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Abstract 
 

Background: Mycobacterium tuberculosis (Mtb) is transmitted via aerosol droplets 

generated by infected persons. Transmission of Mtb is thought to be a selective process 

and that cell surface hydrophobicity (CSH) influences this selectivity. On expulsion into 

the environment, bacilli will be exposed to rapidly changing physical conditions 

(temperature, water activity, osmolarity and oxygen tension) as the droplet evaporates 

to a stable droplet nucleus. Adaptation of the bacilli to the changing environment will 

be a feature supporting their fitness for survival in the aerosol phase and will impact the 

phenotype of subsequent infection. In this project, the role of CSH on mycobacterial 

aerosolisation and techniques to measure CSH were investigated. Additionally, survival 

and changes in transcriptional profile of M. tuberculosis H37Rv and M. bovis BCG in 

aerosols over a period of 2 hours have been explored. 

 

Methods: Lawn growth of either Mtb H37Rv or M. bovis BCG were scrapped and 

suspended in distilled water (DW) medium. Bacteral suspensions were nebulised using 

either Collison 3-Jet or ultrasonic Omron nebuliser for 5 min into a rotating drum. 

Aerosols samples were collected in DW or Guanidinium thiocyanate (GTC) at different 

time points over 2 hours for survival and transcriptional profile experiments, 

respectively. Survival of cells in aerosols was determined by colony-forming units (CFU), 

most probable number (MPN) and qPCR. For transcriptional changes, samples were 

subject to RNA-sequencing analysis by Illumina NextSeq-500. Differentially expressed 

genes were detected at q-value < 0.01. 

 

Results: Mtb H37Rv and M. bovis BCG consistently showed > 50 % survival in aerosol 

for up to 2 hours. Differentially expressed genes of Mtb H37Rv were detected at 

different stages during aerosolisation and due to the nebulisation process. However, no 

obvious transcriptional pattern of Mtb cells under the tested conditions was obtained. 

Genes of Mtb universal stress regulon (DosR) were up- regulated at pre-nebulisation 

samples compared to the post nebulisation and aerosol samples. 
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Discussion: Investigation into the survival of Mtb and M .bovis BCG under different 

environmental conditions could provide better insight into the survival of these cells in 

aerosols. DosR regulon was induced prior nebulisation process indicating early stress 

conditions for Mtb cells during inoculum preparation.  
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1.1. General introduction 
 
Tuberculosis (TB) is one of the oldest recognised diseases in the world (Hett and Rubin, 

2008). In humans, it is mainly caused by the bacterium Mycobacterium tuberculosis 

(Mtb) (Banuls et al., 2015). TB is spread between individuals via airborne droplets 

containing bacilli generated by persons with a pulmonary Mtb infection (Dutt, 2011). 

These aerosols can be generated by multiple activities including coughing, sneezing, 

singing or even speaking (Leung, 1999).  

 

It has been recognised that there is a relation between the cell envelope lipid 

composition and cell surface hydrophobicity (CSH) of mycobacteria (Pedley et al., 2004). 

This hydrophobicity is proposed to influence the mycobacteria propensities for aerosol 

transmission (Minnikin et al., 2015). A relationship between the cell surface 

hydrophobicity and aerosol transmission in non-tuberculosis mycobacteria has 

previously been proposed and investigated (Falkinham, 2003). 

 

During aerosol transmission, Mtb cells encounter different stresses, including 

desiccation and changes in light exposure and oxygen and carbon dioxide 

concentrations (Table 1.2) (Cox, 1989, Bartek et al., 2014; Haddrell and Thomas, 2017). 

Many of these environmental factors might affect the survival of Mtb within aerosols 

(Srikanth et al., 2008)  while the size and density of the droplets expelled will be affected  

by other environmental factors such as the relative humidity (RH) and temperature 

(Srikanth et al., 2008).  

 

A microarray study of the Mtb transcriptome in clinical samples of sputum revealed a 

pattern similar to non-replicating persistence described in in vitro (Garton et al., 2008). 

A recent transcriptome study showed that the bacterial transcriptome in the aerosol 

differs from the contemporaneous transcriptome in clinical samples of sputum (Nardell 

et al., 2016). However, transcriptional signatures of the Mtb during survival in aerosols 

are yet to be explored.  
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In this study the influence of CSH on the propensity of cells for aerosolisation, the 

survival of Mtb in aerosols and transcriptional signatures of Mtb in aerosols were all 

investigated. 

 
1.2. The genus Mycobacterium 
 
1.2.1. Mycobacterium tuberculosis complex (MTBC)  
 
Mycobacterium is a genus within the family Mycobacteriaceae, order Actinomycetales, 

class Actinomycetes (Shinnick and Good, 1994). Bacilli appear microscopically as straight 

or slightly curved rods, 1 to 10 μm in length and 0.3 to 0.6 μm in width. They grow at 

temperatures ranging between 30 and 45 °C. They are non-motile, non-spore forming, 

weakly Gram-positive, acid-fast bacilli (Ryan and Ray, 2004). Their acid-fast feature was 

determined when they showed resistance to decolourisation by mineral acids (e.g. acid 

alcohol) after staining with cationic dyes, such as carbol-fuchsin (Allen et al., 1992). This 

characteristic is associated with the high lipid content in the cell envelope, where 

mycolic acids (MAs) and waxes are the major components (Watanabe et al., 2011). 

 

Many mycobacteria are slow growers, taking between 2 and 8 weeks to grow on solid 

media; the doubling time of Mtb, for example, is typically about 17 to 18 hrs (Ratledge 

and Stanford, 1982). Other mycobacteria are fast growers, taking 24-48 hrs for colonies 

to appear on solid media; for instance, Mycobacterium smegmatis has a doubling time 

of about 2-3 hrs (Stephan et al., 2005). 

 

There are three broad categories of mycobacteria: Mycobacterium tuberculosis complex 

species (MTBC), non-tuberculosis mycobacterial species (NTM) and Mycobacterium 

leprae, the causative agent of leprosy (Young et al., 1985, Ryan and Ray, 2004). Human 

tuberculosis is predominantly (though not exclusively) a pulmonary disease caused by 

members of the MTBC. This group contains eight members, where three are human-

specific, namely M. tuberculosis, Mycobacterium canetti and Mycobacterium 

africanum. The five remaining members mainly cause tuberculosis in animals but also 

have the potential to infect humans; this is further highlighted in Table 1.1 (van 
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Soolingen et al., 1999, Niemann et al., 2004, Ryan and Ray, 2004). M. bovis, the 

causative agent of bovine tuberculosis, is the most prominent of the non-human-

specific members. Bovine tuberculosis results in a large economic burden within the UK 

livestock industry. In the last decade, around £500 million has been paid in 

compensation across England (Defra, 2014). M. bovis can infect humans, causing 

zoonotic tuberculosis. Prior to the establishment of milk pasteurisation and strict cattle 

culling programmes between 1935 and 1950, it was estimated that about 2500 people 

were dying annually from zoonotic TB in Great Britain (De la Rua-Domenech, 2006). 

 

 

Member Primary Host 

Mycobacterium tuberculosis Human (Gagneux, 2013) 

Mycobacterium africanum Human (De Jong et al., 2010) 

Mycobacterium bovis Cattle (Garnier et al., 2003) 

Mycobacterium canetti Human (Gutierrez et al., 2005) 

Mycobacterium caprae Deer (Niemann et al., 2002) 

Mycobacterium mungi Mongoose (Alexander et al., 2010) 

Mycobacterium pinnipedi Pinnipeds (seals and sea lions) 

(Cousins et al., 2003) 

Mycobacterium microti Voles (Frota et al., 2004) 

Table 1.1. The primary hosts of currently defined MTBC members.  

NTM include over 150 mycobacterial species. They are present in environmental 

reservoirs such as soil, ground water, drinking water and even pasteurised milk (Spahr 

and Schafroth, 2001). They are generally non-pathogenic for humans. However, certain 

species including Mycobacterium abscessus and Mycobacterium kansassii can be 

opportunistic pathogens (Nguyen, 1997). M. abscessus has been associated with 

individuals diagnosed with cystic fibrosis (Cullen et al., 2000). In addition to pulmonary 

disease, NTM can also cause skin, lymphatic, soft tissue and disseminated infections 

(Uslan et al., 2006). 
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1.2.1.1. Mycobacterium tuberculosis 
 
Clinically, Mtb is the major concern amongst the Mycobacteriaceae. Genome 

sequencing of the type strain, H37Rv (Laboratory strain), revealed a genome size of ~4.4 

mega bases (Mb) encoding roughly 4000 genes (Cole et al., 1998). Mtb is an obligate 

pathogen that depends on transmission between hosts for survival outside laboratories. 

The principle host is Homo sapiens, although Mtb can also infect animals (Sakamoto, 

2012) such as cattle (Ocepek et al., 2005),  cats and dogs that come in contact with 

infected individuals (Hackendahl et al., 2004).  

 

In pulmonary TB, the bacillus is found in the upper lobes of the lung where the level of 

oxygen is high. Although, tubercle bacilli have also been grown under hypoxic conditions 

in vitro (Ford et al., 2011). The doubling time of Mtb under optimum conditions is 

around 18 hrs when it grows ex vivo, while the doubling time in humans or non-human 

primates is unknown (Delogu et al., 2013, Gutierrez-Vazquez, 1956). Taking this into 

account, alongside the slow generation time, the ability of Mtb to persist in the host 

may be linked to the need for the long treatment required. Mtb being a successful 

pathogen in multiple host microenvironments is in part due to its ability to reprogram 

its metabolism according to the available carbon source. Thus sugars, fatty acids 

(Munoz-Elias and McKinney, 2006), cholesterol (Pandey and Sassetti, 2008) and glycerol 

(Daniel et al., 2011) are carbon sources that Mtb can metabolise. 

 

Mtb cannot be stained using the conventional Gram staining method as the cell 

envelope is impervious to basic dyes. Dyes have to be assisted with phenol or heat 

during the staining procedure. Once stained, bacilli resist decolourisation with acidified 

organic solvents gaining the description acid-fast (Lawn and Zumla, 2012). The Ziehl-

Neelsen stain was first described by these authors contemporaneously with Robert 

Koch’s identification of Mtb 130 years ago and remains a standard method for analysing 

sputum to this day (Figure 1.1) (Pandey et al., 2008).  
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Figure 1.1. Photomicrograph of M. tuberculosis. Photomicrograph shows acid-fast M. 
tuberculosis bacilli visualised using Ziehl-Neelsen staining; carbol fuchsin stain is retained by the 
lipids of the mycobacterial cell envelope during acid-alcohol de-staining (acid-fast). Image taken 
under 1000x magnification (Kent, 1985). 
 
 

1.2.1.2. Mycobacterium bovis BCG 
 
M. bovis, also a member of the MTBC, is responsible for TB in cattle (Michel et al., 2010) 

and has been reported on all continents except Antarctica (Smith et al., 2006). It 

accounts for a small proportion of human TB compared to Mtb. Clinically, there is little 

difference between human TB caused by M. bovis or Mtb. M. bovis was responsible for 

around 6 % of all human tuberculosis deaths in Europe before the introduction of milk 

pasteurisation (Lawn and Zumla, 2012).  

 

Bacille Calmette-Guérin (BCG) is a live attenuated form of the virulent M. bovis 

developed by extensive passage in vitro in the early part of the 20th century. This vaccine 

strain has been administered to over three billion individuals (Hilda et al., 2012). It was 

established in 1921 and its efficacy varies; in some cases no protection could be 

demonstrated (Huebner, 1996). Due to its lowered virulence, M. bovis BCG has been 

used as a surrogate for Mtb in a variety of experimental settings and in many biomedical 

studies, including the present study. M. bovis shares 99.95 % sequence identity with 

Mtb while Mtb and BCG share more than 99.90 % genome sequence identity (Carroll et 

al., 2009). 
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Although, M. bovis BCG mimics Mtb in which it survives phagocytosis by macrophages 

and elicits protective immunity in animals, it has some disadvantages as a model of Mtb. 

These disadvantages were acquired during the attenuation process when the regions 

RD1 and RD3 of the genome were lost. The loss of these regions has impacts on M. bovis 

BCG virulence (Mahiras et al, 1996). 

 

1.2.2. Non-Tuberculosis mycobacteria (NTMs) 
 
1.2.2.1. Mycobacterium smegmatis  
 

M. smegmatis is a widely used non-pathogenic rapid growing model organism for Mtb. 

It is useful for establishing methods without high level containment and for exploring a 

variety of adaptive mechanisms that have been utilised by Mtb in different 

microenvironments (Snapper et al., 1990). M. smegmatis is also valuable, owing to its 

ability to be transformed by a plasmid (genetically manipulated easily). Additionally, M. 

smegmatis can be grown in defined and nutrient-limited media containing simple 

carbon and nitrogen sources together with salts and trace elements (Altaf et al, 2010, 

Greening et al., 2014). 

 

The genome size of M. smegmatis comprises ~7 Mb compared to ~4.4 Mb for Mtb (Cook 

et al., 2009). Both organisms can adapt to microaerobiosis by switching from active 

growth to a dormant state (Lim and Dick, 2001). M. smegmatis has been used to study 

several processes related to Mtb pathogenicity, such as the cell envelope proteome (He 

and De Buck, 2010), spontaneous mutation (Kucukyildirim et al., 2016) and responses 

to nitrogen and carbon starvation (Williams et al., 2013). 

 

The non-pathogenic nature of M. smegmatis and its short doubling time (2-3 hrs) make 

it easy to work with as a surrogate for Mtb. M. smegmatis shares a highly similar cell 

wall structure to Mtb. Although both species generate some lipids that are different, 

however, the major cell wall components including peptidoglycan (PG), arabinogalactan 

(AG), and mycolic acids are fairly well conserved between both species (Rana, 2014).  
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Moreover, large number of M. smegmatis genes were characterised by genetic 

manipulation, some of which are homologues to Mtb (Bahatt and Jacobs, 2009, Rana et 

al., 2012 Chen et al., 2012). 

