2)C1)ccceccecececcecce
[lhexacosanoate

#8 (2R)-2-[(1R)-1-hydroxy-18-2-[10-(2- C(CCCcCcccecee1c(ceceecececececcceceac(cececeecceccececccecececccce@HI(o)c@HI
nonadecylcyclopropyl)decyllcyclopropyloctadecy | C(O) =0)CCCCCCCCCCCCCCCCCCCCCCCC)c2)c1)ccececececcecce
[lhexacosanoic acid
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(2R)-2-[(1R)-1-hydroxy-18-2-[10-(2-
octadecylcyclopropyl)decyl]cyclopropyloctadecyl
Jtetracosanoic acid

C(CCCCCCCCcr1c(cceeeecececececeac(cecececececcccecceccecccecccciCc@@HI(0o)[C@H]
((od(0) El0) Lo o o o o o o o o of of o of o o o o{ o o{ o{ o{ 09 [ o) [ 0, | [ o o o o o o o o{ 4

#10 (2R)-2-[(1R)-1-hydroxy-18-2-[10-(2- C(CCCCCCCcCcL1c(cceeececececececeac(ceceececccecccecececccececcCic@@HI(0)c@H]
icosylcyclopropyl)decyllcyclopropyloctadecyllhex | (C([O-])=0)CCCCCCCCCCCCCCCCCCCCCCCC)C2)Cc1)cceceececcececce
acosanoate

#11 (2R)-2-[(1R)-1-hydroxy-20-2-[10-(2- C(CCCCCCcCcrL1c(cceceececececececeac(cecececcecceccecceccececccececceccccecciC@@Hi(o)
nonadecylcyclopropyl)decyl]cyclopropylicosyllhe | [C@H](C(O0)=0)CCCCCCCCCCCCCCCCCCCCCCCC)C2)c1)cceceeeccecccece
xacosanoic acid

#12 (2R)-2-[(1R)-1-hydroxy-20-2-[10-(2- C(CCCCCCCccr1c(ceceeececececececeac(cececececceccecccececcecceccecececececic@@Hio)
octadecylcyclopropyl)decyl]cyclopropylicosyllhex | [C@H](C(0)=0)CCCCCCCCCCCCCCCCCCCCCCCC)cz)c1)ccececccecec
acosanoic acid

#13 (2R)-2-[(1R)-1-hydroxy-20-2-[10-(2- C1(CCCCCCCCCCC2c(cceceeececceecceceecceccecceccececcCiC@@HI(o)C@HI(c([o-
octadecylcyclopropyl)decyl]cyclopropylicosyljtetr | ])=0)CCCCCCCCCCCCCCCCCCCCCC)C2)C(C1)Cccececeeececececececcceccce
acosanoate

#14 (2R)-2-[(1R)-1-hydroxy-20-2-[10-(2- C1(CCCCCCCCCCcL2c(ccceeeeecceeccecceccececcciC@@HI(0O)[C@HI(c(0)=0)
octadecylcyclopropyl)decyl]cyclopropylicosylltetr | CCCCCCCCCCCCCCCCCCCCCC)C2)C(C1)cccececeeececececececceccecce
acosanoic acid

#15 (2R)-2-[(1R)-1-hydroxy-22-2-[10-(2- C(CCCCCcCccr1c(ceceeececeececceceac(cececececcececcecececcecececcececccceccccic@@Hi(o)
octadecylcyclopropyl)decyl]cyclopropyldocosyllh | [C@H](C([O-])=0)CCCCCCCCCCCCCCCCCCCCCCCC)C2)Cc1)ccccceccececce
exacosanoate

#16 (2R)-2-[(1R)-14-2-[(15Z)-hexatriacont-15-en-1- C(CCcCcccr1c(cr)ceceeeecceccececcececcciC@@H](0)[C@HI(c([o-1)=0)
yllcyclopropyl-1- Cccccceceececececceececcececcecececceccce)
hydroxytetradecyllhexacosanoate CCCCCcCcCcC/c=C\cccecceecececcececcececcececceccecccce

#17 a-mycolic acid [0 o o o o o o o o o 0 o o o o o o o o o o o{ o o o { o (@ ) [ o o o o 0 o o o o o o o o o o 0% [ o o5, [ o o o o{ o o ¢

CCCCCCCcL1cc1ceceeecececcecceccccececceccce)c(o)=0
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#18 | a,a-trehalose 6-mycolate CCCCCCCCCCCCCCC(C(0)CCCCCCC\C=C\CCCCCC)C(=0)OC[C@H]10[C@H]
(O[C@H]20[C@H](CO)[C@@H](O)[C@H](O)[C@H]20)[C@H](O)[C@@H](O)

[C@@H]10

#19 | p-D-Araf-(1—2)-o-D-Araf-(1—3)-o-D-Araf- CO[C@H]10[C@H](CO[C@H]20[C@H](CO)[C@@H] (O[C@H]30[C@H] (CO)[C@@H]

(1—5)-a-D-Araf-OMe (0)[C@@H] 30[C@@H]30[C@H](CO)[C@@H](0) [C@@H]30) [C@@H]20) [C@@H]

(O)[C@@H]10

#20 | Keto Mycolic Acid CCCCCCCCCCCCCCCCCCCCCCC(C(0)CCCCCCCCCCCCCCCCCC1CC1CCCCCCee
CCCCCCCCC(=0)C(C)CCCCCCCCCCCCCCCCCC)C(0)=0

#1 | Methoxy Mycolic Acid CCCCCCCCCCCCCCCCCCCCCCC(C(0)CCCCCCCCCCCCCCCCCC1CCiCececeee
ccceeccee

C(OC)C(C)CCCCCCCCCCCCCCCCCC)C(0)=0

Table 4 - Compound table listing the compounds identified via ChEBI alongside SMILES format (249)
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3.2.2. Avogadro:
MolFiles were visualised with Avogadro. Geometry was then optimised and an
ORCA input was generated. This input sought to undertake split valence polarisation
(SVP), and BP86 as a Density functional Theory (DFT) functional, due to its greater
agreement with the geometry of compounds over other methods such as B3LYP.
These were incorporated into an XYZ file. Tight Self-consistent field (SCF) was
maintained to better calculate the electron density of the orbitals. Triple Zeta
Variance Potential (TZVP) was also used to better calculate the vibrational density.
Perdew-Burke-Ernzerhof exchange (PBE) was also conducted to further understand

agreement of atomic energies.

These files were then saved as .inp files and then submitted to BlueBEAR for
analysis with ORCA. An example of the .inp files can be found in A.6. Example of

BlueBEAR input file:.

Avogadro was used once more once ORCA had generated output files to visualise
the Raman data. The visualised data was then exported as a .txt document to
Notepad++ for processing, and then visualised on WIRE before being submitted to

Plotly to generate plots.

3.2.3. BlueBEAR/ANSMA group computer:
The above files were instructed to be run in parallel using 16 cores from BlueBEAR,
with a run time of one week. Output files were saved in the same partition relevant to

the research group of the author and this could then be exported to a local computer.
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BlueBear’s IceLake processor was used. An example of the .bash script can be

found in A.7. Example of .BASH script submitted to BlueBEAR..

3.2.4. ORCA:

For the generation of in silico data, ORCA 5.0.3 was used throughout.

3.3. Results:

3.3.1. (2R)-2-[(1R)-1-Hydroxy-12-2-[14-(2-lcosylcyclopropyl)-Tetradecyl]-

Cyclopropyl-Dodecyl]-Hexacosanoate:
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Figure 20 - In silico Raman spectra of (2R)-2-[(1R)-1-Hydroxy-12-2-[14-(2-lcosylcyclopropyl)-Tetradecyl]-
Cyclopropyl-Dodecyl]-Hexacosanoate

3.3.1. Presents with notable peaks at 1029, 1078, 1093, 196, 1123, 1170, 1251 —
1256 and 1252cm*. Most of these peaks likely arise due to differing formation of
carbon chains within the compound, however, Talari et al. (250) identifies the peaks

at 1123 as glycogen and 1251-1256 as proteins, groups which simply do not exist on

85| Page



this compound. The peaks at ca. 1400cm-* arise due to the carboxyl group present

on the molecule (250).

3.3.2. (2R)-2-[(1R)-1-hydroxy-12-2-[14-(2-

icosylcyclopropyl)tetradecyl]cyclopropyldodecyl]lhexacosanoic acid:
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Figure 21 - In silico Raman spectra of (2R)-2-[(1R)-1-hydroxy-12-2-[14-(2-
icosylcyclopropyl)tetradecyl]cyclopropyldodecyllhexacosanoic acid

The Raman spectra of 3.3.2. presents in a similar fashion to 3.3.1, albeit the peak at
1094 is more smoothed out. This is likely due to the presence of the extra H* present

within the COO- functional group (250).
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3.3.3. (2R)-2-[(1R)-1-hydroxy-14-2-[14-(2-

icosylcyclopropyl)tetradecyl]cyclopropyltetradecyllhexacosanoic acid:
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Figure 22 - In silico Raman spectra of (2R)-2-[(1R)-1-hydroxy-14-2-[14-(2-
icosylcyclopropyl)tetradecyl]cyclopropyltetradecyl]lhexacosanoic acid

The Raman spectra of 3.3.3. presents in a similar fashion to 3.3.1 & 3.3.2, albeit the
peaks at 1170 & 1188 contrast slightly from their intensity. This could be as a result

of the extra C in an intermediate carbon chain in the molecule (250).
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3.3.4. (2R)-2-[(1R)-1-hydroxy-16-2-[10-(2-

octadecylcyclopropyl)decyl]cyclopropylhexadecyllhexacosanoate:
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Figure 23 - In silico Raman spectra of (2R)-2-[(1R)-1-hydroxy-16-2-[10-(2-
octadecylcyclopropyl)decyl]cyclopropylhexadecyllhexacosanoate

The Raman spectra of 3.3.4. presents in a similar fashion to its predecessors, with
notable peaks at 1024, 1029, 1080, 1095, 1178, 1260, 1369, 1393, and 1409cm™.
The peaks at 1029, 1095, 1260 and 1393cm™ arise due to differing formation of
carbon chains and methyl groups, as well as the theoretical rocking of the chains.
The peak at 1369cm-* arises due to the compound being a fatty acid. The peak at
1409cm arises due to the COO" group present on the chain. However, the

remaining peaks cannot be assigned based on the peak assignment data provided in

Talari et al (250).
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3.3.5. (2R)-2-[(1R)-1-hydroxy-18-2-[10-(2-

icosylcyclopropyl)decyl]cyclopropyloctadecyllhexacosanoate:
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Figure 24 - In silico Raman spectra of (2R)-2-[(1R)-1-hydroxy-18-2-[10-(2-
icosylcyclopropyl)decyl]cyclopropyloctadecyl]hexacosanoate

The Raman spectra for 3.3.5. presents with notable peaks at 1029, 1070, 1086,
1095, & 1409 cm. Which can be assigned to various C-C bonds as well as the
presence of the lipid properties of the compound (250). However, whilst there are
also notable peaks at 1174, 1184, 1249, 1256 & 1364 cm, these peaks are often
assigned to proteins, nucleotides or no functional group, which cannot be explained

given that the compound in 3.3.5 possesses none of these properties.
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3.3.6. (2R)-2-[(1R)-1-hydroxy-18-[2-[10-(2-

nonadecylcyclopropyl)decyl]cyclopropyl]octadecyl]lhexacosanoic acid:
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Figure 25 - In silico Raman spectra of (2R)-2-[(1R)-1-hydroxy-18-[2-[10-(2-
nonadecylcyclopropyl)decyl]cyclopropyl]octadecyllhexacosanoic acid

3.3.6. presents with notable peaks across the spectrum. Of note are the peaks at
870, 1030, 1031, 1251 and 1255cm™*, which can be assigned to C-H related chains
and the fact that the compound is a fatty acid (250). However, the peaks at 757, 821,
1080, & 1082cm! cannot be assigned. Additionally, the peak at 1257cm™ is often

associated with amides, functional groups which are not present on this compound.
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3.3.7. (2R)-2-[(1R)-1-hydroxy-18-[2-[10-(2-

nonadecylcyclopropyl)decyl]cyclopropyl]octadecyl]hexacosanoate:
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Figure 26 - In silico Raman spectra of (2R)-2-[(1R)-1-hydroxy-18-[2-[10-(2-
nonadecylcyclopropyl)decyl]cyclopropyl]octadecyllhexacosanoate

The peaks present for 3.3.7. represent a variety of different functional groups. The
key peaks which can be readily assigned are 1029cm-?, which can be assigned to O-
H stretching. Meanwhile, the peaks at 1369, 1253 & 1256cm ™ are indicative of the
presence of lipids, which is an accurate reflection of the compound. The peaks at
1406 & 1409cm indicate the presence of a COO- group (250). However, peaks at
1176 & 1183 cm indicate the presence of amine groups which is impossible given
the nature of this compound, as is the peak at 1096cm-* which indicates the

presence of a phosphate.
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3.3.8. (2R)-2-[(1R)-1-hydroxy-18-2-[10-(2-

nonadecylcyclopropyl)decyl]cyclopropyloctadecyl]lhexacosanoic acid:
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Figure 27 - In silico Raman spectra of (2R)-2-[(1R)-1-hydroxy-18-2-[10-(2-
nonadecylcyclopropyl)decyl]cyclopropyloctadecyllhexacosanoic acid

3.3.8. presents with a particularly intense peak between 1257 and 1264 cm which
are indicative of the presence of a lipid. The presence of a lipid is further confirmed
by the presence of the peak at 1032 cm™ . There is also a peak at 1029 cm* which
indicates the presence of a COO"group (250). However, there are peaks at 770,
820, 860, and 1178 cm which suggest the presence of proteins and

oligonucleotides, once more.
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3.3.9. (2R)- 2- [(1R)- 1- hydroxy- 18- 2- [10- (2-

octadecylcyclopropyl)decyl]cyclopropyloctadecyl]tetracosanoic acid:
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Figure 28 - In silico Raman spectra of (2R)- 2- [(1R)- 1- hydroxy- 18- 2- [10- (2-
octadecylcyclopropyl)decyl]cyclopropyloctadecyl]tetracosanoic acid

3.3.9. possesses particularly prominent features at 1029, 1030, 1253, 1371, 1258
and 1409 cm which are indicative of the presence of O-CHa stretching, lipids, CH:
and COO-, respectively (250). Meanwhile, the spectra at 1080 cm is indicative of

phospholipids, of which there are none on this compound.
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3.3.10. (2R)-2-[(1R)-1-hydroxy-18-2-[10-(2-

icosylcyclopropyl)decyl]cyclopropyloctadecyllhexacosanoate:
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Figure 29 - In silico Raman spectra of (2R)-2-[(1R)-1-hydroxy-18-2-[10-(2-
icosylcyclopropyl)decyl]cyclopropyloctadecyl]hexacosanoate

3.3.10. encompasses features at 1070, 1095, and 1068 cm indicative of the
presence of lipids. Meanwhile, the peak at 1029 cm™ represents O-CHs stretching.
The peaks at 1174 cmis indicative of a C-H bend, whilst 1258, and 1410 cm™* are

indicative of the bending or stretching of CH2 (2s0).
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3.3.11. (2R)-2-[(1R)-1-hydroxy-20-2-[10-(2-

nonadecylcyclopropyl)decyl]cyclopropylicosyllhexacosanoic acid:
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Figure 30 - In silico Raman spectra of (2R)-2-[(1R)-1-hydroxy-20-2-[10-(2-
nonadecylcyclopropyl)decyl]cyclopropylicosyllhexacosanoic acid

3.3.11. possesses a particularly prominent peak at 1400 cm* which is indicative of
CH bending. Following this there is also a peak at 1367 cmindicating the presence
of CHz in a lipid. Meanwhile, peaks at 1260 and 1255 cm confer the presence of
lipids once more. A peak at 1029 cm! suggests the presence of O-CHz stretching
and the presence of the peaks at 1290 cmindicates the presence of CH bending.
The peak at 1086 cmindicates the presence of a \C-C bond (250). Lastly, peaks at
1068 & 1098 cm have no assignment and the peak at 1183 cmindicates the

presence of oligonucleotides though there is no nitrogen within this compound.
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3.3.12. (2R)-2-[(1R)-1-hydroxy-20-2-[10-(2-

octadecylcyclopropyl)decyl]cyclopropylicosyllhexacosanoic acid:
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Figure 31 - In silico Raman spectra of (2R)-2-[(1R)-1-hydroxy-20-2-[10-(2-
octadecylcyclopropyl)decyl]cyclopropylicosyllhexacosanoic acid

3.3.12. possesses prominent peaks at 1031 and a series of clustered peaks at
approximately 1070 cm* which are indicative the presence of C-H bending and
triglycerides. The peak at 1184 cmindicates the presence of oligonucleotides,
though this is impossible given the nature of this compound. The peak centred
around 1254 cmis indicative of the presence of lipids. Meanwhile, the peak at 1366
cmis associated with phospholipids, though this, once again, is impossible given
the nature of the compound. Lastly, the peaks centred around 1407 cmis likely due

to the presence of COO- (250).
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3.3.13. (2R)-2-[(1R)-1-hydroxy-20-2-[10-(2-

octadecylcyclopropyl)decyl]cyclopropylicosyl]tetracosanoate:
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Figure 32 - In silico Raman spectra of (2R)-2-[(1R)-1-hydroxy-20-2-[10-(2-
octadecylcyclopropyl)decyl]cyclopropylicosyl]tetracosanoate

3.3.13. possesses a prominent peak at 1031 cm* which is indicative the presence of
C-H bending. The peaks centred around 1370 may be due to triglycerides, once
more. The peak at 1083 cmis indicated to be present due to C-N stretching from,
either, proteins or, potentially lipids, however, there is no nitrogen present within this
compound. Peaks at 1095 and 1254 cm™ arise due to the compound being lipid in
nature. Whilst the peak at 1184 cm™ is, once again, indicative of the presence of
oligonucleotides, something which is impossible. Meanwhile, the peak at 1366 cm™
is associated with phospholipids. Lastly, the peaks centred around 1407 cmis likely

due to the presence of COO- (250).
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3.3.14. (2R)-2-[(1R)-1-hydroxy-20-2-[10-(2-

octadecylcyclopropyl)decyl]cyclopropylicosyl]tetracosanoic acid:
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Figure 33 - In silico Raman spectra of (2R)-2-[(1R)-1-hydroxy-20-2-[10-(2-
octadecylcyclopropyl)decyl]cyclopropylicosyl]tetracosanoic acid

3.3.14., akin to 3.3.14, possesses a prominent peak at 1031 cm which is indicative
the presence of C-H bending. The peaks centred around 1370 may be due to
triglycerides, once more. The peak at 1083 cm™ is indicated to be present due to C-N
stretching from, either, proteins or, potentially lipids, however, there is no nitrogen
present within this compound. Peaks at 1095 and 1254 cm* arise due to the
compound being lipid in nature. Whilst the peak at 1184 cm! is, once again,
indicative of the presence of oligonucleotides, something which is impossible.
Meanwhile, the peak at 1366 cmis associated with phospholipids. Lastly, the peaks

centred around 1407 cmis likely due to the presence of COO- (250).
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3.3.15. (2R)-2-[(1R)-1-hydroxy-22-2-[10-(2-

octadecylcyclopropyl)decyl]cyclopropyldocosyllhexacosanoate:
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Figure 34 - In silico Raman spectra of (2R)-2-[(1R)-1-hydroxy-22-2-[10-(2-
octadecylcyclopropyl)decyl]cyclopropyldocosyllhexacosanoate

3.3.15. has noable peaks at 1029 cm ! which likely arises as a result of O-CHz3
stretching. There is also a notable peak at 1093 cm which theoretically arises due
to the presence of C-N on a protein, though there are no proteins here. The peak at
1095 & 1255 cm arises due to the presence of lipids. There is also a peak at 1177
cmtwhich X states is likely due to oligonucleotides. Peaks present at 1365 and 1411
cmt are of unknown origin but could be due to broadening around CH3z and COO-

respectively. The final peak at 1417 cmis likely due to C=C stretching (250).
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3.3.16. (2R)-2-[(1R)-14-2-[(15Z)-hexatriacont-15-en-1-yllcyclopropyl-1-

hydroxytetradecyllhexacosanoate:
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Figure 35 - In silico Raman spectra of (2R)-2-[(1R)-14-2-[(15Z)-hexatriacont-15-en-1-yl]cyclopropyl-1-
hydroxytetradecyllhexacosanoate

Peaks for 3.3.16. arise at 1025 cm which is indicative of the presence of
carbohydrates, though this compound is not a carbohydrate. This is also true for the
peak at 1073 cm™. The peak at 1031 cm™ is as a result of C-H bending, in plane.
The presence of the peaks at 1076 & 1095 cm* arise due to the lipid nature of this
compound. The peak at 1081 cm™ is likely as a result of C-C in a lipid. The broad
clustering of peaks at 1125 — 1255 cm™ is centred around 1255 cm™, indicating the
presence of lipids. The broad peak around 1380 is likely due to CHs. The peak at

1407 cmis likely due to the presence of COO- (250).
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3.3.17. a-mycolic acid:
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Figure 36 - In silico Raman spectra of a-mycolic acid

The peak at 1029 cm is likely due to the stretching of O-CHz of the methoxy group.
Peaks at 1076 and 1095 cm are likely due to lipids. The peak at 1184 cmis
proposed to be due to oligonucleotides, but this is not possible due to the nature of
the compound. Peaks at 1253 & 1368 cm™! are associated with lipids. And the last

peak at 1407 cm is likely due to COO- (250).
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3.3.18. a,a'-trehalose 6-mycolate:
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Figure 37 - In silico Raman spectra of a,a'’-trehalose 6-mycolate

The small cluster of peaks at approximately 984 cm has no assignment. Peaks
around 1031 cm* are indicative of C-H bending. Peaks at 1057 and 1313 cm?
indicate the presence of lipids and a CHsCH2 twisting mode which is present in lipids.
The peaks at 1204, 1231, and 1243 is indicative of the presence of amides, though
these functional groups are not present. The peak at 1253 cm! is indicative of a C-O
aromatic stretch and the peak at 1386 cm™ indicates the presence of a CHs band

(250).
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3.3.19. B-D-Araf-(1—2)-a-D-Araf-(1—3)-a-D-Araf-(1—5)-a-D-Araf-OMe:
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Figure 38 - In silico Raman spectra of B-D-Araf-(1—2)-a-D-Araf-(1—3)-a-D-Araf-(1—5)-a-D-Araf-OMe

The most prominent peak within this Raman spectra is the one around 477 cm!

which is indicative of the presence of a multi-chained polysaccharide (250).

