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Abstract

Background: Cystic Fibrosis (CF) is a life-threatening genetic disorder marked by chronic
pulmonary infections. Among the emerging pathogens causing infections in people with CF
(pwCF), Mycobacterium abscessus Complex (MABC) poses a significant clinical challenge
due to its intrinsic multidrug resistance and its association with accelerated lung function
decline, increased hospitalisations, and reduced eligibility for lung transplantation.
Conventional diagnostic methods depend on respiratory sampling and culture-based

techniques, which are typically invasive, slow, and exhibit limited sensitivity and specificity.

Aim: This study aimed to develop and validate a less invasive molecular assay for MABC
detection that can be applied to pwCF. By employing quantitative PCR (qPCR) and CRISPR
technology to circulating cell free DNA (cfDNA) extracted from plasma, this approach may
allow cfDNA to act as a clinically useful sample for detection of life-threatening chronic lung

infections.

Methods/Results: Primers that have been previously identified as selective for MABC were
screened, using both in silico and in vitro testing. Among the 14 primers assessed, Primer set
6, which targets a 111bp region of the 23S rRNA gene, demonstrated high specificity towards
certain NTM species and sufficient sensitivity to detect MABC. The qPCR assay demonstrated
consistent reproducibility (CV <3%), maintaining linear standard curve (R? > 0.99) across a
broad dynamic range of DNA input levels. When this primer was assessed on enzymatically
fragmented DNA and mock plasma samples spiked with MABC DNA to simulate cfDNA
conditions, sensitivity and standard curve efficiency remained high (86% -102%), albeit lower
than when performed on unfragmented, pure MABC DNA. Overall, this primer was able to
reliably detect MABC in mock cfDNA sample at a limit of detection of 19.5 —21.94 copies/uL,
per qPCR reaction, which falling within the clinically accepted threshold of 50 copies/uL.

To enhance the specificity of this assay, a CRISPR-Cas12a detection system was designed by
developing a guide RNA that targets the same 23S rRNA amplicon region amplified by Primer
Set 6. This system was intended to enable fluorescence-based detection only when the MABC-
specific sequence is present, through collateral cleavage of a reporter molecule. However, due

to time constraints, this CRISPR component was not experimentally validated in this study.

Vi



Conclusions: These findings provide evidence for the feasibility of cfDNA-based diagnostics
for MABC using qPCR, with the potential for CRISPR integration to improve assay specificity
and sensitivity. The qPCR assay using the Primer set 6 showed robust sensitivity, specificity
with meeting clinically relevant detection thresholds. Future directions include integrating the
CRISPR-Cas12a and validating the assay using plasma derived clinical samples from pwCF
with MABC infection to assess its diagnostic performance under real world conditions. This
approach establishes a foundation for less invasive, rapid, and accurate detection and

monitoring of MABC infection, thereby supporting improved clinical management in pwCF.
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Chapter One: Introduction

1.1 Overview

Cystic fibrosis (CF) is a severe autosomal recessive disorder caused by mutations in the CFTR
gene, leading to multiple organ dysfunction especially in the respiratory and gastrointestinal
systems. The thickened mucosal secretions and impaired mucociliary clearance in people with
cystic fibrosis (pwCF) create an ideal environment for chronic respiratory infections, enabling
a wide range of pathogens to colonise the airways. Mycobacterium abscessus Complex
(MABC) is an emerging multidrug-resistant pathogen, that cause respiratory infections in
pwCF. MABC is a non-tuberculous mycobacterium (NTM), consisting of three subspecies, M.
abscessus subsp. abscessus (Maa), massiliense (Mam), and bolletii (Mab) (Davidson et al.,
2021). MABC:s are intrinsically resistant to multiple categories of antimicrobials and have been
implicated in accelerated lung function decline, increased morbidity, and poor therapeutic
outcomes.

The conventional diagnostic tests for detecting MABC in the lungs rely on culture-based tests
and molecular tests. These tests have various drawbacks. MABC culturing is time consuming
and can result in false negatives because of contamination with oral flora, biofilm production,
or low bacterial loads in the sample. Obtaining sputum or bronchoalveolar lavage (BAL)
samples can be quite challenging in paediatric pwCF or in individuals with severe pulmonary
disease (Forton, 2015). These challenges delay accurate diagnosis and timely detection of
bacteria, which is crucial for managing progressive pulmonary infection in pwCF.

In response to these drawbacks, recent research has investigated the role of blood-based
molecular diagnostics using circulating cell-free DNA (cfDNA) tiny pieces of microbial DNA
shed into the blood during an active infection. The use of cfDNA testing presents a less invasive
and potentially more sensitive diagnostic process, particularly when respiratory samples are
hard to collect. Although cfDNA-based assays have shown effectiveness in detecting
mycobacterial diseases, including Mycobacterium tuberculosis (Huang et al., 2022) and
Mycobacterium avium complex (Li et al., 2024), the utilisation of cfDNA for detecting MABC
has not yet been well established.

The purpose of this research is to determine the specificity, sensitivity, and efficacy of chosen

qPCR primer pairs for identifying MABC c¢fDNA in the serum of pwCF. This study employed



a comprehensive in silico and in vitro experimental approach to evaluate and validate the

primers to identify the most effective qPCR assay for future diagnostic application in pwCF.

1.2 Cystic Fibrosis

1.2.1 Genetic mutation in the CFTR gene — causes multi-organ disruption.

Cystic Fibrosis (CF) was first identified in 1938 as a life-restrictive disorder with an autosomal
recessive mode of inheritance. CF is caused by the presence of variants in both copies of the
Cystic Fibrosis Transmembrane Conductance Regulator (CFTR) gene, located on chromosome
7. Each mutated copy is inherited from one parent, over 2000 mutations have been identified,
with the most common being the F508 del mutation (Valliéres & Elborn, 2014). Mutations in
the CFTR gene affect the CFTR protein at multiple stages and can cause dysfunction or absence
of this protein. CFTR dysfunction leads to disruption of ion transport in epithelial cells across

various organs, leading to multiple complications (Pagin, Sermet-Gaudelus, & Burgel, 2020).

Figure removed due to copyright restriction.

Figure 1.1 - Multi Organ disruptions caused by CFTR gene mutation in Cystic
Fibrosis (Ramananda, Naren, & Arora, 2024)

Dysfunction of CFTR protein affects several systems as outlined in Figure 1.1. Firstly, CFTR
dysfunction affects the pancreas from birth, leading to pancreatic insufficiency and diabetes in
adulthood. Reduced CFTR activity also disrupts salt recovery in sweat glands and mucosal
secretory cells. As a result, mucosal organs (the gastrointestinal system, respiratory system,
and reproductive organs) are heavily impacted by CF. In the gut, thickened mucosal secretions

in the intestines lead to complications such as intestinal blockages and distal intestinal



obstruction syndrome (DIOS), caused by a partial or complete blockage of the intestines by
thickened stool (Lavie et al., 2015). Respiratory complications emerge after birth, where CFTR
malfunction leads to airway obstruction, chronic infections, and inflammation, ultimately

resulting in severe lung diseases responsible for most CF-related deaths (Koehler et al., 2003).

1.2.2 Chronic respiratory disease in CF.

Chronic respiratory diseases are the leading cause of morbidity and mortality in pwCF, with
most CF-related deaths being attributed to lung failure (Turcios, 2020). Mutation in the CFTR
gene cause ion imbalances resulting in dehydrated mucus and impaired mucociliary clearance
leading to mucus plugging, chronic bacterial colonisation and chronic inflammation inside the
lung (Sin, Wu, & Man, 2005). The cycle of infection and inflammation in the CF lung leads to
repeated pulmonary exacerbations, characterised by increased cough, sputum production,
shortness of breath and reduced lung function. These exacerbations accelerate the decline in
lung function, as measured by forced expiratory volume in one second (FEV1). Lung function
decline is a major determinant of survival in CF (Harun et al., 2016). Patients with lower FEV1
values face an increased risk of hospitalisation and death due to respiratory failure. A mean
annual decline in FEV1 of 1% to 2% is characteristic of pwCF. Individuals with FEV1 below
30% usually become candidates for lung transplantation (Wilkens et al., 2010). Recent data
from the Australian, United States, and European CF registries indicate that more than 50% of
the CF population now consists of adults, with the average age of pwCF gradually increasing.
By contrast, paediatric deaths made up about 10% to 20% of total deaths in the year 2014, with
10.5% recorded in Australia,11.9% in the US, and 17.7% in Europe as reported in the literature
(Zolin et al., 2018).

1.2.3 Pathogens that cause lung disease in CF.

In pwCeF, lung diseases are primarily affected by chronic infections from a range of bacterial,
fungal, and viral pathogens. Among the most common bacterial pathogens are Pseudomonas
aeruginosa, Staphylococcus aureus, Haemophilus influenzae and Burkholderia cepacia
complex. Chronic respiratory infections are highly prevalent in CF, with pathogens like P.
aeruginosa playing a significant role in disease progression. Studies indicate that
approximately 70%-80% of adult pwCF are chronically colonised by P. aeruginosa, a highly
virulent pathogen that exacerbates lung function decline through persistent infection and
inflammation (Malhotra, Hayes, & Wozniak, 2019). In addition to these common bacterial

pathogens, pwCF are also susceptible to more complex infections caused by mycobacteria,



particularly non-Tuberculosis Mycobacterium (NTM). The most common NTM species
causing pulmonary infections in pwCF are the slow-growing Mycobacterium avium complex
(MAC), the rapid-growing Mycobacterium abscessus and Mycobacterium kansasii and in

certain regions Mycobacterium xenopi and Mycobacterium malmoense (Johansen, Herrmann,

& Kremer, 2020).

1.3 Characteristics and clinical implications of Nontuberculous

Mycobacterium (NTM)

1.3.1 Nontuberculous mycobacterium (NTM)

NTM is a diverse group of mycobacterial species distinct from the well-known pathogens
Mycobacterium tuberculosis (MTB) and Mycobacterium leprae. These species are ubiquitous
in the environment, being isolated from soil, natural water sources, dust, and a variety of other
habitats. Unlike M. tuberculosis and M. leprae, which are primarily transmitted between
individuals, the NTM species are environmental organisms and are not usually transmitted
between individuals.

NTM species can be divided into rapidly growing NTM and slow-growing NTM based on their
distinct growth rates (Zhang et al., 2023). While the majority of NTM species do not cause any
illness in healthy individuals, some strains are opportunistic pathogens and have a particular
tendency to infect immunocompromised patients and those with chronic lung diseases. For
instance, rapid-growing NTM cause disease in both healthy and immunocompromised patients.
However, some species of NTM can cause disease even in otherwise healthy hosts. These
species are associated with human diseases that typically manifest in the lungs, skin/soft
tissues, lymphatic system or as disseminated infections. The two most common NTM species
isolated were Mycobacterium avium complex and Mycobacterium abscessus (Zhou et al.,
2022). This analysis points towards data in China, given its sheer size and diversity of
population, and there is useful insight to be had in regional differences in prevalence and
distribution of NTM. With extensive systems of surveillance and reporting in China, and
increased awareness of infection by NTM, a strong epidemiological view can be applied to
general global trends. Figure 1.2 presents a breakdown of NTM detected in a study
highlighting the distribution of NTM across different regions in China. The five most
frequently isolated NTMs, accounting for 88.5% of all NTM cases, are Mycobacterium
abscessus complex (MABC) (36.0%), Mycobacterium avium-intracellulare complex (MAC)



(34.1%), M. kansasii (9.8%), M. paragordonae (5.4%), and M. lentiflavum (3.2%) (Liu et al.,
2021).

Figure removed due to copyright restriction.

Figure 1.2 - Distribution of non-tuberculous mycobacteria (NTM) species isolated
from clinical samples in China, highlighting the relative proportions of rapidly
growing mycobacteria (RGM) and slowly growing mycobacteria (SGM) (Liu et al.,
2021).

1.3.2 Mycobacterium abscessus complex (MABC)

The Mycobacterium abscessus complex (MABC) is a group of rapidly growing, multidrug-
resistant NTM bacteria that are responsible for a wide range of infections, including skin and
soft tissue diseases, central nervous system infections, bacteraemia, and lung infections.
Infections caused by MABC are particularly challenging to treat due to their resistance to
antimicrobial drugs. MABC comprises a strictly aerobic, fast-growing mycobacterium,
normally presenting in two well-defined morphologies of colonies on culture: one smooth,
shiny type, most often recovered in wound infections; and a second rough, dry colony type,
which is mainly found in pulmonary infections, especially in the airways (Park et al., 2015).

The colonies, in general, are non-pigmented and do not stain well with Gram stain. Applied



Gram stain often discloses thinly staining, "ghost-like" beaded gram-positive bacilli,
suggesting a possible mycobacterial infection. Definitive diagnosis is done by the Kinyoun
stain, which demonstrates positivity for acid-fast bacilli, including MABS; even the detection
of a single acid-fast bacillus is suspicious for Mycobacterium infection (Jeong et al., 2013).
Unlike other bacteria, MABC possesses unique cell wall properties including a lipid-rich,
impermeable barrier that limits drug penetration. However, MABC was first isolated from a
knee abscess in 1952. Initially grouped with M. chelonae, M. abscessus was reclassified as a
separate species in 1992. Despite ongoing debates about taxonomy, the MABC is now
recognised to include three subspecies, M. abscessus subspecies abscessus (Maa), M.
abscessus subspecies massiliense (Mam), M. abscessus subspecies bolletii (Mab) (Lee et al.,
2015). Maa is the most commonly detected subspecies causing infection, accounting for 45%-
65% of cases, followed by Mam 20%-55% and Mab 1%-18% with treatment outcomes varying

depending on the causative organism (Koh et al., 2017).

1.3.3 Mycobacterium abscesses Complex in Cystic Fibrosis

Many species of NTM, including MABC, are considered opportunistic pathogens in pwCF and
present serious clinical challenges. These infections can also vary from asymptomatic
colonisation to severe and progressive lung disease, complicating an already complex clinical
picture due to underlying CF-related bronchiectasis (Tippett et al., 2018). Severe, persistent
infection is referred to as Non-Tuberculosis Mycobacterial Pulmonary Disease (NTMPD),
which is defined as a chronic infection of the lungs caused by various NTM species, leading to
progressive lung damage over time. NTMPD can manifest in different forms, primarily nodular
bronchitis and cavitary disease, with each type presenting in unique challenges in diagnosis

and treatment.

1.3.4 Prevalence of NTM infection in pwCF.

NTM infections have become an increasing concern among pwCF worldwide. Studies show
that the prevalence of NTM among pwCF has been steadily rising, with regional and country-
specific differences. However, NTM infections have been reported in most industrialised
countries, with an incidence rate ranging from 1 to 1.8 cases per 100,000 inhabitants. MABC
is responsible for approximately 5-20% of NTM infections (Figure 1.3) (Ramananda, Naren,
& Arora, 2024).



Figure removed due to copyright restriction.