 

Yet, there are limitations of using M. smegmatis as a model for Mtb. Around 30 % of 

Mtb proteins do not possess orthologues in M. smegmatis. Hence, it is not an 

appropriate model for Mtb in screening for an effective anti-tuberculosis drug and 

potential drug targets (Altaf et al., 2010). In addition, M. smegmatis has been 

disregarded for the study of virulence and pathogenicity because it survives poorly in 

macrophages (Jordao et al., 2008), exhibits no detectable pathogenicity in mice (Bange 

et al., 1999), and has none of the pathogenic properties described for Mtb (Reyrat and 

Kahn, 2001). 

 
1.2.2.2. Mycobacterium abscessus  
 

M. abscessus belongs to the NTM group and can be found in soil and water (Brown-

Elliott et al., 2002). It is an opportunistic pathogen causing pulmonary diseases in 

susceptible individuals, particularly those with cystic fibrosis (Floto et al., 2016).  It also 

causes skin and soft tissue, central nervous and bacteraemic infections (Lee et al., 2015). 

M. abscessus is fast-growing with the ability to grow in most synthetic or complex 

laboratory liquid and solid media; it forms visible colonies in 3 to 5 days depending on 

the solid medium (Cortes et al., 2010). In addition to its pathogenicity, M. abscessus is 

multi-drug resistant and resists most disinfectants and biocides, a feature that makes it 

adapted to hospital acquired infection (Brown-Elliott et al., 2002). M. abscessus has a 

genome of ~5 Mb encoding roughly 5000 genes (Ripoll et al., 2009).  

 

There are two phenotypes of M. abscessus - a smooth, non-cording (irregular clumps), 

biofilm-forming phenotype and a rough, cording (oriented clumps where long axis of 

each cell is parallel to the long axis of the cord) , non-biofilm-forming phenotype 

(Howard et al., 2006). According to epidemiological studies, the rough phenotype is 

associated with the most severe cases of pulmonary infection (Catherinot et al., 2009). 
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Furthermore, the rough phenotype has been shown to persist for years to decades in 

infected hosts (Jönsson et al., 2007). The different pathogenicity of the two phenotypes 

of M. abscessus has also been reported with other strains of mycobacteria. For example, 

the smooth form of M. canettii showed lower virulence and less persistence in 

experimentally infected mice than the rough Mtb (Supply et al., 2013). 

Glycopeptidolipids (GPLs) are found in the outer membrane of the cell envelope of 

several mycobacteria including in that of M. abscessus. The lack of GPLs in the cell 

envelope is associated with a rough colony phenotype while presence is associated with 

smooth (Howard et al., 2006). It has been reported previously that M. abscessus’ rough 

phenotype is more hydrophobic than the smooth phenotype; this might increase the 

propensity of the rough phenotype for aerosolisation (Jankute et al., 2017). 

 
1.3. Tuberculosis 
 
1.3.1. Tuberculosis in history  
 
Tuberculosis (TB) is one of the oldest diseases and can be dated back thousands of years 

(Sandhu, 2011). Signs of TB have been found in the fossils of an extinct bison in 

Wyoming, US, 17,000 years ago (Rothschild et al., 2001). TB has also been detected in 

the spines of Egyptian mummies dating back to 3000-2400 BC (Zink et al., 2004). 

Genome-based studies have also suggested the presence of TB in America since AD 1200 

(Konomi et al., 2002). TB, which was also known as the great white plague or phthisis, 

can be said to be responsible for the death of billions of people. According to the World 

Health Organisation 2018 report, TB is responsible for about 1.6 million deaths yearly 

worldwide. One in every four of the world’s population is estimated to be infected with 

Mtb latently. However, only 5-10 % of infected people will develop active tuberculosis 

during their lifetime (WHO, 2018). 

 

In 1865, a French specialist named Jean-Antoine Villemin demonstrated that TB was 

infectious (Gawad and Bonde, 2018). On 24th March 1882, the causative agent of TB was 

described by Robert Koch, a German researcher. The agent was named Mycobacterium 
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tuberculosis (Mtb). “TB World Day” was established on that date to commemorate this 

discovery (Al-Humadi et al., 2017).  

 

1.3.2. Pathogenesis of tuberculosis 
 
When aerosol containing Mtb is inhaled by an individual, the tubercle bacilli are 

deposited into the lower respiratory tract where an initial interaction occurs between 

the pathogen and alveolar macrophages. As a consequence of this interaction, most of 

the bacilli are cleared, while some adapt to survive within the macrophages (Bermudez 

and Goodman, 1996). Studies of health-care workers and other people with close and 

repeated contact with TB patients demonstrated a significant proportion of individuals 

who showed no sign of adaptive immunity to Mtb, possibly indicating early eradication 

of tubercle bacillus (Zwerling et al., 2012, Verrall et al., 2014).  

 

Several receptors have been implicated in the immune system’s recognition of Mtb. 

These receptors include C-type lectins such as the mannose receptor (MR,CD206), 

complement receptors (CR), surfactant protein (SP) receptors, scavenger receptors, and 

glycosylphostidylinositol (GPI) anchored receptors such as CD14 (Kleinnijenhuis et al., 

2011). Following macrophage phagocytosis, the bacteria encounter a hostile 

environment where multiple bactericidal activities of activated macrophages occur. 

Examples of these activities include reactive oxygen intermediates (ROIs), reactive 

nitrogen intermediates (RNIs), lysosomal enzymes, acidic pH and toxic peptides (Smith, 

2003, Ehrt and Schnappinger, 2009). Inside macrophages, Mtb cells avoid these 

bactericidal activities via a number of survival mechanisms. These mechanisms include 

the inhibition of phagosomal maturation, inhibition of apoptosis and inhibition of 

macrophage responses to interferon-γ (INF- γ) through the 19-KDa protein (Fortune et 

al., 2004). 

 

Phagocytosis activates a pro-inflammatory response and leads to the accumulation of 

multiple mononuclear cells which eventually form the hallmark of pulmonary TB, the 

granuloma (Russell, 2007). The granuloma is then surrounded by layers of macrophages 

with high-lipid content called foamy macrophages, and other mononuclear cells, 
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notably lymphocytes (Ulrichs et al., 2005, Russell, 2007). At this stage of infection, which 

can last for decades, the host will not develop disease signs and will prevent further 

dissemination of the pathogen (Ulrichs et al., 2005). Later, if the immune system 

becomes disrupted by any condition which affects the function of CD4+ T cells, the 

granuloma will break and thousands of viable and infectious bacilli will spill out into the 

airways (Sia et al, 2015). As a result, a productive cough will develop, allowing the 

infectious bacilli to spread via generated aerosols (Sia et al, 2015). 

 

1.3.3. Latent tuberculosis 
 
Latent tuberculosis infection (LTBI) refers to a non-active, asymptomatic, non-infectious 

TB infection. It can be viewed as a state of equilibrium existing between the host and 

the bacilli. Individuals with LTBI have a 10 % chance of developing active TB during their 

lifetime (Corbett et al., 2003). The likelihood of progression to active disease from LTBI 

increases when the infected individual’s immune system becomes compromised due to 

age, malnutrition, illness (particularly HIV infection) or immunosuppressive therapy 

(Flynn and Chan, 2001). 

 

It is estimated that a quarter of the world’s population have LTBI, essentially acting as a 

reservoir, supporting the disease’s continuous presence and making eradication a key 

challenge (Flynn and Chan, 2001, Houben and Dodd, 2016). In this thesis, latency refers 

to the clinical presentation of the disease, whereas dormancy refers to the condition of 

the surviving Mtb bacilli in an infected host. Bacterial dormancy is defined as ‘a 

reversible state of low metabolic activity at a level that maintains viability’ (Kaprelyants 

et al., 1993). 

 

1.4. Cell surface characteristics 
 
The bacterial outer surface may include a combination of polysaccharides (capsular and 

glycocalyx), lipopolysacchrides (LPS), lipoproteins, lipids, lipoteichoic acids, teichuronic 

acids, as well as covalently and non-covalently bound proteins (Hancock, 1991). 

Together with ultrastructural features this chemistry underpins the physiochemical 

properties of bacteria and influences the nature and extent of their interactions with 
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surrounding surfaces. However, these structures are not constant and vary depending 

on environmental conditions. Similarly, cells can modify their structure and functions as 

a survival mechanism under adverse conditions (Hancock, 1991). 

 

Two mechanisms are recognised for microbial surface interactions. Specific interactions 

require a complementary site on the receiving surface to the adhesive structure on the 

cell surface, and occur between cell to cell attachments (Fletcher, 1996). Non-specific 

interactions are facilitated by interaction forces (electrostatic force), surface 

macromolecules and hydrophobic interactions (Beuth and Uhlenbruck, 1995). These 

features have particularly been investigated in aquatic bacteria as well as in microbial-

hydrocarbon interactions (Mills and Powelson, 1996). 

 

1.4.1. Mycobacterial Cell envelope 
 
One of the unique features of mycobacteria is their thick hydrophobic cell envelope 

which plays a significant role in virulence and antimicrobial resistance (Brennan and 

Nikaido, 1995). The extraordinary cell envelope architecture offers mycobacteria a 

remarkably impermeable and hydrophobic armour. The cell envelope is composed of a 

polysaccharide-rich capsule, a mycomembrane, an arabinogalactan layer (AG), a 

peptidoglycan layer (PG) and plasma membrane (Crick et al., 2001, Valera, 21014). This 

sophisticated architecture becomes a highly difficult barrier for anti-TB agents to cross 

(Valera, 2014). 

 

Mycolic acids (MAs) are α-alkyl ß-hydroxyl long chain fatty acids which generally consist 

of two parts: the non-functionalised “mycolic motif” and the “meromycolate chain” 

(Verschoor et al., 2012). Mycobacteria produce these MA chains ranging from 60 to 90 

carbons in length, these being the longest fatty acids recognised (Lopez-Marin, 2012). 

Mycobacterium species depend fully on these MAs for their growth and survival both in 

vitro and in vivo (Portevin et al., 2004).  There are three classes of MAs, α-mycolates, 

methoxy-mycolates and keto-mycolates, all of which contain cyclopropane rings in their 

carbon chains. α-mycolates tend to only form an extended ‘U’ shape, while keto 

mycolates tend to form a ‘W’ shape and methoxy-mycolates a ‘W’ shape and an 
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intermediate semi-folded ‘sZ’ shape (Minnikin et al., 2015). The majority of mycolic 

acids are covalently attached via ester linkages to arabinogalactan, which is in turn 

covalently attached to peptidoglycan, forming the mycolyl-arabinogalactan-

peptidoglycan (mAGP) complex (McNeil et al., 1990, McNeil et al., 1991). This structure 

forms the core of the mycobacterial cell envelope (Brennan, 2003). 

 

MAs are responsible for many mycobacterial species’ unique characteristics, including 

resistance to chemical injury and dehydration, low access to hydrophilic 

chemotherapies and virulence (Dubnau et al., 2000, Glickman et al., 2000, Glickman and 

Jacobs, 2001). They also give the mycobacterial species their acid-fastness characteristic 

(Bhatt et al., 2007). Moreover, MAs play a significant role in mycobacterial biofilm 

formation, which may help Mtb to persist within the host (Ojha et al., 2008). The 

presence of MAs in high amounts in the mycobacterial cell envelope renders its extreme 

hydrophobicity (Marrakchi et al., 2014), which will be discussed in detail in Section 1.4.3. 

Additionally, enzymes that are involved in mycolate biosynthesis are good candidates 

for anti-mycobacterial therapies (Bhatt et al., 2007). 

 

The permeability of the mycobacterial cell envelope is lower by approximately one 

order of magnitude when compared to Pseudomonas aeruginosa, an organism 

recognised for its low cell envelope permeability (Jarlier and Nikaido, 1990). The low 

permeability of the Mtb cell envelope makes it sensitive only to aminoglycosides (e.g. 

streptomycin), and rifamycins (e.g. rifampicin) among antibiotics, and to 

fluoroquinolones among general chemotherapeutic agents (Brennan and Nikaido, 

1995). Furthermore, mycobacteria are relatively resistant to alkali, drying, and many 

chemical disinfectants and this may underpin their transmission in multiple 

environments (Brennan and Nikaido, 1995).  

 



                                                                                                             Chapter 1: Introduction 
   

14 
 

 
Figure 1.2. The cell envelope of M. tuberculosis. Schematic of the M. tuberculosis cell envelope. 
adapted from (Minnikin et al., 2015). Dimensions correlate to cryo-electron microscopy and cell 
envelope proteins are not shown. Depicts the mycobacterial inner membrane (MIM), 
arabinogalactan peptidoglycan (AGP), the mycobacterial outer membrane (MOM). The capsule 
is not shown. DAT, diacyltrehaloses; SGL, Sulfoglycolipid; PDIM, phthiocerol dimycocerosates; 
PAT, Pentaacyl trehalose; αu, fully extended α-mycolate; Kw and Mw, folded keto and methoxy-
mycolate respectively; Ms, semi-folded methoxymycolate; AG, arabinogalactan; PG, 
peptidoglycan; LAM, lipoarabinomannan; LM, lipomannan; Ac1/Ac2PIM6, acyl/diacyl 
phosphatidylinositol hexamannosides respectively; DPG, diphosphatidylglycerol; PE, 
phatidylethanolamine; PI, phosphatidylinositol; Ac1/Ac2PIM2 acyl/diacyl phosphatidylinositol 
dimannosides respectively. 
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1.4.2. Bacterial cell surface hydrophobicity (CSH) 
 

CSH reflects the ratio between hydrophobic and hydrophilic constituents of the cell 

envelope (Geertsema-Doornbusch et al., 1993); it contributes to partitioning at 

liquid/liquid and liquid/air interfaces as well as attachment to surfaces. Hydrophobic 

cells adhere to hydrophobic surfaces and hydrophilic cells adhere to hydrophilic 

surfaces (Kochkodan et al., 2008). In a microbial population, some cells are more 

hydrophobic than others, therefore, only a proportion of the population adheres to 

hydrophobic surfaces. Furthermore, microorganisms can respond to environmental 

conditions (temperature, composition of nutrients, growth phase, etc.) by altering their 

CSH properties (Bujdáková et al., 2013).  