3.3.20. Keto Mycolic Acid:
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Figure 39 - In silico Raman spectra of Keto Mycolic Acid
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3.3.20. features prominent beginning at 1030 cm which is indicative of C-H
bending, this is also true for the peak at 1176 cm™. Adding to this, there are also
prominent peaks at 1082 cm!, indicating the presence of carbohydrates. The
prominent peak at 1242 cm indicates the presence of amides, though this is not
possible given that this compound is a fatty acid. Peaks present at 1389 & 1097 cm™:

remain unassigned (250).

3.3.21. Methoxy Mycolic Acid:
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Figure 40 - In silico Raman spectra of Methoxy Mycolic Acid

Peaks for methoxy mycolic acid are particularly prominent at 1032 cmt indicating the
presence of carbohydrates, which is not possible, due to the lower amount of oxygen
present on this compound. The peak at 1078 cm™ arises due to a C-C or C-H bond
in formation, as part of a lipid. The peak 1097 cm'* and 1244 cm™ cannot be

assigned. The peak at 1242 cm has been theorised to be due to the presence of an
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amide but, once again, this is impossible. The peaks at 1391 and 1392 cm' are due

to C-H rocking and stretching, respectively (250).

To summarise, the following peaks were detected and are assigned in Table 5§

below:
Raman Peak | Functional Group / Band Assignment | Prominent in compound #
(cm™)
477 Polysaccharides 19
757 Unassigned 6
770 Unassigned 8
820 C-C Stretching 8
821 Unassigned 6
860 Phosphate group/Phophatidic acid 8
870 Lipid 6
984 Unassigned 18
1024 Unassigned 4
1025 Carbohydrates 16
1029 O-CHs stretching of methoxy groups 1,2,3,4,5,7,8,9, 10,
11, 15, 17
1030 C-H bending 6,9, 12, 20
1031 0C-H, phenylalanine 13, 14,17
C-H in-plane bending mode of
phenylalanine
1032 C-C skeletal stretching 8, 21
1057 Lipids 18
1068 Unassigned 10, 11
1070 Triglycerides 5,10, 12
1073 Triglycerides 16
1076 Triglycerides 16, 17
1078 v(C-C) or «(C-0O) stretch (lipid) 1,2, 3,21
1080 Amide |l 4,6,9
1081 »11C032-,,3P043- ,(CC)skeletal of acyl | 16
backbone in lipid (gauche
conformation)
1082 Carbohydrates residues of collagen 6, 20
Carbohydrates peak for solutions
Nucleic acids
1083 C-N Stretching mode of proteins (and | 14
lipid mode of lesser degree)
1086 W(C-C) gauche 5, 11
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1093

Symmetric PO2- stretching vibration
of the DNA backbone; phosphate
backbone vibration as a marker mode
for the DNA concentration; C-N of

15

7

proteins
1094 DNA 2
C-N Stretching
1095 Lipid 4 5 10,13, 14,15, 16, 17
1096 Phosphodioxy (PO2-) groups 1,2,3,7
1097 Unassigned 20, 21
1098 Unassigned 11
1123 C-C Stretching mod of lipids and 1,2,3
protein
1125 Unassigned 16
1170 C-H in-plane bending mode of 1,2,3
tyrosine
1174 Tyrosine, phenylalanine, C-H bend 5, 16
(protein)
1176 C-H bending tyrosine (proteins) 7,20
1177 Cytosine, guanine 15
1178 Unassigned 4, 8
1183 Unassigned 7,11
1184 Unassigned 5,13, 14, 16, 17
1188 Unassigned 3
1204 Amide Ill and CH2 wagging vibrations | 18
from glycine backbone and proline
side chains
Collagen
Tyrosine, phenylalanine (IgG)
1231 Unassigned 18
1242 Amide Il 20, 21
1243 Amide Il 18
C-0O4 aromatic stretch
1244 Unassigned 21
1249 Unassigned 5
1251 Unassigned 1,2,3,6, 16
1252 C-0O4 aromatic stretch 1,2, 3
1253 Unassigned 7,9, 17,18
1254 Formalin contamination on fixed 12,13, 14, 16
tissues
C-N in plane stretching
1255 Lipids 6,11, 15
1256 Unassigned 1,2,3,5,7
1257 Adenine, thymine, Amide llI 6, 8
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1258 Adenine, cytosine, amide Il 9
1260 Amide lll, proteins, CH2 in-plane 4 11
deformation (Lipids)
1264 Unassigned 8
1290 Cytosine 11
1313 CH3CHz2 twisting mode of 18
collagen/lipid
1364 Unassigned 5
1365 Tryptophan 15
1366 Unassigned 12,13, 14
1367 vs (CH3) (Phospholipids) 11
1368 Unassigned 17
1369 Guanine, TRP (protein), porphyrins, 4 7,14
lipids
1370 The most pronounced saccharide 13, 14
band
1371 CHs Stretching 9, 14
1380 Unassigned 16
1386 CHs band 18
1389 Unassigned 20
1391 CH rocking 21
1392 C-N stretching, quinoid ring-benzoid | 21
ring-quinoid ring
1393 CH rocking
1400 NH in-plan deformation 11
(to 1430) «(C=0)O—(amino acids,
aspartic and glutamic acid)
1406 vs COO~ 7
1407 Unassigned 12,13,14,16, 17
1409 vs COO~ 1,2,3,4,5,7,9
1411 Unassigned 15
1417 C=C stretching in quinoid ring 15

Table 5 - Table displaying the spectral assignment for the most prominent peaks, and the compound they are
most prominent in according to Talari et al. (250). Spectra associated with lipids are highlighted in orange.

3.4. Discussion:

The compounds analysed in silico within this chapter are primarily derivatives of

meromycolate chains, because of this, the compounds listed present with potential

Raman spectra which are similar in nature to each other.
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Of note are the peaks which regularly appear at ca. 1400 cm* & 1255 cm™, which
are closely associated with the presence of COO™ and lipids, respectively. We also
see a great number of peaks at ca. 1070 cm, indicating lipids. This makes sense
given that, once again, these are derivatives of meromycolates and fatty acids. One
can therefore assume that these are omnipresent within the cell wall of Mycobacteria
in general, and the literature would support this assertion. Specifically, the work of
Perumal et al. (251) & Rivera-Betancourt et al. (252) demonstrates the presence of
some of these peaks within their Surface Enhanced Raman Spectroscopy (SERS)
analysis of M. tuberculosis and other Myocbacterium species. SERS is a technique
that is Raman-based but seeks to utilise a plasmonic interface in a bid to increase
the scattering of the electrons when an object is hit by a specified wavelength of light

(253). In doing so, the resolution of the Raman spectra is greatly amplified.

The use of SERS has been widely documented by researchers for the detection of
pathogenic bacteria (254). However, the number of SERS surfaces is limited and a
notable proportion of the current literature have focused on the use of silver (173)
and gold (255), both materials of which are highly bactericidal as Ansari et al. (256)
and Cui et al. (257) demonstrate. The use of SERS could be used on the
compounds analysed within this chapter as well as those in Chapter 5. However, its
use may become limited in circumstances reflective of those in Chapters 6 & 7 due
to these compounds damaging the cell wall of bacteria, as Ansari et al. illustrates in

Figure 41 opposite.
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Figure 41 - SEM micrographs of E. coli: (a) control and (b) 10, (c) 20 and (d) 30 ug mi~* AgNPs. (Arrows indicate
depression and extensive damage of bacterial cells) (Ansari et al. 2014) (256)

This phenomenon has yet to be observed within SERS related literature, but it is
feasible that damage to the bacteria may result if bacteria are exposed to a SERS
surface for an extended period of time, as is likely within the field and this would,
therefore, change the spectra generated. Though this could be mitigated through the
use of other methods, such as the use of different SERS materials (258) or the use

of single-cell channels where cells momentarily pass through a SERS hotspot (259).

The analysis of the arabinogalactan derivative in 3.3.19 highlights the key peak at
477 cm* which is present due to the polysaccharide nature of the compound. This is
likely to be present when analysing the cell wall as well as the whole cell, due to the

widespread proliferation of arabinogalactan on the cell wall.

This then raises the question about the presence of other peaks present within the

compounds analysed in this chapter. For instance, what about the peaks inferring
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the presence of amides, oligonucleotides, carbohydrates or phospholipids? The

reasons for this are numerous.

First and foremost, whilst in silico analysis can afford researchers a great deal of
information without having to expend reagents or put researchers at risk of harm

from potentially harmful compounds/biological entities, it is far from perfect.

ORCA is well-known to have slight discrepancies between the proposed Raman
spectra of a compound and the observed spectra in a compound and this arises due
to several reasons. One such reason could be due to an absence of full optimisation

of the angles between different parts of the compound (260).

The impact of this would mean that when the compound is submitted to BlueBEAR,
ORCA is unable to comprehensively calculate the Raman spectra. Though it is worth
noting that this is likely to be a limitation of the hardware used rather than a user

error.

This is not to disparage the data which has been acquired for this chapter. The data
acquired can be utilised in chapter 5 and foster an even more in-depth
understanding of the cell wall of these bacteria by comparing in silico data with in

vitro data.

Additionally, one must not neglect the original aims of this chapter, which were to
simply acquire the in silico Raman spectra of compounds associated with the cell
wall of M. tuberculosis and other Mycobacterium species, which we have succeeded

in doing.
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To further expand upon these aims, one could consider the analysis of other
compounds which are present on the cell wall but would be required to ascertain and
validate the structure of said compounds as well as ensuring they are suitably
optimised for use with ORCA and Avogadro, something which was not within the

remit of this project.

An in silico approach provides a valuable computational framework for
understanding spectral signatures, a crucial aspect necessitating further exploration
is the correlation between the predictions generated through in silico simulations

contained herein and the experimental analyses of extracted material.

Moving forward, the overall properties of these compounds as well as their Raman

spectra will be noted upon further in Chapters 4, 5 & 6 and they shall be referenced
within these respective chapters, given that the in vitro analysis of the cell wall and

whole-cell bacteria is likely to present with spectral elements that confer the data

acquired within this chapter.
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Chapter 4:

4. Optical trapping & Raman analysis of Mycobacterial cell wall lipids:

4.1. Introduction:

The use of optical trapping (also known as optical tweezers) has an established
history dating as far back as the 1970s, however, it is only within the last decade or
so that the combined use of optical trapping with Raman spectroscopy has gained
momentum (261). Through this combined use, it has become feasible to elucidate
the properties of bacteria (213), viruses (262), etc. that would not always be possible
using standard Raman spectroscopy alone. Additionally, the use of optical trapping

has potential implications for the observation of pathogens in the field.

Optical trapping itself is carried out by exerting small amounts of force via a laser
beam, where the narrowest point forms a beam waist (263). Within the beam waist is
an extremely strong and concentrated electrical field, which interacts with the surface
of an object and enables researchers to lock an item into place, providing the

electrical field is applied equally.

By utilising optical trapping, it is possible to explore bacteria in greater detail by
locking them into place, enabling extended analysis (264). It also enables easier
analysis for smaller compounds/objects. For example, the combined use of Raman
and optical trapping in Ghanashyam et al. enabled researchers to discern the subtle

differences between oxygenated erythrocytes and deoxygenated erythrocytes (265).
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Within the context of this project, the use of optical trapping will be applied to
understand the cell wall surface of polar lipid and non-polar lipid extracts from the

cell walls of M. tuberculosis, M. bovis BCG & Mycobacterium smegmatis.

M. smegmatis belongs to a group of fast-growing Mycobacteria and is therefore
distinct from members of the MTBC, though it is readily used as a model organism in
research due to possessing closer physiology than other potential model organisms
such as E. coli. M. smegmatis is also of a substantially lower pathogenicity when
compared to M. tuberculosis and M. bovis. Due to its faster growing nature, the
mycolic acid profile and the profile of the overall cell wall will also be different to that
of the M. tuberculosis & M. bovis extracts, whilst the cell wall of both M. tuberculosis
& M. bovis BCG are likely to be more similar in nature, due to their closer phylogeny

(266).

In undertaking this work, it was hoped that the data acquired will enable the
corroboration between the in silico data generated in Chapter 3 and consolidate the

ability to identifiy the compounds found on the cell wall in Chapter 4.

Specifically, whilst carrying out the Raman analysis of cell wall lipids, one would
expect the following peaks to appear, if the in silico analysis were to be accurate

(Table 6, opposite):
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Raman Peak (cm~ Functional Group / Band Assignment
1
)
870 Lipid
1057 Lipids
1070 Triglycerides
1073 Triglycerides
1076 Triglycerides
1078 v(C-C) or «(C-0) stretch (lipid)
1081 11C03%,,3P04%,,(CC)skeletal of acyl backbone in lipid
(gauche conformation)
1095 Lipid
1123 C-C Stretching mod of lipids and proteins
1255 Lipids
1260 Amide lll, proteins, CHz in-plane deformation (Lipids)
1313 CHsCHz2 twisting mode of collagen/lipid
1369 Guanine, TRP (protein), porphyrins, lipids

Table 6 - Predicted Raman peaks for cellular lipids follow In silico analysis of M. tuberculosis related compounds

Lastly, given their prevalence within the in silico data, one would also expect peaks

at ca. 1407 cm~ & 1409 cm™ to also appear.

4.2. Methods:

4.2.1. Reagents:

Bacteria were cultured by the Bhatt group within the institute of microbiology and
infection at the University of Birmingham, in accordance with the recommendations
from the European Collection of Authenticated Cell Cultures (ECACC, Porton Down,

UK).

4.2.2. Lipid extraction:

Lipid extraction was undertaken by the Bhatt lab under the following conditions: Cells
were centrifuged for 10 mins at 4500 rpm and the supernatant discarded. The pellet
was then resuspended in PBS and dried in a speed vacuum for approximately 20 mins.

The tube was then weighed. 2mL of methanol within 0.3% NaCl was added, followed
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by 1mL of petroleum ether (60-80). This was mixed on a rotator for 15 mins and then
centrifuged at 3000 rpm for 3 mins. The supernatant was then placed in a pre-weighed
tube (Tube B), the tube with the precipitate in is Tube A. 1ml of petroleum ether was
added to tube A and this was mixed for 15 mins on a rotator and centrifuged once at

3000rpm for 3 mins.

The supernatant was placed in tube B and the tubes were then dried and weighed.
2.3 mL of chloroform:methanol: 0.3% NaCl (90:100:30) was added to the pellet in tube

A and mixed for 60 mins before being centrifuged for 3 mins at 3500rpm.

The top layer was then transferred into tube C. 750ul of chloroform: methanol: 0.3%
NaCl was added to the pellet and this was mixed for 30 mins on a rotator, before being
spun for 3 mins at 3500rpm. The top layer was then transferred into tube C. This was

repeated once more.

Tube A then consisted of non-extractable lipids and was discarded. To tube C, 1.3mL
of chloroform and 1.3mL of 0.3% NaCl was added. This was then mixed for 5 mins on
a rotator and then centrifuged for 3 mins at 3500rpm. Following centrifugation, a multi-
layered liquid remained and the top layer was discarded. The bottom layer consisted
of polar lipids, and this was transferred into a new tube then dried.

Both sets of polar and non-polar lipids were then stored at 4°C until needed.
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4.2.3. Raman Spectroscopy:

Spectral acquisitions were performed using an InVia confocal Raman (Renishaw). The
spectrometer was calibrated prior to each use with silicon (520.7cm?). A 100x Leica
objective and a 1200l/mm grating were used for all measurements in the range of 750-
1750cm*. Raman map scans, consisting of 3 accumulations and 10 second exposure
time, were acquired over a 10um x 10um square grid using a 785nm excitation laser
with laser power of 10-14mW. 100 spectra were collected for each lipid extract of each
bacterial species. Generating a total of n=600 spectra (3x bacterial species (M. bovis
BCG, M. tuberculosis H37v & M. smegmatis MC22) and 2x lipid extracts (polar and
non-polar) from each species). Wire 5.1 (Renishaw Plc) software was used for

baseline subtraction and cosmic ray removal (267).

4.2.4. Optical trapping:
Optical trapping took place using a 1064nm Cobolt 04-01 Series diode laser (HUBNER

Photonics, Germany) fed directly into the Leica lens via a fibre optic cable.

4.2.5. Principal Component Analysis:

Principal component analysis (PCA) was used to interpret the minute differences in
spectra between the different non-polar lipid and polar lipid extracts from the three
bacterial species analysed. As a multivariate data analysis technique PCA was able
to reduce the dimensionality of the dataset into the most relevant components to
maximize the variance among different samples by projecting the data into a space

with N orthogonal basis vectors, arranged in descending order with respect to
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variance. Each axis, or principal component, represented a fraction of the total data
variance. The dimensionality reduction was achieved by selecting the number of
principal components that explains at least the required fraction of the dataset
variance. PCA analysis was used to determine how the separated clusters separated
between different species and to identify what they had in common. PCA loadings
were calculated using the eigenvectors and eigenvalues obtained from matrix
operations to find the PC. The loadings contained information specific to the initial
Raman data and differed depending on the PC space. In a 2D PCA system, the
loadings of the different PC quadrants were expressed as PC1 >0 and PC2 > 0, PC1
0 and PC2, and PC1 > 0 and PC2 0, resulting in four different loading fingerprints
related to the four quadrants (268). PCA analysis was deployed locally using a

customised Python script (267)

4.2.6. Code Availability:

The customised written Python algorithm can be downloaded from Vettigli et al. (218).
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4.3. Results:

4.3.1. Average Spectra:

4.3.1.1. Polar lipid extract:
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Figure 42 - Polar lipid Average Raman spectra, based on the average spectra of 100x technical repeats. The
coloured line is representative of the average, whilst the greyed-out area represents the standard deviation in
each sample.

The Raman spectra of the polar lipid extracts from the bacterial species vary
between the different species. However, there are particularly noteworthy peaks at
ca. 750 cm~tas well as ca. 870 cm™. After this, there is a large, intense peak
present on all three spectra at approximately 1057 cm, this then broadens and

decreases in intensity until ca. 1180 cm™.
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It is at this point where the polar lipid extracts begin to vary considerably more. M.
tuberculosis and M. smegmatis both possess more intense peaks around 1210 cm™,
in comparison to M. bovis BCG. Conversely, M. bovis BCG possesses a more
intense peak at ca. 1350 cm™, whilst M. smegmatis and M. tuberculosis possess a
somewhat diminished peak at this point. There is then a small yet broad peak at ca.

1514 cm~! with a particularly notable peak at ca. 1580 cm™.

4.3.1.2. Non-Polar lipid extract:
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Figure 43 - Non-polar lipid Average Raman spectra. Based on the average spectra of 100x technical repeats.
The coloured line is representative of the average, whilst the greyed-out area represents the standard deviation
in each sample.

Meanwhile, the non-polar lipid extracts present in a somewhat different manner with

a large amount of agreement between the three bacterial species. Though, upon first
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glance, it seems that there is a greater level of agreement between M. tuberculosis

and M. smegmatis, with M. bovis BCG appearing to be more of an anomaly.

Akin to the polar lipids, there are some particularly notable peaks at ca. 750, 870,
1057, 1210, and 1350 cm~. However, M. tuberculosis & M. bovis BCG appears to
possess a particular unique peak at ca. 1420 cm2, which is substantially more
prominent in M. bovis BCG. Shortly after this, there is a much milder peak towards

ca. 1465 cm™.