Figure 1.3 - Number of M. abscessus Clinical Isolates from Respiratory Sources
Reported in the Literature (PubMed, 1992-2015). Map created with D&C-O
Articque.

While the exact prevalence of Nontuberculous Mycobacterial Pulmonary Disease (NTMPD)
in Australia is unknown due to the absence of national surveillance system, discrete studies
indicate a growing trend, especially in individuals with cystic fibrosis (pwCF). Current
evidence indicates both Mycobacterium avium complex (MAC) and MABC as the most
commonly found species in the clinical context. However, National-level data on the infection
rate of MABC are not available in detail.

In comparison, other nations' extensive data provide a picture of the increasing clinical utility
of MABC. In the United States, the prevalence of NTMPD has increased significantly with
MAC and MABC being the most common species isolated. Over 10 years (2010-2019) data
from the CF Foundation patients registry revealed that the incidence of NTMPD rose by 3.5%
annually with the northern region showing the highest incidence of MAC and the south leading
in MABC infections (Marshall et al., 2023). A similar trend was observed in Germany, where
the prevalence of NTM infections remained stable at 7.53% to 8.76% between 2016 and 2020,
but MABC was the most prevalent species. Narrowing the focus to MABC infections is
particularly concerning because they lead to more severe lung disease and prolonged infections
compared to other NTM species (Steindor et al., 2023). In the United States, MABC accounted
for 25.5% of all NTM cases among pwCF, while in Germany it was the most detected NTM
species. In a CF clinic population study from 2002-2011, MABC was responsible for 46% of

all NTM infections and was associated with prolonged infections and poor clinical outcomes



(Bar-On et al., 2015). These findings emphasise the global prevalence of MABC in pwCF

emerging as one of the most common pathogens among NTM.

1.4 Clinical Challenges in MABC infection in pwCF

1.4.1 Treatment regimens and poor success rate.

Pulmonary infections with MABC are associated with more severe disease, longer treatment
duration and higher rates of treatment failures compared to other NTMs. In pwCF, MABC
infection can accelerate lung function decline and is often a contraindication for lung
transplantation. Current therapeutic regimens are most often combined intravenous and oral
antibiotics, with a trend towards aggressive multi-drug therapy that extends over a very
prolonged period ranging from months to years. The usual regimen includes the use of
macrolides, aminoglycosides, and beta-lactams, although their use is limited by MABC
resistance (Jeon et al., 2009; Novosad et al., 2016). For example, it encodes an inducible
macrolide resistance gene, erm (41), that significantly impairs one of the most prominent
cornerstones of treatment, clarithromycin (Nash, Brown-Elliott, & Wallace, 2009). Moreover,
in vitro, antibiotic susceptibility often correlates poorly with in vivo treatment outcomes, which
renders it difficult to predict what drugs will work in specific patients. Despite prolonged and
intensive therapy, the success rate of treatment remains low with cure rates ranging between
25% to 58% and many patients continue to experience chronic infections despite aggressive
antibiotic therapy (Jonsson et al., 2007; Koh et al., 2017). Moreover, chronic infection is further
complicated because many severe side effects arise due to the treatment itself, such as
ototoxicity, hepatotoxicity, leukopenia, and gastrointestinal disturbances that most often result

in discontinuation or adjustment of therapy (Novosad et al., 2016).

1.4.2 Monitoring MABC clearance during treatment.

Monitoring the clearance of MABC during treatment is crucial, as pulmonary infections with
MABC in pwCF accelerate lung function decline, posing significant challenges to clinical
management and often leading to antibiotic regimen failure. Therefore, careful monitoring of
MABC clearance is essential for informed therapeutic adjustments and to evaluate patient
eligibility for lung transplantation. Early and regular screening for MABC infection is
important at various stages of the CF treatment. Typically, sputum culture results, combined
with the patient’s clinical presentation, are considered in decision-making. When such therapy

fails or there is a partial response to treatment, the infection may persist with higher



consequences, one of which is macrolide resistance and poor long-term outcomes (Fairhurst et
al., 2002). Regular monitoring of MABC clearance by the clinician allows them to assess the
adequacy of the treatment regimen, evaluate the need for adjustment of therapy, and minimise
potential complications resulting from possible disease progression or side effects caused by
prolonged use of antibiotics.

Most serious cases of CF are generally considered for lung transplantation, but MABC
infection creates a significant risk for complications after transplantation. Pre-transplant
MABC infection has been associated with higher rates of surgical site infections and poorer
outcomes, including mortality, in the post-transplant period (Garrison et al., 2009). Assessment
of MABC clearance before transplantation thus becomes very important. Persistent infection
with MABC may result in invasive disease, especially following the use of immunosuppressive
medications post-transplantation. Many transplant centres consider active MABC infection to
be a relative contraindication to lung transplantation for this very reason.

Studies have highlighted the importance of monitoring at the initiation of the treatment,
including the initial identification of the causative organism and continuous tracking of disease
progression alongside antibiotic therapy to optimise patient outcomes (Evans et al., 2025). By
frequently assessing infection status, healthcare providers can make evidence-based decisions
on discontinuing antibiotics once the bacterial infection has resolved, thus preventing
unnecessarily extended treatment durations (Recchia et al., 2023). Additionally, pre-lung
transplantation assessments can identify bacterial clearance, ensuring that patients are free from
infection before surgery. However, the routine collection of sputum or Bronchoalveolar Lavage
(BAL) samples poses challenges due to the invasive nature of these procedures and the
difficulty some patients have in producing sputum. As a result, there is growing interest in
exploring the potential of blood-based diagnostics to enhance the detection and monitoring of

MABC infection (Steindor et al., 2015).

1.5 Detection of MABC in Lung Infection

1.5.1 Current detection methods.

The diagnosis of MABC still involves culture, which has traditionally been considered the gold
standard, using selective media such as rapidly growing mycobacteria medium (RGM) and
Middlebrook 7H11 agar (Preece et al., 2016). Such media are effective in isolating MABC and

other mycobacterial species from clinical samples. Some of the molecular diagnostic



techniques include polymerase chain reaction (PCR) and whole-genome sequencing (WGS),
which have identified MABC with a high degree of precision and speed. Here sputum or BAL
samples are obtained from the respiratory tract and used to facilitate molecular diagnosis. For
example, certain genetic markers such as the erm (41) gene or rRNA sequences can be targeted
via PCR to distinguish the subspecies of MABC (Akwani et al., 2022). On the other hand,
serological approaches, mainly the enzyme immunoassays targeting glycopeptidolipids (GPL),
are promising diagnostic tools for MABC. These tests measure serum IgA antibodies against
the GPL core antigens. The increased GPL-specific IgA may indicate infection activity,
especially in pwCF, and help discriminate between NTM species (Sabin, Ferrieri, & Kline,

2017).

1.5.2 Limitations of existing diagnostic methods

There are several diagnostic methods for the detection of MABC; all of them have significant
shortcomings, especially in the direct sampling method. There are four main limitations. The
first one is that culture-based detection methods are considered the gold standard but are time-
consuming, usually upward of 7-10 days for the detection of MABC (Rodriguez-Temporal et
al., 2023). The next one is this depends on the availability of viable sputum or BAL samples
that are difficult to obtain from patients, especially paediatric patients, or those with less
sputum production. This challenge was highlighted in studies that reported a 20-day median
time for culture positivity in MABC infections, with a median of 41 days for definitive
identification (Park et al., 2022). The other limitation is contamination with other flora
commonly present in the respiratory tract may interfere with MABC isolation, and the last one
is the formation of biofilm complicates its detection in culture in case of chronic infection.
Serological methods include enzyme immunoassays targeting GPLs (Lopez-Roa, Esteban, &
Munoz-Egea, 2022).They are less invasive but underdeveloped for routine application, and less
reliable in patients with compromised immune systems (Table 1.1). Additionally, serological
tests can sometimes cross-react with other NTM, making it challenging to specifically diagnose
MABC. Table 1.1 shows the comparison between direct sampling methods for the detection of
MABC.

The issue of false positives and false negatives in identifying MABC is a significant challenge
in clinical diagnostics, as shown by research on culture-based detection from direct sampling
from the respiratory tract. For example, a retrospective observational study conducted at the
Belgian National Reference Centre for mycobacteria reported an increasing number of false

positive cultures submitted by peripheral laboratories over the study period (Soetaert et al.,

10



2019). Such findings underscore the need for improvement in reliable molecular diagnostics to

accurately identify MABC, minimise false positives and negatives.

Table 2.1 - Comparison of direct sampling methods for MABC detection.

Sampling site Sampling Method | Advantages Disadvantages
Direct Sampling | Sputum Collection | Non-invasive, easy to Quality depends on
from collect, commonly used patient’s ability to
Respiratory for respiratory pathogens. | Produce sputum,
contamination with oral
Tract
flora.
Bronchoalveolar High diagnostic yield, Invasive, requires
Lavage (BAL) useful for deep lung sedation, potential

complications such as
bleeding, time-
consuming.

pathogens, minimises
contamination from upper
respiratory flora.

1.6 Emerging molecular detection techniques

1.6.1 Cell Free DNA

Circulating cell free DNA (cfDNA) is short fragments of double-stranded DNA (~75-200 base
pairs) that are not packaged in cells and are present in a number of body fluids such as blood
and urine (Pietrzak et al., 2023). First identified in the blood plasma by (Mandel, 1948) in 1948,
cfDNA is released to the circulation mainly through apoptotic and necrotic pathways, although
NETosis and exosomal secretion have also been inferred to have roles. Its bioavailability is
relatively short-lived (16 minutes to 2 hours), which points to its utility as a dynamic disease
biomarker (Pietrzak et al., 2023). After entering the bloodstream, microbial DNA fragments
are released actively or due to host immune responses, including bacterial killing or
phagocytosis. cfDNA released in the bloodstream may originate from diverse anatomical
reservoirs like the oral cavity, respiratory, gastrointestinal, genitourinary systems, or skin, all
of which have been considered potential sites for bacterial translocation, particularly when
integrity of the epithelium is compromised (Figure 1.4). Chronic pulmonary inflammation and
infection in CF cause extensive epithelial damage, increasing the likelihood of microbial
translocation of the respiratory compartment to the bloodstream. The high vascularization of
the lung tissue and the chronic immune response enhance the possibility that bacterial DNA,

including that of MABC, enters the circulation. As a consequence, the bloodstream is a
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minimally invasive matrix for the detection of such low abundance cfDNA (Pietrzak et al.,
2023).

Urine provides alternative non-invasive sources, but blood is the most common source for
cfDNA analysis. Urine is attractive due non-invasive collection. However, cfDNA in the urine
is derived mainly from two sources; trans renal DNA (fragments filtered across the kidney
from the circulation) and DNA released locally from cells of the urogenital tract. These DNA
fragments are smaller, typically below 100 base pairs because they are subjected to renal

filtration and nuclease digestion upon passage through the urine (Burnham et al., 2018).

Figure removed due to copyright restriction.

Figure 1.4 - Entry routes of cell free DNA into bloodstreams from various body niches.
cfmDNA: cell-free microbial DNA. (Pietrzak et al., 2023)

Within blood-derived sampling, serum and plasma are two choices (Xue et al., 2009); however,
plasma is the preferred matrix due to minimal contamination and superior analytical
performance. Plasma kept in EDTA tubes circumvents the clotting process inherent in serum
generation, which causes leukocyte lysis and contamination with high-molecular-weight
genomic DNA. This makes plasma the more appropriate matrix for preserving the short,

fragments required for high-fidelity detection (Saukkonen et al., 2008). Successfully, plasma
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cfDNA has a uniform fragment length that is suitable for sensitive and reproducible analysis
with qPCR or sequencing. Various comparative analyses have documented that cfDNA
isolated from plasma produces greater fetal proportions, improved pathogen detection, and
enhanced methylation-aided tissue mapping than cfDNA isolated from serum (Wong et al.,
2016). Commercial cfDNA isolation kits like MagMAX™ and Quick-cfDNA™ are also
designed for the optimal recovery of cfDNA from plasma, further affirming the role of plasma
in diagnostics. This is critical for the detection of bacterial cfDNA, where the microbial DNA
is at extremely low concentrations (often <10 copies/uL in plasma), where even trace
contamination may dampen discoveries. Thus, EDTA plasma is advisable for the detection of
microbial DNA in the diagnostics of sepsis, tuberculosis screening, cystic fibrosis related
infection tracking, etc (Huttunen et al., 2011; Long et al., 2023). Its enhanced sensitivity,
specificity, and lesser background noise render the plasma the best biological matrix for

cfDNA-driven research.

1.6.2 Role of cell-free DNA in blood as a marker

The emerging molecular diagnosis and blood-based techniques form a very promising solution
for these challenges. Ongoing studies focus specifically on the tracing of cfDNA, and immune
markers present in the blood for quicker and more precise MABC detection (Figure 1.5).
cfDNA comprises small fragments of DNA that are released into the bloodstream, originating
from various cells and microorganisms. The detection of microbial cfDNA in blood has
emerged as a less invasive and efficient alternative method for diagnosing infections that
traditionally require more invasive sampling methods (Hu et al., 2025). This approach offers

notable benefits, especially for pwCF, where collecting respiratory samples can be challenging.
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Figure removed due to copyright restriction.

Figure 1.5 - Schematic comparison of conventional and novel approaches for detecting
Mpycobacterium abscessus. The conventional method involves invasive respiratory sampling
(e.g., bronchial aspiration) followed by culture and microscopic identification. The novel
approach utilizes cell-free DNA (cfDNA) extracted from plasma, enabling less invasive,

faster, and potentially more sensitive detection using quantitative PCR.

Numerous studies have highlighted the effectiveness of cfDNA in diagnosing mycobacterial
infections. For instance, metagenomic next-generation sequencing (mNGS) of cfDNA in blood
has been shown to accurately detect Mycobacterium tuberculosis (TB) in patients, including
cases where traditional culture methods fail to provide definitive results (Park et al., 2022).
Another study investigating plasma cfDNA as a non-invasive diagnostic tool for TB detection
showed that in smear-positive adults it was 100% sensitive, while in smear-positive children
the sensitivity was 75%. Specificity was 100% in both groups in whom TB was ruled out and
in a large cohort of ambulatory controls (Pollock et al., 2021). This is an indication that M.
tuberculosis cfDNA detection is highly specific and sensitive indicating that its presence in
clinical testing should be considered definitive evidence of TB infection, warranting immediate
treatment decision-making.

Similar results have been obtained with the detection of Mycobacterium avium complex (MAC)
infections. A qPCR assay that includes a CRISPR guide RNA-based probe for detection of
MAC from serum cfDNA was able to detect MAC with 97.6% sensitivity and 100% specificity.
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The authors report this detection as a significant advance in less invasive diagnostic methods
for mycobacterial infection (Li et al., 2024). This approach would also provide a lead to
monitoring the efficacy of treatment, by tracking the levels of cfDNA during therapy, thus
offering real-time insight into the patient's response toward the treatment. More research is
needed regarding the application of cfDNA for detection in MABC:s, but the existing literature

provides a strong foundation for its clinical potential in less invasive diagnostics.