   

Hydrophobic bacteria are relevant to a variety of situations such as medical practice, 

where hydrophobic organisms may adhere to plastic used in medical devices (Esteban 

et al., 2014). They have also been shown to adhere to host tissues (Hazen et al., 1991). 

The importance of hydrophobic organisms can also be found in the petroleum industry, 

where quick and inexpensive methods are required to remove insoluble hydrocarbons. 

The ability of hydrophobic cells to adhere to hydrocarbon-water interfaces may play a 

significant part in developing such methods (Goswami and Singh, 1991). In the food 

industry, hydrophobic pathogens have been reported to attach to materials used in 

installations such as rubber and stainless steel (Sinde and Carballo, 2000). Furthermore, 

bacteria with higher CSH have more propensity to attach to food components such as 

lipids and proteins, causing food contamination and subsequently resulting in the 

wastage of millions of dollars annually (Brooks and Flint, 2008). 

 

1.4.3. Mycobacterial cell surface hydrophobicity 
 

A comparison study between Mtb and its relatives M. kansasii and M. canettii revealed 

a significant difference in their CSH (Jankute et al., 2017). A proposed route for the 

development of CSH from the hydrophilic M. kansasii to the modern hydrophobic Mtb 

was introduced by Jankute and associates (Jankute et al., 2017). These authors 

proposed a series of genetic alterations affecting the cell envelope of M. kansasii (or its 
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ancestor) leading to an intermediate smooth phenotype, M. canettii. Subsequently, loss 

of hydrophilic components led to the hydrophobic rough phenotype members of the 

modern MTB complex (Jankute et al., 2017). 

 

Mtb has longer α-mycolic acids than both M. kansasii or M. canettii, contributing to 

increased CSH (Minnikin et al., 2015). In M. kansasii, the presence of the hydrophilic 

lipooligosaccharides (LOSs), relatively polar phenolic glycolipids (PGLs) and 

phthiocerol/phthiodiolone dimycocerosate waxes (PDIMs) accounts for its hydrophilic 

cell surface. These lipids are found in the intermediate species M. canettii with slight 

modifications. Additionally, M. canettii has two extra classes of lipids known as 

pentaacyl trehalose glycolipids and diacyl trehalose glycolipids (PATs and DATs) 

(Minnikin et al., 2015, Jankute et al., 2017). The key differences between the 

hydrophobic modern Mtb and the hydrophilic ancestors are that the LOSs and PGLs 

classes of lipids are deleted from Mtb. In addition to this, three apolar lipids, PDIMs, 

PATs and DATs, a new class of hydrophobic lipids named sulfoglycolipids (SGLs), are 

present in the outer membrane of Mtb. This combination appears to account for the 

high CSH of Mtb and related members of the MTB complex (Soto et al., 2000, Minnikin 

et al., 2015). 

 
1.4.4. Hydrophobicity and aerosol transmission 
 
A link between CSH and the aerosol transmission of environmental mycobacteria has 

been previously indicated by Parker and colleagues (Parker et al., 1983). In their study, 

Mycobacterium avium-intracellulare cells were found to be in greater number than 

Mycobacterium scrofulaceum in aerosols ejected from natural seawater and in 

laboratory experiments. They observed microscopically that M. intracellulare formed 

aggregates while M. scrofulaceum did not. This aggregation was attributed to the 

hydrophobic nature of M. intracellulare (Parker et al., 1983). In 1975, Gruft and 

colleagues found that M. intracellulare infections are more frequent among humans 

than Mycobacterium scrofulaceum infections and that the ocean waters were the 

source of such infections (GRUFT et al., 1975). Taking these findings into account, a link 

between CSH, aerosolisation and transmission can be postulated (Wendt et al., 1980).  
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M. canettii, a member of the MTB complex, has been shown to be restricted to the Horn 

of Africa and is less extensively transmitted than the modern Mtb (Koeck et al., 2011). 

A comparison between Mtb and possible evolutionary ancestors, M. kansassii and M. 

canettii using Congo red and partitioning to hexadecane has shown that Mtb is more 

hydrophobic (Jankute et al., 2017). According to these authors, the enhanced CSH of 

Mtb is due to changes in the lipid composition of its cell envelope and as a subsequent 

result, its successful aerosol-transmission (Jankute et al., 2017).  

 

Another example of the potential link between CSH, propensity for aerosolisation and 

transmission is the smooth colony morphotype of M. abscessus. The cell envelope type 

of this pathogen contains hydrophilic GPLs whilst the rough colony form of M. abscessus 

lacks GPLs (Jankute et al., 2017). The rough colony M. abscessus exhibited higher CSH 

than the smooth morphotype when Congo red and partitioning to hexadecane assays 

were applied (Viljoen et al., 2018). Moreover, it has been found that isolates causing 

chronic airway colonisation/infection are usually of the rough morphotype, while 

wound isolates mainly exhibit smooth colony morphology (Jönsson et al., 2007). 

 
1.4.5. Measurement of cell surface hydrophobicity 
 
In 1924, Mudd and Mudd demonstrated, for the first time, the ability of bacteria to 

partition at oil-water interfaces (Mudd and Mudd, 1924). These pioneering observations 

led to many subsequent studies of microbial CSH and the development of methods to 

measure it (Doyle and Rosenberg, 1990). There are general considerations that must be 

taken into account when measuring CSH, regardless of the method used. Firstly, 

hydrophobic interactions can promote adhesion to surfaces and interfaces. Thus, it is 

common for some microorganisms to adhere to the walls of vessels or glass used in 

experiments (Hori et al., 2008). Secondly, since most CSH measurement methods use 

aqueous buffers, attention must be paid to the properties of the buffer such as salt 

concentrations and pH, which can have a marked effect on the measurement outcomes 

(Doyle and Rosenberg, 1990). Thirdly, the growth conditions have a significant impact 

on the surface properties of a wide range of microorganisms. Thus, differences in 

culturing conditions must be considered (Wrangstadh et al., 1986). Moreover, in some 
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cases, clinical isolates lose their hydrophobic properties due to sequential sub-culturing 

(Westergren and Olsson, 1983). Fourthly, hydrophobic microorganisms sometimes have 

a tendency to form aggregates leading to underestimation of the real state of adherence 

to hydrocarbon (Voloshin and Kaperlyants, 2004). Finally, the adhesion of 

microorganisms is sometimes dependent on cell density (Van Pelt et al., 1985). Table 

1.2 displays the advantages and disadvantages of the most commonly used methods to 

measure CSH. 

 
Table 1.2. Methods commonly employed to assess microbial CSH measurements. 

Method Features Advantages Disadvantages 

Microbial adhesion to 
hydrocarbons (MATH) 
 
(Doyle and Rosenberg, 
1990, Vanhaecke and 
Pijck, 1988) 

Microorganisms 
adhere to 
hydrocarbon-aqueous 
phase interfaces; 
removal of cells from 
the aqueous phase can 
be measured via 
spectrophotometry. 

Easy to conduct 
Low cost of materials. 
Basic equipment 
(Vortex, 
spectrophotometer). 
Quick in both 
operation and data 
analysis. 
Adherence of cells can 
be observed 
microscopically. 
Measurement of 
overall hydrophobicity 
of microbial 
suspension. 

Semi-quantitative 
method to measure 
overall CSH. 
No standardised 
procedure, making the 
comparison of results 
difficult across studies. 
Aggregation of 
bacteria makes optical 
density readings 
unreliable. 
Some hydrocarbons 
can cause cell lysis. 
The possibility of 
cooperative 
interaction among the 
adhering cells 
themselves that cause 
indirect adhesion to 
hydrocarbon. 

Contact angle 
measurements (CAM) 
 
(Reid and Tester, 1992, 
Busscher, 1990, Doyle 
and Rosenberg, 1990) 
 

When water droplets 
are placed on dried 
lawns of 
microorganisms, the 
droplets form contact 
angles. The larger the 
angle created by the 
droplet, the lower the 
hydrophobicity value. 

Accurate and 
reproducible results. 
Dose not affected by 
continued sub-
culturing of the 
bacteria. 

Slow procedure. 
Excessive drying 
process of the filter 
could lead to 
erroneous data. 
Requires special 
equipment (real-time 
image analyser) and 
technical expertise. 
It is sometimes 
observer-dependent. 
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Hydrophobic-
interaction 
chromatography (HIC) 
 
(Doyle and Rosenberg, 
1990) 

Octyl-Sepharose 
columns serve to trap 
hydrophobic micro- 
organisms, whereas 
non-hydrophobic 
variants or strains do 
not adhere. 

Useful in separating 
hydrophobic from 
hydrophilic organisms. 

This does not work 
well when bacteria are 
capable of binding to 
agarose. 
Not useful when cells 
tend to aggregate. 

Salt aggregation test 
(SAT) 
 
(Lindahl et al., 1981, 
Doyle and Rosenberg, 
1990) 

When mixed with 
ammonium sulfate, 
hydrophobic 
microorganisms tend 
to aggregate; rates of 
aggregation can be 
monitored via turbidity 
readings. 

Easy to conduct. 
Requires no specialised 
equipment. 
Stain can be added to 
improve visualisation 
of the aggregation. 

Hydrophobic bacteria 
tend to aggregate 
without the addition of 
ammonium sulfate. 
Only provides 
qualitative estimates 
for SCH. 
Electrostatic 
interactions have a 
significant influence on 
the results. 
Cell density is an 
important factor. 

Adhesion of 
hydrophobic 
microspheres 
 
(Zita and Hermansson, 
1997, Heard et al., 
2009) 

Some hydrophobic 
microorganisms bind 
to polysytrene 
microspheres; this 
binding can be 
determined by light 
microscopy. 

Measures CSH at the 
single-cell level. 
Can determine the 
hydrophobic site of the 
cell surface. 

Time consuming 
technique. 
Size of microsphere 
can affect the 
adherence. 
Aggregation with the 
microsphere is 
problematic.  

Relative Congo red 
assay 
 
(Jankute et al., 2017, 
Yakupova et al., 2019) 

It is a amphiphilic dye 
that can stain 
hydrophobic area of 
the bacterial cell 
envelope 

Cost-effective assay 
Can be used to CSH at 
the single-cell level. 
Can measure CSH of 
bacterial biomass 

It is toxic and possibly 
carcinogenic dye.  
Time consuming 
technique. 

 
While there are variety of methods that can be used to measure CSH, the work in this 

study was conducted using the MATH as a mean method. There are two reasons why 

MATH was chosen. Firstly, it is a simple (easy to conduct) technique and requires only a 

vortex and a spectrophotometer. Secondly, the high number of samples requires a fast 

technique in both operation and data analysis. The Microsphere beads and relative Cong 

red assays were also investigated here as they can measure CSH on a single cell level 

and have the potential to be used with aerosol samples where low numbers of cells are 

present.  
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1.5. Transmission of tuberculosis 
 
The predominant route for the transmission of Mtb is through inhalation of aerosols 

containing the tubercle bacillus by susceptible hosts (Wampande et al., 2015). The 

fundamentals of airborne transmission have been described by Wells, Riley and later, 

Loudon (Rieder, 1999). Interruption of any process related to the aerosol transfer of 

Mtb increases our understanding of the pathogen and could further contribute to 

reducing the rates of its transmission (Yates et al., 2016).  

 

1.5.1. Bioaerosol Formation in the Lungs  
 
Two mechanisms have been proposed for the production of aerosols in the lungs, both 

of which take place in different regions of the lung. The first is after the turbulence which 

occurs in the respiratory tract during inhalation and expiration (Fiegel et al., 2006). The 

second is due to the reopening of closed peripheral airways during breathing (Johnson 

and Morawska, 2009). However, other mechanisms could also be responsible for 

aerosol formation in the respiratory tract; this could occur anywhere between the 

alveoli and the mouth  (Patterson and Wood, 2019). 

 

In more detail, the turbulence theory (during multiple daily habits i.e coughing, 

sneezing, and breathing) suggests that during inspiration and expiration, the air flows 

over the airway lining fluid (ALF), causing destabilisation of the ALF surface due to sheer 

force. This phenomenon leads to a wave-like disturbance resulting in the formation of 

aerosols, which may contain lung fluid components and trapped pathogens (Fiegel et 

al., 2006). Studies involving mucus-like film showed that there are several factors 

influencing the formation of aerosols inside the respiratory tract. These factors include 

surface tension, air speed, film thickness and the physical properties (viscosity and 

elasticity) of the surface and bulk of the mucus layer (Basser et al., 1989, Moriarty and 

Grotberg, 1999, Fiegel et al., 2006). The influence of alteration of the physiological 

properties of the lung lining fluid by administration of isotonic saline on the formation 

of aerosols has been investigated previously. In 2004, Edward and colleagues have 

conducted an experiment where exhaled bioaerosol particles from 11 healthy 
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volunteers were measured before and after receiving isotonic saline by inhalation. The 

authors have found that 50 % of the subjects produced an average of > 500 particles per 

litre over 6-hrs (high producers). When these subjects received approximately 1 g 

isotonic saline by inhalation, the amount of expired aerosols was reduced by 72 % 

(Edwards et al., 2004). 

 

The reopening of closed peripheral airways theory was proposed after discovering that 

the concentration of exhaled aerosols decreased after a breath is held. In 2009, Johnson 

et al. proposed a model known as bronchiolar fluid film burst (BFFB). This model is based 

on exhaled droplets forming in the lower bronchioles during inhalation of normal 

breathing. In brief, during exhalation, the bronchiolar wall is contracted, and a fluid layer 

forms over the interior surface of these contracted bronchioles, preventing it from 

collapsing. This fluid layer can completely block the airway. During inhalation, the closed 

bronchioles will expand and reduce the fluid blockage, leading to the formation of the 

aerosols (Johnson and Morawska, 2009).  