After this, there is a particularly prominent peak towards 1606 cm~ and this is of a

greater intensity in M. bovis BCG.
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4.3.2. PCA Quadrant analysis & loadings:
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Figure 44 - PCA Quadrant analysis of Polar lipid extract. (A). Quadrant analysis of the PCA data, illustrating the clustering in the quadrants: Q2 (Orange), Q3 (Green), & Q4
(Red). (B). Clustering plot illustrating the most influential spectra in determining the clustering effects observed within the respective quadrants Q1, Q2, Q3, Q4. (C). Raman
loadings plot demonstrating the most influential parts of the spectra in the PCA.
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Figure 45 - PCA Quadrant analysis of non-polar lipid extract. (A). Quadrant analysis of the PCA data, illustrating the clustering in the quadrants: Q1 (Blue), Q2 (Orange), Q3
(Green), & Q4 (Red). (B). Clustering plot illustrating the most influential spectra in determining the clustering effects observed within the respective quadrants Q1, Q2, Q3, Q4.
(C). Raman loadings plot demonstrating the most influential parts of the spectra in the PCA.
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Upon considering the PCA quadrant analysis of both the polar and non-polar lipid
extracts of the bacterial species, one can observe that there is far greater amount of
consistency between the polar extracts than the non-polar extracts, demonstratable
by the tight clusters for each bacterial species which are present on the PCA,
suggesting that the spectral data is readily identifiable for each species. This cannot
be said for the non-polar lipid extracts where the data points are spread out over the
course of the entire PCA. Regardless, by undertaking PCA, one can account for

96.32% of the variance in the polar lipids, and 86.43% for the non-polar lipids.

Moving on to the loadings, it is particularly noteworthy that the most influential peaks
for the polar lipids are the peaks present at ca. 1057, 1210, and 1350 cm™.
However, due to the great separation of these datapoints, we can begin to dissect

the data to a greater extent.

Specifically, if one begins to examine the polar lipid extract quadrant containing M.
tuberculosis and M. bovis BCG, one can observe to observe that the peaks at ca.
750, 1168, 1250, and 1350 cm~ are the most influential in determining the presence
of polar lipids from M. bovis BCG. Meanwhile, we can observe that the peaks

centred at ca. 750, 1057, and 1250 cm~! are the most significant for M. tuberculosis.

Moving on to the non-polar lipid PCA quadrant analysis, it becomes substantially
more difficult to determine which peaks have the greatest influence. However, based
on the loadings, one can conclude that it is largely the peaks at ca. 1057, 1250,

1350, & 1450 cm~t which hold the greatest amount of influence on the PCA.
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When considering the quadrants, we can see that the datapoints for M. smegmatis
are widely spread across all quadrants. M. tuberculosis is present in two clusters

whilst M. bovis BCG is present in all but one quadrant.

However, it appears that there is a large cluster of principal components from M.
smegmatis in Q1. As such, the peaks at ca. 1210, 1095, and 1350 cm~ could
therefore be indicative of a a non-polar lipid composition which is more similar to M.

smegmatis.

Moving into Q2, a particularly intense peak at 1057 cmis observed and, given the
absence of this peak in Q1, it is likely that this is present due to non-polar lipids from
M. bovis BCG though the influence of other datapoints cannot be totally excluded
(Whilst the division of the PCA into quadrants is useful for the purposes of
processing data, it does not completely sever the influence of other datapoints in the
generation of spectral loading schemes and nearby clusters of data will influence the

guadrant loading graphs). There is also another peak at ca. 1450 cm™ .

Q3 presents with a more intense peak at 1057 cm~L. Additionally, there is a small
peak at ca. 1250 cm~twhich was absent in Q2. This is likely because of the

presence of M. tuberculosis and M. bovis BCG.

Q4 presents with multiple peaks, and these peaks are likely to be influenced by the
presence of all three bacterial species. Of particular note are the peaks at ca. 750,
850, 1057, and 1095 cm™. This is before the more intense peaks at 1250 and 1350

cm~is observed.
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To consolidate the spectral elements detected in this chapter, the peak assignments

are presented in the Table 7, below:

Raman Peak (cm-~ Functional Group / Band Assignment
1
)
750 CHz,6 out-of-plane bending, observed in the spectra of
a single human erythrocyte
780 Uracil-based ring breathing mode
870 Lipid
1057 Lipid
1095 Lipid
1168 Lipids, v(C=C) 5(COH) (lipid assignment), v(C-C),
carotenoids

1210 Unassigned
1255 Lipids

1420-1450 CHa scissoring vibration (lipid band)
1450 CH:Bending
1465 Lipids
1514 v(C=C) Carotenoids
1580 C-C Stretching
1606 C=C Bending

Table 7 - Raman peak assignment for the most prominent peaks in the Raman spectra of
non-polar and polar lipid extracts

4.4. Discussion:

As one would expect, most of the peaks which confer the highest loading values
(based on their peaks for quadrant analysis) within the PCA for this chapter are
closely associated with lipids. Of the loading values, some of those most influential
as principal components were previously detected in the in silico analysis in Chapter
4 and the data generated within this chapter corroborates the theoretical data
obtained in Chapter 4, thus contributing to its validation. Also observed is an
expansion of the Raman spectra beyond ca. 1450 cm~, which the in silico analysis

was unable to do.
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The Raman spectra of these three bacterial species does indeed vary (after all, they
are three distinct species of bacteria), and the profile of the spectra of the polar and
non-polar lipids also varies. This can be due to a variety of reasons. Primarily, as has
been previously discussed, the defining feature of the Mycobacterium sp. cell wall is
the presence of mycolic acids, and the isomers of these mycolic acids vary in ratio
based upon a variety of factors (e.g. growth phase, bacterial species, nutrition, etc.),

therefore the Raman spectra will vary based upon these ratios (251)

It is also likely that the data will vary somewhat based upon when the cells are
analysed within their life cycle (269). Therefore, future research could consider time-
based experiments where the lipid extraction takes place at pre-defined times within
the cell life cycle. This is something which has previously been undertaken by Verma

et al. (183) albeit to the exclusion of the species analysed in this chapter.

Additionally, if one were to repeat these experiments, it would prove worthwhile in
analysing the lipids from several repeat cultures, something which was not possible
during these experiments due to the limited amount of lipid extracts that were
available. And to incorporate other bacteria, to elucidate which Raman peaks are

unique to Mycobacterium sp.

For further consideration, there is also the presence of carotenoids. Carotenoids are
pigmented compounds that are fat-soluble and would be a by-product of the

extraction process contained within this chapter given their lipid solubility (270).

Carotenoids also provide valuable insight into the life cycle of a Mycobacterium sp.

cell. As the cell ages, the presence of carotenoids on the cell wall decreases and this
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could provide a valuable standard for the understanding of the cell wall when it is
being analysed. Suffice to say, if one were able to correlate the relative intensity of
the carotenoid-associated peaks within the Raman spectra, it would enable
researchers to standardise the analysis of cell wall lipids and Mycobacterium sp. in

general (270).

The data acquired from this analysis is deeply insightful and enables a greater
understanding of the profile of the bacteria these lipids have been extracted from. Of
note, is the omnipresent Raman peaks which can be easily assigned to lipids as
detailed in Table 7. More specifically is the peak at approximately 1210 cm~2, which
remains unassigned within this context. Talari et al. (250) does assign this peak,
however, the consensus is that this peak is assigned to C-CsHs stretching modes of
tyrosine and phenylalanine, or ,18(6:CmH), observed in the spectra of a single

erythrocyte.

Naturally, one could formulate an argument that such a peak could arise due to
v18(0:CmH) and that the observation of this peak in erythrocytes is a pure
coincidence. Instead, it could be that this peak is ubiquitous across any Raman
spectra where large hydrocarbon chains are present. However, the updated
Ghanashyam et al. (265) fails to illustrate the presence of such a peak in oxygenated
and deoxygenated erythrocytes. The work undertaken by Perumal et al. (251) does
indeed highlight a peak at ca. 1210 cm= at this point in the SERS spectra which are

associated with Keto- and methoxy-mycolic acid but not alpha-mycolic acid.
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The presence of said peaks has not been noted in other research which has
considered the whole organism such as that conducted in Stéckel et al. (179) and
Muhlig et al. (173). It is therefore possible that, when considering the full organism,

the peak itself is drastically reduced as other spectral elements are more prominent.

Additionally, the work of Perumal et al. (251), Stockel et al. (179) and Muhlig et al.
(173) predominantly takes place under Surface-Enhanced Raman Spectroscopy
(SERS) conditions rather than Raman, it is therefore possible that the peak observed
in this chapter may be less prominent under SERS or it may be that it shifts
somewhat, as is common when comparing SERS and Raman spectra in
Mycobacterium sp. (173). When considering Raman, of the research considered,
Hanson et al. (269) and Baron et al. (270) give contradictory results, where the peak

at ca. 1210 cm~tis not present in the former, but is present in the latter.

The deployment of SERS combined with optical trapping is something that future
experiments may wish to consider as well, given that SERS can often enable a

greater amount of resolution compared to Raman spectroscopy (271).

As for the cause of this peak, given that it is present in the lipid extract of
Mycobacteria sp., it is likely a rich lipid, though one could not draw a conclusion of

the precise structure of the compound without a greater amount of analytical data.

Secondly, whilst the peak at ca. 750 cm™ initially appears to be associated with
CHz,6 out-of-plane bending, it is my belief that this is a relatively broad peak, which
could incorporate peaks corresponding to the presence of lipids. This namely

consists of peaks present at ca. 727/728 cm~t which have been assigned to lipids.
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One way to investigate this would be to expand upon the range one acquires the
Raman spectra, if one were to repeat these experiments, as well as consider the use

of SERS.

To further characterise this peak, one could also utilise other analytical techniques
such as Liquid Chromatography — Mass Spectrometry (LC-MS) and Infrared (IR)
Spectrometry. With the former offering insight into the composition of the lipids in the
cell wall in terms of isomers present, and the latter affording more structural

information on the lipids themselves.

However, as we see a shift from purified lipid extracts and on to whole cells as per
the next chapter, one may observe that the peak at ca. 1210 cm~! may disappear or
diminish due to the amount of other compounds present on the cell wall and in the
cell (i.e. nucleic acids, proteins, carbohydrates, etc.). Regardless, this peak at 1210
cmis of great interest and needs to be considered moving forward (as well as with

the other notable Raman peaks in Table 7).
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Chapter 5:

NB: At the time of writing, the following chapter forms the bulk of Macgregor-Fairlie

et al. (267) which is currently undergoing peer review for PLOS One.

5. Raman analysis of the Respiratory Tract Microbiome of Bos taurus:

5.1. Introduction:

Like humans, there are a large number of microorganisms residing within cattle; this
are approximately 101°- 10! cells/mL in the gut (272). However, just like humans,
the airway differs slightly from the gastrointestinal tract in terms of microbes present
(273, 274). The bacteria present within the respiratory system also varies pending
upon where a sample is acquired from (i.e. the number of and variety of bacteria in
the pharynx of a cow will vary from those acquired from the nose) (275). There is
also a strong consensus that there is often little difference between the number of
species of bacteria within an area, but rather the relative abundance of certain

bacterial species that cause disease (276).

Whilst this can cause issues when it comes to identifying some respiratory diseases
such as Bovine Respiratory Disease (BRD) or pneumonia, where it is likely a result
of dysbiosis rather than an infection per se (277), M. bovis is an obligate pathogen

(278). Therefore its presence is confirmation of bovine TB.

The issue with direct detection of the pathogen stems from other bacteria that are
present within the microbiota of the animal. When culturing, this is overcome by

using selective media that seeks to isolate M. bovis using various selective agents.
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However, this selectivity cannot be provided when attempting to directly detect
bacteria from patient samples which will contain a multitude of other bacterial
species. As a result, when attempting to detect M. bovis using any spectroscopic
method, other bacteria that may be present must be taken into consideration as they
are likely to be detected alongside M. bovis, this is something that other researchers

have failed to undertake in the past.

Zeineldin, Lowe and Aldridge (276) go on to review several studies which have
sequenced the genome of the various bacteria that inhabit the microbiome of the
respiratory system of cows. The studies covered provide a great deal of insight into
the microbiome and allow us to understand the relative abundance of organisms as

well as specific organisms.

Consequently, when developing a Raman-based assay, it is necessary to construct
a library of Raman spectra generated from the named organisms as well as M.
bovis. In doing so, differences can be detected and a part of the spectra that is
unique to M. bovis can be identified. This library must consist of the organisms which

occur most frequently in the respiratory tract of cows.

The studies covered by Zeineldin, Lowe and Aldridge (276) only discriminate to the
genus level, though phylum discrimination remains consistent throughout the studies
highlighted, as well as other studies brought to attention through a literature search.
Of the phylum’s present within the microbiome of cattle, Ternericutes,
Proteobacteria, Firmicutes, Bacteriodetes, and Actinobacteria dominate, though the

relative abundance of these varies from study to study.
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Through breaking these down to the genus level a better picture can be acquired
and we begin to see the domination by specific genera of bacteria: Moraxella sp.,
Sphingomonas sp., Mycoplasma sp., Corynebacterium sp., Aggregatibacter sp.,
Psychrobacter sp., Ureaplasma sp., Pastuerella sp., Bacteroides sp., Mannheimia
sp., and Ureaplasma sp.. Some studies have also indicated the presence of
Streptococcus spp., Staphylococcus sp., Pseudomonas sp. and Bacillus sp. (276,
279, 280). Whilst these studies do not identify species, it is possible to build up a

better picture of what the proposed library should consist of.

Out of the studies covered in the above reviews, as well as other sources that were
found during a literature search, only three papers could be found that illustrate
which bacteria were detected down to the species level (281, 282, 283), though it is
worth noting that there is a large degree of variability between cattle samples and,
thus, it is likely that species present within cows will vary between herds, especially
when discussing relative abundance. It is possible that several different species of
bacteria may be present within the same animal albeit from the same genus, e.g.

Staphylococcus equorum and Staphylococcus sciuri as documented by (282).

Of the literature that then goes on to discuss the species of bacteria that are present
within the microbiome of cows, we can establish that the bacteria in the Table 8

opposite are present across multiple herds:
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Genus Species:
Aggregatibacter No Species stated
Bacillus B. cereus, B. flexus
Bacteroides B. eggerthii, B. coprophilus, B. fragilis,
B. plebius, B. uniformis
Corynebacterium C. variabile, C. pilosum
Mannheimia M. haemolytica
Moraxella M. bovoculi
Mycoplasma M. bovis, M. bovirhinis, M, dispar, M.
hyopneumoniae
Pastuerella P. multocida,
Pseudomonas P. fluorescens, P. putida, P. syringae
Psychrobacter P. Sanguinis, P. pacificensis
Sphingomonas S. yabuuchiae, S. wittichii
Staphylococcus S. equorum, S. sciuri
Streptococcus S. salivarius
Ureaplasma U. diversum

Table 8 - Table illustrating which named species have been detected in three papers) (281, 282, 283)

When considering the above species, the ability to acquire the bacteria as well as
containment restrictions were also considered within the limitations of this project at
the University of Birmingham’s School of Chemical Engineering. Therefore, when
acquiring the bacteria, a compromise was sought between the containment facilities
available, the bacteria which could be safely contained and the demands of this
project. A heavy focus was placed on acquiring Mycoplasma sp. due to it forming the
overwhelming majority of microbiome in the respiratory tract (ca. 80% of bacteria)
(283) Having previously been detected in cattle and due to the presence of mycolic
acid within its cell wall, Rhodococcus equi or a similar species from the genus was
also sought. Ultimately, the following bacteria were acquired as per Table 9

opposite.
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Genus Species Culture collection ref | Source
Bacillus cereus NCTC 11143 Elaine Mitchell,
University of
Birmingham
Corynebacterium glutamicum ATCC 13032 Gurdyal Besra,
University of
Birmingham
Escherichia coili Top 10 Thermofisher
Mannheimia haemolytica NCTC 10638 NCTC, UK Health
Security Agency
Moraxella catarrhalis NCTC 11020 NCTC, UK Health
Security Agency
Mycobacterium bovis BCG NCTC 5692 NCTC, UK Health
Security Agency
Mycoplasma bovis NCTC 10131 NCTC, UK Health
Security Agency
hyosynoviae ATCC27095 Andrew Rycroft,
Royal Veterinary
college
Pseudomonas fluorescens NCIMB 9046 Tim Overton,
aeruginosa NCTC 10662 University of
Birmingham
Rhodococcus erythropolis NCIMB 10422 Elaine Mitchell,
University of
Birmingham
Staphylococcus aureus NCTC 10788 NCTC, UK Health
Security Agency

Table 9 - Table illustrating bacteria acquired for this project; displayed with full name, culture reference and

original source.

Of greater relevance to this project is the analysis of M. bovis BCG, R. erythropolis &

C. glutamicum which belong to the Mycobacteriales genus and, as such, possess

similar physical properties. It was the Raman analysis of these bacteria that were

presented in Macgregor-Fairlie et al. (267) and it is this work and techniques which

shall be discussed in this chapter, alongside the bacteria acquired in Table 9. Initial
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investigation sought to investigate the Raman spectra of all bacteria identified above
and then scrutinise the Raman spectra of Mycobacteriales to a greater extent, due to

their similar physical properties and the hypothetical potential for spectral crossover.

This chapter therefore aims to establish the Raman spectra of bacterial genera
which have a confirmed presence within the microbiome of cattle. It then seeks to
use a multivariate analysis to, firstly, investigate the potential for spectral crossover
of M. bovis BCG with other bacteria considered in this study. It will then further
analyse the spectra (via the use of more advanced tools) of the relevant
Mycobacteriales and identify specific spectral elements which are unique to M. bovis
BCG and discern it apart from C. glutamicum & R. erythropolis, due to them all being

Mycobacteriales.

The ultimate goal of this particular chapter is that the methods and materials can be
readily utilised and applied to more clinically relevant models which would
incorporate M. tuberculosis. In the meantime, the work conducted herein is a
relevant disease model for bovine TB, a disease which causes significant economic

harm to farmers in the UK, as discussed in chapter 1.

5.2. Methods:
5.2.1. Reagents:

Bacteria were prepared as per Chapter 2.2.1. The cells were then allowed to air dry

under laminar flow for two hours (173).
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5.2.2. Raman Spectroscopy:

Spectral acquisitions were performed using an InVia confocal Raman (Renishaw).
The spectrometer was calibrated prior to each use with silicon (520.7cmt). A 100x
Leica objective with a 0.8 aperture and a 1200l/mm grating were used for all
measurements in the range of 750-1750cmt. Raman map scans, consisting of 3
accumulations and 10 second exposure time, were acquired over a 10um x 10um
square grid using a 785nm excitation laser with laser power of 10-14mW. 100
spectra were collected for each bacterium with 3 repeats for M. bovis BCG, C.
glutamicum, R. erythrpolis, generating a total of n=300 spectra for these three
bacterial species. For the remaining bacterial species, 1 repeat was undertaken
which presented with 100 spectra for each species. Wire 5.1 (Renishaw PIc)

software was used for baseline subtraction and cosmic ray removal.

5.2.3. Principal Component Analysis:

Principal component analysis (PCA) was used to interpret the minute differences in
spectra between the different bacterial strains, in a similar fashion to Chapter 5. This
was initially performed on all bacterial species, and then followed up by further
comparative analysis on the repeats of C. glutamicum, R. erythropolis, & M. bovis

BCG. A further quadrant analysis was applied as in Chapter 5.

5.2.4. Principal Component Analysis & Linear Discriminant Analysis:
Further, PCA was used as a pre-processing tool to reduce the dimensionality of the
Mycobacteriale dataset and then used as input data to the linear discriminant

analysis (LDA). The PCA pre-processing step yielded an inherent benefit of all the
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output data being orthogonal, which circumvented a weakness of LDA i.e., the
collinearity. LDA, like the PCA, sought to maximise variance between components
however, instead of within the dataset, LDA maximised variance between groups.
This meant that it has projected the data into a space such that the variance
between each Mycobacteriales was maximised. The comparison of the pure PCA
and PCA-LDA approaches were compared for their relative effectiveness in

classifying spectra and to the self-organising maps classification approach (267).

5.2.5. Self-Organising Maps:

Self-organising maps (SOMs) were used for multivariate analysis (284)-(268) of the
Mycobacteriale dataset. SOMs are single-layer artificial neural networks that are
represented as a two-dimensional (2D) hexagonal array of neurons. Inspired by the
visual cortex in the brain, the SOM is trained to activate neighbouring neurons based
on similar inputs, in this case Raman spectra from multiple repeats. Each neuron has
a weight vector with a length equal to the number of variables in a spectrum. The
weights are gradually adjusted to be similar to the input data by exposing the
network to training samples over several iterations, so that each neuron only
activates on a specific spectral signature. The result is a 2D projection of
hyperspectral data that can be seen as visible clustering based on type, group, and
state. SOM employs the self-organizing map discriminant index (SOMDI), which
appends a set of label vectors to each neuron and allowed us to study the most
prominent features that cause the activation of a specific neuron to a class label.

Following that, a supervised learning step was introduced to optimize the network

137 |Page



and the class label associated with each neuron was used to quickly identify new
data presented to the SOM. SOM was utilised solely for the analysis of the
Mycobacteriales due to the wider availability of training and test data as well as an
increased amount of variability between datasets, thus being more reflective of real-

world circumstances (224, 267).

5.2.6. Raman Peak Analysis:

The most important peaks from the Mycobacteriales were extracted by applying a
multi-Lorentzian peak fitting method (268) followed by a peak comparison among the
different samples and selecting the common peaks between samples to perform
statistical analysis. A box plot of the Raman intensity of these peaks was performed
and compared among samples using multiple pairwise comparisons, Tukey's
honestly significant difference test (Tukey’s HSD) to investigate the differences.
Each spectrum was baseline subtracted and normalized between 0 and 1 using the

asymmetric least square method (267).

5.2.7. Code Availability:
The customised written Python algorithm can be downloaded from Vettigli et al.

(218) & Weston (219).