1.6.3 Quantitative PCR (qPCR) for MABC Detection in cell-free DNA

Currently, there are no qPCR-based methods to detect MABC from cfDNA. However,
numerous MABC gqPCR assays have been developed for detecting infections from respiratory
samples, such as sputum. Their application for detecting MABS in ¢fDNA has not been
established. One of the studies developed a quadruplex real-time quantitative PCR assay that
could detect and differentiate MABC and MAC directly from sputum specimens without
culturing (Dziedzinska et al., 2022b). This method was very sensitive and highly effective, thus
enhancing the speed and accuracy of diagnosing pwCF with NTM; hence, it is suitable for
routine clinical use. Another study found that Peptide nucleic acid (PNA) based qPCR assays
performed even better than conventional ones, showing sensitivity and specificity of 96.7%
and 100%, respectively, for the detection of MABC sputum samples. Because of these PNA
probes, the detection could be done right from clinical samples without any necessity of
extended incubation of culture; because qPCR was found to be an immense tool for diagnosis
in fast-growing mycobacteria (Kim et al., 2015). However, as direct sampling methods have
limitations in accuracy due to various factors discussed earlier, developing MABC detection in
serum cfDNA is important for pwCF as it could provide a more accurate and less invasive

diagnostic approach.

1.7 CRISPR-based Detection Methods

1.7.1 Potential for CRISPR in MABC detection

Management of mycobacterial lung infections is becoming increasingly prolific, particularly
with the innovation of CRISPR/Cas systems such as CRISPR/Casl2a and CRISPR/Cas9.
Among such recent developments is the ERA-CRISPR/Cas12a-based platform that couples
CRISPR with enzymatic recombinase amplification (ERA) to allow ultra-rapid detection of
MTB without the need for complex thermal cycling equipment (Gan et al., 2024). Notably, it

demonstrated 100% specificity, showing no cross-reaction with other respiratory pathogens or
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NTM (Sam et al., 2021). ERA-CRISPR/Cas12a showed perfect concordance in clinical trials
with commercially available qPCR systems, and therefore, ERA-CRISPR/Cas12a is accurate,
reliable, and can be used for diagnosing tuberculosis.

Besides tuberculosis, CRISPR technologies have been used in the study of NTMs (Xiao et al.,
2020), including MAC a leading cause of pulmonary disease (PD) in those with predisposing
conditions such as cystic fibrosis, where their lung health might already be compromised. An
assay using CRISPR for the detection of MAC cfDNA in serum was developed. It provided a
rapid diagnostic tool with great sensitivity for MAC PD. The sensitivity and specificity of the
CRISPR MAC assay were 97.6% (Li et al., 2024). This assay also enabled the real-time
monitoring of therapeutic efficacy. These findings show CRISPR technology is better when
compared to most of the conventional diagnostic techniques in terms of speed and accuracy,
hence offering important clinical benefits in the management of infections caused by MAC.
Applications of the CRISPR technologies are not limited to tuberculosis and MAC detection
but have shown potential in the identification of a wide range of bacterial and viral respiratory
pathogens. For instance, the adaptation of CRISPR systems has been made for detecting viral
RNA, such as diagnostics relating to COVID-19 (Rahimi et al., 2021). Bacterial infection is
very common and serious among patients suffering from cystic fibrosis; hence, recently
CRISPR-based techniques have been increasingly used to cover rapid sensitive and specific
detection for bacterial pathogen diagnosis to assist in timely treatment and monitoring.
Importantly, this CRISPR assay could be adapted for detecting MABC infection in pwCF,
providing an essential tool for managing and enhancing the detection of the vulnerable
population.

This research focuses on addressing the pressing need for a more accurate, less invasive
diagnostic tool for MABC infections in pwCF undergoing antibiotic therapy. below are the

Hypothesis and research aims of this study,

1.8 Hypothesis and Research Aims

1.8.1 Hypothesis

Molecular diagnostic methods can be used to accurately detect Mycobacterium abscessus
Complex (MABC) from cell-free supernatant from people with M. abscessus pulmonary

infections.
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1.8.2 Aims:

e Aim 1: Identify and select candidate primer sets from existing literature that target
conserved regions of the MABC genome, ensuring suitability for gPCR-based detection. This
step supports the hypothesis by ensuring specific amplification of MABC DNA.

e Aim 2: Evaluate the sensitivity, specificity, and reproducibility of the selected primers
through qPCR using mock samples spiked with known quantities of MABC DNA (both
unfragmented and fragmented). This will help determine the diagnostic performance and
robustness of the assay.

e Aim 3: Design a CRISPR-Cas12a-based detection system targeting the validated qPCR
amplicon to enhance post-amplification specificity and sensitivity.

e Aim 4: Validate the optimized qPCR assay using cfDNA extracted from mock plasma

samples and, where possible, from clinical plasma samples of patients with confirmed MABC
infection to assess its real-world diagnostic accuracy.
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Chapter Two: Materials and Methods

2.1. Primer Selection

2.1.1 Literature Review and Primer Selection

As a first step, potential primer sets for qPCR-based detection of MABC were identified. A

comprehensive literature review was conducted using scientific databases such as PubMed,

Google Scholar, and Elsevier to achieve this. A list of candidate primers was compiled from

previous research (Table 2.1), particularly those targeting conserved gene regions in MABC,

to ensure specificity and reliability.

Table 2.1 -Candidate Primers Targeting Conserved Gene Region in Mycobacterium
abscessus Complex (MABC) for qPCR detection.

Primer Reference Forward Primer (5' - 3") Target

Number Reverse Primer (5' - 3') site

P1 (Nakanaga et F- GGTAGCTCTTCCAGCCGAAT 23S rRNA
al., 2014) R -CAGCACGCA AAGGTACGAC

P2 (Nakanaga et F -GTCACCGCAGAAATCGAGTC 23S rRNA
al., 2014) R -GGGGTGGTTGACGTGTTC

P3 (Macheras et F-GAAGGAATCTCGTGGCTGAATAC sodA
al., 2009) R-AGTCGGCCTTGACGTTCTTGTAC

P4 (Macheras et F-ACCAACGATGGTGTGTCCAT hsp65
al., 2009) R -CTTGTCGAACCGCATACCCT

P5 (Dziedzinska et | F- GGAGTTCGTTGTGGATCTGG erm41
al., 2022a) R-AAACCGTGAACGAAGGTGTC

P6 (Shallom et al., | F- GCGAAATTGCACTACGAGTAAAG 23S rRNA
2015) R-CCTATCCTACACAAACCGAACC

P7 (Shallom et al., | F-AGGCGGCCACCGACGTCGCGATGGA erm41
2013) R -TGCGCCCGCCCAGCGCGTATCCG

P8 (Shallom et al., | F- GACTCCGGTGGCCGCGGCGA erm41
2013) R-GCCGGAGCGCTGGGTGGGCT

P9 (Shallom et al., | F-GACCGGGGCCTTCTTCGTGAT erm41
2013) (Shallom | R- GACTTCCCCGCACCGATTCC
et al., 2015)

P10 (Macheras et F-GGCAAGGTCACCCCGAAGGG rpoB
al., 2009) R- AGCGGCTGCTGGGTGATCATC
(Matsumoto et
al., 2012)

P11 (Shallom et al., | F-GAGCATGGGCATATTCATGATGG erm41
2015) R-TGAGCGAACACCGGATTCG

P12 (Shallom et al., | F- AGCGAAATTCCTTGTCGGGT 23S rRNA
2015) R- CTGCTTCACAGTCTCCCACC
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P13 (Choi et al., F- GAACACCTCAACCGCAGTG VNTR
2011) R- CATTAGCGCGATAGGCTCAC loci

P14 (Choi et al., F- CCTCGAGCCCAAGATCTGTC VNTR
2011) R- ATACCGGGATACGCCAAGAT loci

2.1.2 In silico Analysis of Primer Sets

The in silico analysis was done to evaluate the suitability of the selected primers using
computational analysis. To achieve this, Integrated DNA Technologies Oligo Analyzer (IDT)
(Integrated DNA Technologies) and NCBI Primer-BLAST (Ye et al., 2012) were used to
confirm specificity, ensuring that the selected primers did not align with non-target species.
The Blast analysis was done, including three subspecies of MABC (Maa, Mam, and Mab),
other Mycobacterium species such as Mycobacterium avium, Mycobacterium intracellulare,
Mycobacterium chelonae and Mycobacterium kansasii, other common NTM pathogens
including Pseudomonas aeruginosa, Burkholderia cepacia, Haemophilus influenzae,

Staphylococcus aureus, and Human DNA.

In silico analysis was done by IDT and Oligo analyzer to assess various primer properties,
including melting temperature (Tm), ensuring that each primer has a Tm within the optimal
range of 55-65°C for qPCR. Secondary structures were analysed to check for potential hairpin
formations and self-dimers, with primers having a AG > -3 kcal/mol being avoided.
Additionally, homo- and heterodimer formation has been examined, ensuring that the AG > -7
kcal/mol to minimize non-specific amplification. Based on the in silico analysis, selection
criteria, including minimal secondary structure and high specificity, were applied to filter out
less suitable primers. The most promising primer sets had been recorded and ranked for further

experimental validation.

2.1.3 Selection and Validation of Primer Sets

Use a Decision Tree (Figure 2.1) to guide the selection process based on Tm, specificity, dimer
formation, and prior analysis. This structured approach identified six primer sets as the most
suitable candidate for further wet laboratory analysis. These selected primer sets were then

ordered from Thermo Fisher Scientific to proceed with experimental testing.
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[__Primer length between 18-25 bases

|  Melting temperature between 55-65°C |

Secondary structure stability (hairpin structures with AG higher than -3 kcal/mol are unstable)

Homo/heterodimers stability (AG value higher than -7 kcal/mol are unstable) |

| The primer present in all three sub-species
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$

The primer Absent in other common Pathogens( Pseudomonas aeruginosa, Streptococcus aureus,
Burkholderia cepacian complex, Haemophillus influenzae)

The primer is Absent in other Mycobacteria spp. (Mycobacterium avium complex, Mycobacterium
intracellulare, Mycobacterium chelonae)

—

o ©

Figure 2.1- Decision tree for Primer selection based on melting temperature, Specificity,
and dimer formation.
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2.2 Specificity and Sensitivity Testing for the Selected Primer Sets

2.2.1 Specificity testing for selected Primers.

For specificity testing, target and non-target species bacterial DNA was acquired to test the
performance of the selected primers in detecting MABC without cross-reactivity. The target
bacterial strains were Maa, Mab, Mam, other non-tuberculous mycobacteria (NTM) were M.
avium, M. intracellulare, M. chelonae, M. kansasii, and other common respiratory pathogens
such as Pseudomonas aeruginosa, Burkholderia cepacia, Haemophilus influenzae,
Staphylococcus aureus, and human genomic DNA. A 10-fold serial dilution was made for each
of the bacterial strains for testing specificity with three dilution points being prepared to test
primer performance at various concentrations of DNA. Each of the six selected primers was
tested individually in qPCR runs to provide exact identification of MABC. The primer sets
used, along with the corresponding PCR conditions, are provided in Table 2.2. The detailed

PCR procedure followed for the analysis is here,

PCR conditions for detecting MABC using SYBR Green assay.

The qPCR assay detecting MABC was performed using the SYBR Green assay. Each reaction
contained 0.7ul of each Primer (10mM), lul of DNA template, and 15.1ul of nuclease-free
water, and 2X Platinum SYBR Green qPCR Master Mix (Applied Biosystems) and the
appropriate volume of water was added to a 35uL total reaction volume. Quantitative RT-PCR
was performed on three technical replicates, at 10 pL reaction volume per replicate, on a Quant
Studio 6 Flex Real-Time PCR system (Applied Biosystems, Carlsbad, USA). Cycling

conditions for SYBR Green qPCR assays for each primer set are presented in Table 2.2.
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Table 2.2- Cycling Conditions for SYBR Green qPCR Assays of selected six Primer sets.

Primer Forward Primer (5' - 3") Initial Cycles | Denaturation | Anneali | Extension
Set Reverse Primer (5' - 3") Denaturatio ng
n

Primer GGTAGCTCTTCCAGCCGAAT | 95°C for 10 | 35 95°C for 1 55°Cfor | 72°Cfor 1
Set1 CAGCACGCAAAGGTACGAC | min min 1 min min
Primer GTCACCGCAGAAATCGAGTC | 95°C for 10 | 35 95°C for 1 55°Cfor | 72°Cfor 1
Set 2 GGGGTGGTTGACGTGTTC min min 1 min min
Primer GAAGGAATCTCGTGGCTGA | 95°C for 2 35 94°C for30s | 60°C for | 72°C for 2
Set 3 ATAC min 30s min

AGTCGGCCTTGACGTTCTTG

TAC
Primer | ACCAACGATGGTGTGTCCAT | 94°C for 1 45 94°C for 1 60°C for | 72°C for 1
Set 4 CTTGTCGAACCGCATACCCT | min min 1 min min
Primer GGAGTTCGTTGTGGATCTGG | 95°C 47 95°Cfor 5 s 60°C for | 60°C for
Set 5 AAACCGTGAACGAAGGTGT | for 7 min 40s 40s

C
Primer GCGAAATTGCACTACGAGTA | 95°C for 20 | 40 95°Cfor 10s | 60°C for | 72°C for
Set 6 AAG s 30s 30s

CCTATCCTACACAAACCGAA

CcC

2.2.2 Sensitivity Testing for the Selected Primers.

Two of the primer pairs had optimal amplicon size and high specificity for all three

Mycobacterium abscessus subspecies. Based on this finding, the primer pairs were selected for

sensitivity testing. To carry out the sensitivity testing, the concentration of bacterial DNA used

in the reaction was quantified so that the number of copies of the DNA within each reaction

was calculated with precision. This quantification was essential for determining the detection

limits of the primers being selected. To measure the concentration of the DNA, the samples

were quantified using Qubit fluorometric quantification to yield accurate and reliable

concentrations of the DNA. A step-by-step procedure for the Qubit assay is detailed below,
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Quantification of DNA using Qubit™ Fluorometer

The concentration of DNA was quantified using the Qubit™ 4 Fluorometer (Invitrogen,
Thermo Fisher Scientific) and the Qubit™ dsDNA High Sensitivity Assay Kit (Cat. No.
Q32851), following the manufacturer’s instructions. The Qubit™ Fluorometer was calibrated
before DNA samples were analysed, and a standard curve was prepared to ensure appropriate
quantification. For the standard solutions, 10 pL of the Qubit™ standard solution was placed
in the corresponding tubes, followed by the addition of 190 pL of Qubit™ working solution,
which comprised 189 pL buffer and 1 pL fluorescent dye, to bring the final volume up to 200
uL per tube of standard. For the preparation of samples, 2 pL of each of the samples of DNA
was loaded into individual tubes, to which 198 pL of working solution of Qubit™ containing
197 pL buffer and 1 pL of fluorescent dye were added to achieve a final reaction volume of
200 pL per tube. The tubes were mixed well following the addition of the reagents by vortexing
at high speed for 3—5 seconds. The samples were allowed to stand at room temperature for 2
minutes to allow sufficient time for interaction between the reagent and the DNA. Following
the incubation, the Qubit™ Fluorometer was used to read the standards and samples according

to the manufacturer's protocol.