 

1.5.2. Airborne Mtb transmission 
 
As mentioned above, tubercle bacilli are aerosolised by individuals with pulmonary 

disease during multiple daily activities such as coughing, sneezing, speaking and singing 

or even during normal breathing (Loudon and Roberts, 1968, Wurie et al., 2016). Due 

to the rapid evaporation which occurs post-aerosolisation, the droplets become low in 

mass and hence remain suspended in the air until they are either inhaled or ventilated 

out of the room (Wells, 1934). In cough sampling experiments, tuberculosis patients 

were coughing as frequently as was comfortable for them for 5 min in a cough aerosol 

sampling system. The experiments suggested that most aerosolised Mtb is in small 

droplets, even without evaporation, to remain suspended in the air (Fennelly et al., 

2012). These experiments, as well as studies from guinea pig facilities and molecular 

epidemiological observations, suggested that people infected with tuberculosis are not 

all equally infectious (Sultan et al., 1960, Fennelly et al., 2012, Jones-López et al., 2013, 

Walker et al., 2013, Ypma et al., 2013). Moreover, the transmission of Mtb to guinea 



                                                                                                             Chapter 1: Introduction 
   

22 
 

pigs was reduced by 56 % when the patients wore surgical masks (Dharmadhikari et al., 

2012).  

 

Conventional assessment of patient infectiousness depends on the positivity of sputum 

smears and sputum culture conversion (Conditions and NICE, 2011). While for most 

patients, the smear and sputum cultures appear negative after two weeks of treatment, 

for other patients, more than a month is required (Fitzwater et al., 2010). The risk of 

patients spreading infection was diminished significantly after 2-4 weeks of treatment, 

regardless of the status of the smear or sputum culture (Gunnels et al., 1974). The 

frequency of coughing diminished with treatment and subsequently, the generation of 

Mtb aerosols through coughing also diminished (Loudon and Spohn, 1969). However, 

the assumptions about infectiousness on the basis of culture conversion times might 

overestimate risk. Conversely, organisms that grow in culture might not survive when 

exposed to several stressors in the hostile immune system present in the alveoli (Yates 

et al., 2016). 

 

1.5.3. Measuring transmission in populations  
 
The prevalence and annual incidence of active TB is less than 2 %, even in the highest 

burden countries (Yates et al., 2016). The challenges associated with obtaining proper 

measurements of Mtb transmission in populations arise from the infrequent outcomes, 

incomplete surveillance, and poor diagnostic tests for infection. Examples of these tests 

include the microscopic test for the presence of the tubercle bacilli in samples. This test 

is insensitive and many positive cases are missed among many negatives (Keflie and 

Ameni, 2014). Another poor diagnostic test is the chest radiographs. Even though this 

test is sensitive, it is not specific for active tuberculosis (Dye et al., 2008). Conclusions 

about transmission therefore depend on the chosen measurements, assumptions and 

a combinations thereof. Since transmission, development from infection to an active 

disease with symptoms, and duration of the disease all have an impact on prevalence, 

it is difficult to draw proper conclusions about the prevalence of transmission (Cobelens 

et al., 2014).  
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Molecular epidemiological approaches such as strain typing (spoligotyping) and whole 

genome sequencing (WGS) can provide evidence for or against linkages between two or 

more cases of active TB, which can lead to gaining an important insight into Mtb 

transmission (Borgdorff and Van Soolingen, 2013). Since these techniques require a 

bacterial isolate in most cases, they only capture infections that have developed into 

active TB (Du Plessis et al., 2001). 

 

The detection of aerosolised Mtb directly by sampling air within a chosen environment 

is of great interest. This allows for the quantification of Mtb exposure in putative sites 

of transmission (Wood et al., 2016). In 1999, Mastorides and colleagues have introduced 

for the first time the use of a combination of filtration and PCR technique to detect 

aerosolised Mtb. In their study, the air samples were collected from suspected TB 

patient rooms over a period of 6 hrs filtration time (Mastorides et al., 1999). In later 

studies, the combination of filtration and PCR to detect Mtb in aerosols was used in 

health care settings (Wan et al., 2004, Matuka et al., 2015). In 2016, a small personal 

clean room in which airborne Mtb could be isolated in a clinical setting called the 

respiratory aerosol sampling chamber (RASC) was designed (Wood et al., 2016). The 

RASC enables the quantitation and characterisation of aerosol particles produced by the 

seated patient during normal breathing, coughing and talking. Inside this device, the 

sampling filters, Biosamplers and impactors can be placed to collected aerosol samples 

for different investigations including the morphological and molecular characteristics of 

Mtb in aerosols (Wood et al., 2016). 

 

Although PCR detection of Mtb DNA does not mean that the organism is viable, it does 

demonstrate that people with pulmonary TB have aerosolised Mtb in the environment 

that was sampled. In theory, this finding should be a reasonable measure for the risk of 

transmission (Yates et al., 2016). 
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1.5.4. Survival in aerosols 
 
When microorganisms, including Mtb, are aerosolised into the environment, they 

experience different conditions than those in bulk liquid. One obvious condition is the 

concentration of solute in the droplet, which reaches supersaturation due to a 

decreased water level inside the droplet (Clegg et al., 2001). The equilibrium level with 

atmospheric RH can be reached with the addition or removal of water. This 

phenomenon depends on the relative abundance of each chemical species in the solute, 

where each component will contribute to the uptake or loss of water (Clegg et al., 2003). 

It has been shown that the survival of Bacillus subtilis and Pseudomonas fluorescens was 

significantly affected by the solute concentrations(Johnson, 1999). Infected individuals 

will produce droplets with different mucus and solutes than healthy individuals. 

Similarly, microorganisms in in vitro studies are grown using different mediums (liquid 

broth, solid agar and nutrient composition), and these factors affect the concentration 

and types of nutrients present in the spray suspension, and subsequently influence the 

survival of the pathogen in aerosols (Brown, 1953, Handley and Webster, 1995, Hersen 

et al., 2008). 

 
Table 1.3. Factors that affect survival and infectivity of airborne microorganisms. (Haddrell 
and Thomas, 2017). 

Factor Description 

Relative humidity Levels studied generally range from 20 to 90 % 

Temperature Levels studied range from subzero to 50 °C 

Solar radiation Variability in spectra examined but inclusive of UV-A and UV-B 
wavelengths 

Oxygen Generation of reactive oxygen species during aerosol survival 

Ozone Reactive with pollutant gases and pinenes 

Pollutant gases CO, SO2 , NO2 , ethane and cyclohexene 

Growth phase Exponential or stationary 

Particle size Microbial aggregates have greater survival than single microorganisms 

Aerosol age Infectivity decreased prior to culturability with extended time in aerosol 
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Another stressor that affects the survival of cells in aerosols is the presence of 

atmospheric oxidants (e.g., reactive oxygen and nitrogen species, ozone) which can act 

directly on an organism or indirectly with constituents in the droplet (Estillore et al., 

2016). The presence of reactive oxygen species may result in oxidative damage to critical 

enzymes (Webb, 1969), phospholipids and nucleic acids. As a result, metabolic 

imbalance, membrane destabilization and reduction of repair activity can occur at the 

molecular and physiological levels of bacterial cells (Cox, 1987). Bioaerosols exposed to 

atmospheric ozone concentrations and variations in RH showed alteration in 

fluorescence spectra related to oxidation and in the hydrolysis of tryptophan (Santarpia 

et al., 2012). 

 

The influence of temperature and RH on the survival of microorganisms in aerosols has 

been studied on many occasions. It has been reported that Gram-negative bacteria 

survive better at low temperatures and low RH, while Gram-positive bacteria survive 

better at low temperatures and high RH (Cox, 1989, Grayston et al., 1989). The influence 

of these factors on the survival of pathogens in aerosols is strain-dependent, as some 

microorganisms survive well regardless of these factors.  For example, Staphylococcus 

epidermidis has shown similar patterns of survival in aerosols at RH ranging from 20 % 

to 90 % (Thompson et al., 2011).  

 

While there are many studies about the survival of microorganisms in aerosols, 

Mycobacteria studies are limited. In 2007, Gannon and colleagues have studied the 

survival of M. bovis in aerosols. They have claimed that a half-life time of M .bovis in 

aerosols was around 90 min (Gannon et al., 2007). In 2016, Fletcher and co-workers 

have demonstrated that clinical samples of M. abscessus were able to survive for 80.6 

sec and travel 4 m within the aerosols using a 110-mm diameter air-tight pipe (Fletcher 

et al., 2016) . To our knowledge, there are only two reports about the survival of Mtb in 

aerosols. First study was conducted in 1969 by Loudon and colleagues who 

demonstrated a half-life of Mtb in aerosols to be around 6 hrs (Loudon et al., 1969). The 

second study was assessed by Lever and associates who claimed a half-time of Mtb in 

aerosols is less than 30 min (Lever et al., 2000). These discrepancies in these results 
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were because of the different settings used in the two studies and will be discussed in 

details in Chapter 4.  

 

In 2011, Clark and colleagues have studied the influence of different factors on the 

viability of Mtb during aerosolisation experiments; these were duration of 

aerosolisation, effect of the concentration of Mtb in the nebuliser, and the effect of 

freeze ⁄ thaw cycles of the challenge suspension (Clark et al., 2011). According to the 

results from Clark’s study, aerosolisation of freshly grown Mtb suspension did not affect 

the viability of the bacilli over time. In contrast, frozen⁄thawed suspension of Mtb 

showed reduction in viability (in the nebuliser) of approximately 1 log10 CFU / ml within 

the first 10 min post-nebulisation. The factor that did not affect Mtb viability in 

aerosolisation was the concentration of the bacterial suspension inside the 

nebuliser.  The reduction of viability in the nebuliser fluid using frozen/thawed 

suspension needs to be considered when conducting aerosolisation experiments (Clark 

et al., 2011).   

 

1.6. Aerobiology 
 
Aerobiology-related research was established many decades ago. Examples of research 

in this area include studying the survival rate of microorganisms in aerosols, 

investigations into inhaled infectious dose, efficiency of decontamination strategies and 

evaluation of bioaerosol sampling technologies. The general schematic of an 

aerobiology experiment is aerosol generation, collecting aerosol samples then post-

sampling processing. Importantly, cells can be damaged during any of the stages 

mentioned (Hambleton, 1971, Terzieva et al., 1996, Haddrell and Thomas, 2017). 

 

1.6.1. Aerosol generation 
 
Table 1.4 outlines some major aerosol generators used in aerobiological studies and 

their operating mechanisms. The reflux aerosol generators in conjunction with 

impingement is widely used in aerobiological studies for sampling aerosols. Although 

this system can be safely used in biocontainment laboratories, it has been reported that 

reflux nebulisers damage cells to a greater extent than nonrefluxing nebulisers 
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(Reponen et al., 1997, Zhen et al., 2014). The damage caused by refluxing nebulisers can 

be linked to membrane damage (Thomas et al., 2011), release of ions into the medium 

(e.g., PO42-) (Anderson and Dark, 1967), cell fragmentation (Zhen et al., 2014) and 

reduction in ATP activity (Han et al., 2015); since the bacteria remain in the nebuliser 

during aerosolisation, they pass through the device nozzles repeatedly (Turgeon et al., 

2014). In contrast to refluxing nebulisers, the nonrefluxing nebulisers are less damaging 

to the cells, as the microorganisms only pass through the nozzle once (Zhen et al., 2014).  

 

Table 1.4. Description of some of the aerosol generation mechanisms used in Aerobiology 
experiments. (Haddrell and Thomas, 2017). 

Aerosol generation 
mechanism 

Apparatus example(s) Description 

Reflux nebulisation 
1-,3- and 6-Jet 
version usually used 

Collison nebuliser, 
Wells atomizer, 
aerosol gun 

Bacteria are passed through the nebuliser 
nozzles repeatedly with wall impaction and 
liquid recirculation occurring every 6 s in the 3-
Jet. The rate of aerosol generation and 
recirculation increased with increase of the 
number of jets. 

Nonreflux 
nebulisation 

Single-pass nebuliser Bacteria are passed through the nebuliser 
nozzles once without wall impaction or 
recirculation occurring. 

Aerosol bubbling Sparging liquid 
nebuliser 

The liquid is dripped onto a membrane then 
broken into droplets by airflow through the 
membrane. Next, the droplets break down into 
small aerosols due to the increased pressure 
gradient inside and outside the device. 

Centrifugal 
atomisation 

Spinning top aerosol 
generator 

The liquid is moved to a rotating disc toward 
the edges by centrifugal forces. This process 
produces ligands that break into aerosols.  

Flow focusing flow-focusing aerosol 
generator, C-Flow 
nebuliser 

Liquid flows through an orifice forming jets that 
break up into aerosols by aerodynamic suction 
of an accelerated air stream. 
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1.6.2. Aerosol sampling techniques 
 
Sampling methods for airborne microorganisms include impingement, impaction, 

filtration, cyclonic separation, and electrostatic precipitation. As explained in table 4, 

each sampling method has pros and cons, and all have the potential to cause damage 

to cells (Kesavan and Sagripanti, 2015). It has been claimed that using impingement 

(AGI-30) to collect P. fluorescens aerosols for 15-60 min led to structural damage, with 

recovery achieved in nonselective media (Terzieva et al., 1996). It is worth noting that 

the majority of studies which looked to determine the infectious dose and aerosol 

survival used sampling times ranging from 1 to 10 min to minimize the impact of 

microbial damage (Dabisch et al., 2012). Several comparative studies assessing the 

efficiency of different sampling mechanisms demonstrated that the sampler efficiency 

is highly influenced by the strain being sampled. For example, Bacillus spp. endospores 

tend to be less affected by aerosol sampling methods (Dabisch et al., 2012). The 

difference between sampler efficiencies can be due to the variations in sampling 

velocities; for impingement, the velocity reaches 260 m/s, 10-fold greater than other 

samplers (Table1.5) (Mainelis, 1999).  
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Table 1.5. Description of some of the sampler mechanisms used in Aerobiology. (Haddrell 
and Thomas, 2017). 