5.3. Results:

5.3.1. Average Raman spectra:
A broad average representative Raman spectra in Figure 46 shows the spectral
differences between the bacteria analysed in this study, whilst Figure 47 shows the

broad average spectrum of the Mycobacteriales.
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Figure 46 - Average Raman spectra of the bacterial species analysed in this chapter. Average is based on 100 spectra per bacterial species, arising from 100 technical repeats.
The slight blurring of the line is representative of the standard deviation in the sample.
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Figure 47 - Average Raman spectra of the Mycobacteriales analysed in this chapter. Average is based on 300 spectra per bacterial species. The bold line represents the average spectra.
The blurred lines represent the standard variation in each biological repeat.
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Within these spectra, several prominent peaks can be observed. Broadly speaking,
notable peaks occur at 1002 cm* & 1450 cm for all bacteria. The peak at 1002 cm?
is likely due to, either, C-C stretching (250), all of which one would expect to observe
in bacteria, due to the structures present (285, 286, 287). The peak occurring at ca.

1450 is likely due to CH2 bending, or 6(CH2).

For the remaining peaks, the following intense peaks can be assigned, based on the
Average Raman spectra (For greater resolution of the average Raman spectra of the
non-Mycobacteriale bacteria, the spectra and peak assignment are viewable in the
appendix (

A.8. Raman spectra of individual bacteria and peak assignment:). (250)).

5.3.2. PCA analysis:

Clustering of the different bacteria obtained via PCA (Figure 48, opposite) can be
observed. The initial PCA analysis of the data also shows a great amount of spectral
crossover, with a large degree of agreement between all bacteria studied, except for
M. bovis BCG, which acts as an outlier. Though only 54.77% of the variance can be
explained. Further PCA of the Mycobacteriales and their respective repeats illustrates
a greater amount of variability with widespread clusters (Figure 49, page 143) with
approximately 62.91% of the variance explained by using two principal components.
The greatest cluster domain spread is observed in R. erythropolis and M. bovis BCG,

which is also evident from the Raman spectra.
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Whilst this method is widely used across literature, limitations exist when using it.
Specifically, the data can become unwieldy when using multiple samples (such as the
number of bacteria utilised herein). As the dataset size increases, the computation of
eigenvectors and eigenvalues becomes more resource-intensive. Additionally, PCA
assumes linear relationships between variables, which might not hold in complex
datasets. Non-linearity, outliers, and skewed distributions can distort results. Another
concern is interpretability; while PCA identifies patterns, interpreting the biological or
practical significance of these patterns may be challenging. Moreover, PCA may not
capture subtle non-linear relationships, limiting its ability to unveil the full complexity
of large and intricate datasets. Therefore, while PCA is valuable, an awareness of

these limitations must be maintained.
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Figure 48 - PCA of Raman spectra of all bacteria analysed in this project with two components, and 100x technical
repeats, with one biological repeat each. Note the broad overlap between the majority of the bacteria.
Mycobacterium bovis BCG, Moraxella catarrhalis and Rhodoccus erythropolis.
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Figure 49 - PCA Analysis of the Mycobacteriales utilising two principal components following three biological
repeats of the Mycobacteriales utilised in this project. 100x technical repeats were used in each biological repeat
leading to N=300 spectra per bacterial species. Note the widespread of each bacterial species and the crossover

of the Raman spectra.

5.3.3. PCA-quadrant analysis:

Figure 50a (page 145) illustrates a population of R. erythropolis and C. glutamicum
samples in the 3rd, green quadrant (Q3) was observed with the corresponding loading
spectra (Figure 50b) found to be related to the Q3 loading identified by the presence
of multiple peaks, highlighting the relative similarities between both species of
bacteria. M. bovis BCG located in Q1, shows a high signal intensity for the 1050cm!
and 1300 cm™ bands resulting in greater separation of the M. bovis BCG relative to
the other bacteria. C. glutamicum also exhibited a cluster in Q4 due to the presence
of a high-intensity peaks at 1150cm and the 1300cm- region and the R. erythropolis

shows a separated cluster in Q2, which is related to the presence of a high-intensity
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peak at 1050cm* combined with other peaks present in Q3 yet, with the absence of a

strong peak at 1300cm™.

A region where most samples converge was identified between [-3,1] in PC1 and [-
3,1] in PC2 thus, revealing a commonality among different samples although both M.
bovis BCG and R. erythropolis have a larger variation in spectral signal which enables
them to populate other regions of the PC space. This has also been identified from the
Raman loadings plot (Figure 50c, opposite), where a few spectral lines above and

below the sample average were indicative of the Raman signal variance.
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Figure 50 - (a) Quadrant analysis of the PCA data, illustrating the clustering in Q3 (Green). (b) Clustering plot
illustrating the most influential spectral elements in Q1, Q2, Q3 and Q4. (c) Raman loadings plot demonstrating
the most influential parts of the spectra in the respective principal component (LPC1, LPC2).

The variance highlighted in Figure 50 is highlighted via SOM (Figure 51a, opposite),
where the sample separations clustering is identified as a colour intensity. The darker
green hexagon is indicative of a more distinct spectral region for M. bovis BCG with
the green hexagon sandwiched by the blue hexagons representing a degree of
crossover between M. bovis BCG, and R. erythropolis, respectively, further
consolidating the PCA observations. R. erythropolis (blue) and C. glutamicum (red)
appear mostly similar except the different peak intensities in the 1000 cm,
1200 cm region as well as the 850 cm™ and 1550cm peaks and M. bovis BCG
(green) appears to be more distinctive especially, in the 1200cm* & 1400 cm region

along with an absence of a peak at 1550 cm™ and a more intense peak at 1700 cm™.
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The activation peaks (Figure 51, below) correspond to the peak statistical analysis

with R. erythropolis (blue) and C. glutamicum (red) being predominantly similar whilst

M. bovis BCG (green) exhibiting is more distinct spectral fingerprint particularly, in the

1300 cm™ & 1650 cm-' region.
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Figure 51 - (a) SOM trained to analyse the respective bacteria illustrating the clustering of the spectra. (b)
SOMDI showing the peaks which have the greatest influence in activating the respective neurons in SOM.
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Subsequently the most dominant spectral peaks for the Mycobacteriales were
identified and statistically analysed. Boxplots comparing the peaks shown in Figure
52 (opposite) show the main differences between the peaks for each bacteria studied.
The 780cm peak is found to be similar for the C. glutamicum and R. erythropolis and
significantly different for M. bovis BCG. This peak corresponds to an uracil containing
ring, with the difference caused by the varying levels of uracil utilisation between the
cells. Similar differences are also observed for 1155, 1450, 1525, and 1610cm™* peaks.
Highly significant peaks identified among all samples including the 1000, 1575 and
1660cm are characteristic of Mycobacteriales. On the other hand, the peak at 1210
was found to be not statically significant. Peak differentiation can be achieved, mainly
via the 850cm* band, which has been found to be statistically significant for the R.
erythropolis (blue) but not for the M. bovis BCG (green) and C. glutamicum (red). We
can, therefore, accurately identify the various bacterial species within the mixture.
Specifically, R. erythropolis (blue) via the prominent intensity of the 850 cm peak,

associated with tyrosine, C. glutamicum (red) from the M. bovis BCG (green) via the

780, 1000, 1155, 1525 and 1610 cm™ peaks, attributed to the uracil-based breathing
ring, phenylalanine, carotenoids, in-plane vibrations of conjugated -C=C- and cytosine,
respectively (Table 10, opposite). Additionally, by generating the box plot and holding
the spectra to closer scrutiny, one can observe that the aforementioned peaks at ca.
1210 cm are not statistically significant in helping to identify the Raman spectra of the

bacteria.
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Figure 52 - Box plots comparing the dominant Raman spectral peaks of the studied bacterial species (NS = not
significant, * = p<0.05, ** = p<0.01, ***= p<0.001, ****= p<0.0001).

Prominent In:
Functional Group / R. M. Bovis

Raman Peak (cm™) Band Assignment C. Glutamicum | Erythropolis BCG
780 Uracil-based breathing ring X X
850 Tyrosine X
1000 Phenylalanine X X X
1155 Carotenoids X X

Stretching in tyrosine and
1210 Phenylalanine X X X
1450 CHz bending X X

In-plane vibrations of
1525 conjugated -C=C- X X
1575 DNA bases X X X
1610 Cytosine X X
1660 Lipids X X X

Table 10 - Summary of the prominent peaks with the greatest statistical significance determined in Figure 54.
Peaks attributions are taken from Movasaghi et al. (288) & Talari et al. (250)

With the dataset pre-processed by PCA, the LDA data was subject to cross-validation,

with 4 folds used in analysis. The mean accuracy (+10) was 99.11 + 0.63%, showing
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excellent discrimination between the different species (Figure 543, below), where
each species is clustered significantly apart from the rest with the overall detailed

analysis partitioning the PCA-processed dataset into 40% test data and 60% training.
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Figure 53 - LDA Plot of the Mycobacteriales, displaying vast separation between the three bacterial species.

The derived confusion matrix (Figure 54 and Table 11, below) shows that on average
the PCA-LDA approach is highly effective at discerning between different bacterium
species. The off-diagonal values represent the incorrect identification occurrence,
where on average each of these values was below 1. This means that in the worst
performance case scenario, the PCA-LDA approach will misidentify two samples from

a pool of three bacteria.
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Figure 54 - Confusion matrix following the 60:40 training and test data split during the PCA-LDA. (c).
Characteristic derived spectral barcodes of the C. glutamicum, M. bovis BCG and R. erythropolis after the
application of a Savitzky-Golan filter and reduction of the noise from the double differentiation.

Precision Recall F1-score Support
C. Glutamicum 0.987 0.993 0.990 121
M. Bovis (BCG) 0.994 0.992 0.993 118
R. Erythropolis 0.993 0.988 0.990 121
Accuracy 0.991 360
Macro average 0.991 0.991 0.991 360
Weighted average 0.991 0.991 0.991 360

Table 11 - Mean confusion matrix generated from the PCA-LDA. The values are rounded to the nearest integer.

The obtained spectra were further classified to derive the characteristic fingerprint
spectral barcode for each bacterium derived from the second derivatives, after
application of a suitable threshold to discriminate between signal and noise (Figure
55, opposite). Initially, a Savitzky-Golay filter was used to smooth the signal and
reduce the noise from double differentiation and subsequently, a grid approach was
used to select the window size and polynomial order with optimal values for these were
identified as 5 and 2, respectively. Following filtering, the second derivatives were
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assigned binary values, +1 if their absolute value was greater than or equal to 5% of
the maximum value for each species, and 0 otherwise. In our case, this threshold,
building upon the work in Velioglu et al. (289), was increased to 5% since the 1% value
applied in Shivakoti et al. (35) unnecessarily included noise. If the value was below
the threshold, it was assigned 0. Bars were plotted for each wavenumber and their
position on the Plotly “Greys” colourmap determined the colour of each bar, where the

greater the count, the darker was the bar.
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Figure 55 - Characteristic derived spectral barcodes of the C. glutamicum, M. bovis BCG and R. erythropolis
after the application of a Savitzky-Golay filter and reduction of the noise from the double differentiation.

These were subsequently, overlaid over the averaged spectra for each species, with

a standard deviation value being shaded. A common feature for all three species was
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a strong second derivative significant value at ca. 1000 cm, also identified by the

PCA and SOM, attributed to the phenylalanine peak (Table 11, below).

Prominent In:
C. R.
Raman Peak Functional Group / Glutamicu Erythropoli M. Bovis
(cm™) Band Assignment m s BCG
780 Uracil-based breathing ring X X
850 Tyrosine X
1000 Phenylalanine X X X
1155 Carotenoids X X
C-CeHs Stretching in tyrosine and
1210 Phenylalanine X X X
1450 CH: bending X X
In-plane vibrations of conjugated -
1525 C=C- X X
1575 DNA bases X X X
1610 Cytosine X X
1660 Lipids X X X

Table 12 - Summary of the prominent peaks with the greatest statistical significance determined in Figure 54.
Peaks attributions are taken from Movasaghi et al. (288) & (250)

Interestingly, M. bovis BCG lacks many features shared by the other two species
based on the derived barcodes. This was observed previously via PCA where M. Bovis
(BCG) had a different sign for PC1 and via the PCA-LDA, where its sign for LD1
contrasted strongly to the others. This indicates that M. bovis BCG has a substantially
different spectral fingerprint to the other two species analysed, regardless of the
method utilised. Discerning between C. glutamicum and R. erythropolis samples via
the barcode approach would rely on the lighter shaded barcodes, which correspond

to the characteristic traits of each bacterium and their respective spectra.

Overall, standard spectral classification via the artificial neural network SKINET

enables high levels of discrimination when analysing multivariate spectral data
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generated by analysis of bacteria. In contrast, standard PCA is found to exhibit low
levels of accuracy. However, this accuracy can be further enhanced using a PCA
guadrant analysis as well as LDA, which corroborates the deductions generated from
SOM analysis and SKINET. Further enhancing the possibility to identify and
characterise bacteria is the ability to discern distinct elements of the Raman spectra
generated as a result of statistical peak analysis, which affords insight into which
components of the spectra yield the greatest significance in terms of determining
which peaks have the greatest influence in determining and differentiating the exact
organism.

5.4. Discussion:

The combined use of the above techniques allows one to investigate and dissect the
often differences in Raman spectra which arise as a result of investigating biological
organisms. Within this chapter several bacteria have been analysed with Raman
spectroscopy for the very first time. However, for the sake of brevity, a focus will be

placed on the Mycobacteriales.

Considering the initial PCAs, one can observe that there is a great deal of spectral
crossover between the majority of the bacteria being analysed, with M. bovis BCG,
M. catarrhalis and R. erythropolis acting as outliers. However, following two
additional repeats and focusing further on the Mycobacteriales, a greater amount of
crossover can be observed and this could be due to the inherent variability present

within biological organisms, as has previously been discussed (290).
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By using a PCA guadrant analysis, once more, the bacteria being analysed in this
research can be held to more scrutiny and we can begin to examine and understand

the unique characteristics of each bacterial species.

Meanwhile, deployment of SKINET allows for an easily recognisable output that is
easier to interpret with a cursory glance. The use of the box plots helps researchers
understand the important components of a Raman analysis and to understand which

spectral elements are the most important when trying to identify bacteria.

As for the generation of the PCA-LDA, by undertaking this, a highly discriminatory
algorithm can be deployed and discern spectral elements apart to a much higher

degree than the human eye and that of PCA, as evidenced by the confusion matrix.

Perhaps most critically though, the generation of a spectral barcode can afford
information that could contribute towards a spectral library that, one day, could very
well be used to enable Raman spectroscopy to be used for the diagnosis of the
pathogenic infections. More specifically, this could involve the use of a cloud-based
storage system where the Raman spectra of bacteria are readily uploaded in a
fashion similar to the sequencing data available via BLAST and BV-BRC. Once
acquired, a Raman analysis could take place and check if the spectra matches with
other bacterial species available, thus allowing a rapid diagnosis of infectious

diseases.

The statistical techniques in this chapter are highly valuable to the field of
chemometrics and, through the deployment of the right Python script, highly

advanced statistical tests can be applied to highly complex multivariate data. In
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doing this, we have established the ability to discriminate against various bacterial
species, specifically those which are closely related and this is a consideration which
has not been previously reported in literature, outside of a genus level. Ultimately,
these are prized tools which can enable scientists to undertake a vast amount of

analysis without having to be a specialised data scientist.

Of course, the data acquired within this chapter does come with limitations. The non-
Mycobacteriale data acquired in this chapter did not utilise any repeats due to time
constraints and this is something which should be repeated in the future to provide
more comprehensive data. As demonstrated by the PCA in Figure 49, there is a
notable amount of variation between samples of even the same species and,
therefore, it may be the case that differences are only observed following further
repetitions. More specifically, special consideration should be given to the use of

SERS. However, of a particular note is the persistent Raman peak at ca. 1210 cm™ .

Through statistical analysis, it can be established that this peak in particular is not
significant for the determination and discrimination of the Raman spectra unique to
M. bovis BCG within the presence of R. erythropolis and C. glutamicum. Based on
the data acquired from Talari et al. (250), the peak assignment is believed to be due
to the presence of C-CesHs stretching in tyrosine and phenylalanine, however these
compounds are unlikely to be present when considering the lipid analysis and most
certainly would not be present when considering the in silico data, therefore the

presence of these peaks may not be solely due to these compounds.
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Whilst the statistical significance of this peak has been called into question due to
the box plot analysis, its presence suggests that it is a legitimate peak, but the
reason for this presence is not due to C-CsHs stretching in tyrosine and
phenylalanine and must be due to some other compound which has not yet been

characterised by Raman spectroscopy.

Future research should consider repeating the Raman analysis of the other bacterial
species within this chapter. For the sake of brevity, a focus was placed on
characterising the Mycobacteriales, however, most of the organisms considered in
this chapter have not been fully characterised using Raman spectroscopy.
Additionally, whilst a large number of tools have been presented within this chapter,
it would be superfluous to deploy complex data processing tools on data that is

rather limited in nature, especially if one were to expect significant results.

Perhaps of the greatest consideration is the Mycoplasma sp. which have received a
greater amount of interest as of late due to their proclivity to infect cell cultures, as
well as their propensity to cause disease which is often difficult to fully treat due to

the physiology of Mycoplasma sp.

Additionally, one should consider expanding the species of organisms analysed and
could deploy the techniques within this chapter on bacteria which are more clinically
significant. One could also attempt to use these techniques to discriminate against
different serovars, with special consideration being given to the use of SERS, though

this also presents with its own limitations, as previously covered. All of which would
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acquire a great amount of useful information and could help to consolidate the use of

Raman as a diagnostic tool, not only for tuberculosis but also for other diseases.

In the next chapter, the information and some of the techniques acquired from this
chapter and the ones preceding it shall be used to establish if it is possible to identify

M. bovis BCG within an artificial “sample” of sputum which contains other bacteria.
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Chapter 6:

6. Detection of Mycobacterium bovis BCG in an Artificial Sputum

6.1. Introduction:

As per Chapter 5, one can see that the microbiome is made up of multitudes of
bacteria and this is often in flux. Often the populations of respective bacteria within
the microbiome can change. Sometimes this can lead to disease, but other times this
is simply a result of a change in diet, stress, or various other factors (277), and this is

also true for humans as much as it is for animals (291)

The information acquired in Chapter 6 is without use unless one begins to
investigate the potential of other bacteria to interfere with the Raman spectra of that
generated by M. bovis BCG, given that this study has been using this as a model

organism.

To further investigate and characterise the bacteria within the microbiome and to
establish whether Raman spectroscopy could detect TB or other members of the
MTBC, it becomes necessary to create an artificial matrix of bacteria which is
representative of a theoretical sample of saliva as well as an artificial version of the

saliva itself. In essence, an artificial sample.

Naturally, one could attempt to acquire field samples, however, the acquisition of
which was not proposed at this project’s outset and, therefore, ethical approval

would have been unlikely to have been acquired in time.
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Additionally, whilst the acquisition of field samples is an obstacle that future
researchers will have to overcome at some point, field samples cannot be controlled
for (e.g. the ratio of bacteria in each sample will vary considerably). Therefore, the

use of an artificial sample is more optimal for these initial experiments.

To this end, it therefore stands to reason to utilise an artificial sputum and to test the
limit-of-detection of M. bovis BCG within an artificial sample that contains known

concentrations of different bacteria, as well as varying amounts of M. bovis BCG.

Unlike some bacteria, such as S. aureus or E. coli, M. bovis (and other MTBC
bacteria) are obligate pathogens, as previously mentioned. That is, if M. bovis is
present within a sample, then it is causing disease, unlike the aforementioned
organisms which form part of the microbiome of both humans and animals (292, 293,

294, 295).

For this section, aliquots of an artificial sputum were prepared with the bacteria
aforementioned in chapter 6. These aliquots were then “spiked” with varying
amounts of M. bovis BCG in a bid to establish what the limit-of-detection would be

for this methodology and an artificial sample.

Critically, this chapter shall attempt to establish the feasibility of Raman
spectroscopy to identify M. bovis BCG within a scenario more reflective of the real-
world and influence future work which will influence future work with the more
relevant (albeit more dangerous) real-world counterpart, M. bovis, as well as other

MTBC bacteria.
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6.2. Methods:

6.2.1. Reagents:
An artificial sputum was prepared as per Klof3 et al. 2015 (296). The artificial sputum

was prepared as follows: 400 mg DNA from fish sperm (Sigma Life Science) and 3 g
mucin from porcine stomach (type Il) (Sigma Life Science) were each suspended in
25 mL deionized water and dissolved in a rotation mixer over night at 4 °C. One
gram bovine serum albumin (BSA) (VWR Prolabo) was dissolved in 10 mL deionized
water. Five hundred milligram sodium chloride (NaCl), 225 mg potassium chloride
(KCI), and 0.6 mg diethylenetriaminepentaactetic acid (DTPA) (Merck) were also
dissolved in 10 mL deionized water. All solutions were combined, and 5 mL egg yolk
emulsion (VWR Prolabo) was added. The solution was filled up to 85 mL with
deionized water, then the pH was adjusted to 7.0 with 1 M
tris(hydroxymethyl)aminomethane hydrochloride (TRIS x HCI pH 8), and finally, the
solution was filled up to 100 mL with deionized water and was vortexed. The atrtificial
sputum was syringe filtered via a 0.2 um syringe filter into 1ml aliquots then stored at

—-20 °C until use.