2.2.3 Calculation of copy numbers in the samples.

To determine the number of DNA copies, present in each qPCR reaction, the DNA

concentration was converted into copy numbers using the formula.

Copies DNA concentration (%) x6.022x1023

uL (Genome size(bp)x1x10°x650

6.022x1023 = Avagadro’s Number (molecules/mol)
650 = Average molecular weight of one base pair (g/mol)
10°~Conversion from ng to g

Genome size = in base pairs (bp)

The genome sizes of the organisms used in the study were obtained from published literature

and are listed in Table 2.3 below.
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Table 2.3- Genome size of selected Mycobacterium species and their references

Organism Genome size | Reference

Mycobacterium abscessus abscessus 5090491bp (Cho et al., 2013)
Mycobacterium abscessus massiliense 4969787bp (Cho et al., 2013)
Mycobacterium abscessus bolletii 5048007bp (Cho et al., 2013)
Mycobacterium avium 4956929 bp (Goethe et al., 2020)
Mycobacterium intracellulare 5402402 bp (Kim et al., 2012)
Mycobacterium chelonae 5029817 bp (Jaen-Luchoro et al., 2016)
Mycobacterium kansasii 6629039 bp (Panda et al., 2017)

This approach allowed for precise standardization of input DNA in downstream sensitivity and

specificity assays.

2.2.4 Creating the Standard Curve

Following this process, two primer sets were confirmed for sensitivity. Bacterial DNA copies
per microliter were calculated by converting the concentration in ng/uL measured by Qubit
fluorometric quantitation. A 10-fold serial dilution series was prepared for each sample,
diluting the DNA concentration down to approximately one copy per microliter. gPCR assays
were run with these dilutions to generate standard curves for each of the three subspecies of
MABC. Comparison of the sensitivity of each of the primer pairs was achieved using qPCR
with the generation of each primer's standard curve for determination of the linearity and
quantification of the target at low concentrations of DNA. In addition to this, the qPCR assay

efficiency was also determined for each of the bacterial strains.

2.2.5 Efficiency Calculation

To quantify qPCR performance for detection of various bacterial species, efficiencies were
calculated for every assay based on the slope of standard curves produced by serial dilution of
DNA templates. PCR efficiency served as an indicator of amplification performance, and an
ideal 100% efficiency represented a target DNA doubling per cycle. Efficiency was calculated
using the formula (Ruijter et al., 2021).

Efficiency (%) = (10 -"/slore —1) x100

2.3 Fragmented sample analysis

2.3.1 Fragmentation of DNA.

cfDNA, which under normal circumstances consists of fragmented DNA ranging between 75

and 220 base pairs, intact bacterial DNA was fragmented enzymatically to create a fragmented
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DNA sample in all three subspecies of MABC. Controlled fragmentation was attained through
the xGen IDT Library Preparation method that fostered uniformity and reproducibility of the
fragment sizes. Fragmentation was performed using the xGen™ cfDNA & FFPE DNA Library
Prep Kit (Integrated DNA Technologies, Cat. No. 10009861). The protocol for this
fragmentation is outlined stepwise in below. Following fragmentation, the DNA was cleaned
up to remove any remaining unwanted enzymes and reaction by-products to attain purity of the
fragmented DNA. The cleaned fragmented DNA was aliquoted and stored at -20°C for further

analysis.

DNA Fragmentation and Purification Procedure

In the preparation of the DNA samples, 1uL of each of the three MABC (Maa, Mab, Mam)
were mixed with 19uL of EDTA TE buffer. This process was repeated twice to have two sets
of each of the subspecies, resulting in a total of six prepared samples. The thermal cycler was
set with the Enzymatic Prep program, and the lid temperature was set at 70°C. The enzymatic
fragmentation reaction at 32°C lasted 22 minutes, followed by inactivation at 65°C for 30
minutes. The samples were then stored at 4°C to be further processed. Fragmentation times
might be varied across lots of reagents, so optimization was performed by referring to the
Certificate of Analysis (CoA) before proceeding.

Following the fragmentation, the Enzymatic Prep Master Mix was prepared by adding 3.0uL
of Buffer K1, 1.5uL of Reagent K2, and 6.0pL of Enzyme K3 for a final reaction volume of
10.5puL per sample. The master mix was mixed well using a pipette, centrifuged briefly, and
placed on ice until use. For full fragmentation, 10.5uL of the Enzymatic Prep Master Mix was
added to each of the DNA samples in the 96-well plate for a total reaction volume of 30 pL per
well. The samples were mixed 15 times using a pipette, centrifuged briefly, and then loaded
directly into the cold thermal cycler to run the 32°C fragmentation step. The samples of DNA
were then treated with magnetic bead clean-up following enzymatic fragmentation. The
magnetic beads were first brought to room temperature, and 80% ethanol was freshly prepared.
The beads were homogenized by vertexing, and 48yl magnetic beads (bead-to-sample ratio
0.8:1) per well were added. The samples were then mixed by pipetting 10 times, with pipette
tips being replaced between samples. The plate was then left at room temperature for 5 minutes,
before being placed on a magnetic stand for 2 minutes to allow separation of beads and
supernatant. Once the supernatant had clarified, it was carefully discarded.

The beads were then twice washed with freshly prepared 80% ethanol to remove impurities

efficiently. For each wash, 180uL of ethanol was added, the plate was left to incubate for 30
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seconds, then the supernatant was removed carefully. Excess ethanol was removed with a P20
multichannel pipette. Following ethanol removal, the magnetic stand was removed, and 23uL
of low EDTA TE was added to each well. The samples were pipette-mixed 10 times, tips being
changed between samples. After 2 minutes of room temperature incubation, the plate was
returned to the magnetic stand for 2 minutes to settle the supernatant. Finally, 20puL of purified
DNA was transferred carefully to a tube and mixed. The fragmented DNA samples were then

stored at -20°C to be processed further.

2.3.2 Assessment of fragmented DNA size distribution

To confirm whether the fragmented DNA was within the 100 bp to 220 bp range, the
Bioanalyzer procedure was carried out following the Agilent 2100 Bioanalyzer System with
the High Sensitivity DNA Kit (Agilent Technologies). The protocol was followed by one of
our lab members with sample from other projects. The distribution of the fragment size was
then confirmed using the Bioanalyzer by conducting electropherogram graphs, showing the
successful fragmentation of Maa DNA. This was a quality check to see whether the DNA
fragments were of the appropriate size for downstream applications.

Agilent High Sensitive DNA Kit Procedure

Preparing the Gel-Dye Mix

The High Sensitivity DNA gel matrix and dye concentrate were equilibrated to room
temperature for 30 minutes before use. The dye concentrate was centrifuged briefly and then
vortexed for 10 seconds to make it homogeneous. Then, 15uL of dye concentrate was
transferred to a vial of high-sensitivity DNA gel matrix and mixed thoroughly for 10 seconds.
The mixture of gel and dye was then loaded into a spin filter and centrifuged for 10 minutes at
2240 g and stored in darkness at 4°C until used.

Loading the Bioanalyzer chip

The High Sensitivity DNA chip was removed from a sealed pouch and placed on a priming
station for chips. 9.0uL of gel-dye mixture was placed in the respective well on the chip. The
priming station plunger was pressed for 60 seconds and then released. After a waiting time of
a further 5 seconds, the plunger was slowly withdrawn to 1mL. Another 9.0uL of gel-dye
mixture was placed in individual wells on the chip.

Loading the Marker, Ladder, and samples

After that, SpL of High Sensitivity DNA marker was pipetted into each of the ladder and
sample wells. 1uL. of High Sensitivity DNA ladder was added to the ladder well and 1uL of

each of the DNA samples was pipetted into separate sample wells. If there were any unused
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wells, they were filled with 1pL of marker to test for chip functionality. The chip was then
placed horizontally into the IKA vortex mixer and was vortexed for 60 seconds with a speed
of 2400 rpm to evenly distribute the sample.

Running the Bioanalyzer Assay and Clean-up

The Agilent 2100 Bioanalyzer was configured by correctly inserting the electrode cartridge
and placing the chip selector in position (1). The prepared chip was correctly inserted into the
Bioanalyzer receptacle and closed with a light touch to prevent electrode breakage. The Expert
Software 2100 was opened, and the right High Sensitivity DNA assay was selected. The file
prefix and storage place were set, and sample details were entered into the sample table. The
chip run was initiated by selecting the "Start" button and real-time acquisition was activated.
After completion of the run, the used chip was removed and discarded in accordance with

laboratory safety guidelines.

2.3.3 Quantification and standard curve generation for fragmented DNA

The concentration of fragmented DNA was measured using Qubit fluorometric quantitation,
and copies per microliter were calculated for each sample. A 10-fold serial dilution series was
created from fragmented DNA samples of all three subspecies of the MABC. The diluted
samples were run using qPCR, and a standard curve was established to calculate the
amplification efficiency and sensitivity of the assay for fragmented DNA. This approach
offered accurate quantitation and confident detection of MABC DNA fragments at various

concentrations.

2.3.4 Comparison of fragmented and unfragmented DNA Standard curves

Standard curves of fragmented and unfragmented DNA were compared to analyse variations
in PCR efficiency, limit of detection (LOD), and slope for three subspecies of the MABC. PCR
efficiency was calculated by the slope of the standard curves, and the limit of detection was
determined by ascertaining the minimum concentration of DNA that could still be amplified
consistently. Differences in amplification performance between fragmented and unfragmented
DNA were compared to ascertain the impact of DNA fragmentation on qPCR sensitivity and

quantitation accuracy.

2.3.5 Reproducibility testing

To evaluate the reproducibility of the qPCR assay using Primer set 6, intra- and inter-assay
variability were assessed. For intra-assay testing, three technical replicates of each DNA

concentration point were amplified within the same qPCR run. For the inter-assay testing, the
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sample dilution series was amplified across three different runs on different days using identical
reagents and a qPCR machine. Ct values were recorded for each replicate and the mean,
standard deviation, and Coefficient of variation (CV%) were calculated to assess the

reproducibility.

2.4 Fragmented MABC spiked mock plasma sample analysis.

2.4.1 Cell-free DNA extraction

To determine assay performance in controlled circumstances, mock plasma specimens were
created through spiking fragmented bacterial DNA into healthy donor plasma. A healthy
volunteer's whole blood was taken in EDTA-containing tubes and centrifuged at 2,000 x g for
10 minutes at 4°C to obtain plasma. Supernatant from the plasma was aliquoted into clean tubes
and again centrifuged at 16,000 x g for 10 minutes at 4°C to eliminate residual cellular debris.
Although the original study title referred to the use of serum, EDTA-treated whole blood was
selected for plasma extraction in alignment with established best practices for cfDNA isolation.
EDTA tubes are preferred due to their ability to minimise genomic DNA contamination and
preserve short cfDNA fragments, which are critical for downstream molecular analysis. This
approach is also consistent with prior Pseudomonas aeruginosa cfDNA studies (Long et al.,
2023), further supporting its applicability.

The genomic DNA of Mycobacterium abscessus abscessus (Maa), M. abscessus massiliense
(Mam), and M. abscessus bolletii (Mab) was fragmented (Method 2.3) and quantified using
Qubit separately (Method 2.2). Separate aliquots of processed healthy plasma were each
spiked individually with known quantities of each DNA fragment sample to prepare mock
samples for each of the bacterial subspecies. The concentrations of the spiked DNA and the
sampling strategy used for preparing mock plasma samples are detailed in Table 2.4 and
visually represented in Figure 2.2.

cfDNA was isolated from spiked plasma using the MagMAX™ Cell-Free DNA Isolation Kit
(Thermo Fisher Scientific, Cat. No. A29319) according to the manufacturer's manual protocol

described below.
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Cell-free DNA Extraction

Figure 2.2 - Schematic workflow illustrating the preparation of mock plasma samples for
cell-free DNA (cfDNA) analysis. Whole blood from a healthy donor was collected in EDTA
tubes and centrifuged to isolate plasma. The plasma was aliquoted and spiked with fragmented
genomic DNA from three Mycobacterium abscessus complex subspecies, M. abscessus subsp.
abscessus (Maa), M. abscessus subsp. bolletii (Mab), and M. abscessus subsp. massiliense
(Mam) at varying concentrations. Water-spiked plasma served as the negative control (Maw).
Samples (e.g., Maal0, Maal, Mab10, Mabl, Mam10, Mam1) were subsequently subjected to
cfDNA extraction using the Mag MAX™ Cell-Free DNA Isolation Kit to evaluate assay
performance under controlled conditions.

29



Table 2.4 - Concentrations of fragmented genomic DNA spiked into mock plasma
samples for cfDNA analysis.

Sample name Concentration of the spiked
DNA

Water 0

MaalO 5.87ng/ul

Mab10 5.18ng/ul

Mam10 5.45 ng/ul

Maal 0.587 ng/ul

Mabl 0.518ng/ul

Maml1 0.545 ng/ul

Mag MAX Cell-Free DNA Extraction Kit Procedure

Binding solution and bead mix preparation

I mL of serum was mixed with 1.25 mL of Mag MAX Cell-Free DNA Lysis/Binding Solution
and 15 pL of MagMAX Magnetic Beads to prepare 1x binding solution/bead mix. This mixture
was added to the sample of serum and mixed well by inversion or swirling. In an effort to bind
DNA as maximally as possible to magnetic beads, the mixture was subjected to rigorous
vortexing for 10 minutes in a vortex adapter or microplate shaker at setting 7 or greater.

Bead separation and initial washing.

The tubes were left for about 5 minutes on a Dyna Mag 96 side™ magnet until the solution
cleared and magnetic beads were pelleted. The supernatant was removed gently using the
pipette and tubes were left for another minute on the magnet to eliminate the remaining liquid.
Beads were resuspended in 1 mL of Mag MAX™ Cell-Free DNA Wash Solution and moved
into non-stick 1.5 mL microcentrifuge tubes. Original bind tubes were saved for washing.

The tubes were returned to the magnet for 20 seconds following transferring and were used to
rinse the original lysis/binding tube using supernatant. Leftover beads were combined in the
new tube. Tubes were again held in position for 2 minutes using the magnet prior to removal
of the supernatant. Beads were washed using 1 mL of 80% ethanol, and 30 seconds of vortexing
was followed by 2 minutes of magnet separation. Ethanol was removed, and beads were air-

dried for 3—5 minutes.
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Elution and rebinding

Beads were resuspended in 400 puL of 0.1x TAE buffer and mixed by vortex for 5 minutes.
Tubes were left to incubate on the magnet until the solution cleared. The supernatant eluate
containing eluted cfDNA was pipetted into new microcentrifuge tubes. To increase yield, 5—
10 uL of Mag MAX™ Magnetic Beads and 500 pL Lysis/Binding Solution were added to
eluate. Mixture was shaken for 5 minutes for rebinding of cfDNA onto beads.