Aerosol sampling Apparatus example (s) Description 

Impingement All-glass impingers (AGI-
4, AGI-30, AGI model 
7541 AGI), SKC 
biosampler. 

In AGI, particles are drawn through a 
small orifice that increases their velocity, 
thereby causing them to impinge on the 
bottom surface of the container. The 
velocity reaches 265 m/s (greater than 
other samplers). The SKC biosampler 
possesses three angled nozzles, creating 
gentle swirling motions of bioaerosol 
during collection. 

Impaction Cascade impactors: 
Andersen, Mercer, 
Ultimate, MAS-100, 
Burkard. 

These operate on the principle of inertial 
impaction. Each stage of the impactor 
comprises a series of nozzles and has a 
different cutoff size. The organisms 
impact differently on each stage 
according to their size. 

Filtration and 
impaction 

Gelatin filter, 
nitrocellulose, 
polycarbonate 

This has greater physical sampling 
efficiencies than other samplers. 
However, the biological sampling 
efficiency can be influenced by the 
elution of material from the filter 
surface (e.g., vortexing, shaking, solution 
volume and type). 

Cyclonic separation NIOSH cyclonic 
biosampler 

A rotated cylindrical container draws 
airflow, causing larger particles to 
deposit and collect on the walls by 
centrifugal force.  

Electrostatic 
precipitation 

Ionizers (AS150, model 
3100) aerosol sampler 

Airborne particles are electrically 
charged and subjected to an electric 
field, causing gentle deposition velocity 
onto the collection substrate. Spores 
have greater bioefficiency than Gram-
negative bacteria. Velocities reach 0.01-
1 m/s.  

 
 

1.6.3. Post-sampling process 
 
The post-sampling process, including storage, is a stage during which damage to the 

cells can occur because an extra stress is added to the organisms during impaction onto 

agar (Stewart et al., 1995), spread plating (Thomas et al., 2012) and culture medium 

(Terzieva et al., 1996). Alternative methods to quantify cells in aerosols involve the use 
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of microscopy or flow cytometry in conjunction with various dyes (Rule et al., 2007). 

Also, quantitative PCR can indicate the physiological activity of the collected 

microorganisms (Allegra et al., 2016). Storage temperature, sampling solution and 

storage period can lead to a misrepresentation of the actual state of the sampled 

organisms by either promoting replication or death (Li and Lin, 2001). It is best to 

process bioaerosol samples immediately after collection to minimize the stress of 

storage, however, this is highly dependent on the microorganism. A comparison study 

between Bacillus spp. endospores and E. coli revealed that E. coli is more affected by 

storage temperature (4 and 25 °C). However, both strains showed an increase in CFU 

counts after extended periods of storage at 25 °C compared to initial counts after 

sampling. This indicates a significant disaggregation and/or replication in the collection 

medium during storage periods. It should be noted that in this study, the authors used 

sterile deionized water with 0.01 % Tween 80 as a storage medium (Li and Lin, 2001).  

 

1.6.4. Experimental considerations 
 
In aerobiology experiments, where studying the survival of organisms in aerosols is the 

aim, it is vital to minimise the stresses that occur during aerosol generation and 

sampling to avoid inaccurate representation (Zhen et al., 2014). Using a single-pass 

nebuliser can reduce the probability of microorganisms being damaged (Haddrell and 

Thomas, 2017). Depending on the biosampler used, there are several ways to maximise 

recovery of microbes. Moreover, the reduced viability associated with prolonged 

sampling times can be minimised by shortening collection times (Juozaitis et al., 1994). 

The cell membrane of Gram-negative bacteria is a major site for damage during 

aerosolisation and sampling; this was previously demonstrated by increased sensitivity 

to hydrolytic enzymes (Hambleton, 1971). Sampling into liquid can be optimised to 

reduce the associated osmotic shock and enhance the repair and recovery of 

aerosolised cells. For example, the addition of compatible solutes such as trehalose, 

raffinose, polyhydric alcohols and betaine can promote better survival rates of 

aerosolised cells, despite the stresses resulting from aerosol generation, transport, and 

sampling (Cox, 1969). The collection efficiency of the six-stage Andersen sampler and 

viability loss reduction was significantly enhanced with vegetative Bacillus subtilis and 
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E. coli by applying a thin film of mineral oil on plates (Xu et al., 2013). In filtration 

methods, the bioefficiency depends on filtration time and the post-processing 

procedure (Li and Lin, 2001). A major drawback of the filtration method is that the 

continued drawing of air through the filter leads to the desiccation of collected 

microorganisms in a time-dependent manner. However, using gelatine membranes and 

placing them into warm media to recover collected microorganisms has been 

demonstrated to improve bioefficiency (Dabisch et al., 2012, Zhen et al., 2014). 

 
Within these considerations, minimising the stress that occurs during aerosolisation was 

achieved in the study here by reducing the nebulisation time to 5 min. Although single-

pass nebuliser was recommended to be used in aerosolisation experiments, the main 

nebuliser used in the work here was the ultrasonic Omron nebuliser. The 3-Jet Collison 

nebuliser was used here to make an appropriate comparison to the two previous Mtb 

studies by Loudon and Lever. Omron nebuliser was used mainly here as it can deliver 

higher number of cells during the 5 min period of nebulisation and showed similar level 

of cells damaging during nebulisation.   

 

1.7. Studying bacterial transcriptome  
 
In 1958, Francis Crick introduced the central dogma of molecular biology that outlines 

the flow of information from DNA to RNA via transcription and then to protein via 

translation (Crick, 1970). This genetic information can change depending on 

surrounding environmental factors characterising the phenotype of an organism. The 

transcription of a subset of genes into complementary RNA molecules determines the 

identity of a cell and regulates the biological activities within it (Kukurba and 

Montgomery, 2015). Collectively defined as the transcriptome, it is a transcript profile 

which provides valuable information regarding almost the entire transcripts produced 

by an organism under specific conditions. This information includes transcript content, 

determination of transcriptional start sites, mRNA abundance and antisense RNAs 

(Filiatrault, 2011). Investigations into bacterial gene expression profiles can be used to 

show how bacteria function under different conditions, including in response to 

stressors, and can identify genes that are critical for specific conditions (Brown, 2016). 
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Several technologies for analysing transcriptomes have been developed over the last 

decades. 

 

1.7.1. Techniques to measure gene expression 
 
1.7.1.1. Northern blot 
 
The northern blot was developed in 1977 by Alwine and colleagues to detect RNA or 

isolated mRNA in a sample for studying gene expression (Alwine et al., 1977). In this 

method, cellular RNAs are separated depending on their size using gel electrophoresis. 

Next, the separated RNA species are then transferred to a solid support (e.g., 

microcellulose or nylon), where the presence and abundance of an RNA species of 

interest is inferred by the hybridisation of a complementary radioactively labelled 

nucleic acid probe (Morozova et al., 2009). The northern blot is a low-throughput 

technique that requires the use of radioactivity and large amounts of input RNA. This 

technique’s complex requirements and detection ability that is limited to a few known 

transcripts at a time are drawbacks that can be avoided with other sequencing 

techniques (Morozova et al., 2009). 

  

1.7.1.2. Real time Reverse transcription-PCR 
 
 
Also known as RT-qPCR, it provides unmatched sensitivity and speed for determining 

levels of specific transcripts (Wong and Medrano, 2005). In this method, RNA is isolated 

and reverse-transcribed using primers to form cDNA. Then, an amplification of the 

segment of the cDNA of interest is done using gene-specific PCR primers. The reaction 

is followed in real time by detecting fluorescence intensity characterised by a value 

called the threshold cycle (Ct), the time at which fluorescence intensity is greater than 

the background fluorescence. The lower the Ct value, the greater the initial copy 

numbers of the target gene (Wagner, 2013). Advantages of the RT-qPCR method include 

increased experimental throughput and reduced quantity of input RNA required; 

however, it is limited to being able to order only hundreds of known transcripts at a 

time and does not cover large-scale transcriptomes (VanGuilder et al., 2008). 
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1.7.1.3. Sanger sequencing  
 
In contrast to RT-qPCR, the Sanger sequencing technique uses one primer instead of 

two. The amplification process copies one strand but not the reverse strand. Each 

amplification cycle produces one copy in the same direction of the primer and cannot 

be used as a template for following cycles. The original template DNA in the sample is 

the source of all amplifications in the reaction. Therefore, sufficient copies of the 

original template DNA must be included in order for the sequencing amplification to be 

visualised by the automated sequencing equipment (Heather and Chain, 2016). 

 

A new component called dideoxynulceotides (ddNTPs) has been introduced in Sanger 

sequencing. These ddNTPs are bases that function as terminators of the amplification 

process. They include a fluorescent tag for automated sequencing equipment and sit on 

the DNA template randomly during amplification and terminate the extension. The 

deoxynucleotides (dNTPs) sit on the remaining templates and continue extending. At 

the end of the amplification process, a ladder of PCR products is generated which 

increases by a single base. Each terminating base is tagged with fluorescent dye with 

different colours representing the A, G, C, and T bases in DNA (Heather and Chain, 2016). 

 
 

1.7.1.4. DNA microarray 
 
DNA microarray is a high-throughput technology that allows the rapid identification of 

the expression levels of thousands of genes in a tissue or organism in a single 

experiment. In this technology, an orderly arrangement of thousands of identified 

sequenced genes is printed on an impermeable solid support, glass or silicon chip slides. 

Each glass or chip slide contains thousands of spots which in turn contain single-

stranded DNA molecules called probes, representing a single gene and collectively the 

entire genome of an organism. The probes’ targets can either be RNA molecules or 

single-stranded DNA molecules complementary to the RNAs being measured (cDNAs). 

The targets are prepared from mRNA from the cellular phenotypes of interest and each 

target is labelled with a fluorescent dye. When the sample is passed over the slide, each 

probe binds to its complementary sequence (hybridisation process). Once this process 
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has occurred, the slides are washed, not only to remove any labelled cDNA that did not 

hybridise on the array, but also to increase the stringency of the experiment and reduce 

cross-hybridisation. Finally, the expression level of each target can be measured 

according to the intensity of the emitted light coming from each probe on the slide 

(Hegde et al., 2000, Allison et al., 2006). 

 

1.7.1.5. RNA-sequencing 
 
Also known as short-read sequencing, RNA-sequencing is a high-throughput sequencing 

technology that provides a digital measure for the abundance of transcripts present at 

a specific time within a sample. The overview principle of RNA-sequencing is that a 

population of extracted RNA is converted to a library of cDNA, which is then ligated to 

sequencing adaptors and subjected to a sequencing process (Wang et al., 2009). In an 

RNA-sequencing experiment, the total RNA extracted from a biological sample and 

mRNA is enriched using oligo-dT attached magnetic beads. RNA is then fragmented and 

primed for cDNA synthesis. The first-strand cDNA is synthesised via reverse transcription 

using random primers. The second-strand cDNA is generated by separating the RNA 

template from the first strand via AMPure XP beads and synthesising a complementary 

strand to make double-stranded cDNA. Overhangs are created due to the DNA 

fragmentation and therefore, a polishing process using 3’ to 5’ exonuclease activity 

occurs, resulting in the production of blunt-ended DNA fragments. The 5’ overhangs are 

filled in via polymerase activity.  The 3’ ends of fragments tend to ligate to each other 

and to prevent that, a single adenine nucleotide is added. Additionally, a 

complementary thymine is added to create an overhang for adapter ligation. Indexing 

adapters are then ligated to the double-stranded cDNA ends in preparation for 

hybridisation. DNA fragments containing adapters on both ends are selectively 

amplified via PCR. Next, DNA library templates must be quantified and quality control 

analysis should be performed. To prepare the DNA templates for cluster generation, 

indexed DNA libraries are normalised and pooled (if applicable) (Copeland, 2018). RNA-

sequencing technology is explored in more detail in chapter 5. 
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Table 1.6. Description of advantages and disadvantages of some commonly used techniques 
in gene expression studies. 

Technology Advantage Disadvantage 

Northern blot 

 

(Alwine et al., 1977, Streit et 
al., 2009, Unamba et al., 2015). 

 

High specificity. Detection of 
RNA size. Observation of 
alternate splice products. 
Partial homology probes can be 
used. The membranes can be 
stored and re-probed for years 
after blotting. Able to detect 
small changes in gene 
expression. Quantity and 
quality of RNA can be easily 
verified after electrophoresis 
and before further processing 
is done. 

Low sensitivity. Only one or a 
small number of genes can be 
visualised. Detection with 
multiple probes is difficult. Risk 
of mRNA degradation during 
electrophoresis. Involves the 
use of harmful chemicals such 
as formaldehyde, radioactive 
material, ethidium bromide 
and UV light. 

Real time RT-PCR 
 
(Gachon et al., 2004, 
VanGuilder et al., 2008, Smith 
and Osborn, 2009). 
 

Cost-effective. High sensitivity. 
Quick to provide reliable data. 
Considered as the gold 
standard validation method for 
results from other technologies 
such as microarray. Useful in 
monitoring biomarkers. 
Requires small amount of RNA.  

High costs of machine and 
reagents. Prior knowledge 
about the sequence data of the 
specific target gene of interest 
is required. Cannot detect 
alternative splicing or partial 
transcript degradation.  

Sanger sequencing 
 
(Arsenic et al., 2015, Jamuar 
and Tan, 2015, Heather and 
Chain, 2016). 
 

Useful in detecting DNA 
mutations. High sensitivity and 
specificity. Typical error 
probability is 0.0001. 