Bacteria were prepared as per Chapter 2.2.1. Liquid cultures were centrifuged for 5

mins at 3900 RPM then resuspended in 1ml of sterile artificial sputum, with the
exception of M. bovis BCG which was centrifuged at 3900 RPM for 10 mins. Optical
Density was then measured at 600nm (see A.9 Optical Density of bacteria
present in bacterial mix:) and bacterial density was calculated per ml (297).
Aliquots were then made up to contain a total of 1 x 106 CFU/ml of bacteria, with the

proportions dictated by the relevant literature (281, 282, 283). Mycoplasma sp. in this
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section were diluted in accordance with Ramos et al. (298), due to a lack of literature

on Mycoplasma bovis and Mycoplasma hyosynoviae.

Serial dilutions of M. bovis BCG were made up from 10¢to 10* CFU/ml and
inoculated into the artificial sputum. Samples containing only serial dilutions of M.

bovis BCG and of the other bacteria with M. bovis BCG were investigated.

A sample was removed from the aliquot with a 10 pl inoculating loop, and this was
then spread on sterile aluminium foil and allowed to airdry for 2 hours under laminar

flow.

6.2.2. Raman Spectroscopy:
Spectral acquisitions were performed using an InVia confocal Raman (Renishaw).

The spectrometer was calibrated prior to each use with silicon (520.7cmt). A 100x
Leica objective and a 1200l/mm grating were used for all measurements in the range
of 750-1750cm™. Raman data, consisting of 3 accumulations and 10 second
exposure time, was acquired using a 785nm excitation laser with laser power of 10-
14mW. Wire 5.1 (Renishaw PIc) software was used for baseline subtraction and
cosmic ray removal, with the results visualised as below (267). 3 technical repeats

were carried out per sample.

6.2.3. Principal Component Analysis:

Principal component analysis (PCA) was used to interpret the minute differences in
spectra between the bacterial mixes containing varying amounts of M. bovis BCG and
bacteria as well as the samples containing varying amounts of M. bovis BCG only. As

a multivariate data analysis technique PCA was able to reduce the dimensionality of
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the dataset into the most relevant components to maximize the variance among
different samples by projecting the data into a space with N orthogonal basis vectors,
arranged in descending order with respect to variance. Each axis, or principal
component, represented a fraction of the total data variance. The dimensionality
reduction was achieved by selecting the number of principal components that explains
at least the required fraction of the dataset variance. PCA analysis was used to
determine how the separated clusters separated between different species and to
identify what they had in common. PCA loadings were calculated using the
eigenvectors and eigenvalues obtained from matrix operations to find the PC. The
loadings contained information specific to the initial Raman data and differed
depending on the PC space. In a 2D PCA system, the loadings of the different PC
guadrants were expressed as PC1 > 0 and PC2 > 0, PC1 0 and PC2, and PC1 >0

and PC2 0. PCA analysis was deployed locally using a customised Python script (267)

6.2.4. Code Avalilability:

The customised written Python algorithm can be downloaded from Vettigli et al. (218).
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6.3. Results:

6.3.1. Average spectra:
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Figure 56 - Combined average Raman spectra of Mycobacterium bovis BCG at various concentrations of 10X CFUs/ml.
The coloured line represents the average spectra. The greyed lines represent the standard variation in each biological

repeat.
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Figure 57 - Combined average Raman spectra of Mycobacterium bovis BCG at various concentrations of
10"X CFUs/ml and the standardised mix of bacteria. The coloured line represents the average spectra. The
greyed lines represent the standard variation in each biological repeat.
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Upon a superficial glance the average spectra (Figure 56 & Figure 57, above) of the
bacterial mix broadly overlaps, though there are exceptions to this. Most notably, the
readings from 0 CFU/mI, 10* CFU/mL (BCG Only), and 10° CFU/ml. No data was
acquired for 102 CFU/ml (BCG Only) due to disruption of the sample and time

constraining attempts to repeat the sample.

Of note is a particularly intense peak which is omnipresent across all samples at ca.
1450 cm™* and 1155 cm™ conferring the presence of CH2 bending and carotenoids,
respectively. For the more anomalous samples, peaks are observed at 780, 900,
1057, 1095, 1195, and 1300 cm. Most notably, there is also a somewhat unique

peak present on the spectra for 102 CFU/mL at 995 cm™.
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6.3.2 PCA of spectra:
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Figure 58 - PCA of the bacterial suspensions utilising two principal components following three technical repeats of the
numerous suspensions utilised in this project. 3x technical repeats were used in each technical repeat leading to N=3
spectra per suspension. Note the clustering of each bacterial suspension and the crossover of the Raman spectra.
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Figure 59 — Raman loadings for the PCA of the bacterial mixes demonstrating the most influential parts of the
spectra in the respective principal component (LPC1, LPC2).

Upon examination of the PCA (Figure 58, page 113) one can observe that there is
indeed a great amount of crossover of the spectra of the various bacteria in this
study. The PCA is able to differentiate some of the bacteria, however, this is in line
with the more anomalous spectra observed when considering the average spectra.
The PCA is able to account for 79.58% of the differences between the spectra by
using two principal components and this contrasts strongly with the monoculture
work in the previous chapter where only 55% of the differences in spectra can be

accounted for using two components for PCA.

When dissecting the loadings (Figure 59, above), the spectra at 800, 900, 1057,

1095, 1168, 1255, 1300, 1400, 1465, and 1606 are the most influential in
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determining PC1 and are also influential in determining PC2. The aforementioned

Raman peaks can therefore be summarised as such:

Raman Peak (cm-~ Functional Group / Band Assignment
1
)
800 CHz2,6 out-of-plane bending, observed in the spectra of
a single human erythrocyte
Uracil-based ring breathing mode

900 Lipid

1057 Lipid

1095 Lipid

1168 Lipids, v(C=C) 5(COH) (lipid assignment), v(C-C),
carotenoids

1255 Lipids

1300 Fatty acids, 5(CH>): Lipids, CH2 twisting (lipids)

1400 (-1430) \(C=0)Or

1465 Lipids

1606 C=C Bending

Table 13 - Peak assignment for the most prominent peaks within the Raman spectra generated in this chapter

6.4. Discussion:

Bacteria are complex organisms and, as has been previously discussed, their
Raman spectra can and does indeed vary based on numerous factors (299).
Unfortunately, the research contained in this chapter was unable to determine and
readily differentiate between samples containing strictly M. bovis BCG and samples

containing M. bovis with other samples.

This chapter is based solely off of one repeat of one experiment and uses tools
which are not completely adequate for the use of the discrimination of multivariate
data (267). As discussed in Chapter 6, there are more efficient tools that can be
used to pick apart spectral data. However, without the use of multiple repeats of the

same experiment, their use is somewhat redundant as it is unlikely that they would
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provide an accurate insight into the data acquired in this chapter and would certainly
not be suitable to draw any viable conclusions which may influence future research.
As Macgregor-Fairlie et al. (267) has illustrated, there is often a large amount of
variation of Raman spectra even between the same samples, and this would be
further complicated by Raman spectra where the sole defining characteristic is the
level of enumeration of the respective bacteria. This complication is further
exacerbated by the limited amount of literature that is currently available which seeks
to expand the detection of bacteria via Raman spectroscopy beyond monoculture or

single-cell detection.

Therefore, the data acquired here should be taken with a large pinch of salt, as
further repeats could prove fruitful. Though it does offer some insight into the
potential ramifications of using Raman spectroscopy without consideration being

given to the other bacteria that may be present within a sample.

As mentioned, there is also anomalous data here. This data could arise due to a
variety of reasons, however, one thing to note is that M. bovis BCG have a tendency
to cluster in liquid media (300) and, therefore, their disruption and resuspension for
use in a liquid suspension can be prone to great difficulty. Naturally, steps were
taken to prevent this following centrifugation (Thorough mixing and resuspension),
but it is possible that these steps would have completely prevented the clustering of
the bacteria on a microscopic scale. A potential way to avoid this in the future would
be to use flow cytometry (specifically, cell impedance flow cytometry) in a bid to

create a pre-determined cell suspension (301).
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Overall, it becomes difficult to draw any meaningful conclusions from this set of
limited experiments, besides highlighting the crossover over the bacterial species

used in this set of experiments, as well as key points within the Raman spectra.

Though what can be observed is consistencies between the Raman spectra of
bacteria and how these are relatively ubiquitous, but, as displayed in chapter 6, it is
this ubiquity which can enable researchers and scientists to successfully identify

bacteria in a sample.

Moving forward, one should consider further repeats of the experiments conducted in

this chapter and then hope to deploy the statistical analyses in chapter 6.
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Chapter 7:

7. Discussions, Conclusions & Outlook

This thesis considered the use of CRISPR/Cas as a diagnostic tool for tuberculosis
before it began to explore the current gap in knowledge that is present within the
field of Raman diagnostics and the potential of interference from the microbiome,
something which previous researchers have often neglected, in the hopes of this
information being fed into the field and enabling future researchers to utilise it in a

bid to develop a Raman based diagnostic tool.

Chapter 3 focused on the use of in silico Raman analysis of compounds associated
with the cell wall surface of M. tuberculosis and other Mycobacterium sp. through the
combined use of the quantum chemistry software package, ORCA, and the
computational chemistry Graphic User Interface package, Avogadro via the
University of Birmingham’s supercomputer BlueBEAR. In doing so a novel and
unassigned Raman peak was detected. This is the first time such work has been

conducted.

Chapter 4 sought to utilise both optical trapping on both polar and non-polar cell wall
lipids extracted from M. smegmatis, M. tuberculosis & M. bovis BCG to identify novel
Raman spectra which arise strictly due to the lipid rich cell wall. This is the first time

such work has been conducted. During the conduct of this work, several novel motifs
were identified that have not been discussed in literature. Specifically, this includes a
lipid-rich area of the spectra at approximately 1210 cm=, the presence of which was

also conferred by the work undertaken in Chapter 5.
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Chapter 5 then used Raman spectroscopy to analyse several bacterial genera which
are associated with the bovine microbiome in a bid to establish an understanding of
the Raman spectra of said bacteria and foster research which could be used to
deploy Raman spectroscopy for the detection of bovine TB and, ultimately, human

TB.

The research contained in this chapter also sought to fill the current gap in
knowledge where bacteria within the same family as Mycobacterium sp. have not

been considered in the published literature.

Through the repeat analysis of two other Mycobacteriales, R. erythropolis & C.
glutamicum, a multivariate approach which employed the use of a Python script that
incorporated tools for statistical work was used and the ability to actively discriminate
the three organisms from one another was established. This work also sought to
establish a spectral barcode for each organism, with the hope that it be repeated on
other organisms in the future and uploaded on to a cloud so that it can be used

globally.

Chapter 6 then sought to compile an artificial matrix of bacteria which was proposed
to resemble a “real-world” use to a greater extent than analysing the bacteria in
isolation. The preliminary results presented in this chapter were inconclusive in
nature. However, valuable information can be gleamed from an examination of the
Raman spectra presented. This work could be improved by undertaking the

suggestions mentioned at the end of the chapter. Specifically, this could be
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investigated more thoroughly simply by culturing the bacteria once more and

repeating the experiments to increase the repeats.

Chapter A.1 considered the use of CRISPR/Cas as a diagnostic tool, however,
shortly after this work commenced, similar research was published in Ai et al. (133)
in which 1S6110 was targeted by CRISPR/Cas gRNA. The work produced in this
chapter sought to consider other genetic elements for detection, however, this was
interrupted by the lab shutdown prompted by the UK government’s COVID-19
response and subsequent work was completely abandoned due to the University of
Birmingham’s COVID-19 mitigation strategy which prevented lab access across the

multiple laboratories required to undertake this particular work.

The work undertaken in this thesis seeks to fill a gap that had previously been
identified in research: A lack of consideration afforded to the bacteria inhabiting the
microbiome. This is and remains a critical consideration that scientists must make if
there is hope for the use of Raman spectroscopy as a diagnostic tool for tuberculosis
and other infectious diseases. By undertaking the work in this thesis, it is hoped that
it will help contribute towards changing the direction of the conversation surrounding
Raman diagnostics. Additionally, it is hoped that the published work (as well as the
work soon-to-be published) will help proliferate a greater variety of tools that
scientists can use to help process multivariate data such as that produced during

Raman analysis.

Moving forward, future research should consider investigation into other organisms,

as well as undertaking repeats of the work presented in this thesis. To summarise,
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the work undertaken in Chapter A.1. could be expanded upon to consolidate the
gRNAs utilised to detect M. tuberculosis and the MTBC as well as SNPs conferring

drug resistance and other drug-resistance mechanisms.

The work undertaken in Chapter 3 could expand to include cellular components
which are associated with other Mycobacterium sp. as well as mycolic acids
associated with different bacteria. However, this work would rest solely on the
isolation of said compounds by other researchers. Unless one were to build the
structure of these compounds manually in Avogadro and then optimise their
geometry. Other methods of in silico analysis could be undertaken, such as IR and

LC-MS.

To expand upon the work covered in Chapter 4, one could seek to isolate the cell
wall lipids of other bacterial species and consider other analytical techniques which
could be used within this context such as LC-MS and IR spectroscopy. This would
add to our knowledge of the compounds present on the cell wall further and allows
researchers to consolidate our knowledge of the isomers of the lipids present. SERS
is another potential consideration, however, efforts must be made to understand the
damaging effects of the materials over time, or use of different materials/methods

must be considered.

With regards for Chapter 5, one should seek to investigate the other bacteria utilised
in this chapter to a larger degree and undertake repeats of those where no repeat
was undertaken. Additionally, if a higher containment laboratory were to be available,

the bacteria used in this section could be discarded and other pathogenic bacteria
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could be considered, such as M. bovis or drug-resistant variants of S. aureus.
Additionally, the use of a higher containment laboratory would enable an

investigation into bacteria more relevant to human health.

In Chapter 6, work was undertaken to see if a limit-of-detection could be established
within a mixture of bacteria and the results generated within this chapter are
inconclusive. Future work should undertake repeats of this work in a bid to effectively

deploy the methods used in Chapter 5.

Overall, the work in this thesis attempts to illustrate and construct a cohesive body of
work which seeks to enable a better understanding of the Raman spectra of M.

tuberculosis and M. bovis in a bid to enable future work which would seek to utilise a
portable Raman spectrometer as a tool which can be deployed to more rural areas of
low- and middle-income countries. The work in this thesis takes a logical workflow by
analysing in silico compounds, isolated cell wall compounds, then whole-cell bacteria
in isolation before attempting to understand the Raman spectra of a mixture of

bacteria, which is more reflective of a real-world scenario.

In doing this, it is hoped that such a tool would enable quicker and more effective
diagnosis of tuberculosis from oral swabs, especially if it were to be combined with
the work undertaken by Kawaseeko et al. (148), where a combined blood test (as in
the aforementioned paper) and confirmatory sputum test (which this thesis hopes to

contribute towards) would enable such a diagnostic tool to be used.

As previously stated, past research has never considered other bacteria in the

microbiome, and the body of work presented in this thesis attempts to rectify this; by
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analysing genera of bacteria that inhabit the respiratory tract of cattle, a model can
be established which would enable a similar body of knowledge to be built on human
tuberculosis. Additionally, this body of work could be utilised to combact bovine TB, a

disease which causes untold economic hardship to a great number of farmers.

By adding in a spectral barcode library of various bacteria, as proposed in this thesis,
it also becomes possible to accumulate a vast amount of knowledge which would
enable healthcare facilities to form a network, which would foster the freeflow of
spectral information related to bacteria. Specifically, such a network could be

updated in real-time, allowing for drug-resistant variants to be recognised quickly.

Raman spectroscopy itself is not without its limitations though. At the time of writing,
no diagnostic device that is Raman-based has been approved for deployment into a
healthcare setting. Additionally, any device would have to be thoroughly investigated
and characterised before it were to be used for diagnostic purposes, specifically,
impurities within sputum, blood, and other bodily fluids would have to be analysed,
as organic tissue is associated with autofluorescence (302). The presence of which

would interfere with the effective diagnosis of disease.

However, Raman spectroscopy represents a very promising diagnostic approach
that could overstep a great number of the obstacles in the way of effectively
deploying current technologies (namely, its speed and portability) and, with the
advent of Al technologies as well as a shift to programming methods which can be
readily disseminated to budding scientists, it may prove to be the case that this well-

established technique is just about to enter its golden era.
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Appendix:
A.l. Use of CRISPR-Cas for the detection of Tuberculosis:
N.B: Work undertaken for this chapter was later abandoned due to the COVID-19

pandemic which resulted in lab closures and continuation of the work was not feasible
due to the University of Birmingham’s social distancing measures. This chapter was
originally Chapter 3 of this thesis and has been placed in the appendix at the request

of the markers.

A.1.1 Introduction:
Clustered Regularly Interspaced Palindromic Repeats (or CRISPR for short) is a

rapidly evolving tool that enables researchers to modify the genome of cells.

Initially discovered as part of a primitive immune system of Streptococcus
thermophilus against invading bacteriophages, scientists have been able to harness
the power of CRISPR and the associated Cas9 endonuclease for a variety of uses

(303).

In effect, the CRISPR/Cas9 system works by storing a small piece of an invading
bacteriophage’s genome within the genome of S. thermophilus; the Cas9 enzyme
then utilises this small segment of RNA as a guide and acts as a proof-reading
enzyme; should it find a segment of complimentary DNA that has been inserted into
the genome of S. thermophilus as a result of bacteriophage infection, it then cuts it
out; this leads to the bacteria then being able to fend off phage infection and living

another day.
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However, one of the greatest strengths of the CRISPR/Cas9 system is that it is
completely programmable. As a result, the price of genetically modifying a cell has
crashed. Meaning that modifying the genome of cells has become readily accessible

to anyone with a basic molecular laboratory.

More recently, researchers have continued to discover more Cas nucleases which
are able to modify the genome of organisms in different ways; this includes targeting
RNA as opposed to DNA and enabling researchers to modify the genome of cells at

a nucleotide level.

The CRISPR system is an adaptive immune mechanism was first discovered in 2007
in S. thermophilus (304) , though CRISPR motifs were unknowingly first discovered
in Escherichia coli in 1987 (305). However, the development of the CRISPR system

clearly wasn’t something that started overnight.

The oceans are often considered the starting point of all life on earth and it’s here
where our battle begin. Each mL of water contains between 6.56x107 and 1.59x10°

bacteriophages(306); these are viruses that infect bacteria.

Contrasting with this it is estimated that each mL of ocean water contains between
6.88x10° and 1.59x10° of prokaryotes; these act as the main hosts of
bacteriophages and enable them (phages) to replicate. Of these bacteria, up to 50%

are killed daily (307).
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Of course, Darwinian selection favours bacteria which can successfully fend off
phages which has led to the ubiquitous spread of the CRISPR system within

approximately 85% of archaea and 45% of bacteria (308).

A.1.1.1 CRISPR-Cas:
Often when discussed in literature, “CRISPR” refers to the use of the CRISPR motif
as well as the Cas9 endonuclease. However, the successful use of CRISPR is a little
more complex than adding an artificial sequence of nucleotides, an enzyme and

hoping for the best.

The CRISPR/Cas9 complex requires several different components before it can be

effectively used in cells; this consists of:

e The Cas9 endonuclease
e The guide RNA (gRNA), though this requires several features in order to be
effective in the Cas9 system:
o Atarget RNA sequence (crRNA)
o A Cas9 nuclease-recruiting sequence (tracrRNA)
o Proto-Spacer Motif (PAM)

e A transfection method

For the sake of brevity, it is worth noting that there are many variables surrounding
these core components, but they can be tweaked to increase the level of expression

within cells. Additionally, the method used for transfection needs to be adapted
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based upon the type of cells that are being worked with (e.g. Fungi, bacterial,

mammalian, etc.).

A.1.1.1.1. gRNA:
Guide RNA (gRNA) is composed of several components. When being utilised for a
Cas9 endonuclease reaction the gRNA consists a crRNA of approximately 20
nucleotides and a tracrRNA sequence. There is also the requirement of a PAM
sequence that matches the 5’-N8GG motif within Streptococcus pyogenes (The
bacteria that Cas9 comes from)(309) ; this PAM acts as a spacer sequence which
allows the Cas9 enzyme to differentiate between phage DNA and the DNA of the cell
(310), thus preventing the cleavage of endogenous DNA. Overall, the size of a Cas9

gRNA is in the region of 100 nucleotides.

The structure of the gRNA varies considerably and tends to change when different
Cas enzymes are being utilised. For instance, in the case of Casl12a the gRNA can

be as little as 20 nucleotides.

A.1.1.1.2. Cas9:
The Cas9 enzyme which has been isolated from S. pyogenes, though it should be
noted that there are several Cas9 enzymes from different bacteria, such as those
isolated from Neisseria Meningitidis and Staphylococcus aureus which carry out
similar functions to the Cas9 enzyme from S. pyogenes though they have different

physical properties, such as size(311).

5N = any nucleotide
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Garcia-Doval and Jinek (312) go on to discuss the physical characteristics of the

Cas9 enzyme; in essence:

“Cas9 is a bilobed molecule consisting of nuclease (NUC) and alpha-
helical recognition (REC) lobes. The NUC lobe contains the HNH and RuvC
nuclease domains as well as the C-terminal Wedge (WED) and PAM-interacting (PI)

domains”(312).