The tubes were then magnetically separated for 5 minutes, and the supernatant was removed.
Beads were washed using 1 mL of Wash Solution and were separated on the magnet. Two
successive ethanol washes using 1 mL of 80% ethanol each were done after removing the
supernatant. Tubes were gently tapped 5 times against the bench to release any residual liquid,
and ethanol was removed using a 200 pL pipette. Beads were air-dried in the magnet for 3—5
minutes.

Final elution of purified cfDNA

15 pL of the Mag MAX™ Elution Solution was used to elute the final purified cfDNA for each
sample, after which they were subjected to 5 minutes of vortexing. Subsequently, 2 minutes'
incubation of the tubes in the magnet was followed by collecting and transferring the clear
supernatant with the cfDNA to a new microcentrifuge tube. The DNA can be used immediately,

or at 4°C for 24hour storage or —20°C for long-term storage.

2.4.2 PCR amplification of the extracted DNA

Following the extraction Maal0, Mab10, and Mam10 samples cell-free DNA (cfDNA) was
isolated using the MAG MAX™ cell-free DNA isolation kit. The purified DNA samples were
subjected to qPCR analysis using the Primer set 6. DNA extracted from each sample was
serially diluted to generate a standard curve for each target. These dilutions were used to assess

amplification performance and calculate the qPCR efficiency.

2.5 CRISPR gRNA Design for MABC c¢fDNA Detection

2.5.1 Primers and Target Sequence Selection

To initiate CRISPR detection of Mycobacterium abscessus cfDNA, a conserved genomic
region was identified. 23S rRNA gene-targeted primers (Primer set 6) were selected based on
earlier validations of qPCR assays. These primers were applied to amplify a targeted genomic
fragment, and the obtained sequence was recovered by aligning against the M. abscessus

reference genome using NCBI GenBank. The amplified gene target is shown in the (Figure
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3.10) This sequence was chosen to be used in the downstream design of CRISPR guide RNA
(gRNA).

2.5.2 Guided RNAs design using CRISPOR.
The identified target sequence was entered into the CRISPOR web tool (crispor.tefor.net) to

find candidate gRNAs. CRISPOR website has a scoring system, scores these derived gRNAs
based on a range of efficiency metrics, such as the Doench 2016 score, Moreno-Mateos score,
and updated Doench Ruleset 3 model. Specificity scores, such as the MIT Specificity Score
and Cutting Frequency Determination (CFD) Score, were also assessed. Besides efficiency and
specificity, CRISPOR also identifies the restriction enzyme site data were checked to help
guide subsequent cloning and validation steps. Candidate gRNAs scoring high efficiency, high
specificity, and low predicted off-target activity were shortlisted (Appendix 1) to undergo

further analysis.

2.5.3 Off-Target Analysis
After selecting the top-ranked gRNAs based on efficiency and specificity scores, gRNAs were

analysed their potential off-target activity in the human genome. Off-target interactions of the
candidate gRNAs were predicted against the human genome by using CRISPOR (Appendix
2). Potential predicted off-targets were assessed using a measure of up to four mismatches in
sequences. Only gRNAs that showed zero significant off-target cleavage activities in the
human genome were chosen to proceed to further validation. It was essential to do this to avoid
non-specificity of the assay as well as to ensure clinical safety when using human plasma
samples.

For further confirmation of the specificity and efficiency of the shortlisted guide RNAs, a
separate analysis was conducted using CHOPCHOP, a different CRISPR design website
(Appendix 3). The highest performing guide RNA candidate,
AGATGCTCGTTACGCGCGGCAGGQG, was identified, having no predicted off-target binding
sites in the human genome. The same target sequence was also searched using a nucleotide
BLAST (blastn) against the Homo sapiens genome database through NCBI (Appendix 4). The
cross-verification activity confirmed that the guide RNA target selected was not significantly

aligned to human DNA, ensuring specificity of assay.

2.5.4 Final guided RNA selection
Based on accumulated evidence from CRISPOR, CHOPCHOP, and NCBI BLAST analysis, a

guide RNA sequence, AGATGCTCGTTACGCGCGGCAGG, was finalized to be applied in
further development of CRISPR-Casl2a assays. The gRNA was highly efficient, highly
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specific, and free from anticipated human off-target impacts, hence a prime candidate to be

used to identify M. abscessus cfDNA in plasma in patients with cystic fibrosis.
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Chapter Three: Results

This chapter describes the experimental results of the study on the molecular detection of
Mycobacterium abscessus complex (MABC) by using quantitative PCR (QPCR) and CRISPR-
Cas technologies. The results are structured sequentially according to the experimental

workflow set in the methodology.

3.1 Primer selection and in silico analysis of primer sets

Primer selection and in silico validation were performed by assessing the thermodynamic
stability, structural integrity, and species specificity of 14 different primer sets selected from

the literature (Table 2.1).

Table 3.1 In silico evaluation of primer sets for MABC complex detection. ""AG" values
represent Gibbs free energy, where less negative values. Yes = meets criterion; No = fails

criterion.
Primer Primer length | Melting Temperature | Hair pin Homo Hetero
Number (18-25bp) Temp mismatch structures AG | dimers AG = | dimers AG
between less than 2°C | == -3 kecal > -7 keal =2>-Tkcal
55-65°C | difference mol! mol! mol!
in both
primers
P1 Yes Yes Yes No No No
P2 Yes Yes Yes No No No
P3 Yes Yes Yes No No No
P4 Yes Yes Yes No No No
P5 Yes Yes Yes No No No
P6 Yes Yes Yes No No No
P7 Yes No Yes Yes No Yes
P8 Yes No Yes No No Yes
P9 Yes Yes Yes No No Yes
P10 Yes Yes Yes No No Yes
P11 Yes Yes Yes No No No
P12 Yes Yes No No No No
P13 Yes Yes Yes No No No
P14 Yes Yes Yes No No No

The thermodynamic and structural assessments of the 14 primer pairs are presented in Table
3.1. All primers satisfied basic design requirement of suitable length (18-25 bp) however,

except for primers 7 an 8, all the other primers melting temperatures within the optimal gPCR
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temperature (55—65°C). Except for Primer 12, in which demonstrated a melting temperature
(Tm) mismatch of over 2°C between the forward and reverse primers; all other primer pairs
showed compatible Tm values. Furthermore, the majority of primer sets showed no significant
potential for hairpin structures or homo-dimer formation (AG > -3 kcal mol™ and > -7 kcal
mol ™, respectively), and minimal risk of hetero-dimer formation (AG > -7 kcal mol™). The
hetero-dimer structure was detected in Primers 7, 8, 9 and 10 due to AG values of less than —7
kcal/mol, indicating probable primer-primer interaction. Based on this assessment, Primers 1,
2,3,4,56, 11, 13 and 14 were found to be structurally stable and eligible for further

experimental validation.

Table 3.2 In silico analysis of selected Primer sets against target and non-target
organisms using NCBI primer BLAST.

Staphylococcus aureus
Pseudomonas aeruginosa
Mycobacterium avium complex
Burkholderia cepacia
Haemophilus influenzae
Mycobacterium intracellular
Mycobacterium chelonae
Escherichia coli
Mycobacterium kansasii

Human
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Results of in silico specificity analysis performed using NCBI Primer-BLAST for all 14 primer
sets (indicated by a checkmark "v" for a match and an " X" for no significant match) (Table
3.2). All primer sets aligned to MABC, validating their application as able to detect the targeted
organism. However, non-target organisms were found to have different degrees of cross-
reactivity. Primer sets 7 and 12 exhibited amplifications with human DNA, indicating potential
cross-reactivity and reduced specificity for MABC detection. Conversely, primer sets 2, 5, 7,
8,9,10, 11, 12 and 14 displayed sequence alignment with several non-target speciesas such as
Pseudomonas aeruginosa and Burkholderia cepacia and Haemophilus influenzae suggesting
risk for false positives. Additionally, none of the primer sets showed alignment or amplification
with Staphylococcus aureus or Escherichia coli, indicating high specificity against these non-
target bacterial species. These observations were used in choosing the best specific and
achievable primers for further validation experiments.

Integrating primer thermodynamic assessment, structural assessment, and specificity, the six
best primer-pairing possibilities were ranked using the decision tree criteria described in the
Figure 2.1. The six primer sets listed in Table 3.3 were subsequently subjected to laboratory-

based validation to further assess their performance and specificity.

3.2 Primers selected for wet Laboratory analysis.

Table 3.3 Selected primer sets for qPCR detection of MABC based on the In silico

analysis.

Primer set Number | Forward Primer (5' - 3') Gene Amplicon

for the wet Reverse Primer (5' - 3') suze

laboratory test

1 F-GGTAGCTCTTCCAGCCGAAT 23S 909bp
R-CAGCACGCAAAGGTACGAC rRNA

2 F-GTCACCGCAGAAATCGAGTC 23S 182bp
R-GGGGTGGTTGACGTGTTC rRNA

3 F-GAAGGAATCTCGTGGCTGAATAC | sodA 540bp
R-AGTCGGCCTTGACGTTCTTGTAC

4 F-ACCAACGATGGTGTGTCCAT hsp65 440bp
R-CTTGTCGAACCGCATACCCT

5 F-GGAGTTCGTTGTGGATCTGGR- erm41 124bp
AAACCGTGAACGAAGGTGTC

6 F-GCGAAATTGCACTACGAGTAAAG | 23S 111bp
R-CCTATCCTACACAAACCGAACC | rRNA
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The six primer sets target genes identified as conserved or diagnostic within the MABC species,
such as 23S rRNA, sodA, hsp65, and erm41. The amplicon sizes ranges from 111 bp to 909
bp. Primer sets 2, 5, and 6 produce short amplicons and are well suited for the detection of
cfDNA. These primers were subsequently tested in the laboratory for specificity and sensitivity

using genomic DNA.
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3.3 Specificity testing results of the selected primers
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Figure 3.1 - Amplification curves of QPCR assays for selected Primer sets against Positive control,
Mycobacterium avium Complex and Negative control. This figure presents qPCR amplification plots
obtained for each selected primer set tested against M. abscessus abscessus positive control (left column),
M. avium complex (middle column), and no template negative control (right column). Each raw corresponds
to a different primer set. ARn (delta Rn) refers to the magnitude of normalized fluorescence signal after
baseline correction. The X-axis shows qPCR cycle number, and the Y-axis indicates fluorescence intensity.
Positive amplification is observed in the M. abscessus abscessus sample, while no amplification was detected
in negative controls. M. avium complex was included among the tested organisms and demonstrated selective
amplification, showing positive results with some primer sets while exhibiting no amplification with others,
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Figure 3.2 - Melt curves of qPCR assays for selected Primer sets against Positive
control, Mycobacterium avium Complex and Negative control. The melt curve profiles
displayed above demonstrate the six primer sets in Mycobacterium abscessus abscessus,
Mycobacterium avium complex, and negative control samples. Each row represents results
for one primer set, with corresponding melt curve profiles for the corresponding organisms.

Table 3.4 specificity results for the six selected Primer sets against target and non-target

bacterial DNA.

Organism Primer | Primer Primer Primer Primer | Primer

Set 1 Set 2 Set 3 Set 4 Set 5 Set 6
M. abscessus </ </ V/ v v v
abscessus
M. abscessus v v v v v v
massiliense
M. abscessus bolletii | V/ v v v v
Staphylococcus X X X X X X
aureus
Pseudomonas X X X X X X
aeruginosa
Mpycobacterium X X v v X v
avium complex
Haemophilus X X X X X X
influenzae
M. intracellulare X X V4 v X v
Mycobacterium X X V4 v v v
chelonae
M. kansasii X X v v X v
E. coli X X X X X X

All six primer pairs successfully amplified DNA from the three targeted subspecies of MABC
(M. abscessus subsp. abscessus, massiliense, and bolletii), demonstrating that the primers are
capable of detecting MABC members. In contrast, no amplifications were found for non-
related respiratory pathogens (Staphylococcus aureus, Pseudomonas aeruginosa, Haemophilus
influenzae, and E. coli), which shows high specificity. Some cross-reactivity did occur with
closely related non-tuberculous mycobacteria (NTMs), specifically with Primer Sets 3, 4, and
6, which did amplify Mycobacterium avium complex, M. intracellulare, M. chelonae, and M.
kansasii. Primer Sets 1 and 2 showed the highest specificity, with no cross- reactivity observed

against non-target organisms. Even though, Primer Sets 1 and 2 demonstrated the greatest
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specificity, Primer Set 1 was not chosen because of its large amplicon size (909 bp), which is
not ideal for detecting cell-free DNA fragments (usually 100-200 bp).

In addition, Primer Set 2 contained two melting peaks (Figure 3.2, Primer 2) within its melt
curve profile, suggesting possible non-specific amplification. Thus, Primer Set 6, with an ideal
amplicon size (111 bp), high specificity for all NTM species, and a clean melt curve profile,
was chosen as the best candidate for further sensitivity trials. Table 3.4 summarises the
specificity testing results of six selected qPCR primer sets against DNA from both target and
non-target organisms. A check mark (V) indicates positive amplification, while a cross (X)
indicates failure to amplify.

Although the general reactivity of Primer Set 6 with several NTM species across several
different species justifies the general utility for screening, its lack of strict specificity
necessitates further refinements for target detection of MABC complex members. As a solution
to this, the CRISPR-based improvement is to add a gRNA tailored to the 23S rRNA region that
is amplified with Primer Set 6. The CRISPR-Cas12a system has the goal of enhancing the
specificity of the assay to turn on fluorescence solely in the presence of MABC DNA to limit

cross-reaction against non-MABC mycobacteria.

3.4 Sensitivity testing for the selected Primers.
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Figure 3.3 - Standard curve for seven organisms generated using primer set 6. Each graph
shows the association of quantitation cycle (Ct value) with the log of copy number for target
DNA, reflecting the amplification linearity and efficacy of the qPCR assay. Tested organisms
include (A). M. abscessus abscessus (Maa), (B). M. abscessus massiliense (Mam), (C). M.
abscessus bolletii (Mab), (D). M. avium complex (Mav), (E). M. intracellulare (Mai), (F). M.
chelonae (Mac), (G). M. kansasii (Mak) and (H). all standard curves combine panel. All
standard curves have high R? values (>0.99), reflecting good amplification linearity in the
dilution series. The combined panel shows overlayed standard curves for visual relative
comparison of performances among species.

The results in Figure 3.3 present the sensitivity of the selected primer set 6 by constructing
standard curves for DNA from seven different bacterial organisms, three subspecies of MABC
including Maa, Mab, Mam and four non-target species Mac, Mai, Mav, Mak. Each standard
curve showed a strong linear correlation between the Ct value and the log of the DNA copy

number, with R? values above 0.99 for all organisms, indicating excellent qPCR linearity.