Expensive. Unable to perform 
parallel investigation of 
multiple targets. Labour-
intensive process. Only single 
nucleotide polymorphisms 
(SNPs) and small-scale 
insertions and deletions can be 
identified. 

Microarray 
 
(Pozhitkov et al., 2007, 
Morozova et al., 2009). 
 

Relatively inexpensive. Glass 
cDNA microarrays also have 
increased detection sensitivity 
due to longer target sequences 
(2 kbp). High specificity and 
reproducibility. Can detect 
noncoding RNAs, SNPs and 
alternative splicing events. 

Requires prior knowledge of 
the genome to design the 
sequence probes. Cross-
hybridisation causes lower 
signal-to-noise ratio. Small 
dynamic range of detection. 
Complex normalisation 
methods are required. Unable 
to detect novel transcripts. 
Requires high quantities of 
input RNA. 
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RNA-sequencing 
 
(Wang et al., 2009, Morozova 
et al., 2009, Haas et al., 2012) 
 

High level of accuracy and 
reproducibility in detecting 
gene expression levels. 
Requires low amount of input 
RNA. Does not require prior 
knowledge of the reference 
genome and reference 
transcriptome. High resolution 
to the single nucleotide. Low 
background noise. Can identify 
short or poorly expressed 
transcripts. Can detect novel 
transcripts. Can identify the 
origin of transcription. This 
permits the precise mapping of 
sRNAs that contain highly 
repetitive regions. Requires 
less input RNA. Useful for non-
model organisms with genomic 
sequences that are yet to be 
determined. It has no upper 
limit of detection and thus has 
a large dynamic range of 
expression levels over which 
transcripts can be detected.  

Expensive. Biological replicates 
are required to evaluate 
reproducibility of the 
conditions being assessed. Bias 
can occur during library 
construction. Due to the large 
amount of data generated by 
RNA-sequencing, a software 
with high capacity is required 
for storage, retrieval and 
processing. It is time 
consuming and requires 
bioinformatics expertise.  

 
 
While there are a variety of techniques to be used in transcriptomic studies, the RNA-

sequencing technique was used in this study. The advantages of this technique over the 

other available techniques are outlined in Table 1.6. justify the choice of this technique 

for this project.  
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1.8. Aim and objectives 
 
The overall aim of this study was to achieve further understanding of the physiological 

state of Mtb relevant to aerosol transmission. The hypothesis and objectives were:  

 
Hypotheses: 

 

1.    Aerosol transmission of Mtb is influenced by bacterial cell surface hydrophobicity 

(CSH) 

a.    More hydrophobic cells are more easily aerosolised 

b.    More hydrophobic strains show greater tendency for transmission. 

2.    In vitro aerosol studies with Mtb will enable identification of factors critical for 

transmission and its prevention 

a.    Inconsistencies in available aerosol study results can be resolved by 

standardising Goldberg drum procedures 

3.    Mtb cells in sustained aerosols will show transcriptional responses to this 

environment 

 
 
Objectives: 
 
1.    To investigate the influence of CSH on propensity of cells for aerosolisation.  

2.    To determine the survival pattern of M. tuberculosis H37Rv and M. bovis BCG in 

aerosols.   

3.    To determine the pattern of H37Rv and M. bovis BCG transcriptional changes on 

aerosolisation and survival stages during transmission.  
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Chapter two 
 

2. Materials and Methods 
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2.1. Mycobacterial strains 
 
 
Table 2.1. Bacterial strains. 

Strain Description Source 

M. smegmatis MC2 155 
 

Rapid-growing non-pathogenic 
mycobacterium 

Laboratory stocks 

M. bovis BCG Glaxo 
 

Attenuated category II TB vaccine 
strain 

Laboratory stocks 

M. abscessus ATCC19977  
Clinical isolate BCCM/ITM 

M. tuberculosis H37Rv   
Virulent laboratory strain 

Laboratory stocks (W. Jacobs, 
New York) 

M. tuberculosis Beijing 65  
Clinical isolate 

Laboratory stocks (M. Nicholls, 
Cape Town) 

M. tuberculosis CH Clinical isolate  
Leicester Royal Infirmary  

M. tuberculosis 
Loughborough strain Clinical isolate  

Leicester Royal Infirmary  

 
 

2.2. Materials, culture media, and reagents 
 
All chemicals and materials were obtained from Sigma-Aldrich (Poole, Dorset, UK) or 

Fisher Scientific (Loughborough, Leicestershire, UK), and bacterial culture media were 

obtained from Becton Dickinson Biosciences (Oxford, UK), unless otherwise stated.  

Polypropylene centrifuge tubes (Falcon 15 and 50 ml) were from Greiner Bio-One 

(Stonehouse, UK), universal tubes, 1.5 ml and 2 ml microfuge tubes were from StarLab 

(Milton Keynes, UK). 

The sterilisation of media and reagents was achieved by autoclaving at 121 °C at 15 psi 

for 15 min unless otherwise stated.   
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2.2.1. Growth media 
 
7H9 broth 
 
7H9 broth (Middlebrook) was made according to the manufacturer’s specification. In 

900 ml distilled water (DW), 4.7 g of 7H9 powder and 2.5 g glycerol were dissolved. The 

prepared solution was then autoclaved and stored at room temperature (RT) away from 

light until used. Prior to use, the broth was supplemented with 10 % (v/v) Albumin-

dextrose-catalase (ADC) and 0.05 % (w/v) Tween 80 (designated as supplemented 7H9). 

 
7H10 agar 
 

7H10 agar (Middlebrook) was made according to the manufacturer’s specification. In 

360 ml DW, 7.6 g of agar powder and 2.5 g glycerol were dissolved. The prepared media 

was boiled for 10 min to fully dissolved the powder and then autoclaved for sterilisation. 

The sterilised media was stored at RT away from light until used. Prior to use, the agar 

was supplemented with 10 % (v/v) OADC (Oleic Albumin Dextrose Catalase) (designated 

as 7H10). 

 

2.2.2. Reagents 
 
Albumin-Dextrose-Catalase (ADC) supplement 
 
The ADC supplement was prepared by dissolving the following components in 100 ml 
DW.  
 

Bovine Serum Albumin fraction 
V 

7.50 g 

D-Glucose 3.00 g 

Sodium Chloride 1.28 g 
6.0 mg 

Catalase 
 
 
The solution was stirred for 30 min to ensure complete dissolving of the components. 

The solution then was made up to 150 ml with DW. Finally, the supplement was filter-

sterilised (0.2 μm filter, Nalgene, Hereford, UK) and stored at 4 °C. 
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Oleic Acid-Albumin-Dextrose-Catalase (OADC) supplement 
 
The OADC supplement was prepared by dissolving the same components of the ADC 

above except with the addition of 8.63 ml of Oleic Acid solution (1 % (w/v) in 0.2 M 

sodium hydroxide). The prepared solution was sonicated (Decon, Ultrasonic Ltd, UK) for 

30 min to permit emulsification of the oleic acid. Finally, the supplement was filter-

sterilised and stored at 4 °C. 

 
10 % (w/v) Tween 80 
 
Tween 80 supplement was prepared by dissolving 15 g of stock solution in 150 ml DW 

(10 % (w/v) final concentration). The supplement was filter-sterilised and stored at 4 °C. 

 
Phosphate-buffered Saline (PBS) 
 
The phosphate buffered saline (PBS) was prepared by dissolving one PBS tablet in 200 

ml DW to give a solution with a final concentration of 0.01 M phosphate buffer, 0.002 

M potassium chloride and 0.137 M sodium chloride at pH 7.4. The solution was 

autoclaved for sterilisation. 

 
 
10 % (w/v) glycerol solution 
 
The glycerol solution was prepared by dissolving 10 g of concentrated glycerol in 100 ml 

PBS. The solution was filter-sterilised and stored at RT. 

 
4 % (v/v) formaldehyde 
 
In consideration of safety, the preparation of formaldehyde solution was done in fume 

hood following the precautions in the COSHH form. The solution was prepared by 

making a dilution from the stock solution at a concentration of 37 – 40 %. The stock 

solution was diluted to working solution at a concentration of 4 % by adding 90 ml of 

DW to 10 ml of the stock solution.  
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2.3. General methods 
 

2.3.1. Measurement of optical density  
 
The optical density (OD) of bacterial cultures was measured by transferring 1 ml from 

the bacterial suspension to 1.5 ml cuvette. Next, the cuvette was sealed with autoclave 

tape and laboratory sealing film. OD580 was determined in a Sanyo SP75 UV/Vis 

spectrophotometer (Watford). Cultures with OD580 >1 were diluted 10-fold prior 

measurement. The OD for all cultures was measured against blank of the appropriate 

medium. 

 

2.3.2. Enumeration of colony-forming units, drop plate method 
(D-CFU) 
 
This was modified from the Miles and Misra (surface viable count) method (Miles et al., 

1938). Ten-fold serial dilutions of cell suspension were performed by adding 50 μl of the 

cell suspension to 450 μl of 7H9-ADC-Tween 80 medium in 1.5 ml microfuge tubes. 

Three 20 μl drops from each dilution were plated onto 7H10-OADC agar plate. Each agar 

plate was separated into 4 sectors and each sector was designated to one of the 

dilutions. Once the drops were dried, the plates were sealed with laboratory sealing film 

and incubated inverted at 37 °C until isolated colonies became visible.  

 
Final counts of 10-100 colonies (averaged over the three replicate spots) were used for 

the final calculation of colony forming units (CFUs), using the following equation; 

 
                                                                     D-CFU / ml = A × D × 50 
                                                      A = Average colony count per 20 μl spot 
                                                                       D = Dilution factor 
 
 
2.3.3. Preparation of stock cultures for long-term storage 
 
Frozen stocks of M. smegmatis or M. bovis BCG were prepared in 1.5 ml microfuge tubes 

and stored at -80 °C for future work. The preparation was done by mixing 500 µl 

exponentially growing the culture (doubling every 3 or 24 hrs, respectively, as assessed 
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by optical density readings) with an equal volume of 50 % (v/v) filter-sterilised glycerol 

solution in DW. 

 

2.3.4. Disperse of aggregates 
 
To break up bacterial clumps, a blunt 25G needle (Henke Sass Wolf, Germany) was used. 

The cell suspension was passed through the needle 5-7 times. 

 

2.3.5. Cultivation of containment level 2 (CL2) mycobacterial 
organisms 
 
A -80 °C frozen stock of M. smegmatis, M. bovis BCG or M. abscessus rough and smooth 

variants (OD 0.8-1) was used to inoculate 3 universal tubes contain 5 ml 7H9-ADC-

Tween-80 broth and incubated at 37 °C with shaking at 200 rpm overnight (M. 

smegmatis), 48 hrs (M. abscessus). For M. bovis, the incubation was statically for 1 

week. Then, the cultures were used to inoculate 3 conical glass flasks, each contains 25 

ml 7H9-ADC-Tween 80 broth to OD580 of 0.05, and incubated as above until grown to 

stationary phase. M. smegmatis was harvested after 24 hrs (OD = 4.5). M. abscessus was 

harvested after 48 hrs (OD = 2.5). M. bovis was harvested after 18-20 days (OD = 2.5). 

 

2.3.6. Cultivation of CL3 mycobacterial strains 
 
Mycobacteria that are classified by the Advisory Committee on Dangerous Pathogens 

(ACDP) as CL3 hazardous pathogens require biohazard containment at level 3. 

Therefore, all work with these strains was carried out in Class I or Class II microbiological 

safety cabinets within the containment laboratory suite, in accordance with the suite 

code of practice. 

Cultivation of Mtb strains was done as described above for CL2 mycobacterial 

organisms. The initial cultures were incubated statically at 37 °C for 2 weeks. Then 

subcultured in 3 polycarbonate conical flask (Corning Life Science, Massachusetts, USA) 

at OD580 0.05, and incubated in shaking incubator (100 rpm) at 37 °C until stationary 

phase (OD = 1.9). Mtb strains were heat-killed before harvesting for hydrophobicity 

measurements.  
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2.3.7. Inactivation of CL3 mycobacterial strains 
   

As a part of safety regulations at CL3 laboratories, it is obligatory to inactivate CL3 

microorganisms before transferring them outside the CL3 laboratory. To do so, and in 

accordance with the suite code of practice, 10 ml of cells were transferred to 50 ml 

Falcon tubes and sealed with Micropore tape (Cat: 1530-0, 3M science, UK). The tubes 

were then fixed on a plastic rack inside the water bath. The validated temperature to 

kill CL3 microorganisms is 85 °C for 2 hrs.  

 

2.4. Fluorescence microscopy 
 

2.4.1. Immobilising of mycobacterial cells onto slides for 
microscopy  
  
Mycobacterial cells were immobilised onto 76 x 26 mm glass slides using chamber block 

system (Figure 2.1). A 50 µl cell suspension was dispensed into each well of the silicone 

block followed by centrifugation at 1000 x g for 10 min in an IEC Centra-4X centrifuge 

(International Equipment Company, Dunstable, Bedfordshire, UK). The supernatant 

then was removed and the coverslip was air dried in the dark. Smears then were 

mounted in 10 % (w/v) glycerol in PBS and sealed with transparent nail varnish.  

 
Figure 2.1. Diagrammatic representation of the assembly of the chamber block. The chamber 
block used to prepare bacterial monolayers for microscopy. Image taken from (Sherratt, 2008).  
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2.4.2. Recording fluorescence images 
 
All stained slides were prepared and imaged on the same day using an inverted 

microscope (Nikon Eclipse Ti) under X100 objective oil immersion. Images were 

recorded with a 12/10bit, high speed DS-U3 CCD camera Build 831 (Nikon Corporation, 

Japan) using Nikon NIS Elements Imaging Software. The two sets of filters were used for 

epifluorescence microscopy are shown in Table 2.2. 

 

 
Table 2.2. Filters sets which were used for epifluorescence microscopy. 