Of course, it is this enzyme which forms a critical part of the CRISPR/Cas9 complex;

without it, DNA cannot not be modified.

However, it's worth noting that this is all well and good should one possess a Cas9
enzyme as well as a well-designed gRNA, but nothing can be done unless the
CRISPR/Cas9 complex (or any CRISPR/Cas complex for that matter) is inserted into

a cell, and this shall be discussed later.

When the Cas9 enzyme has a suitable gRNA inserted into it, and the complimentary
DNA is detected by the enzyme, it cleaves the target DNA, causing a double-strand

break within the target DNA. Figure 60, opposite, gives a broad overview of this:
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Figure 60 - (A) The most widely used engineered CRISPR-Cas system utilizes a fusion between a crRNA and
part of the tracrRNA sequence. This single gRNA complexes with Cas9 to mediate cleavage of target DNA sites
that are complementary to the 5’ 20 nt of the gRNA and that lie next to a PAM sequence. (B) Example sequences
of a gRNA. (Adapted from Sander & Young (309))

Following the CRISPR/Cas9 reaction, the cell will begin to try and repair the damage
to the DNA. It is possible to manipulate this process. The repair process takes two

forms:

1. Non-homologous end joining (NHEJ) (313)

2. Homology directed repair (HDR) (314)
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NHEJ is a quick fix for the cell that is being modified with CRISPR/Cas9. As a result,
it is often error prone, which leads to insertions or deletions (indels) of random
nucleotides into the genome as the cell seeks to repair its DNA. These indels can

sometimes lead to a frameshift, causing a change in the expression of a gene.

Meanwhile, HDR is a guided process which enables cells to alter gene expression.
This requires the insertion of a repair template which has homology surrounding the

sequence being targeted by the CRISPR/Cas complex.

NHEJ is a substantially more efficient process than HDR, however, NHEJ is often
random, though it is incredibly useful when attempting to generate knockout mutants.
HDR, on the other hand, has lower efficiency but is useful for generating mutants
where one is attempting to change the genome of a cell completely (e.g. replacing a

certain sequence, or introducing a fluorophore, etc.).

Other factors one needs to consider when utilising CRISPR/Cas is the prospect of
off-target effects. These are effects achieved when CRISPR/Cas is used, and it
accidentally targets other parts of the genome. The best way to avoid this is effective
gRNA design and ensuring that the sequence being used within the gRNA is not

present in other places within the genome of the targeted cells.

Cas9 is the most widely characterised Cas enzyme simply due to being discovered
first (315), however, for the sake of this project, other enzymes need to be

considered, primarily in the form of Casl2a.
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A.1.1.1.4. Casl2a:
Casl2a is similar to Cas9 in that it cleaves DNA, however one of the major
differences is that it is able to create a staggered break, which allows for the
insertion of products that have been designed to have sticky ends and enables the
novel product to be inserted into the DNA of a living organism thus changing the way

that genes are expressed.

Furthermore, unlike the Cas9 enzyme, Casl2a does not require the use of a
synthetic crRNA. It is able to use pre-crRNA available within the genome of the
targeted cell to use as its own crRNA (316). As a result, the Cas12a enzyme can be
applied in circumstances where a smaller product is required during transfection, i.e.

DNA viruses, certain cell types, etc.

One of the other benefits of this staggered cleaving is that the Cas12a enzymes also
possess collateral activity. That is, once they have been activated, they are able to
cleave other genetic material in the periphery. This can enable synthetic DNA
products with fluorescent markers to be inserted into the reaction and therefore
generate an output following the successful cleaving of sSDNA, as per (317) where
detection of Human Papilloma virus (HPV, a double-stranded DNA virus) DNA was
studied and compared with then found to rival the traditional PCR, though it should

be noted that this is a mere preliminary study and requires further investigation.

The detection of specific sequences within nucleic acids is, of course, something that
brings about a lot of interest and is something that (134) used in the aforementioned

paper; where the above technology was also used to detect dsDNA,
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A.1.1.1.5. Other Cas enzymes:
Given their nomenclature, one would be correct in assuming that Cas9 and Casl2a
are not the only Cas enzymes utilised for CRISPR/Cas reactions. However, they are
the most significant to discuss within the confines of this project. Moving forward, the

most critical takeaway is that Cas9 and Casl12a do not exist in isolation.

A.1.1.1.6. Transfection methods:
The use of CRISPR/Cas is completely redundant unless one possesses a delivery
system for the cells used in an experiment. As may be expected, delivery methods
vary just as much as our cells; the choice of delivery method varies considerably on
whether one is attempting to use CRISPR/Cas9 on eukaryotes, prokaryotes, fungi,

and viruses.

Lino et al. (318) goes on to cover this topic extensively; breaking this down into two
main categories: cargo and delivery vehicles. In essence, “cargo” refers to ways to
bundle the system by carrying a product which encodes the Cas9 protein, and the
gRNA,; this could be in the form of a plasmid which encodes both (319), an mRNA
with a separate guide RNA (320), or a Cas9 protein with gRNA as a

ribonucleoprotein complex (321).

In terms of delivery vehicles, this can vary considerably, and depends on the size of
the product as well as other facts. Lino et al. (318) goes on to cover this extensively

in Table 14 opposite:
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Table 14 - List of CRISPR/Cas transfection methods
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A.1.1.2. Molecular detection with CRISPR
With the ability to selectively target specific genetic elements, it becomes feasible to
design highly discriminatory diagnostic tools which can recognise the genetic

material from pathogens.

This has taken multiple approaches, including the combined use of two deactivated
cas9 enzymes bound to a luciferase sub-unit and two gRNAs which are set closely
apart (342). Upon successful binding of the targeted gene, the luciferase can form a

whole unit and emit fluorescence, a measurable output.

The above luciferase-Cas hybrid is a lone example, but it is worth noting that there
are multitudes of other ways to undertake molecular detection with CRISPR, as

Yuan et al. (343) and Shin et al. (344) cover in extensive detalil.

Whilst there is plenty of relevance to discuss for this project, the ability of Casl12a to
collaterally and indiscriminately cleave other oligonucleotides is of particular interest,
specifically those bound to a fluorophore and quencher (345). Through cleaving
these oligonucleotides, the fluorophore is released from its quencher and able to

emit a fluorescent output.

This was demonstrated by Chen et al. in 2018 and, at the outset of this project, had
not yet been undertaken with relevance to M. tuberculosis or other members of the

MTBC.
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One of the drawbacks of the research published in Chen et al. is that they required
the use of Recombinase Polymerase Amplification (RPA) and an extraction process,

a process that takes time.

RPA is like PCR in that it results in the same output: an amplification of nucleic acid.
However, in contrast to PCR, it is an isothermal reaction (requiring a single
temperature as opposed to the cycling required in PCR) and it is a single tube

reaction (346).

Thankfully, the temperatures required in RPA are lower than those in PCR (insofar
that they can be readily obtained in almost all settings) and the rate of the reaction is
proportional to the temperatures obtained. The optimal temperature for RPA is
approximately 37-42°C. The reaction can take place at temperatures barely

exceeding room temperature, albeit at a lower rate.

Therefore, it can be readily used in rural settings where more austere equipment
may be the norm. Additionally, RPA can withstand ambient temperatures for days at

a time, though long-term storage at 20°C is recommended.

With these advantageous properties, RPA can present as a strong alternative to
PCR. Taking note of this, the use of RPA and CRISPR/Cas detection is still a multi-
step process, and the removal of RPA is likely to enable a greater proliferation of

molecular detection via CRISPR/Cas.

Regardless, once the genetic material has been amplified, it can then be tested

using the CRISPR/Cas array. In the case of Casl2a, the enzyme makes a staggered
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cut and then carries out the collateral activity mentioned above ; providing that there
are oligonucleotides in the periphery where there is a fluorophore and quencher,

these are separated and will result in a fluorescent output (134).

This is simply one example of the Casl12a enzyme being utilised in this manner,
however, other researchers have sought to use the enzyme in order to present with
a colorimetric output (albeit with a higher Limit-of-Detection) (347)rather than a
fluorescent output and this is likely to be of great significance in settings where a

plate reader is not available.

A.1.1.3. Genetic Elements for Molecular Detection:
When identifying genetic elements for the identification of bacteria, it is critical to
establish that these elements are not present within other bacterial species or other
bacteria in general. Paradoxically, it is also critical to establish that the genetic

element is not so niche that it is only able to identify a specific serovar and no other.

So far, the most prominent genetic element used for the identification of MTBC in
any molecular test is IS6110 and it is this genetic element which is used in the
GeneXpert MTB test (and the vast majority of other molecular tests (348).
Additionally, the GeneXpert test has been somewhat modified to include the genes

conferring resistance to rifampicin.

Furthermore, an updated test, the GeneXpert TB/RIif Ultra, includes primers and
probes which expand the genes amplified from a test sample and confers a greater

degree of accuracy and sensitivity when compared to the standard GeneXpert (349).
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The GeneXpert TB/RIf series, as is clear by its very namesake, has been designed
to detect some bacteria from the MTBC and rifampicin resistance despite other types
of resistance being present within MTBC. The former limitation is not as significant
as its inability to detect other genes which confer drug resistance (i.e. Isoniazid,
ethambutol, etc.). More so, whilst rifampicin resistance is notable, it is not the only
type of drug resistance and, in some settings, it is not the most prevalent type of
drug resistance (350). Therefore the inclusivity of other types of drug resistance in

TB is a critical step in strengthening the fight against this awful disease.

Additionally, whilst the 1S6110 is highly conserved across multiple variants of M.
tuberculosis this conservation is not applicable to all strains of the bacteria. Sankar
et al. (351) discusses this in length. The consensus is that 1IS6110 gene is repeated
throughout a notable number of M. tuberculosis though this repeat varies greatly and

that new genetic elements must be considered.

Therefore, the presence of the gene can be well below the limit-of-detection in some

cases and, in others, it may be highly fragmented or not even present at all.

There is justification to start to examine other genetic targets within the M.
tuberculosis genome and consider methods which can be combined in order to make

a diagnostic test more comprehensive.

This chapter will therefore focus on the design of CRISPR diagnostics utilising novel
genetic elements which will identify the presence or absence of M. tuberculosis. With
this having been done, it is hoped that such a test could be multiplexed in order to

confirm the presence or absence of M. tuberculosis.
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As a proof of concept, it was hoped that E. coli could be heterologously transformed
with non-pathogenic genes from M. tuberculosis. The same E. coli would then be
transformed using plasmids conferring the production of Cas9 and appropriate
gRNA. All three plasmids would confer different types of antibiotic resistance as a

marker.

Therefore, following the successful use of Cas9, the plasmid containing the genes
from M. tuberculosis would undergo a frameshift mutation, thus impacting ampicillin

resistance and making the cells sensitive to ampicillin once more.

Following the confirmed successful design of gRNA for Cas9, the gRNA would have
then been optimised for use with Casl12a and multiplexed with poly-A probes, these
probes would undergo cleavage by Casl2a and release a fluorescent signal when in

the presence of M. tuberculosis DNA.

Future work could have then focused on the development of an assay which

recognises SNPs as well as other genetic elements which confer drug resistance.

This work commenced in autumn of 2018 but was later superseded by the work of Ali
et al. 2019. The combination of this and the ongoing COVID-19 pandemic then led to

this work being abandoned.

In essence, Ai et al. 2019 is able to demonstrate the feasibility of DNA extraction
from both in vitro and patient samples, and then utilise CRISPR-Cas12a for the
detection of M. tuberculosis DNA. The paper discusses how this was able to be

performed in 1.5 hours, however there is a need for further multi-centre prospective

191 |Page



research to deepen understanding and validate clinical applications. Additionally,
consideration must also be given to drug resistance mechanisms as well and how

these can be incorporated into future tests.

A.1.1.3.1. Bacterial and Viral Bioinformatics Resource Center (BV-BRC):
The Bacterial and Viral Bioinformatics Resource Center (BV-BRC) was formed in
2019 through a merger of three BRC resources: the PAThossystems Resource
Integration Center (PATRIC), the Influenza Research Database (IRD) and the Virus

Pathogen Database and Analysis Resource (ViPR)(352).

Having been cited 1000s of times, the joint venture between the University of
Chicago, the University of Virginia, as well as the J Craig Venter Institute is a
priceless resource that contains a great deal of genomic information with over

600000 annotated bacterial genomes.

This information is critical to understand the genetic phylogeny of bacteria. Naturally,
such a resource is valuable when attempting to identify genetic elements for a

molecular-based assay to identify a pathogen.

A.1.1.3.2. CHOPCHOP:
CHOPCHORP is a gRNA design tool developed by researchers at Harvard University.
Optimised for the use of Cas9, Casl12a and Casl13b, the tool enables researchers to
optimise their CRISPR/Cas reactions by identifying potential targets within an

organism’s genome and ranking the results based on efficiency (353).
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A.1.1.3.3. Basic Local Alignment Search Tool (BLAST):
The Basic Local Alignment Search Tool is a well-established aid to researchers that
wish to validate proposed genetic sequences. BLAST enables researchers to search
for a nucleotide sequence and to check its origin, as well as its alignment to a wide-

array of organisms.

BLAST has a history going as far back as the early 90s and has been cited countless
times since then. As time has worn on, BLAST has expanded its uses to incorporate
utilities such as protein alignment, primer design for PC and to check for multiple
alignment across various domains. BLAST is one of the resources owned and
maintained by the US government’s National Center for Biotechnology Information

(354).

A.1.1.3.4. Addgene:
Addgene is a well-reputed non-profit plasmid repository that maintains thousands of
various plasmid and viral vectors with multiple uses. Addgene itself has received
endorsements from many highly respected journals such as Nature, PLOS One, the
Proceedings of the National Academy of Sciences (PNAS) and receives its funding
from various government grants as well as New England Biolabs, the Chan

Zuckerberg Initiative and other commercial partners (355).

A.1.2. Methods:
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A.1.2.1. gRNA design:
Genomes were narrowed down by isolating all strains of M. tuberculosis from their
phylogenetic niche. 143 fully sequenced genomes were identified; individual genes
were then identified and selected for based on size and prevalence amongst the 143
sequenced strains. Genes which did not appear in all 143 strains were omitted, as

were genes with polymorphisms. Following this, 5 genes were identified:

1. 4FE-4S ferredoxin: An iron-sulphur protein that facilitates electron transfer

2. Translation elongation factor TU protein: Functional in the formation of tRNA

3. Succinyl CoA ligase (ADP forming) beta chain: An enzyme that catalyses the

formation of Guanosine diphosphate from Guanosine triphosphate

4. LSU riboprotein L7p/L12p: Large Sub-Unit Riboprotein; critical for the

formation of ribosomes and protein transport

5. Glycosyltransferase: Enzyme responsible for the catalyse the formation of

glycosidic bonds between glycosyl groups

Once sequences had been obtained from the reference strain M. tuberculosis H37Rv
(See A.3. Genetic elements identified in M. tuberculosis H37Rv:) and sequence
alignment had been confirmed, artificial plasmids containing the above nucleic acid
sequences were then ordered from Thermo Fisher (A.4. pCRISPR, pCAS9, and
pMA-RQ plasmid maps:). Sequences were codon optimised for cloning in E. coli.
CRISPR moaotifs identified through CHOPCHOP (as per A.5. Oligonucleotide
sequences ordered from IDT:) were protected and therefore reflect theoretical
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motifs in M. tuberculosis. Synthetic, complimentary oligonucleotides were ordered
from Integrated DNA technologies (Leuven, Belgium) in accordance with Jiang et al.

(311) to facilitate upstream ligation.

gRNA and Cas9 were to be generated using the plasmids pCRISPR and pCAS9
(203), respectively; acquired from Addgene (Figure 61 - Plasmid maps for
pPCRISPR, pCAS9 and pMA-RQ, acquired from Addgene & Thermo Scientific
(172)). pCRISPR was to have each CRISPR motif ligated into it and the whole
plasmid was to be used to transform separate cultures of E. coli, giving rise to five

different cultures of E. coli which contain the five gRNAs previously mentioned.

A.1.2.2. Bacterial culture & transformation:
Five aliquots of E. coli TOP10 were transformed with five separate plasmids
containing the genes identified above, according to “Gibson Assembly Chemical

Transformation Protocol (E5510)” available via New England Biolabs (356).

Once transformed, bacteria were cultured on 20ml of selective Lysogeny broth (LB)
1% agar with 50ul/ml of ampicillin, alongside a negative control of 20ml selective LB

1% agar with 100ul/ml kanamycin.

Plates were then incubated overnight at 37°C.

Following incubation, colonies were picked and placed in 50ml of selective Lysogeny
broth with 50ul/ml of ampicillin and incubated overnight in a shaker at 37°C and

200RPM.
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After liquid culture, the bacteria were centrifuged at 3000RPM for 5 mins and the
supernatant was then removed. The pelleted bacteria were then resuspended in 5ml

of 50:50 Glycerol:LB and then stored at -80°C until required.

E. coli containing pCRISPR and pCAS9 were shipped in bacterial stabs from
Addgene; bacteria were then prepared as above, albeit pPCRISPR plates/broths
contained 100pul/ml kanamycin, and pCAS9 plates/broths contained 50ul/ml

chloramphenicol.

A.1.2.3. Vector digest & ligation:
Vector digest and ligation was attempted as per Jiang et al. (203) . Oligonucleotides
from IDT were resuspend according to package instructions in RNAse free water. No

resistant colonies were present following attempt at ligation.

Due to initial failure, SnapGene (GSL Biotech LLC, San Diego) was consulted and
used to simulate the ligation with the proposed oligonucleotides; SnapGene

concluded that no such ligation could take place.

It was then proposed that the gRNA insert could be synthesised via PCR with Bsal
restriction enzyme sites straddling the PCR product and the respective motif from
pPMA-RQ being used as a template; this would facilitate the creation of sticky ends

suitable for ligation into the pCRISPR plasmid.

A.1.3. Results:
Unfortunately, due to the COVID-19 pandemic and the emergence of Ai et. al 2019,

the above work was abandoned and therefore no results can be presented.
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A.1.4. Discussion:

The theoretical work presented in this chapter, as well as the subsequent work
presented by Ai et. al 2019 illustrates the potential of CRISPR as a diagnostic tool for
TB, however, beyond this initial paper, there has not been a substantial effort to
establish such a method for use against TB. This could be as a result of the COVID-

19 pandemic which began soon after the publication of this particular paper.

The adoption and investigation into a similar methodology for the diagnosis of
COVID-19 has shown that it is indeed feasible to use CRISPR/Cas based
diagnostics in the field (357); with comparable sensitivity and specificity to other
techniques (358). However, at the time of writing, no CRISPR/Cas based test has

made it to market.

Perhaps more so, the rapid development of CRISPR/Cas based diagnostics for
COVID-19 has shown that even rapidly emerging pathogens can be identified using
the technique. Therefore the technique could be adopted to identify emerging drug

resistance mechanisms shortly after they begin to emerge and have been identified.

With this in mind, Ai et al. have illustrated the feasibility of the use of CRISPR/Cas as
a diagnostic method on clinical patient samples. The proposed work within this
chapter suggests the use of other genetic elements within the M. tuberculosis
genome in a bid to ensure accuracy, as there can be genetic drift within M.
tuberculosis (359), which PCR can accommodate but CRISRP cannot, due to its

specificity.
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Ai et al. themselves go on to state that the sole reason 1S6110 was used because it
is already recognised as a genetic element within TB testing and one which could be

rapidly utilised within their proposed test.

Moving forward, future research should therefore focus on investigating the use of
other genetic elements within M. tuberculosis as well as other members of the
MTBC. Additionally, it would prove worthwhile to consider a multiplexing test which
can be readily deployed to rural areas as well as a more comprehensive test which
can readily detect SNPs conferring drug resistance and other genetic elements

which confer drug resistance.

Ultimately, the use of a CRISPR based test is a step in the right direction, since it
can already be placed onto a paper or paper-like material which can be used at room
temperature. Presently, the primary challenges are to ensure that it is
comprehensive enough to identify various MTBC bacteria and to ensure that it can
test for drug resistance, though there is a degree of certainty that, following the wake
of COVID-19, there is likely to be renewed interest in tuberculosis and the future is

starting to look positive.

Lastly, the overall goal of any researchers developing such a test would be to
overcome the reticence of some regulatory bodies such at the FDA and MHRA when
it comes to establishing novel methods of diagnostics such as CRISPR and this may

prove to be the most difficult hurdle for researchers to conquer.
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A.2. SEM preparation protocol for bacteria:

Main Fixative: Consists of 3% by volume glutaraldehyde & 0.15% Alcian blue in 0.1

M cacodylate buffer pH 7.2.

Buffer: 0.1 M cacodylate buffer at pH 7.2

Post fixative: 1% Osmium tetroxide in 0.1 M cacodylate buffer at pH 7.2

Method:

Agent Time (Mins)
Main fixative 60
Buffer rinse 10
Buffer rinse 10
Post fixative 60
Buffer rinse 10
Buffer rinse 10
30% ethanol 10
50% ethanol 10
70% ethanol 10
95% ethanol 10

Absolute ethanol 20
Absolute ethanol 20

Table 15 - Methodology for timings and fixing agents for SEM sample preparation

Samples are then dried at their critical point in CO2 before they are mounted on
carbon films and sputter coated in 1nm of platinum using an argon ion beam coater

(360).