3.4.1 Standard curve linearity, efficiency, and limit of detection

The efficiency of the PCR indicates the amplification performance, with an ideal efficiency of
100% reflecting a doubling of the target DNA in each cycle. Efficiency was calculated using
the formula (Ruijter et al., 2021) ( Methods 2.2.5).

Table 3.5 qPCR amplification efficiency and R? values for seven mycobacteria species
using Primer set 6.

Limit of

Detection

Organism R2value Efficiency % Copies/ul
Mpycobacterium abscessus abscessus 0.9969 102.27 0.87
Mycobacterium abscessus massiliense 0.9963 93.04 0.94
Mpycobacterium abscessus bolletii 0.9932 104.11 0.73
Mycobacterium avium 0.9959 118.89 0.95
Mycobacterium intracellulare 0.999 105.74 1.91
Mycobacterium chelonae 0.9976 101.28 0.90
Mycobacterium kansasii 0.998 100.94 4.95

Standard curves (from 10-fold serial dilutions of DNA template) of seven different species of
Mycobacteria showed a linear pattern, with all standard curves having an R? of greater than
0.993 (Table 3.5) indicating strong linearity across all assays.

Notably, Maa, Mab and Mam exhibited robust amplification performance, confirming that

Primer Set 6 is suitable for sensitive detection of all three MABC subspecies. Minimal variation
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in amplification efficiency among species suggests that the assay is reliable for comparative
analysis, even with low template concentrations.

The amplification efficiencies were between 90-110% for six out of seven species tested,
indicating optimal qPCR performance. However, Mycobacterium avium exhibited an
efficiency of 118.89%. However, despite this elevated efficiency, the assay maintained strong
linearity (R*> = 0.9959) for M. avium, suggesting that the observed deviation did not
significantly compromise the standard curve’s overall performance.

The Limit of Detection (LOD) was approximately 1 copy/uL for six of the tested species, while
M. kansasii displayed a higher LOD (4.95 copies/puL), suggesting relatively reduced sensitivity
for this organism. Collectively, the linearity, efficiency and LOD for Primer Set 6 indicate
sufficient sensitivity across the three M. abscessus subspecies, as well as four other NTM

species under the tested conditions.
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3.5 Fragmentation of the DNA for sensitivity testing

3.5.1 Bioanalyzer results
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Figure 3.4 - Bioanalyzer results of fragmented DNA from M. abscessus abscessus (A)
Electrophoresis gel image of the high-sensitive DNA ladder and sample 4, which represents
fragmented DNA from M. abscessus abscessus following enzymatic fragmentation. Distinct
bands indicate the successful fragmentation within the expected size range. (B) The
electropherogram of sample 4 displays the fragment size distribution.

To simulate the physiological properties of circulating cfDNA found in human plasma,
genomic DNA of high molecular weight was enzymatically cleaved. cfDNA is usually shed
into the circulation via apoptotic or necrotic mechanisms and has short fragment sizes with a
distribution skewed towards 75 to 220 base pairs (Snyder et al., 2016). The in vitro production
of cfDNA like fragments was necessary to assess the sensitivity and specificity of the assay in
a model that mimics clinical plasma specimens.

Fragmentation experiments were performed on purified genomic DNA extracted from
three MABC subspecies (Maa, Mam, Mab) to simulate cfDNA characteristics observed in
plasma. Agilent High Sensitivity DNA Bioanalyzer assay was utilized to analyse fragment size
distribution and quality of enzymatically fragmented Mycobacterium abscessus subsp.
abscessus (Maa) DNA. Figure 3.4A presents an electrophoresis Bioanalyzer run gel image,
with sample 4 showing the fragmented Maa DNA. The clear smear between lower and higher
markers is evident and reflects successful fragmentation of genomic DNA as required for cell-
free DNA uses.

Figure 3.4B is an electropherogram for sample 4. The profile is that of a wide size distribution
of DNA fragments, with a major peak at about 298 bp. It is interesting to note that the mean
size distribution over that part of the range (200—1000 bp) sampled was 298.49 bp with a CV%
0f 32.30%. There is a smaller peak at 10380 bp continuing from this, most likely due to residual
high molecular weight DNA that remains unbroken. Most fragments, however, were below
300 bp with a distinct concentration in the 75 —300 bp range.

This outcome indicates that the fragmentation protocol was successful in generating DNA
fragments applicable to downstream qPCR assays, with a special emphasis on targeting short
amplicons like Primer Set 6 (111 bp). The existence of cfDNA-sized fragments in the optimal
detection range improves assay sensitivity and indicates high-quality input to molecular
detection assays. Bioanalyzer assay confirmed that fragmented Maa DNA complies with size
and quality standards for use in cfDNA detection-based applications, confirming that samples

are suitable for further downstream tests.
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3.5.2 Sensitivity testing after fragmentation of DNA.

Mycobacterium abscessus B Mycobacterium abscessus bolletii

Ct 15 20 25 30 35 40

Ct

Figure 3.5 - Amplification Plots of Fragmented DNA from Mycobacterium abscessus
Complex Subspecies Using Primer Set 6. Amplification curves generated by quantitative PCR
(qPCR) following serial dilutions of fragmented DNA from (A) Mycobacterium abscessus
subsp. abscessus (Maa), (B) M. abscessus subsp. bolletii (Mab), and (C) M. abscessus subsp.
massiliense (Mam). Amplification plots of A-C represents 10-fold dilutions while C-J represents
2-fold dilutions. DNA fragmentation was confirmed by Bioanalyzer analysis, and DNA
concentrations were determined by Qubit fluorometric quantitation. Standard curves were
constructed from these data to evaluate assay efficiency, sensitivity, and the dynamic range for
detecting fragmented MABC DNA.
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Figure 3.6 - Standard curves for qPCR detection of MABC before and after DNA
fragmentation. Quantitative PCR standard curves were generated for unfragmented (blue) and
enzymatically fragmented (red) genomic DNA from (A) M. abscessus abscessus (Maa), (B) M.
abscessus bolletti (Mab), and (C) M. abscessus messillense (Mam). Each graph displays the
linear regression of Ct values plotted against the logarithm of DNA copy number. Unfragmented
DNA consistently demonstrated lower Ct values and steeper slopes, indicating higher
amplification. Efficiency and sensitivity compared to fragmented DNA. Panel (D) summarises
the qPCR efficiency and the Limit of Detection (LOD) for each subspecies following
fragmentation.
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The sensitivity of Primer Set 6 to MABC including (Maa, Mab, and Mam) fragmented DNA
was determined using serially diluted enzymatically fragmented genomic DNA. Figure 3.6
shows the qPCR amplification plot of the fragmented DNA, with panels A—C representing 10-
fold dilutions and D—J representing 2-fold dilutions, reflecting uniform amplification within an
extended dynamic range. Fragmentation of the DNA was confirmed using Bioanalyzer analysis

(Figure 3.4) and the quantification of the DNA was determined using the Qubit fluorometry.

Figure 3.6 shows the comparison of standard curves of unfragmented and fragmented DNA.
In all the subspecies shown, the fragmented DNA had greater Ct values and less steep slopes
than unfragmented DNA, reflecting loss of amplification efficiency. This was to be anticipated
because of the random strand breaks in the DNA, which may interfere with the binding of the
primers and decrease the number of target regions available for amplification. Nonetheless, all
standard curves were highly linear (R? > 0.99), which ensured the assay's stability.

As shown in Figure 3.6D, the calculated efficiencies of PCR after the fragmentation were
87.41% for Maa, 88.64% for Mam, and 87.66% for Mab. The corresponding LODs for each
organism were 8.22, 6.95, and 7.31 copies/uL, respectively (Figure 3.6 and Table 3.5). Based
on previous study, cfDNA concentrations in the blood of Mycobacterium tuberculosis affected
patients ranging from 0.74 copies/uL (median) to a mean of 7.20 + 29.15 copies/puL (Huang et
al., 2022). This assay was designed with a target LOD of < 50 copies/pL of extraction to ensure
diagnostic applicability. While fragmentation resulted in a slight decrease in PCR efficiency
compared to unfragmented DNA, all three organisms maintained LODs within the clinically

relevant detection threshold.
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3.6 Reproducibility testing after fragmentation of DNA

3.6.1 Intra assay Reproducibility
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Figure 3.7 - Intra-assay reproducibility of the qPCR assay for Mycobacterium abscessus
subsp. abscessus (Maa) detection using Primer Set 6. (a) CT values from three technical
replicates (CT1, CT2, CT3) plotted against serially diluted DNA concentrations (logl0
copies/uL), demonstrating consistent amplification across a dynamic range. (b) Mean Ct
values with standard deviation error bars for each concentration, illustrating minimal intra-
assay variability at mid-to-high DNA inputs and slightly increased variability at lower inputs.
The coefficient of variation (CV) remained below 3% for both the highest and lowest
concentrations, confirming excellent reproducibility in accordance with (Bustin et al., 2009)
guidelines.

Figure 3.7A and 3.7B collectively show the intra-assay reproducibility of the qPCR assay for
Maa fragment detection with Primer Set 6. Figure 3.7A represents three technical replicates
(CT1, CT2 and CT3) from a serial dilution series that have high concordance, especially for
the middle to higher DNA input concentrations (5.02 to 1.82 logio copies/uL). This close
agreement reflects outstanding precision and consistent amplification proficiency within the
same PCR run. There is only slight variation at the lowest point (1.22 logio copies/uL), where
CT1 deviates slightly (~38 cycles) from CT2 and CT3 (~35 cycles). This is an expected
variance at the detection limit due to the amplification stochastic fluctuations at low abundance
templates.

Figure 3.7B represents these observations by graphing the average CT for each concentration
with error bars for standard deviation. The minimal error for higher concentrations indicates
strong precision and repeatability, with error bars widening incrementally at decreasing
concentrations consistent with the rising fluctuation at the assay’s LOD. Additionally, the

coefficient of variation (CV%) for both the highest and the lowest concentrations was less than
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3%, which is acceptable based on the findings of (Bustin et al., 2009) findings for
reproducibility. Combined, these findings demonstrate that the qPCR assay is highly

reproducible within a run, especially for clinically relevant concentrations of DNA.

3.6.2 Inter assay Reproducibility.
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Figure 3.8 - Inter- run reproducibility of the qPCR assay targeting Mycobacterium
abscessus abscessus using Primer set 6. Standard curves were generated from three
independent qPCR runs using serial dilutions of enzymatically fragmented Maa DNA. Each
panel (A-C) represents the Ct values plotted against the log10 of copy number for Run 1, Run
2, and Run 3, respectively. Panel D shows the overlay of all three runs, highlighting overall
consistency while also revealing increased variability at lower DNA copy numbers. This
variability, indicated by elevated standard deviations and coefficients of variation (CV), reflects
the inherent stochastic fluctuations associated with low template concentrations in qPCR.
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Table 3.6 Inter-run reproducibility statistics for standard curves generated from three
independent qPCR assays.

Measurement Run 1 Run 2 Run 3 Mean SD (O\Y
parameters (%)

Data for the slope | -3.6709 -3.7899 -3.5868 -3.6825 0.102 2.77
of the Standard
Curve

Data for the 19.4912 20.5654 20.413 20.1565 0.5812 2.88
highest copy
number
Data for the 35.0072 36.0574 34.4048 35.4371 0.8363 2.36
lowest copy
number

For evaluation of inter-run reproducibility, three separate qPCR assays were carried out using
serial dilutions of Maa DNA that had been fragmented enzymatically. A standard curve was
produced by each assay (Figure 3.8A—C) and the corresponding linear regression statistics
were analysed. All three control curves exhibited very good linearity with R? > 0.995,
indicating a robust relationship between Ct value and the logarithm of the DNA copy number.
This extent of linearity is reflecting the quantitative accuracy and reproducibility of the assay
over a large dynamic range.

The standard curves had a slope range of —3.5868 to —3.7899, showing high amplification
performance. A further assessment of reproducibility was made using the coefficient of
variation (CV%) for prominent parameters across the runs (Table 3.6). The CV for the standard
curve slope was 2.77%, whereas the CV for the Ct at the highest and the lowest concentrations
of DNA was 2.88% and 2.36%, respectively. These were all well within the acceptable range
of <5% as suggested by the Minimum information for publication of Quantitative real time
PCR Experiment (MIQE) guidelines (Bustin et al., 2009) that establish qPCR standards for
precision and reliability criteria.

Together, these findings establish that the qPCR assay with Primer Set 6 is highly accurate and
consistent across runs and within the runs. The reproducibility results demonstrate that the
assay is suitable for clinical diagnostics, especially for the detection and tracking of MABC

cfDNA within the context of plasma from pwCF.
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Ct value

3.7 Assessment of Primer 6 using serum spiked with fragmented MABC.

To evaluate the practical feasibility of the qPCR assay for the detection of MABC c¢fDNA in
the pwCF mock plasma samples were made by spiking fragmented DNA from Maa, Mab, Mam
into Im aliquots of healthy donor plasma. Fragmented DNA was added at two concentration
levels, high (~5.18-5.87 ng/uL) and low (~0.518-0.587 ng/uL), as outlined in Table 2.4.
Following spiking, cfDNA was isolated with the MagMAX™ Cell-Free DNA Isolation Kit
(Methods 2.4) Extracted cfDNA from each sample was amplified by Primer Set 6, and qPCR

was conducted to construct standard curves and quantify assay performance.
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Figure 3.9 - Standard Curve performance of cfDNA from Mock Plasma samples Spiked
with Fragmented DNA of MABC, comparison with Standard Curves from Fragmented
DNA and Genomic (unfragmented) DNA. Quantitative PCR standard curves were generated
for cell Free DNA (black) unfragmented (blue) and enzymatically fragmented (red) genomic
DNA from (A) M. abscessus abscessus (Maa), (B) M. abscessus bolletti (Mab), and (C)
messillense M. abscessus (Mam). Each graph displays the linear regression of Ct values plotted
against the logarithm of DNA copy number. Unfragmented DNA consistently demonstrated
lower Ct values and steeper slopes, indicating higher amplification. Efficiency and sensitivity
compared to fragmented DNA. Panel (D) summarises the qPCR efficiency and the Limit of
Detection (LOD) for each subspecies following cell free DNA extraction.
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Figure 3.9 shows the comparison of the standard curves generated from cfDNA (black),
enzymatically fragmented genomic DNA (red), and unfragmented genomic DNA (blue) across
the three subspecies of MABC. The Ct values obtained from cfDNA samples were slightly
higher than those from fragmented DNA, indicating a minor reduction in amplification
efficiency likely due to matrix effects and potential loss during extraction. Notably, the cfDNA
curves for Mam and Mab closely aligned with their corresponding fragmented DNA curves,
demonstrating consistent performance. However, Maa exhibited greater deviation compared
with the other two subspecies, with cfDNA samples showing comparatively higher Ct values,
suggesting reduced template availability or more significant extraction-related loss in that
subspecies. The LOD for cfDNA was higher in all organisms compared to fragmented DNA,
reflecting the added challenge of recovering DNA from plasma at lower DNA concentrations.
The efficiency of the cfDNA standard curves varied among the organisms, ranging from 87%
to 101%, further indicating minor subspecies-specific differences in amplification dynamics in

post-extraction.