Filter Block (Chroma) excitation Dichroic mirror emission 

ET-GFP (FITC) (49002) 470 ± 20nm 500DCLP 525 ± 25nm 

ET-Texas Red/mCherry (49008) 560 ±20nm 585LP 630 ± 37.5nm 

 

2.4.3. Image analysis 
 
The image analysis was done using a method developed by Andrew Bell at the University 

of Leicester (Bell, 2013). The method based on calculating fluorescence intensity data 

using ImageJ-based software (National Institutes of Health, Besthda, Maryland). For 

each phase image, regions of interest were identified by ImageJ through thresholding. 

The region of interest then was applied to the corresponding fluorescent image and the 

pixel fluorescent intensity was measured (Bell, 2013). The fluorescence intensity of each 

cell per unit area was calculated and compared the cell intensity with the cut off value 

determined automatically by the imageJ software (Bell, 2013). The R Project Software 

Environment for Statistical Computing (R Development Core Team, GNU General Public 

License and The University of Auckland, New Zealand) was used to filter out non-cellular 

fluorescence signals (Bell, 2013). 
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2.5. Statistical analyses and graphical representation of 
significance  
 
All statistical analyses in this project and significance tests were performed using multiple 

t-test with the Sidak correction, unless otherwise stated, using Prism 7 (GraphPad Software, 

Inc.) statistical software. The significance between results is displayed graphically 

according to Table 2.3.  

  
                           

Table 2.3. Display of significance used in this thesis. 

Significance Denoted by 

P ≤ 0.05 * 

P ≤ 0.01 ** 

P ≤ 0.001 *** 

P ≥ 0.05 NS 
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Chapter three 
 

3. Hydrophobicity studies 
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3.1. Introduction 
 
Mtb is a highly successful and widely transmitted pathogen causing extensive morbidity 

and mortality. It is transmitted via airborne droplets expelled by infected individuals. A 

preliminary study in this lab has indicated that the bacterial composition and Mtb 

transcriptome of aerosol from TB patients is distinct from that in contemporaneous 

sputum (Nardell et al., 2016). This led to the hypothesis that aerosolisation from the 

respiratory tract may be a selective process in which only a sub-population of bacterial 

cells with specific features is expelled. The features of these successfully aerosolised 

cells are still to be explored. As noted in chapter 1, Minnikin and colleagues have 

suggested that cell hydrophobicity may contribute to the selection process (Minnikin et 

al., 2015, Jankute et al., 2017). Mycobacteria are unique in their high (60 % by dry 

weight) lipid composition and the presence of hydrophobic long chain fatty acid in their 

cell envelope that renders them hydrophobic (Chen et al., 2006). To explore this 

hypothesis further, mycobacterial CSH has been investigated using M. smegmatis and 

M. bovis BCG as model organisms. 

 
CSH of microbes can be measured by several techniques (chapter 1 section 1.4.5.). 

Amongst these techniques, the MATH technique is the most widely used as it is easy-

to-conduct, rapid, and requires only basic equipment (vortex mixer and 

spectrophotometer) (Rosenberg, 1991, Rosenberg, 2006).  

 

Since the MATH assay was first described in 1980, several studies have used 

modifications and no standard protocol is available. This may have contributed to 

discrepant results between studies. Aside from the period allowed for phase separation, 

multiple conditions have been reported to affect the CSH measurement, notably the 

suspension medium pH and ionic strength (Bunt et al., 1993). Since different organisms 

respond to these modifications differently (Donlon and Colleran, 1993, Busscher et al., 

1995, Saini, 2010), it was important to establish standardised conditions here. 

 

While the MATH technique is a semi-quantitative method applicable to sufficient 

biomass to be measured by optical density, hydrophobic fluorescent microsphere beads 
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can be used to measure CSH at the single cell level (Zita and Hermansson, 1997). This 

approach can be used to study heterogeneity of CSH in a population of bacteria (Zita 

and Hermansson, 1997). The in vitro work described here is intended to inform 

understanding of the mycobacteria exhaled and coughed up by patients with TB. Parallel 

studies in this laboratory are concerned with defining the phenotypes of these bacilli in 

samples of sputum and exhaled material (Garton et al., 2008, Williams et al., 2014, 

Williams et al., 2018) and the microsphere method has been evaluated here as a 

candidate method to achieve CSH determinations in such samples. 

 

The Congo Red assay to assess relative CSH was also used here. Congo Red is an 

amphiphilic dye that and associates with lipophilic regions in the cell wall (Cangelosi et 

al., 1999). It has previously been used to distinguish between virulent and avirulent 

strains of several bacterial species (McKay et al., 1985, Qadri et al., 1988) and has also 

been used to assess the presence of hydrophobic cell surface proteins in colonies of 

enterovirulent Shigella spp. and curli-producing E. coli (Ambalam et al., 2012). Jankute 

and co-workers used the Congo Red assay to distinguish the low CSH of smooth colony-

forming M. canettii and rough colony-forming Mtb H37Rv (Jankute et al., 2017). In the 

current study, this assay was used to distinguish M. abscessus rough and smooth 

phenotypes and compared to the MATH and microsphere bead assays. The possibility 

of applying Congo Red determinations at the single cell level was also explored. 

 

Cell wall lipid composition and CSH of mycobacteria are related and it has been 

proposed that CSH influences mycobacterial cell propensity for aerosolisation (Minnikin 

et al., 2015). In non-tuberculosis mycobacteria, a relationship between inferred CSH and 

aerosolisation was previously demonstrated (Falkinham, 2003). Once the tubercle bacilli 

are aerosolised, they remain suspended in the air. When a new host inhaled these 

bacilli, and depending on the aerosol particle size, the aerosol will be located at different 

locations inside the respiratory tract (Teitelbaum et al., 1999). 

 

A noteworthy example of the potential link between CSH, propensity for aerosolisation 

and transmission is the smooth colony Mycobacterium canettii. The cell wall of this 

pathogen contains the hydrophilic lipooligosaccharides (LOSs) and phenolic glycolipids 
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(PGLs) and it expresses relatively low CSH (Minnikin et al., 2015). While this pathogen 

causes TB in East Africa, it has not spread outside this region and therefore appears less 

transmissible than the modern more hydrophobic and more disseminated strains of 

Mtb (Koeck et al., 2011). 

 

Bacterial aerosols have been studied extensively in the past and regardless of specific 

study aims, nebulisers have been used to generate the test aerosols. The most widely 

used system is the Collison nebuliser (one, three or six jet). In the current work, in 

addition to the 3-jet Collison nebuliser, the A3 complete Omron and the ultrasonic 

Omron nebulisers have been used. The rationale behind using multiple nebulisers in this 

study was first to try to mimic the natural aerosol formation inside the respiratory tract 

and second to investigate the influence of different mechanisms of aerosolisation on 

the outcomes. The nebulisation mechanisms of these instruments are discussed in the 

method section 3.2.9. The impact of these nebulisers on the bacterial cells tested is 

investigated in chapters 4 and 5. 
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Aim and objectives 
 
The main aim here was to investigate mycobacterial CSH and begin to explore the 

relationship of this parameter to aerosolisation. In this regard, the work has been 

divided into three stages. First, an investigation of the factors affecting results from the 

MATH and its subsequent optimisation for the present study along with preliminary 

studies of alternate methods to determine CSH at the single cell level (to enable 

recognition of heterogeneity within populations and to establish potential to measure 

CSH in low abundance clinical samples). Second, the establishment of a system in which 

aerosolisation could be studied; and third, a comparison of different nebulisers.    

 

The work was conducted predominantly with M. bovis BCG as a surrogate model for 

Mtb but initial experiments were done with M. smegmatis. M. abscessus strains were 

also investigated because smooth and rough variants provided an opportunity to test 

aspects of CSH measurement.  

The objectives were: 

 

1) To investigate the influence of different assay parameters on the measurement of 

CSH using the MATH method. 

2)  To determine the effect of BCG growth phase on CSH. 

3) To evaluate potential of the fluorescent bead and Congo Red method to determine 

CSH at the single cell level. 

4) To compare CSH of lab and clinical isolates of Mtb strains. 

5) To establish a simple contained system for aerosolisation experiments with different 

nebulisers. 
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3.2. Methods 
 
3.2.1. Bacterial suspension preparation 
 
CL2 (M. smegmatis, M. bovis and M. abscessus) and CL3 (Mtb H37Rv, Mtb Beijing 65, 

Mtb CH and Mtb Loughborough) organisms were grown to stationary phase as 

described in sections 2.3.5. and 2.3.6., respectively and harvested on the day of the 

experiment. All experiments were done one time in three biological and technical 

replicates (total 9 samples) for each experiment.  

 

3.2.2. CSH measurement using the MATH technique 
 

Preparation of bacterial suspension 

 

Washing and re-suspension (1.5 ml) 

 

Hexadecane added (1.2 ml) 

 

Pre-incubation at 37 °C 

 

Vortex for 8 sec 

 
Equilibrium time for 15 min 

 

OD bacterial suspension- OD aqueous phase 
OD bacterial suspension 

 
Figure 3.1. Schematic of the basic the MATH procedure used in this study. After (Stokes et al., 
2004). 
 
 

CSH %  × 100 
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Basic method: 10 ml of bacterial suspension was pelleted by centrifugation at 3000 x g 

for 20 min and resuspended in Phosphate-urea-magnesium (PUM) buffer (see below). 

The optical density (OD600nm) was then adjusted to 0.7 and 1.5 ml transferred to 

borosilicate glass tubes (11 by 120 mm) and 1.2 ml of hexadecane added. This 

preparation was incubated at 37 °C for 8 min then vortexed for 8 sec. The tubes were 

then stood at RT for 15 min to allow the aqueous and organic phases to separate. Finally, 

the lower aqueous layer was transferred to a plastic spectrophotometer cuvette with a 

glass Pasteur pipette and OD600nm measured. The hydrophobicity measurement was 

calculated with the formula shown in figure 3.1. 

 

3.2.3. Variations in the MATH method investigated 
 
The CSH measurement was assessed following the protocol used by Stokes et al., 2004. 

This was modified to investigate the influence of buffer composition and protocol steps 

such as phase separation time, temperature, and vortexing duration. In addition to 

other parameters such as initial cell concentration, hydrocarbon-aqueous phase volume 

ratio, and suspended medium were also assessed. 

 

3.2.3.1. Variations in buffer composition 
 
 
Urea concentration  

In addition to the PUM buffer as a control, three other PUM buffers with different urea 

concentration (Table 3.1.) were prepared and used.  

Components of Buffer  PUM PUM (U-) PUM (3X) PUM (10X) 

Potassium phosphate dibasic trihydrate 
(K2 HPO4.3H2O) 22.2 g 22.2 g 22.2 g 22.2 g 

Potassium Phosphate Monobasic (KH2 

PO4) 
7.26 g 7.26 g 7.26 g 7.26 g 

Urea 1.8 g - 5.4 g 18 g 
Magnesium Sulfate Heptahydrate 
(MgSO4.7H2O) 0.2 g 0.2 g 0.2 g 0.2 g 

Table 3.1. PUM buffers. The components were dissolved in 1 L DW and autoclaved for 
sterilisation (Rosenberg et al., 1980). 
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pH 

Three different buffers with constant ionic strength (similar to the PUM buffer, 150 mM) 

and different pH were prepared and used (Table 3.2.). 

 
Buffer Composition pH 

A Acetic acid + KOH 5.0 

B Potassium phosphate monobasic (KH2PO4) + Sodium phosphate dibasic (Na2 
HPO4) 

7.0 

C Sodium tetraborate decahydrate (Na2 B4O7) + H3 BO3 9.0 

Table 3.2. pH buffers. Compositions of buffers used for the pH experiment. The reference used 
to prepare these buffers was Data for Biochemical Research. Dawson et al., 1969. The 
components were prepared and dissolved in 100 ml DW each. The buffers then sterilised by 
autoclave or filter sterilisation where appropriate (Dawson et al., 1969). 
 
Ionic strength  

Five different phosphate buffers (PBs) with constant pH (similar to the PUM buffer, 7.0) 

and different ionic strength were prepared and used (Table 3.3.). 

 

Buffer Composition Ionic Strength 

PUM (0.15M) PUM buffer (control) 0.15 M 

PB (0.01M) Potassium phosphate monobasic (KH2PO4) + Sodium 
phosphate dibasic (Na2 HPO4) 

0.01 M 

PB (0.1 M) Sodium phosphate dibasic (Na2 HPO4) + Sodium 
phosphate monobasic (NaH2PO4) + Sodium chloride 
(NaCl) 

0.1 M 

PB (0.2M) Sodium phosphate dibasic (Na2 HPO4) + Sodium 
phosphate monobasic (NaH2PO4) + Sodium chloride 
(NaCl) 

0.2 M 

PB (0.5M) Sodium phosphate dibasic (Na2 HPO4) + Acetic 
acid.H2O + Potassium chloride (KCl) 

0.5 M 

PB (1.0M) Sodium phosphate dibasic (Na2 HPO4) + Acetic 
acid.H2O + Potassium chloride (KCl) 

1.0 M 

Table 3.3. Ionic strength buffers. Compositions of the buffers used for the ionic strength 
experiment. The reference used to prepare these buffers was Data for Biochemical Research. 
Dawson et al., 1969. The components were prepared and dissolved in 100 ml DW each. The 
buffers then sterilised by autoclave or filter sterilisation where appropriate (Dawson et al., 
1969). 
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3.2.3.2. Variations in protocol steps 
 

Parameter Standard Modifications 

Phase-separation 
time 

15 min 3.5, 7, 30, 60 min 

Temperature Pre-incubation at 37 °C 
Vortexting at RT 
Phase-separation at RT 

Pre-incubation at 37 °C 
Vortexting at RT 
Phase-separation at 37 °C 

Pre-incubation at RT 
Vortexting at RT 
Phase-separation at 
RT 

Vortexing duration 8 sec NO vortex, 4, 16 sec 

Table 3.4. Parameters related to the MATH procedure and the modifications applied to each 
step. In light of results (table 3.6) a digitally controlled vortexer (Scientific Industries, Digital 
Vortex Mixer (SI-A236, UK) was used to standardise this step. 
 