Samples were then imaged on an FEI Quanta 250 Scanning Electron Microscope

(FEI Company, USA).
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A.3. Genetic elements identified in M. tuberculosis H37Rv:

Gene

Sequence

Succinyl-CoA Ligase

ATGGATCTTTTCGAGTATCAAGCCAAGGAGTTATTCGCCAAGCACAACGTGCCCAGCACGCCGGGTCGGGTGACCGACACAGCCGAGGGTGCCAAGGCTATCGCCACGGAGATCGGGCGT
CCGGTGATGGTCAAAGCGCAGGTCAAGATCGGCGGCCGGGGCAAGGCCGGTGGCGTCAAATACGCCGCGACCCCACAAGACGCGTACGAGCACGCCAAGAACATCCTCGGCCTGGACATC
AAAGGACACATCGTCAAGAAACTGCTGGTCGCTGAGGCTAGCGATATCGCCGAGGAGTACTACCTATCCTTCCTGCTCGACCGGGCCAACCGCACCTACCTGGCGATGTGCTCGGTGGAG
GGCGGCATGGAGATCGAAGAGGTAGCGGCCACCAAACCCGAGCGGCTCGCCAAAGTCCCGGTGAATGCCGTCAAGGGCGTTGACCTAGATTTCGCGCGGTCCATCGCCGAACAGGGTCAT
CTTCCGGCCGAGGTGCTCGACACCGCAGCGGTCACCATCGCCAAGCTGTGGGAGCTCTTCGTCGCCGAGGACGCGACGCTGGTTGAGGTCAACCCGTTGGTGCGGACGCCTGACCACAAG
ATCCTCGCGCTGGATGCCAAGATCACCCTCGACGGCAACGCCGATTTCCGTCAGCCTGGCCATGCCGAGTTCGAGGATCGAGCTGCCACCGATCCACTGGAGTTGAAGGCCAAGGAGCAC
GACCTCAACTACGTCAAGCTGGACGGTCAGGTGGGGATCATCGGCAATGGCGCGGGCTTGGTGATGTCGACTCTCGACGTCGTCGCGTATGCCGGTGAGAAGCACGGCGGAGTCAAGCCG
GCCAACTTCCTGGATATCGGCGGCGGCGCTTCGGCCGAGGTGATGGCCGCGGGTCTGGACGTGGTGCTGGGCGACCAGCAGGTCAAGAGCGTGTTCGTCAACGTCTTCGGTGGCATCACC
TCGTGCGATGCGGTGGCGACCGGGATCGTCAAGGCGCTGGGCATGCTGGGTGACGAAGCCAACAAGCCGCTGGTGGTTCGGCTCGACGGCAACAACGTCGAGGAAGGCCGTCGCATCCTG
ACCGAGGCCAACCACCCCCTGGTGACACTGGTGGCGACGATGGACGAAGCCGCCGACAAGGCCGCTGAGCTGGCGAGCGCCTGA

4Fe-4S Ferredoxin

GTGACGTACACGATCGCCGAACCCTGTGTCGACATCAAGGACAAGGCATGCATTGAGGAGTGCCCGGTCGATTGCATCTACGAGGGCGCCCGGATGCTGTATATCCACCCCGACGAATGC
GTCGACTGTGGGGCTTGCGAGCCGGTCTGCCCCGTTGAAGCTATCTTCTACGAAGACGATGTGCCCGAACAGTGGAGCCATTACACCCAGATCAACGCCGATTTCTTCGCCGAGCTGGGA
TCGCCGGGCGGTGCGGCCAAGGTTGGCATGACCGAGAACGACCCGCAAGCGGTCAAGGATCTGGCGCCGCAGAGCGAGGACGCCTGA

Translation
Elongation Factor Tu

GTGGCGAAGGCGAAGTTCCAGCGGACCAAGCCCCACGTCAACATCGGGACCATCGGTCACGTTGACCACGGCAAGACCACCCTGACCGCGGCTATCACCAAGGTCCTGCACGACAAATTC
CCCGATCTGAACGAGACGAAGGCATTCGACCAGATCGACAACGCCCCCGAGGAGCGTCAGCGCGGTATCACCATCAACATCGCGCACGTGGAGTACCAGACCGACAAGCGGCACTACGCA
CACGTCGACGCCCCTGGCCACGCCGACTACATCAAGAACATGATCACCGGCGCCGCGCAGATGGACGGTGCGATCCTGGTGGTCGCCGCCACCGACGGCCCGATGCCCCAGACCCGCGAG
CACGTTCTGCTGGCGCGTCAAGTGGGTGTGCCCTACATCCTGGTAGCGCTGAACAAGGCCGACGCAGTGGACGACGAGGAGCTGCTCGAACTCGTCGAGATGGAGGTCCGCGAGCTGCTG
GCTGCCCAGGAATTCGACGAGGACGCCCCGGTTGTGCGGGTCTCGGCGCTCAAGGCGCTCGAGGGTGACGCGAAGTGGGTTGCCTCTGTCGAGGAACTGATGAACGCGGTCGACGAGTCG
ATTCCGGACCCGGTCCGCGAGACCGACAAGCCGTTCCTGATGCCGGTCGAGGACGTCTTCACCATTACCGGCCGCGGAACCGTGGTCACCGGACGTGTGGAGCGCGGCGTGATCAACGTG
AACGAGGAAGTTGAGATCGTCGGCATTCGCCCATCGACCACCAAGACCACCGTCACCGGTGTGGAGATGTTCCGCAAGCTGCTCGACCAGGGCCAGGCGGGCGACAACGTTGGTTTGCTG
CTGCGGGGCGTCAAGCGCGAGGACGTCGAGCGTGGCCAGGTTGTCACCAAGCCCGGCACCACCACGCCGCACACCGAGTTCGAAGGCCAGGTCTACATCCTGTCCAAGGACGAGGGCGGC
CGGCACACGCCGTTCTTCAACAACTACCGTCCGCAGTTCTACTTCCGCACCACCGACGTGACCGGTGTGGTGACACTGCCGGAGGGCACCGAGATGGTGATGCCCGGTGACAACACCAAC
ATCTCGGTGAAGTTGATCCAGCCCGTCGCCATGGACGAAGGTCTGCGTTTCGCGATCCGCGAGGGTGGCCGCACCGTGGGCGCCGGCCGGGTCACCAAGATCATCAAGTAG

Glycosyltransferase

ATGTCTGCTCTGCGCTCGGTGTTGCTGCTGTGCTGGCGCGACATCGGGCACCCCCAGGGGGGCGGGAGCGAAGCCTATCTGCAACGCATCGGGGCTCAGTTGGCCGCATCGGGCATTGCA
GTCACGTTGCGCACCGCTCGCTATCCCGGTGCGCCACGGCATGAACTGGTCGACGGGGTGCGGATCAGTCGTGCCGGCGGGCGCTACTCGGTGTATCTATGGGCGTTGCTGGCGATGGCC
GCAGCCCGATGTGGGCTTGGGCCGCTGCGCCGAGTGCGCCCGGATGTGGTCGTCGATACCCAAAACGGCTGGCCGTTTGTGGCCCGGCTGTTGTATGGCCGGCGGTCGCTGGTACTGGTA
CACCATTGCCACCGTGAGCAGTGGCCGGTGGCCGGGCGGATGATGGGTCGGCTCGGCTGGTATGTCGAGTCGATGTTGTCGCCACGGCTACACCGGCGCAACCAGTACGTGACGGTGTCG
CTGCCGTCGGCGCGGGATCTGATCGCCCTCGGTGTGGACAGCGAGCGGATCGCTGTGGTGCGCAACGGCCTCGACGAGGCGCCGTCGCCAACGTTGTCCGGCCCACGTGCGCCCACGLCG
CGTGTGGTGGTGCTCTCCCGGCTGGTGCCGCACAAGCAGATCGAGGACGCGTTGGCAGCGGTCGCGGAGCTACAGCCTCGGATACCGGGCCTGCACCTAGACATCGTCGGCGGTGGCTGG
TGGCGGCAGCGCCTCGTTGACCATGTGCACCGGCTCGACATTGCTGACGCCGTTACCTTTCACGGGCATGTCGACGATGTGACCAAACACCATGTGCTGCAAAGCTCCTGGGTGCACTTG
TTGCCCTCACGTAAAGAGGGATGGGGGCTCGCGGTCATCGAGGCGGCCCAGCACGGCGTGCCCACCATCGGGTACAGATCCTCCGGTGGTTTGGCGGACTCGATCGTCGACGGGGTGACC
GGCATATTGGTCGACGACCGGGCCGAATTGGTGGCTTGGCTCGAACAACTGCTGTCCGATTCGGTGCTGCGTGACCAACTCGGCGCCAAGGCACAGGCGCGTAGCGGTGAGTTCTCCTGG
CGGCAAAGCGCCGAAGCGCTGCGCAGCGTGTTGGAGGCAGTGCAGGCCAGCCGTTTTGTCAGCGGCGTGGTTTGA

LSU Riboprotein
L7p/L12p

ATGGCAAAGCTCTCCACCGACGAACTGCTGGACGCGTTCAAGGAAATGACCCTGTTGGAGCTCTCCGACTTCGTCAAGAAGTTCGAGGAGACCTTCGAGGTCACCGCCGCCGCTCCAGTC
GCCGTCGCCGCCGCCGGTGCCGCCCCGGCCGGTGCCGCCGTCGAGGCTGCCGAGGAGCAGTCCGAGTTCGACGTGATCCTTGAGGCCGCCGGCGACAAGAAGATCGGCGTCATCAAGGTG
GTCCGGGAGATCGTTTCCGGCCTGGGCCTCAAGGAGGCCAAGGACCTGGTCGACGGCGCGCCCAAGCCGCTGCTGGAGAAGGTCGCCAAGGAGGCCGCCGACGAGGCCAAGGCCAAGCTG
GAGGCCGCCGGCGCCACCGTCACCGTCAA AAAACGCTTTAACAAAGGCCGGACCCGGAGTTCCT

Table 16 - Table illustrating the genetic sequences of the genes identified in via BV-BRC, highlighted sequences were used as basis for gRNA design and “protected” when

ordered from Thermo Fisher.
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A.4. pCRISPR, pCAS9, and pMA-RQ plasmid maps: [
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Figure 61 - Plasmid maps for pCRISPR, pCAS9 and pMA-RQ, acquired from Addgene & Thermo Scientific (172)
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A.5. Oligonucleotide sequences ordered from IDT:

Oligo

Sequence

LSU Forward

AAACGAAGATCGGCGTCATCAAGGTGGTCCGGGAG

LSU Reverse

AAAACTCCCGGACCACCTTGATGACGCCGATCTTC

Glycosyltransferase Forward

AAACGTAGCGGTGAGTTCTCCTGGCGGCAAAGCGG

Glycosyltransferase Reverse

AAAACCGCTTTGCCGCCAGGAGAACTCACCGCTAC

Elongation Factor Forward

AAACTGTCGAGGAACTGATGAACGCGGTCGACGAG

Elongation Factor Reverse

AAAACTCGTCGACCGCGTTCATCAGTTCCTCGACA

Ferredoxin Forward

AAACAAGACGATGTGCCCGAACAGTGGAGCCATTG

Ferredoxin Reverse

AAAACAATGGCTCCACTGTTCGGGCACATCGTCTT

CoA Ligase Forward

AAACTATGCCGGTGAGAAGCACGGCGGAGTCAAGG

CoA Ligase Reverse AAAACCTTGACTCCGCCGTGCTTCTCACCGGCATA
Table 17 - Sequence of Oligonucleotides ordered from IDT with gRNA sequences highlighted

A.6. Example of BlueBEAR input file:

# avogadro generated ORCA input file
# Basic Mode

# Alpha-Mycolic-Acid

| BP86 def2-SVP

%PAL NPROCS 16 END
I UKS PBE TZVP

I Direct

I PModel

I XYZFile

I TightSCF

I PAL16

I Opt
I NumFreq

%elprop Polar 1
Tol 1e-7
end

%method
Grid 2
FinalGrid 4

end

%output
Print[ P Hirshfeld] 1
Print [ P_Mayer] 1

end

*xyz01
C 1.11580 -0.04009 0.04288
C 0.59297 -1.26595 -0.70107
C -0.93276 -1.28383 -0.72013
C -1.45384 -2.50512 -1.47232
C -2.97923 -2.52290 -1.49056
C -3.50211 -3.73948 -2.24903
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-5.02688
-5.55832
-7.07005
2.64200
3.16815
4.69492
5.22509
6.75253
7.28707
8.81526
9.35348
-8.63870
-9.85697
-11.00963
-12.26938
-13.43645
-14.70485
-15.88082
-17.14759
-18.32944
-19.58764
-20.77846
-22.02106
-23.22825
-24.44694
-25.68136
-26.92821
-26.97497
-27.08272
-30.01631
-28.80312
-29.10242
-27.89624
-28.16039
10.87323
-29.72218
-30.94692
-30.66853
-31.90414
-31.63946
-32.88139
-32.62600
-33.86976
-33.61754
-34.87018
-34.62254
-34.14265
-35.88505
-36.34707
-35.63111
-37.27379
-35.66699
-36.91660
-36.62150

-3.77703
-4.99362
-5.10943
-0.02088
1.20636
1.22472
2.45150
2.46792
3.69380
3.70830
4.93250
-7.16030
-7.58462
-6.62282
-7.01722
-6.11192
-6.50710
-5.62983
-6.02996
-5.15904
-5.56418
-4.69536
-5.11364
-4.25139
-4.69731
-3.86245
-4.27984
-5.43226
-4.01695
-10.66578
-9.74388
-8.48895
-7.55855
-6.34459
4.94928
-11.93811
-12.84405
-14.11986
-15.00988
-16.28554
-17.16505
-18.44306
-19.31879
-20.60551
-21.47446
-22.81920
-22.59258
-23.68734
-24.00538
-24.94883
-23.42118
-24.93695
-25.80281
-27.06566

-2.22615
-2.97862
-2.81390
0.05667
0.79683
0.80765
1.54684
1.55622
2.29513
2.30348
3.04168
-2.92319
-3.67982
-3.39627
-4.15796
-3.77209
-4.52071
-4.10093
-4.84991
-4.43371
-5.19418
-4.79854
-5.57732
-5.21687
-6.02032
-5.69602
-6.42296
-7.40511
-7.90292
-5.64438
-5.66917
-6.48364
-6.51640
-7.40625
3.05148
-4.85887
-4.84184
-4.05861
-4.04382
-3.25729
-3.24764
-2.46320
-2.46736
-1.69607
-1.70201
-1.01676
0.31108
-0.96699
-2.37913
-3.02642
-2.91875
-0.10413
-0.02144
0.77280
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-37.84611
-37.54361
-38.76806
-38.48671
-39.72376
-39.45990
-40.70328
-40.44406
-41.68655
-46.58511
-45.34225
-45.59717
-44.35640
-44.61635
-43.37716
-43.64029
-42.40134
-42.66508
-41.42496
-46.33597
-47.57143
-7.62732
-7.27609
0.73682
0.73941
0.96649
0.97442
-1.30712
-1.31480
-1.08009
-1.07214
-3.35527
-3.35869
-3.10554
-3.14599
-5.42946
-5.37414
-5.07675
-5.29845
-7.55402
-7.31372
3.01962
3.01757
2.79136
2.79137
5.07023
5.07049
4.84959
4.84912
7.12648
7.12699
6.91261
6.91222
9.18830

-27.96375
-29.25322
-30.15280
-31.43830
-32.32194
-33.59975
-34.47518
-35.75131
-36.62867
-47.46267
-46.57571
-45.29012
-44.40296
-43.12001
-42.23327
-40.95253
-40.06733
-38.78822
-37.90633
-48.75036
-49.63464
-6.26113
-7.69474
-0.04354
0.87121
-2.17769
-1.26404
-0.36978
-1.29226
-3.41939
-2.49711
-1.60619
-2.53735
-4.65522
-3.71260
-2.86172
-3.80408
-5.90257
-4.91922
-4.18904
-5.20664
-0.02052
-0.93182
1.20525
2.11691
1.22452
0.31335
2.45125
3.36250
2.46712
1.55576
3.69411
4.60555
3.70679

0.79358
1.53772
1.52917
2.28746
2.28714
3.06539
3.07264
3.85673
3.86526
7.83363
7.82234
7.04015
7.02821
6.24580
6.23371
5.45141
5.44023
4.65792
4.64839
8.61485
8.62751
-3.59015
-3.26872
1.07216
-0.43769
-0.21904
-1.72945
-1.19700
0.30805
-0.99518
-2.50048
-1.96094
-0.46141
-1.79347
-3.28586
-2.67703
-1.18591
-2.59815
-4.04166
-3.16332
-1.74894
-0.97315
0.53859
1.82690
0.31518
-0.22301
1.28875
2.57738
1.06545
0.52507
2.03667
3.32605
1.81429
1.27199
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9.18870
8.98615
8.98581
-8.84534
-10.13391
-9.65631
-10.71722
-11.21736
-12.52495
-12.08523
-13.18580
-13.61190
-14.94045
-14.53956
-15.64821
-16.04562
-17.37752
-16.98183
-18.10035
-18.50092
-19.81674
-19.40951
-20.55169
-20.96554
-22.24644
-21.82278
-23.00948
-23.43766
-24.65066
-24.21845
-25.48490
-25.87897
-27.80698
-26.07187
-26.23809
-28.04448
-30.30398
-30.86819
-27.94638
-28.52621
-29.96164
-29.37849
-27.01817
-27.65318
-28.35384
-29.05881
11.27161
11.23901
11.27128
-28.87548
-29.43415
-31.23451
-31.79399
-30.37877

2.79533
4.93602
5.84761
-7.03108
-8.59810
-7.62142
-5.60060
-6.61174
-8.06052
-6.94866
-5.06736
-6.17929
-7.55916
-6.41378
-4.57712
-5.72431
-7.08366
-5.93559
-4.10494
-5.25739
-6.61782
-5.47469
-3.64147
-4.78890
-6.16705
-5.03465
-3.19764
-4.33503
-5.75374
-4.62378
-2.80423
-3.93415
-4.08279
-5.96244
-3.61258
-3.66846
-10.92623
-10.14205
-10.27272
-9.46725
-7.96254
-8.77345
-8.10197
-7.22995
-6.67472
-5.81828
4.06079
5.83247
497735
-12.46812
-11.68375
-13.09753
-12.31203
-13.87021

2.78324
4.07452
2.56306
-1.86522
-3.36747
-4.75746
-3.66838
-2.31859
-3.93711
-5.23690
-3.99393
-2.69124
-4.31876
-5.60095
-4.30241
-3.02060
-4.64936
-5.93013
-4.63165
-3.35493
-4.99203
-6.27299
-4.99970
-3.72206
-5.36899
-6.65344
-5.42656
-4.14374
-5.80431
-7.09046
-5.90573
-4.61898
-5.81498
-7.68480
-8.45010
-8.26153
-6.67049
-5.19327
-6.10482
-4.64453
-6.05043
-7.50625
-6.88814
-5.49796
-8.43348
-7.06168
3.55171
3.58410
2.03210
-5.31195
-3.83162
-5.86971
-4.39149
-3.03084
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-29.82791
-32.19207
-32.74617
-31.35265
-30.80060
-33.16809
-33.72087
-32.34709
-31.78452
-34.15314
-34.70956
-33.32795
-32.78271
-35.19291
-35.67498
-33.82690
-34.76002
-36.69137
-34.90532
-34.82563
-35.39261
-37.26047
-37.72828
-36.32681
-35.77890
-38.15518
-38.68237
-37.24954
-36.69948
-39.05116
-39.61635
-38.19438
-37.64706
-40.00688
-40.56630
-39.17093
-38.62201
-40.99034
-41.54129
-40.15689
-39.60503
-41.97426
-42.52459
-46.87242
-47.42314
-44.50308
-45.05395
-46.43579
-45.88478
-43.51661
-44.06760
-45.45553
-44.90439
-42.53687

-14.65931
-15.26182
-14.46774
-16.03653
-16.83206
-17.41324
-16.61804
-18.19775
-18.99006
-19.55577
-18.77481
-20.36435
-21.15340
-21.63229
-20.93691
-23.35302
-21.98576
-23.11383
-25.35433
-25.52813
-24.63821
-26.08130
-25.24010
-26.80623
-27.60129
-28.19430
-27.44111
-29.02811
-29.76990
-30.38542
-29.62872
-31.20594
-31.97035
-32.56469
-31.78110
-33.35530
-34.14477
-34.72145
-33.92680
-35.50295
-36.29813
-36.87489
-36.08142
-47.70558
-46.91504
-47.12011
-46.32939
-44.74401
-45.53458
-44.94591
-44.15541
-42.57526
-43.36566
-42.77549

-4.51159
-5.07176
-3.59599
-2.22841
-3.70529
-4.27700
-2.80110
-1.43111
-2.90571
-3.50027
-2.01778
-0.66637
-2.14973
-2.73722
-1.18490
-1.55057
0.75767
-0.48804
-2.51820
-0.48431
0.91556
-1.02370
0.45562
1.79684
0.31809
-0.23359
1.27375
2.57008
1.06456
0.49496
1.98659
3.31884
1.82372
1.25552
2.73540
4.09494
2.61376
2.04298
3.52033
4.88594
3.40912
2.83579
4.31406
6.80327
8.28197
7.37239
8.85153
7.48922
6.01025
6.57769
8.05695
6.69548
5.21629
5.78295
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-43.08801
-44.47964
-43.92831
-41.56105
-42.11260
-43.50412
-42.95281
-40.58502
-41.13721
-46.05182
-45.50103
-48.41600
-47.37501
-47.86229
-7.75167
-7.18769
-6.59279