Table 3.7 Comparison of observed and standard curve predicted Ct values for cfDNA
extracted from mock plasma samples.

Sample Name Copies/ul in reaction Ct value
Maal 70.095 32.95 (33.94)
Maal0 700.95 30.12

Mabl 62.42 33.07 (33.28)
Mab10 624.23 30.54

Maml 66.656 33.63 (33.97)
Mam10 666.56 30.51

Maw 0 Undetermined

Table 3.7 summarise the measured Ct values (Black) obtained directly from qPCR analysis of
mock plasma samples spiked with fragmented MABC DNA, alongside the predicted Ct values
(red) calculated from corresponding standard curves. Samples including high (~5.18-5.87
ng/ul) and low (~0.518-0.587 ng/uL), concentrations for M. abscessus subsp. abscessus
(Maa), M. abscessus subsp. bolletii (Mab), and M. abscessus subsp. massiliense (Mam). The

water sample (Maw) served as a no template control and showed no amplification.
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3.8 CRISPR gRNA design for MABC c¢fDNA detection

MRITXINR Gene Targeted: 23S rRNA (highly conserved in MABC)
Amplicon Size: 111 bp

Primers Used (Primer Set 6):
Forward Primer (5°-3"): GCGAAATTGCACTACGAGTAAAG
Reverse Primer (5°-3’): CCTATCCTACACAAACCGAACC

T Amplified Target Sequence (111 bp region):
GCGAAATTGCACTACGAGTAAAGATGCTCGTTACGCGCGGCAGGACGAAAAGACCCCGGGACCTTCACTAT
AGCTTGGTATTGGCGTTTGGTTCGGTTTGTGTAGGATAGG

’ { Finalized Guide RNA (gRNA) Sequence:
‘ gRNA (5'-3"): AGATGCTCGTTACGCGCGGCAGG

Figure 3.10 -'-CRISPR guided RNA (gRNA) design targeting the 23S rRNA gene of MABC.

While Primer Set 6 exhibited high amplification efficiency for all three subspecies of the
Mycobacterium abscessus complex (Maa, Mam, and Mab), the primer also exhibited cross-
reactivity with several non-target nontuberculous mycobacteria (NTM) species based on the
specificity analysis. Such genomic reactivity, while useful for broad screening, restricts the
diagnostic specificity for MABC detection. To overcome this limitation a CRISPR-Casl2a
detection system was designed as an alternative strategy. The aim of this improvement is to
enhance the specificity of the assay through the inclusion of a gRNA that is specifically
designed to recognize a conserved motif within the 111bp 23S rRNA region that is
complementary to Primer Set 6. The CRISPR-Casl2a enzyme is triggered only through
specific hybridisation of the gRNA with the MABC target, facilitating collateral cleavage of a
reporter molecule and generating fluorescence, thus reducing false positives due to the presence
of the non-MABC NTMs.

The amplified sequence was aligned to the reference M. abscessus genome using NCBI
GenBank, and the corresponding 111 bp target region was retrieved for downstream gRNA
design. The selected region was then analysed using the tool, CRISPOR, to identify candidate
CRISPR guide RNAs (Appendix 1). Several high-scoring gRNAs were shortlisted based on
CRISPOR scoring algorithms, and off-target analysis were conducted against the human
genome to ensure nonspecific binding with human DNA. Only gRNAs with no significant off-
target interactions (up to 4 mismatches) were considered. The top-performing gRNA sequence
in Figure 3.10, AGATGCTCGTTACGCGCGGCAGG, was selected based on its high

efficiency score and absence of predicted off-target effects.
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Further validation of gRNA specificity was performed using the CHOPCHOP CRISPR design
tool (Appendix 2 and 3) and NCBI BLAST (blastn) (Appendix 4) against the Homo sapiens
genome. Both tools confirmed that the selected gRNA sequence did not significantly align with
human DNA. In conclusion, the identified gRNA that is highly specific to the amplicon region
of Primer 6, forming a suitable candidate for testing the CRISPR-Cas12a approach for MABC
detection from cfDNA.
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Chapter Four: Discussion

This study presents the development and evaluation of a qPCR assay optimized for detection
of MABC in c¢fDNA from cystic fibrosis individuals (pwCF). Current culture-dependent
approaches for MABC detection take 7—14 days and their sensitivity remains suboptimal,
particularly for individuals unable to readily sputum. This research addresses this important
diagnostic gap by providing a rapid molecular approach that can be applied to blood
samplesThis study developed and evaluated a less invasive molecular diagnostic strategy for
detecting MABC infections using cell-free DNA (cfDNA) from plasma. By combining
quantitative PCR (qPCR) with preliminary design of a CRISPR-based enhancement, the
research aimed to improve the sensitivity and specificity of detection of MABC in pwCF where
sputum-based testing is often challenging. The diagnostic performance of 14 primer sets was
assessed through in silico analysis, followed by wet-lab validation of six candidates using both
intact, fragmented and Mock plasma cfDNA templates. Primer Set 6 emerged as the most
promising candidate, though with acknowledged limitations in species specificity. The study
further evaluated assay performance using clinical samples and proposed future improvements

through CRISPR-Cas12a integration for enhanced diagnostic precision.

4.1 Primer screening and in silico analysis of primer sets

In silico analysis represents a crucial step prior to the laboratory validation. This initial filtering
guarantees only the most suitable primer candidates those most likely to produce efficient and
specific amplification in wet laboratory. Accordingly, this study integrated in silico analysis as
a foundational step to select optimal primer sets for accurate and sensitive qPCR-based
detection on MABC cfDNA in plasma samples from pwCF. Several primer sets from the
literature did not satisfy the in silico analysis requirements. These included primers containing
Tm mismatches, high values of AG and the tendency to form a heterodimer, showing lower
amplification specificity and stability (Table 3.1). In comparison, previous research underlined
that the secondary structures with AG > -3 kcal/mol tend to form more readily under standard
PCR conditions with an influence on both sensitivity and specificity (Fredman et al., 2004;
Thornton & Basu, 2011). More restrictive thresholds used in the current analysis provide a
conservative approach towards high-fidelity amplification (Johnston et al., 2019). Furthermore,
all primer sets demonstrated successful alignment to MABC targets in Primer Blast analysis

(Ye et al., 2012), confirming their diagnostic relevance, though with varying degrees of cross
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reactivity to non-target organisms. These observations align with previous work, which
underscore the utility of in silico specificity analysis of primer sets in the early stages of primer
validation (Wang, 2015; Ye et al., 2012). NCBI Primer-BLAST has proven efficient in the
swift identification of candidate off-target alignments in complex metagenomic or clinical
sample matrices BLAST (Ye et al., 2012). This observation is echoing the concerns expressed
by (Blauwkamp et al., 2019) that even short regions of high-copy human genomic element
homology compromise the reliability of the PCR test when analysing the cfDNA of bacteria in
blood. The observations justify continued dependence Primer-BLAST as a front-line filter with
regards to both target specificity and epidemiology robustness. The experimental validation of
six primer sets targeting MABC confirmed their ability to amplify DNA from all three
subspecies Maa, Mab and Mam demonstrating the assays' inclusivity across clinically relevant
MABC strains. Notably, none of the primers successfully amplified DNA from unrelated
respiratory pathogens other than NTM species (Table 3.2). It is consistent with the existing
evidence of the high genetic correlation between MABC and other NTMs of conserved genes
such as sodA, hsp65, and 23S rRNA (Bensi, Panunto, & Ramos Mde, 2013; Singh et al., 2020).
Collectively, the in silico analysis served as a critical gatekeeper in the development of a

diagnostic qPCR assay for MABC detection.

4.2 Optimizing qPCR primer selecting and specificity analysis for MABC.

Designing a qPCR assay for detection of MABC using cfDNA requires particular attention to
the amplicon size and target specificity. cfDNA is typically fragmented, as it is the result of
apoptotic and necrotic cellular activity, and most of the released fragments circulate in the
range of 75-200 base pairs (Pietrzak et al., 2023). Selecting primers that yield amplicons well
within the typical cfDNA fragment range is essential for maximizing assay sensitivity and
reliability, particularly in low-template scenarios such as early infection or post-treatment
monitoring. Accordingly, primer evaluation in this study progressed beyond initial in silico
screening to include targeted optimization for qPCR performance using cfDNA templates.
(Ungerer et al., 2022). As shown by (Chen et al., 2024) long amplicons tend not to amplify
reproducibly in cfDNA-abundant matrices, causing impaired sensitivity and unstable
performance of the test. Primer set 2 had suitable amplification size however the melt curve
revealed multiple peaks, indicating non-specific amplification (Figure 2.2 Primer 2). This
finding aligns with the work by (Guion et al., 2008), which demonstrated that secondary melt

peaks are associated with non-specific amplification and can be considered a red flag for gPCR
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validation. (Ruiz-Villalba et al., 2017) further highlighted that nonspesific melt signals, even
those that are minor, can compromise the validity of a diagnostic test, especially if it is being
used for high-sensitivity assays like pathogen detection from sputum or blood.

Primer set 6 was identified as the most suitable candidate due to its optimal amplicon size
(111bp), high specificity to MABC and clean melt curve but exhibited cross reactivity with
non-targeted NTM species (Table 3.4). This limitation is likely attributed to the high sequence
conservation in the 23S rRNA gene, which has traditionally been targeted by broad-range
mycobacterial assays owing to its diagnostic sensitivity. While this region’s evolutionary
conservation within multiple NTMs typically serves to reduce specificity, as aligned with the
research by (Ruiz-Villalba et al., 2017). These investigations highlighted the recurring trade-
off in qPCR assays between broad detection capability and species-level discrimination,
especially when conserved 23S rRNA genes are used as targets. As per (Bensi, Panunto, &
Ramos Mde, 2013) assays based on the targeting of conserved sequences successfully detected
Mycobacterium spp. but often could not differentiate between closely related phylogenetic
taxa, and thus resulted in false-positive interpretation.

Although Primer Set 6 showed optimal amplification efficiency and was successfully validated
across all three MABC subspecies, a key limitation remains its inability to distinguish MABC
from other closely related NTM species due to its target within the conserved 23S rRNA region.
This non-specific amplification may compromise its diagnostic value in polymicrobial or
NTM-endemic environments, where accurate species-level detection is critical. While this
trade-off was mitigated by the short amplicon size (111 bp) suitable for cfDNA detection,
future refinements such as the incorporation of downstream CRISPR-Cas12a detection—are
essential to improve species discrimination. This limitation highlights the need to balance
inclusivity with specificity in primer selection.

To overcome this specificity challenge, emerging innovations in CRISPR-Cas systems provide
promising solutions (Figure 3.10). By combining CRISPR-Cas12a-mediated detection and
qPCR, specificity can be achieved after amplification. The Casl2a enzyme, guided by a
sequence-specific gRNA, cleaves a fluorescently labelled reporter only if the amplified DNA
exactly matches the target sequence (Chen et al., 2024; Huang et al., 2022). Through the
collateral cleavage mechanism, an added verification step minimizes off-target amplification-
derived false positives. The recent work has reported the success of the hybrid method in
plasma detection of Mycobacterial DNA under demanding conditions like low abundance of
DNA or high levels of background noise. For instance, (Huang et al., 2022) employed a
CRISPR Casl2a based system to detect low abundance of M. tuberculosis cfDNA in plasma
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demonstrating high sensitivity and specificity even in immunocompromised populations like
HIV infected adults and children. Similarly, the recent study (Li et al., 2024) used CRISPR
enhanced molecular assay to accurately identify M. avium Complex infections by targeting
cfDNA, a challenging analyte due to its fragmented nature and low concentrations. The hybrid
qPCR-CRISPR detection system is a new and promising approach to overcome cross-reactivity
issues for microbial diagnosis (Chen et al., 2021). It supports an emerging trend in molecular
testing toward integrating broad-spectrum amplification methods with highly specific post-
amplification technologies. Future developments of the assay could be significantly enhanced
by CRISPR-Cas12a integration to achieve the dual goals of high sensitivity and precise species
discrimination. This section thus represents a pivotal step in refining a diagnostic tool tailored

to the complex biological and clinical landscape of MABC infection detection in pwCF.

4.3 Analytical sensitivity assessment of Primer set 6.

Assessing the analytical sensitivity of a qPCR assay is essential for determining its performance
across different biological contexts that mimic clinical conditions. Analytical sensitivity was
evaluated through a three-phase approach using increasingly clinically relevant conditions.
This included: (1) testing with intact genomic DNA (Figure 3.3), (2) enzymatically fragmented
DNA to simulate cfDNA-like properties (Figure 3.6), and (3) cfDNA extracted from
uninfected plasma samples spiked with fragmented MABC DNA (Figure 3.7). This stepwise
design enabled a comprehensive comparison of qPCR sensitivity across matrices of increasing
biological complexity (Koskinen et al., 2009). Importantly, this approach not only captured the
influence of DNA integrity on amplification efficiency but also evaluated the real-world impact
of plasma-derived matrix effects and DNA recovery limitations (Shen et al., 2018). Although
the original study title referenced the use of serum, EDTA-treated whole blood was selected
for plasma preparation in accordance with best practices for cfDNA extraction. Existing
literature supports the use of EDTA-treated blood for cfDNA extraction because as it inhibits
nuclease activity and restricting cellular lysis to keep short cfDNA fragments intact for precise
molecular diagnosis (Devonshire et al., 2014; Long et al., 2023).This progressive model
enables a comprehensive evaluation of assay performance, capturing the influence of DNA

integrity, matrix complexity, and potential interference from plasma-derived inhibitors.
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4.3.1 Standard Curve linearity

Results for the standard curves are consistent with previous studies that had documented that
R?>0.99 indicates highly reproducible and reliable qPCR assays for bacterial and viral systems
(Gentle, Anastasopoulos, & McBrien, 2001; Ruijter et al., 2009). This linearity is consistent
across all experimental conditions and demonstrates the quantitation capability of the assay
under any DNA integrity or sample source (Tellinghuisen & Spiess, 2014). Uniformity of
standard curve performance for the different MABC subspecies also indicates resilience to

minor fluctuations in DNA fragmentation and matrix variability.
4.3.2 Amplification Efficiency

Amplification efficiency in qPCR is closely linked to the integrity of the template DNA. In
cfDNA, which is often fragmented due to processes like apoptosis and necrosis, the DNA
strands can have breaks and damaged ends. These fragments make it harder for primers to
bind properly and for the polymerase to extend the new sandwich reduce the overall efficiency
of amplification (Terp, Pedersen, & Stoico, 2024). This is a common issue in cfDNA research,
especially when trying to amplify DNA regions that are longer than the average fragment size.
In this research, Primer Set 6 exhibited excellent amplification efficiency (93-104%) when
used on intact genomic DNA under ideal conditions and proved suitable according to our
requirements. However, when used on enzymatically fragmented cfDNA simulants, efficiency
decreased to around 87%, as also previously reported by (Lai et al., 2023) fragmentation may
produce overhangs or nicked duplexes that interfere with Taq polymerase efficacy, as reported
by studies analysing severely fragmented viral and tumor cfDNA templates. The efficiency in
plasma matrix conditions declined for Maa and Mam (~87%) but remained relatively stable for
Mab (up to 101%). This trend can be explained by the combined effects of DNA fragmentation
and plasma matrix interference. Plasma contains inhibitors such as immunoglobulins, heme,
and residual EDTA, which are known to interfere with qPCR amplification (Schrader et al.,
2012). Additionally, cfDNA recovery can vary across subspecies due to differences in fragment
size distribution, methylation patterns and extraction efficiency (Devonshire et al., 2014). For
example, Maa may have produced shorter or more degraded fragments that were less efficiently
recovered or amplified, accounting for the observed drop in efficiency. Similar differential
extraction and amplification performance has been described by (Rather, 2024) in the context

of cfDNA from fetal versus maternal sources.
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4.3.3 Limit of detection

cfDNA is typically found in low concentrations in the bloodstream and exists in a highly
fragmented state, making it a challenging analyte for molecular detection. Inaccurate or
inadequate sensitivity can result in false-negative results. In this study with optimal conditions
using unfragmented genomic DNA, Primer Set 6 had exceptionally low LODs ( ~1 copy/uL
for all MABC subspecies) (Table 3.5), which is consistent with existing published work
showing that high-integrity templates support strong amplification even at very low input
concentrations (Svec et al., 2015). These low LODs are due to complete amplicons being
available for efficient binding and extension during PCR, enabling polymerase to produce full-
length products with lower Ct values (Forootan et al., 2017). After enzymatic fragmentation,
noticed a modest but significant increase in LOD (Figure 3.6). This is consistent with studies
like those by (Sedlackova et al., 2013) and (Swango et al., 2006) which indicate that strand
breakage of DNA lowers the availability for amplification of intact target sequences. Even
when it binds to a primer, a damaged amplicon can block complete extension, leading to
increased Ct values and decreased sensitivity (Sedlackova et al., 2013). In mock plasma cfDNA
conditions, LODs rose further ~20 copies/uL (Figure 3.7), demonstrating further biological
and technical issues. These are matrix interference caused by plasma components (e.g.,
proteins, haemoglobin, EDTA), which have been shown to reduce polymerase activity
(Schrader et al., 2012), and incomplete recovery of cfDNA throughout extraction, particularly
at low input yields. (Barrett et al., 2020; Devonshire et al., 2014; Terp, Pedersen, & Stoico,
2024) reported varying yields for cfDNA between genomic loci and between sample types,
leading to uneven recovery and effective input to downstream amplification. Despite these
challenges, the LODs for all three subspecies remained within clinically acceptable ranges,
based on previously reported cfDNA concentrations in the blood of Mycobacterium
tuberculosis patients, which ranged from 0.74 copies/uL (median) to a mean of 7.20 + 29.15
copies/uL (Huang et al., 2022). This assay was designed with a target LOD of < 50 copies/uL
of extraction to ensure diagnostic applicability. However, sensitivity may decline as the
complexity of biology increases, but Primer Set 6 maintains clinical relevance and practical
utility, particularly in low-template scenarios such as early-stage infections and post-treatment

monitoring.
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4.4 Reproducibility analysis of Primer set 6.

Ensuring assay reproducibility is essential for the translation of molecular diagnostics into
clinical settings particularly in detecting low abundance cfDNA in plasma. Reproducibility
reflects not only the technical robustness of the qPCR assay but also the reliability across
different conditions, operators, and instruments. As emphasised in the prior digital PCR studies
(Wang et al., 2024) (Blauwkamp et al., 2019) high reproducibility becomes critical when
monitoring small changes in ¢cfDNA abundance across different time points or in different
clinical cohorts. Fragmented DNA yields a homogeneous and quantifiably controlled template
that allows reproducibility measures like Ct values, coefficient variation (CV%), and standard
curve slopes to reflect fidelity of the assay and not pre-analytical variation. Therefore, assessing
reproducibility using fragmented DNA offers a more accurate reflection of the assay's real-
world performance, especially in the context of detecting low-abundance MABC cfDNA in

plasma from pwCF.
4.4.1 Intra assay reproducibility

In this research intra-assay reproducibility was examined by three technical replicates (CT1,
CT2, CT3) of serially diluted fragmented DNA (Figure 3.7A-B). Ct values showed high
agreement between replicates, notably at mid-to-high DNA concentrations, with little variance.
As expected, variability increased at concentrations near the assay’s LOD. This pattern is due
to increased random fluctuation of amplification caused by the small number of target
molecules in the reaction. This is a situation in which, in certain replicates, there is a single
target copy that is successfully amplified, whereas in others, the target is absent or
inappropriately amplified by random sampling effects (Pan et al., 2010). This is due to the
inherent Poisson distribution effect in pipetting and molecular partitioning; when the average
number of template copies per reaction (close to 1-3 copies), random chance alone determines
whether sufficient intact targets are included in each of the reaction wells. Even slight pipetting
error, or partial degradation of a fragment, can result in delayed or undetectable amplification
(Pandya et al., 2010). However, (Guan et al., 2023) reported in qPCR literature that precision
of analysis is decreased as the concentration of the template gets closer to the limit of detection,
resulting in increased standard deviations and lowered repeatability. These findings affirm that
Primer Set 6 performs reliably in typical diagnostic ranges, with only expected variability near

detection thresholds.
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4.4.2 Inter assay reproducibility.

The inter-assay reproducibility of Primer Set 6 was tested under three independent runs of
qPCR, and the findings confirm high levels of analytical reproducibility and stability. In this
research CV% of slope and Ct values at high and low template concentrations were calculated
and found to be less than 3%, above reproducibility standards as established by the MIQE
guidelines recommending CV <5% for high-quality qPCR optimization (Bustin et al., 2009).
This low CV between assays is essential for diagnostics where decision-making can be
predicated upon small changes in target amount in cfDNA-based infectious disease monitoring
and treatment response assessment. Similar levels of reproducibility have been reported in the
literature. (Kubista et al., 2006) highlighted the need for generating reproducible standard
curves and slope values for reliable quantitative performance. Similarly, (Kubista et al., 2006)
highlighted that assays used for clinical or high-sensitivity applications must demonstrate
reproducibility across multiple runs to be considered diagnostically viable. The performance
of Primer Set 6 is in line with these requirements and shows suitability for wider-scale clinical

processes such as tracking circulating MABC cfDNA in patients over time.

4.5 Research Gaps and Future Directions.

4.5.1 Limitations in current qPCR and CRISPR applications

Pathogen detection has been revolutionized using molecular diagnostics to achieve fast,
sensitive, and specific analysis versus the traditional microbiological methods. qPCR and
CRISPR-based platforms are two significant tools in this regard when it comes to
microbiological surveillance in complicated cases such as NTM infections. Both technologies,
however promising they are, possess distinct limitations which are worthy of critical
consideration, especially in the current study.

One significant constraint in the current work was the inability to experimentally prove the
CRISPR-Casl2a based specificity enhancement strategy which were incorporated
conceptually. This system was designed to enhance post-amplification specificity through the
use of targeted gRNA, aiming to eliminate off-target cross-reactivity in the case of conserved
genes such as 23S rRNA, which was the target in Primer 6. However, due to time and resource
limitations, this aspect was not experimentally tested. Existing research (Li et al., 2024),

validates the high potential of Casl2a in the reduction of false-positive signals by way of
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collateral cleavage-based fluorescence, the implementation of which needs to take place in the
future.

In addition, the third objective of this project, clinical validation of the qPCR assay with cfDNA
from individuals with cystic fibrosis (pwCF) was left unfinished. Lack of time to go through
the CRISPR based enhancement and logistical delays prevented this key stage from being
achieved. This is an essential step for establishing key diagnostic parameters including
sensitivity, specificity in real world performance using the clinical samples. Without this stage,
the actual clinical utility of the assay is yet to be fully defined. In spite of the limitations
mentioned, both the technologies are vital diagnostic tools. Their combination qPCR as an
initial quantification and CRISPR for downstream verification is a pathway towards extremely
accurate and less-invasive testing platforms for the detection of MABC cfDNA in at-risk
groups such as pwCF. However, full diagnostic implementation will depend on overcoming

current validation berries via subsequent studies and clinical translation.

4.5.2 Future molecular diagnostic methods in MABC infection

The landscape of molecular diagnostics is rapidly evolving towards faster, more sensitive, and
minimally invasive approaches. Molecular diagnostic methods are a crucial advancement in
infection disease diagnostics because conventional diagnostic methods underperformed or less
accurate. This is especially true for vulnerable populations like pwCF in whom obtaining high-
quality respiratory samples can be challenging. In this context, non-invasive biomarker
strategies particularly the analysis of cfDNA in MABC infection are emerging as valuable tools
for providing real-time, systemic insights into infection status and progression.

Future efforts should focus on completing the CRISPR-Cas12a integration for specificity and
sensitivity enhancement and progressing toward comprehensive clinical validation using
cfDNA extracted from the plasma of pwCF. Furthermore, development of diagnostic tools
based on the CRISPR technique, such as the ERA-CRISPR/Cas12 system (Deng et al., 2022),
opens new perspectives for rapid and precise diagnostics. The technique does not need complex
thermal cycling, which offers the possibility of obtaining results in less than one hour,
promising for point-of-care applications (Ali et al., 2023). CRISPR-based assays are highly
suited for MABC detection, given their ability to distinguish between closely related subspecies
and detect low bacterial loads in clinical specimens (Sahoo, Jadhav, & Nema, 2024).
Moreover, the combination of CRISPR with isothermal amplification, as seen in ERA, has
further improved the speed and accuracy that could become a game-changing tool in the

diagnosis of MABC. One of the novel areas researched includes the cfDNA present in the blood
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as a diagnostic marker for MABC infection. This less invasive approach offers a promising
alternative to traditional sputum-based diagnostics. Studies have demonstrated the potential of
cfDNA in the diagnosis of Mycobacterial infections, including the detection of MAC infections
using CRISPR-based assays. This technology enables the detection of microbial cfDNA in
serum with high sensitivity and specificity, providing a rapid diagnostic tool that could
significantly improve the management of MABC infections (Li et al., 2024). Additionally,
cfDNA could be used to monitor treatment effectiveness in real time by tracking the levels of
bacterial DNA during therapy.

Looking forward, this would probably integrate Next Generation Sequencing (NGS) with
CRISPR-based diagnostics in the future to provide a more holistic approach to MABC
detection and its resistance patterns (Chakraborty et al., 2022). The combination of NGS and
CRISPR could also aid in the rapid identification of novel resistance mechanisms in MABC, a
critical factor for managing the notorious drug-resistant pathogens. Future developments of
microfluidics and lab-on-a-chip technologies may allow for the miniaturization of CRISPR
diagnostics, hence offering applications in point-of-care settings and resource-limited

environments.

4.6 Conclusion

In conclusion, this study lays a strong foundation for the development of a cfDNA based
molecular diagnostic platform for detecting MABC in pwCF. The PCR assay using Primer set
6 showed excellent sensitivity and reproducibility in a controlled setting. However, CRISPR
integration for increasing the specificity and sensitivity of the assay remains as a future goal.
The findings support continued development of this assay as a promising alternative to
traditional respiratory bacterial diagnostics, with potential application in early detection,

treatment monitoring and improved patient care.
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Appendices
Appendix 1

Figure removed due to copyright restriction.

Figure A1 CRISPOR output table of candidate guide RNAs (gRNAs) targeting the 23S
rRNA locus of Mycobacterium abscessus. The table compiles guide sequences with
corresponding PAM sites, predicted efficiency scores (Doench 2016, Moreno-Mateos),
specificity scores (MIT and CFD), and predicted off-target sites. Highlighted gRNAs were
chosen based on high on-target efficiency, low off-target binding, and no predicted human
genome interaction. The guides were used to guide the design of a CRISPR-Cas12a detection
assay to enhance specificity in cfDNA-based MABC diagnostics.
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Appendix 2

Figure removed due to copyright restriction.

Figure A2 CRISPOR off-target analysis of shortlisted CRISPR-Casl2a guide RNAs
assessed against the human genome. The table compiles guide sequences with corresponding
PAM sites, predicted efficiency scores (Doench 2016, Moreno-Mateos), specificity scores
(MIT and CFD), and predicted off-target sites.
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Appendix 3

Target: fastalnput.fa
Rank: 7
Target sequence: AGATGCTCGTTACGCGCGGCAGG

0ff-targets
Location Number of mismatches Sequence (including mismatches)
NC_010397.1:1466450 0 AGATGCTCGTTACGCGCGGCAGG

Shen et al. 2018 predictions of repair profile - statistics

Reference sequence GCGAAATTGCACTACGAGTAAAGATGCTCGTTACGCGCGGCAGGACGAAAAGACCCCGGG<>ACCTTCACTATAGCTTGGTATTGGCGTTTGGTTCGGTT
Frameshift frequency 59.72
Precision score 0.45
Frame +0 frequency 40.28
Frame +1 frequency 40.47
Frame +2 frequency 19.25
1-bp ins frequency 10.17
Highest del frequency 24.09
Highest ins frequency 8.47
Highest outcome frequency 24.09
Microhomology deletion frequency 72.30
Microhomology-less deletion frequency 17.53

Figure A3 CHOPCHOP off-target analysis confirming the specificity of the selected
gRNA. No off-target interactions were identified within the human genome, and repair profile
statistics.

Appendix 4

BE An official website of the United States government Here's how you know v

m National Library of Medicine

National Center for Biotechnology Information

BLAST @ » blastn suite » results for RID-UJC3WGVF013 Home RecentResults Saved Strategies Help

< Edit Search Save Search Search Summary v © How to read this report? @ BLAST Help Videos 'DBack to Traditional Results Page

I € Your search is limited to records that include: Homo sampiens (taxid:9606)

Job Title Nucleotide Sequence Filter Results

RID UJC3WGVF013 Search expires on 02-11 05:47am Download All v Percent Identity E value Query Coverage
Program © Citation v ’ ’ to ’ ‘ | ‘ to ’ ‘ | I to ’ ‘
Database core_nt  See details v -
Query ID IcllQuery_723307

Description None

Molecule type  dna
Query Length 111
Other reports (2]

A No significant similarity found. For reasons why,click here
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Figure A4 NCBI BLAST search of gRNA target sequence against Homo sapiens genome.
The analysis shows no significant alignment of the 111 bp target region with any human DNA,
ensuring high specificity for downstream CRISPR-Cas12a-based detection.
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