I I T T I IITIIIIIIIITITIT

A.7. Example of .BASH script submitted to BlueBEAR:

#!/bin/bash

#

-41.98510
-40.40826
-41.19864
-40.60990
-39.81911
-38.24319
-39.03434
-38.45065
-37.65802
-48.51126
-49.30195
-49.12013
-50.55174
-49.91502
-6.01416

-8.39184

-7.89350

#SBATCH --nodes=1
#SBATCH --ntasks=16

#SBATCH --job-name=orca-Alpha-Mycolic-Acid

#SBATCH --output=output.%j.orca-Alpha-Mycolic-Acid

#SBATCH --time=7-23:59

set -e

module purge; module load bluebear

module load ORCA/4.2.l1-gompi-2019b

7.26233
5.90132
4.42202
4.98992
6.46894
5.10752
3.62844
4.19953
5.67739
9.64624
8.16729
9.09692
9.19096
7.61009
-4.63963
-4.09430
-2.45073

/rds/bear-apps/2019b/EL8-has/software/ORCA/4.2.1-gompi-2019b/0orca Alpha-

Mycolic-Acid.inp>& Alpha-Mycolic-Acid.out

A.8. Raman spectra of individual bacteria and peak assignment:
N.B: All peak assighnments are based on Talari et al. (250)
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A.8.1. S. aureus:

L AU

1000 1100 1200 1300 1400 1500 1600 1700

Relative intensity (A.U)
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Raman shift (cm-1)

Figure 62 - Average Raman Spectra of S. aureus

Raman Peak (cm-~ Functional Group / Band Assignment
1
)

780 Uracil-based ring breathing mod

820 Protein band

850 Most probably due to single-bond stretching

vibrations for the amino acids and valine and

polysaccharides

950 Most probably due to single bond stretching vibrations

for the amino acids proline and valine and

polysaccharides

1002 Phenylalanine, C-C aromatic ring stretching

1018 Stretching C-O ribose

1065 Fatty acid

1100 C-C Vibration mode of the gauche-bonded chain

1123 C-C stretching mode of lipids and protein, C-N stretch

glucose

1160 C-C/C-N Stretching (proteins)

1210 C-CeHs stretching mode in tyrosine and phenylalanine

1250 Amide 1|

1320 Guanine (DNA/RNA), CH deformation (proteins)

1340 Nucleic acid modes

1450 CH2 bending, or 6(CH2)

1525 Carotenoids

1580 C-C Stretching

1610 Cytosine (NH2)

1660 Amide |, «(C=C) cis, lipids, fatty acids

Table 18 - Raman peak assignment for S. aureus
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A.8.2. R. erythropolis:
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Figure 63 - Average Raman Spectra of R. erythropolis
Raman Peak (cm~ Functional Group / Band Assignment
)
780 Uracil-based ring breathing mode
820 Protein band
850 Most probably due to single-bond stretching
vibrations for the amino acids and valine and
polysaccharides
938 C-C stretch backbone
1002 Phenylalanine, C-C aromatic ring stretching
1070 Triglycerides (Fatty acids)
1150 Carotenoid
1250 Amide Il
1355 Guanine
1450 CH2 bending, or 6(CH2)
1525 In-plane vibrations of the conjugated -C=C-
1575 Nucleic acid mode
1660 Amide |, (C=C) cis, lipids, fatty acids

Table 19 - Raman peak assignment for R. erythropolis
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A.8.3. P. fluorescens:
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Figure 64 - Average Raman Spectra of P. fluorescens

Raman Peak (cm~

Functional Group / Band Assignment

1
)

760 Trypophan &(ring)

780 Uracil-based breathing mode

820 Protein band

850 Most probably due to single-bond stretching
vibrations for the amino acids and valine and

polysaccharides

920 C-C stretch of proline ring/glucose/lactic acid

1002 Phenylalanine, C-C aromatic ring stretching

1065 Palmitic acid, fatty acid, proline

1082 Nucleic acid, carbohydrates residues of collagen,

carbohydrates peaks for solutions

1100 C-C Vibration mode of the gauche-bonded chain

1120 The strong C-O band of ribose

1140 Unassigned

1210 C-CeHs stretching mode in tyrosine and phenylalanine

1240 RNA, differences in collagen content, asymmetric

phosphate stretching modes
1320 Guanine, CH deformation
1337 Amide IIl, CHz2 wagging vibrations from glycine
backbone
1409 v,sCOO-
1445 0(CH?2), 6(CHBg), collagen (protein and lipid
assignment)
1465 Lipids
1528 Carotenoid
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1542

Amide |l

1660

Amide I, (C=C) cis, lipids and fatty acids, C=C in
unsaturated fatty acids

Relative intensity (A.U)

Table 20 - Raman peak assignment for P. fluorescens

A.8.4. P. aeruginosa:
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Figure 65 - Average Raman Spectra of P. aeruginosa

Raman Peak

Functional Group / Band Assignment

(cm™)

780 Uracil-based breathing mode

815 Proline, stretching of nucleic acid

824 Out-of-plan ring breathing, tyrosine

860 Phosphate group

960 Quinoid ring in-plane deformation

980 C-C stretching B-sheet (proteins)

1002 Phenylalanine, C-C aromatic ring stretching

1030 C-H bending

1060 C-C skeletal stretching

1080 Amide I, typical phospholipids

1100 C-C Vibration mode of the gauche-bonded chain

1120 Carotene

1210 C-CeHs stretching mode in tyrosine and phenylalanine

1238 Amide Ill, CHz wagging vibrations from glycine
backbone

1245 Amide Il

1300 --(CHz)n; in-plane twist vibration (lipid band), fatt

p Y y
acids, CH2 twisting and wagging of lipids

1320 Guanine, CH deformation

1340 Nucleic acids

1440 Lipids, CHz2 bending
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1450 CH2 bending, or 6(CHz)

1580 C-C stretching

1600 Amide |

1620 v(C=C)

1660 Amide I, (C=C) cis, lipids and fatty acids, C=C in
unsaturated fatty acids

Table 21 - Raman peak assignment for P. aeruginosa

A.8.5. M. hyosynoviae:

0.8
0.6 |

0.4, |
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Raman shift (cm™)

Figure 66 - Average Raman Spectra of M. hyosynoviae

Raman Peak (cm~ Functional Group / Band Assignment
1
)
760 Trypophan &(ring)
780 Uracil-based breathing mode
815 Proline, stretching of nucleic acid
840 a-anomers, glucose-saccharide band
850 Most probably due to single-bond stretching

vibrations for the amino acids and valine and
polysaccharides

898 Monosaccharides (B-glucose), C-O-C skeletal mode,
adenine

938 C-C stretch backbone

960 Quinoid ring in-plane deformation

980 C-C stretching B-sheet (proteins)

996 C-Oribose, C-C

1002 Phenylalanine, C-C aromatic ring stretching

1035 Collagen

1060 C-C skeletal stretching

1080 Amide Il, phospholipids

1100 C-C Vibration mode of the gauche-bonded chain
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1120

Carotene

1160 C-C/C-N stretching (proteins)

1170 C-H in-plane bending mode of tyrosine

1210 C-CsHs stretching mode in tyrosine and phenylalanine

1235 Amide Il

1245 Amide llI

1288 Phosphodiester groups in nucleic acids

1300 Lipids

1320 Guanine, CH deformation

1340 Nucleic acids

1420 CHea scissoring vibration (lipid band)

1460 CH2/CHs deformation of lipids and collagen, CH2
wagging

1520 Carotene

1532 Unassigned

1543 v11 (CgCp)

1582 A(C=C), phenylalanine

1586 Phenylalanine

1610 Cytosine

1618 v(C=C)

1650 (C=C) amide |

1658 Amide |

1669 Carbonyl stretch (C=0)

Relative intensity (A.U)

0.8

0.6

0.4

0.2

Table 22 - Raman peak assignment for M. hyosynoviae

A.8.6. Mycoplasma bovis:
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Raman shift (cm™)

Figure 67 - Average Raman Spectra of Mycoplasma bovis
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Raman Peak (cm~ Functional Group / Band Assignment
1
)
780 Uracil-based ring breathing mode
830 C-H out-of-plane bending in benzoid ring
850 Most probably due to single-bond stretching
vibrations for the amino acids and valine and
polysaccharides
877 C-0O-C ring (Carbohydrates), C-C-N+ (Symmetric
stretching (lipids))
922 C-C stretch
934 C-C backbone (collagen assignment)
957 Carotenoid, cholesterol
980 C-C stretching B-sheet
1002 Phenylalanine, C-C aromatic ring stretching
1030 C-H bending
1053 C-0O stretching, C-N stretching
1061 C-C in-plane bending
1078 C-C or C-O for lipids
1117 Glucose
1126 C-N stretching
1153 Carbohydrate peak for solutions
1171 Tyrosine
1205 Difference in collagen content
1235 Amide Il
1248 Amide Il
1263 Lipids
1317 Guanine
1336 Polynucleotide chain (DNA purine bases),
5(CH3)s(CH?2) twisting, collagen (protein assignment)
1349 Unassigned
1396 B-carotene
1409 v,sCOO-
1417 C=C stretching in quinoid ring
1449 C-H vibration
1460 CH2/CHs deformation of lipids and collagen
1499 C-C stretching in benzenoid ring
1554 Amide I
1573 Guanine, adenine
1576 Nucleic acids
1586 Phenylalanine
1605 Cytosine
1609 Cytosine
1616 C=C stretching mode of tyrosine and tryptophan

214 |Page



1628 Co=Ca stretch
1637 Amide |

1656 C=C (lipids)

1669 Carbonyl stretch (C=0)

Table 23 - Raman peak assignment for Mycoplasma bovis

A.8.7. M. bovis BCG:
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Figure 68 - Average Raman Spectra of M. bovis BCG
Raman Peak (cm~ Functional Group / Band Assignment
1
)
780 Uracil-based ring breathing mode
850 Most probably due to single-bond stretching
vibrations for the amino acids and valine and
polysaccharides
885 C-O-C skeletal mode
980 C-C stretching B-sheet
1002 Phenylalanine, C-C aromatic ring stretching
1061 C-C in-plane bending
1080 Amide |l
1126 v (C-C) skeletal of acyl backbone in lipid (trans
conformation)
1205 Difference in collagen content
1260 Amide lll, proteins, CHz in-plane deformation (Lipids)
1296 CH2 deformation
1398 CH2 deformation
1437 CH2 deformation in lipids
1455 5(CH2)
1552 v (C=C), tryptophan
1575 Ring breathing modes in DNA bases
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1607 C=C phenylalanine, tyrosine
1658 Amide |

Table 24 - Raman peak assignment for M. bovis BCG

A.8.8. M. catarrhalis:
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Figure 69 - Average Raman Spectra of M. catarrhalis
Raman Peak (cm-~ Functional Group / Band Assignment
1
)
757 Unassigned
766 Pyrimidine ring breathing mode
776 Phosphatidylinositol
780 Uracil-based ring breathing mode
815 Proline, stretching of nucleic acid
847 Monosaccharides (a-glucose), (C-O-C) skeletal mode
Disaccharide (maltose), (C-O-C) skeletal mode
850 Most probably due to single-bond stretching
vibrations for the amino acids and valine and
polysaccharides
890 Protein bands
915 Ribose vibration, one of the distinct RNA modes (with
915 and 974 cm™)
928 W(C-C), stretching; probably in amino acids proline
and valine (protein band)
960 Quinoid ring in-plane deformation
980 C-C stretching 3-sheet (proteins)
996 C Oribose, CC
1002 Phenylalanine, C-C aromatic ring stretching
1032 CH2CHs bending modes of collagen and
phospholipids, C-C skeletal stretch (one of C-C ring
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vibration to be expected in aromatic structure of

xylene)

1048 Glycogen

1063 C-C skeletal stretch random conformation

1078 Lipids, «(C-C) skeletal, C-C or C-O (lipids)

1099 C-C vibration mode of the gauche-bonded chain

1105 Carbohydrates peak for solutions

1124 (C-C) skeletal of acyl backbone in lipid (trans

conformation)

1131 Fatty acid

1157 B-Carotene accumulation (C-C stretch mode)

1205 Differences in collagen content

1234 Concerted ring mode

1247 Amide Il

1288 Phosphodiester groups in nucleic acids

1300 Lipid

1318 Guanine

1330 Typical phospholipids, regions associated with DNA,
collagen

1335 CH3CH:2 wagging, collagen, nucleic acids

1344 5(CH)

1412 vs COO~

1451 CH2CHs deformation

1463 Fermi interaction s(CH2) and y (CH2)

1499 C-C stretching in benzenoid ring

1544 Amide Il

1580 C-C stretching

1607 Tyrosine, phenylalanine ring vibration

1618 (C=C), tryptophan (protein assignment)

1659 Amide |

1685 Amide |

Table 25 - Raman peak assignment for M. catarrhalis
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A.8.9. M. haemolytica:
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Figure 70 - Average Raman Spectra of M. haemolytica
Raman Peak (cm-~ Functional Group / Band Assignment
1
)
759 Tryptophan
780 Uracil-based ring breathing mode
802 Uracil-based ring breathing mode
815 Proline, hydroxyproline, tyrosine, 2 PO2— stretch of
nucleic acids
826 O-P-0O stretch DNA
852 Proline, hydroxyproline, tyrosine
867 Ribose vibration, one of the distinct RNA modes (with
915 and 974 cm™)
877 C-C-N* symmetric stretching (lipids), C-O-C ring
(carbohydrate)
893 Backbone, C-C skeletal
915 Ribose vibration, one of the distinct RNA modes (with
915 and 974 cm™)
922 C-C stretch
937 C-C backbone (collagen assignment)
956 Carotenoids
980 C-C stretching B-sheet (proteins)
1002 Phenylalanine, C-C aromatic ring stretching
1032 CH2CHs bending modes of collagen and
phospholipids, C-C skeletal stretch
1057 Lipids
1061 C-C skeletal stretch random conformation
1080 Amide |l
1095 Lipid, v(C-N)
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1101 O-P-0O backbone stretch of DNA
1124 v(C-C) skeletal of acyl backbone in lipid
1131 Palmitic acid, fatty acid, C-C skeletal stretching
1149 Carbohydrates peak for solids
1157 In-plane vibrations of the conjugated =C-C=, -
Carotene accumulation (C-C stretch mode)
1172 5(CH), tyrosine (protein assignment)
1199 Tryptophan ring breathing
1205 Differences in collagen content
1230 Antisymmetric phosphate stretching vibration
1240 One of the two most distinct peaks for RNA (with 813
cm™?), asymmetric phosphate [PO2"(asym.)]
stretching modes, Collagen
1248 Amide Il
1268 A(=C-H) (phospholipids)
1290 Cytosine
1300 Lipids
1315 Guanine
1330 Typical phospholipids, region associated with DNA
and phospholipids, collagen, nucleic acids and
phosphates
1339 C-C stretch of phenyl (1) and Cs-Csstretch and Cs-Os
stretch CHa in-plane bend
1347 Unassigned
1360 Tryptophan
1373 Thymine, Adenine, Guanine
1392 C-N stretching, quinoid ring benzoid ring quinoid ring
1408 vs COO~
1417 C=C stretching in quinoid ring
1444 5(CHy), lipids, fatty acids
1454 5(CH2), deoxyribose
1465 Lipids
1506 N-H bending
1525 In-plane vibrations of the conjugated -C=C-
1544 Amide Il
1573 Guanine, adenine
1580 C-C stretching, C=C bending mode of phenylalanine
1614 Tyrosine
1618 v(C=C), tryptophan
1662 Nucleic acids

Table 26 - Raman peak assignment for M. haemolytica
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A.8.10. E. coli;
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Figure 71 - Average Raman Spectra of E. coli

Raman Peak (cm~

Functional Group / Band Assignment

1
)

759 Tryptophan

780 Uracil-based ring breathing mode

811 O-P-0O stretching RNA

826 O-P-O stretch DNA

852 Proline, hydroxyproline, tyrosine

877 C-C-N* symmetric stretching (lipids), C-O-C ring

(carbohydrate)
934 C-C backbone (collagen assignment)
960 Symmetric stretching vibration of viPO43~(phosphate
of HA)

996 C-O ribose, C-C

1002 Phenylalanine, C-C aromatic ring stretching

1030 C-H Bending

1062 C-C Skeletal stretch random confirmation

1080 Amide |l

1095 Lipid

1124 (C-C) skeletal of acyl backbone in lipid

1155 C-C (and C-N) stretching of proteins (also
carotenoids)

1172 O(C-H), tyrosine (protein assignment)

1204 Amide Il and CH2 wagging vibrations from glycine

back bone and proline side chains

1234 A concerted ring mode

1247 Amide Il

1300 Lipids
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1315 Guanine

1337 CH2/CHswagging, twisting and/or bending mode of
collagens, lipids, nucleic acids and tryptophan

1417 C=C stretching in quinoid ring

1450 CH2 bending

1524 Carotenoids

1548 Tryptophan

1573 Guanine, adenine

1606 C=C bending

1617 C=C phenylalanine, tyrosine

1659 Amide |

1685 Amide |

Table 27 - Raman peak assignment for E. coli

A.8.11. C. glutamicum:
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Figure 72 - Average Raman Spectra of C. glutamicum
Raman Peak (cm-~ Functional Group / Band Assighment
)
759 Tryptophan
780 Uracil-based ring breathing mode
813 C- C stretching (collagen assignment)
827 Proline, hydroxyproline, tyrosine, ,2PO2" stretch of
nucleic acids
850 Most probably due to single-bond stretching
vibrations for the amino acids and valine and
polysaccharides
918 Proline, hydroxyproline & Glycogen and lactic acid
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933 Proline, hydroxyproline, (C-C) skeletal of collagen
backbone
1002 Phenylalanine, C-C aromatic ring stretching
1031 5(C-H), C-H in-plane bending mode of phenylalanine
1063 C-C skeletal stretch random conformation
1078 Lipids
1100 C-C vibration mode of the gauche-bonded chain
1124 (C-C) skeletal of acyl backbone in lipid (trans-
conformation)
1154 B-Carotenes
1205 Differences in collagen content
1235 Amide Il
1246 Amide Il
1317 Guanine
1336 Purine bases, s(CH3)s(CH2) twisting ,collagen (protein
assignment
1409 vs COO~
1448 CH2CHs deformation, CH2 deformation
1528 Carotenoids
1576 Nucleic acids
1602 Phenylalanine, 5(C=C),phenylalanine (protein
assignment)
1618 Tryptophan
1659 Amide |

Relative intensity (A.U)

0.8

0.6

0.4

Table 28 - Raman peak assignment for C. glutamicum

A.8.12. B. cereus:
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Figure 73 - Average Raman Spectra of B. cereus
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Raman Peak (cm~ Functional Group / Band Assignment
1
)

759 Tryptophan

780 Uracil-based ring breathing mode

811 O-P-0O stretching RNA

827 Proline, hydroxyproline, tyrosine, ,2POz2~ stretch of
nucleic acids

852 Proline, hydroxyproline, tyrosine

996 C-O ribose, C-C

1002 Phenylalanine, C-C aromatic ring stretching

1031 5(C-H), C-H in-plane bending mode of phenylalanine

1063 C-C skeletal stretch, random conformation

1083 C-N Stretching mode of proteins (and lipid mode of
lesser degree)

1100 C-C vibration mode of the gauche-bonded chain

1130 C-C skeletal stretch transconformation

1156 C-C, C-N stretching (protein)

1173 Cytosine, guanine, tyrosine

1205 Difference in collagen content

1242 Amide Il

1317 Guanine

1336 Purine bases, s(CH3)s(CH2) twisting ,collagen (protein

assignment

1447 CH2 bending mode of proteins and lipids

1554 Amide Il

1573 Guanine, adenine

1606 C=C bending

1620 v(C=C), porphyrin

1663 DNA

Table 29 - Raman peak assignment for B. cereus
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A.9 Optical Density of bacteria present in bacterial mix:

Bacteria ODsgoonm Measured | Proportion of | Reference
600nm ODgoonm: final mixture: | for OD
(CFU/ml)
Mycobacterium bovis BCG 0.39 (109) 0.38 N/A (361)
Mycoplasma bovis 1.00 (107) 0.98 20% (298)
Mycoplasma hyosynoviae 1.00 (107) 0.99 20% (298)
Pseudomonas fluorescens 1.00 (109) 0.99 1% (362)
Pseudomonas aeruginosa 1.00 (109%) 0.97 1% (363)
Bacillus cereus 0.50 (10°) 0.46 2% (364)
Escherichia coli 0.62 (108) 0.60 2% (365)
Mannheimia haemolytica 0.6 (10%9) 0.61 14% (366)
Moraxella catarrhalis 0.20 (10%) 0.20 35% (367)
Rhodococcus erythropolis 0.80 (107) 0.79 2% (368)
Staphylococcus aureus 1.00 (109) 0.99 1% (369)
Corynebacterium glutamicum 1.00 (1098) 1.00 2% (370)

Table 30 - lllustration of the bacteria in the bacterial mix used in Chapter 7, their recorded Optical Densities and

their proportions in the final mix
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