 

3.2.3.3. Other variations 
 
 

Parameter Original Modifications 

Cell density OD600 0.7 OD600 0.2, 0.4, 0.6, 0.7 

Hexadecane-aqueous 
phase volume ratio 

0.8 (1.2 ml hexadecane 
vs 1.5 ml bacterial 
suspension). 

0.2, 0.4, 2.0, 3.0 

Suspended medium PUM PBS, 7H9 without supplementation, RPMI, 
DW 

Table 3.5. Other parameters were modified to investigate the influence of these parameters 
on CSH measurement using the MATH technique. 

 
 
3.2.4. Investigating the Influence of bacterial growth phase on 
CSH 
 
M. bovis BCG was grown as in section 2.3.6, and CSH measurements was assessed at 

early exponential (1 week), late exponential (2 weeks), stationary (3 weeks) and late 

stationary phase ( 4 weeks). 
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3.2.5. Effect of fixation on CSH measurements 
 
This experiment was done prior to conducting the CSH experiments with some of CL3 

Mtb strains. The aim of this experiment was to investigate whether fixing mycobacterial 

cells will alter CSH measurement. M. bovis BCG at stationary phase was used as a 

surrogate for Mtb.  

 

10 ml of M. bovis culture was transferred to 50 ml Falcon tube and pelleted by 

centrifugation at 3000 x g for 10 min. The supernatant was discarded and 10 ml of 4 % 

Formaldehyde was added to the tube and incubated at RT overnight. CSH measurement 

assay using the MATH method and un-treated live M. bovis BCG was used as control.  

 

3.2.6. CSH measurements of Mtb strains 
 
Beside the laboratory strain, H37Rv, three clinical isolates of Mtb were used in this 

experiment. The mycobacterial strains were grown as described in section 2.3.8 and 

heat-killed as described in section 2.3.9. The MATH technique was used to measure CSH 

measurements of these strains. 

 

3.2.7. Additional techniques to measure CSH 
 

3.2.7.1. Relative Congo Red binding assay 
 
Congo Red binding is an established CSH assessment in which test bacterial strains are 

grown on dye containing medium and show differences in colony colour that reflect CSH 

level. Red colonies indicate more absorbance of the dye and hence higher CSH. White 

colonies indicate no absorbance of the dye and hence lower CSH. These differences are 

quantified by measuring absorbance of dye after extraction from a known biomass of 

bacterial growth. A particular interest here was the investigation of the possibility that 

Congo Red binding could be assessed at the single cell level. M. abscessus was used so 

that rough and smooth strains could be compared. 
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M. abscessus rough and smooth strains were kindly provided by Ms Enass Al-Mkhadree 

of this lab and included the type strain and clinical isolates. These were grown in 

Middlebrook 7H10-OADC-Tween 80 plate supplemented with Congo Red dye at a final 

concentration of 100 µl/ml and incubated at 37 °C until colonies became visible. 10-15 

colonies were scraped off the plates and added to 3.5 ml SDW and OD600 adjusted to 

0.5. After recording the OD600 of the suspension, cells were pelleted, resuspended in 

200 µl acetone, vortexed and allowed to sit at RT for 2 hrs. Cells were then pelleted by 

centrifugation at 5,000 x g for 5 min and absorbances measured at 490nm in the 

supernatants in a microplate reader (model: LE808, BioTek, Dorest, UK,) using acetone 

as the blank. The final results were calculated by dividing the value at OD490 by the value 

of the OD600 of the original cell suspension (Cangelosi et al., 1999).  

 

Preparation for Congo Red assay to measure CSH on a single level variant was done 

following an optimised in-house protocol as follow:  

 

Congo Red solution was prepared by dissolving Congo Red powder (Cat: C6767, Sigma-

Aldrich, UK) in water at a concentration of 10 mg/ml. 990 µl of M. bovis BCG at 

stationary phase was add to a microfuge tube then 10 µl of the Congo Red solution was 

add to the tube to make a final concentration of 100 µl/ml. the tube was incubated in 

the dark at 37 °C for 1 hr. The labelled cells were harvested by centrifugation at 5,000 x 

g for 5 min and washed with DW twice then re-suspended with DW. Finally, slides were 

prepared using the chamber block system (section 2.4.1) and at least 100 labelled 

bacterial cells were imaged by fluorescence microscope. The excitation/emission 

wavelengths were 590/620 nm) (Clement and Truong, 2014). 
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3.2.7.2. Fluorescent microsphere beads  
 
Fluorescent polystyrene microspheres (diameter 0.2 µm) with a modified surface that 

rendered them hydrophobic (sulfate-modified, FluoSpheres, ThermoFisher Scientific 

cat. no. F-8847) were used in this investigation. The excitation/emission wavelengths 

were 505/515 nm. 

 

The protocol was that described by Zita et al., 1997. The microspheres were diluted in 

DW to 10 % (v/v) and sonicated for ~100 min to achieve uniform dispersal. Next, 10 µl 

of the preparation and 10 µl of bacterial suspension were added to 100 µl SDW in a 2 

ml microfuge tube and vigorously mixed by vortexing for 2 min. Finally, slides were 

prepared using the chamber block system (section 2.4.1). At least 100 bacterial cells 

were examined by a fluorescent microscope for attached microspheres (Zita and 

Hermansson, 1997) (Figure 3.2.). 

 

 
Figure 3.2. Fluorescent hydrophobic microspheres attached to M. bovis BCG cells. 

 
 
3.2.8. Aerosolisation system 
 
The components of the system are shown in figure 3.3 and a schematic diagram of the 

system is illustrated in Figure 3.4. A perspex board was inserted inside an autoclave bag. 

The board was held by a stand holder on the upper left corner of the autoclave bag. The 

bag was then cut into the appropriate size and sealed using a plastic heat sealer. A small 

hole on the lower left corner of the bag was created to hold the HEPA filter (Parker Finite 

Filter, IND-6G, Max press: 100 PSIG, Max temp: 50 °C, Body material: NYLON) and sealed 
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with tape. Another hole was created on the upper right corner to connect the nebuliser 

and sealed with a tape. A second stand holder was used to hold the nebuliser. The 

nebuliser was connected to the pump via a tube (Figure 3.3). 

It should be noted that in different types of experiments conducted in our lab, the 

perspex board was used to hold strips and filters to investigate the ability of these 

materials to capture aerosolised cells. 

 
Figure 3.3. Overview of the organization of equipment used for aerosolisation experiment 
inside class II safety cabinet. 

 
Figure 3.4. Schematic diagram of the aerosolisation system. 
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3.2.9. Nebulisers used  
 
3-Jet Collison nebuliser 
 
This device was introduced for the first time by W. E. Collison in 1932 and used in several 

applications including bioaerosol studies (May, 1973). Compressed air is generated from 

an external pump (Model 35/20, Bambi-Air, Birmingham, UK) at 26 psi and passed 

through the gas inlet. When this compressed air reaches the jet orifice, a jet will be 

formed that expands through the jet expansion channel creating negative pressure. This 

negative pressure causes suction of the liquid suspension in the reservoir through the 

siphon tube. The liquid being siphoned forms droplets due to the strong shear of high-

speed jet flow. The liquid droplets produced have a very wide size distribution. Large 

droplets are impacted against the nebuliser wall resulting in the generation of smaller 

droplets that aerosolised. The average droplet size aerosolised is ~3 µm (Feng, 2018) 

(Figure 3.5).   

 

 

Figure 3.5. Collison nebuliser. The liquid in the reservoir withdrawn by the action of compressed 
air. Droplets are generated then broken into smaller droplets and aerosolised, image taken from 
(Feng, 2018).   
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A3 complete Omron nebuliser 
 
This device (Omron (https://www.omron-healthcare.com/en) includes an internal 

pump producing compressed air forced through a narrow hole which is mixed with the 

bacterial suspension inside the reservoir. This mixture is aerosolised when in contact 

with the baffle (Figure 3.6). The size of the aerosol can be controlled by adjusting the 

ring on the medication cup. There are 3 positions for the ring to control the aerosol size; 

position 1 ≈ 10 µm, position 2 ≈ 5 µm and position 3 ≈ 3 µm. Because the aerosol particle 

size of 3-Jet Collison nebuliser was 3 µm, it was the choice of position 3 when the A3 

Omron nebuliser was used in this study to make an appropriate comparison between 

the two nebulisers.  

 

 
Figure 3.6. A3 complete Omron nebuliser. The bacterial suspension is drawn up through a spray 
channel by compressed air and turned into fine particles and sprayed when in contact with the 
baffle (Image from Omron instruction manual). 
 
 
 

https://www.omron-healthcare.com/en
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Ultrasonic NE-U780 Omron nebuliser  

 

This device (https://www.omron-healthcare.com/en) has a vibrator/sonicator located 

under a water bath. The vibrations are transferred through the water to the medication 

cup (containing the bacterial suspension) producing the bacterial aerosol and a fan 

drives the aerosols outside the nebuliser (Figure 3.7). The size of the aerosol produced 

is approximately 4.6 µm and there is no option to modify it.   

 

 
Figure 3.7. Ultrasonic NE-780 Omron nebuliser. The bacterial suspension is placed inside the 
medication cup (Image from Omron instruction manual). 

 
 
 
 
 

https://www.omron-healthcare.com/en
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3.2.10. Investigating the influence of CSH on the propensity of cells for 
aerosolisation 
 
M. bovis BCG was grown in 7H9-OADC-Tween 80 to stationary phase (21 days old, OD = 

2.4-2.6). 15 ml of bacterial suspension was added to the reservoir of the Collison and 

ultrasonic nebulisers. Due to the maximum capacity of A3 Complete Omron nebuliser, 

only 13 ml of the bacterial suspension was added to the reservoir. Aerosols were 

generated over 10 min. After nebulisation the remaining suspension in the reservoir was 

designated as the post-nebulisation sample, while the original suspension before 

nebulisation was designated the pre-nebulisation sample. CSH was assessed for both 

samples using the MATH technique. 
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3.3. Results 
 

At the beginning of this work the basic methods were established using M. smegmatis 

as a convenient surrogate with a doubling time of 2-3 hrs (Stephan et al., 2005). The 

influence of the parameters on the CSH measurements using M. smegmatis was similar 

to that with M. bovis. 

 

3.3.1. Influence of operational factors on CSH results with the MATH 
method 
 

Stationary cultures of M. smegmatis (48 hrs) and M. bovis BCG (3 weeks) were prepared 

as described above (section 2.3.5) and washed once in PUM buffer or the variants 

indicated then added to the MATH assay. The variations tested are indicated in figure 

3.8 and the results displayed in table 3.6. Influence of vortex duration and hexadecane-

aqueous phase volume ration is shown in Figure 3.8. 

 
Figure 3.8. Overview of steps in the MATH technique. Parameters modified are shown in bold. 
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Table 3.6. Summary of the results of the impact of different parameters on the measurement 
of CSH using the MATH technique. All experiments done one time in biological and technical 
replicates. 
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Figure 3.9. Influence of vortex duration and hexadecane-aqueous phase volume ratio on the 
CSH measurements of M. smegmatis and M. bovis BCG.. Statistical analysis was performed 
using multiple t-test with the Sidak correction. (* = P=0.02, ** = P=0.006, ***= P=0.0004). 
 
 
 
Urea concentration in the aqueous buffer was tested as urea is a chaotropic agent that 

interferes with non-covalent interactions. CSH measurements of both strains were not 

changed significantly by alteration of the urea concentration compared to the control 

buffer (U1X). However, CSH measurements of M. bovis BCG increased significantly when 

the buffer (U3X) was compared to (PUM-U) (* P value =0.01).  

 

The influence of ionic interactions on CSH measurement was assessed by modifying the 

pH of the aqueous buffer. There was no significant change with either strain under the 

conditions used compared to the control. While CSH values of M. smegmatis were 55 ± 

1 regardless the aqueous buffer pH, the lowest CSH value of M. bovis BCG was 66 % at 

pH 5. This value was significantly different when compared to CSH value of 79 % at pH 

7 (* P value =0.02).  

 

Electrostatic interaction effects on CSH measurement were tested by altering the ionic 

strength of the aqueous buffer. CSH values of M. smegmatis showed an ascending trend 

with increased ionic strength without reaching statistical significance. In contrast, CSH 

values of M. bovis BCG showed a descending trend with increased ionic strength. A 
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significant difference was observed when the ionic strength of 0.01 M was compared to 

the other ionic strengths except for that of 0.1 M (* P value =0.01). 

 

Conducting the MATH technique at 37 °C or RT showed no significant difference in CSH 

values of M. bovis BCG. Furthermore, equilibrium time had no influence on CSH 

measurement of M. smegmatis or M. bovis BCG. However, the SD variations were higher 

(9-11 %) with M. bovis compared to (2-4 %) with M. smegmatis. 

 

There was a strong positive correlation between CSH values and the duration of 

vortexing for both strains. There was a steep increase in CSH values of M. smegmatis 

from 12 % with no vortexing to 43, 51, and 59 % with 4, 8, and 16 sec duration of 

vortexing. This sharp increase was also observed with M. bovis BCG, where CSH value 

increased from 6 % with no vortexing to 48, 66, and 82 % with 4, 8, and 16 sec duration 

of vortexing (Figure 3.9). 

 

Hexadecane-aqueous phase volume ratio was another parameter that appeared 

influential. CSH values of M. bovis BCG showed a significant ascending pattern with 

increasing volume of hexadecane. The lowest value of CSH was observed with 0.3 ml 

hexadecane (57 %) ascending to 75 % with 3.6 ml (Figure 3.9).  

 

The influence of initial cell density was also explored. Although comparison of some 

values indicated significant differences there was no consistent trend with either M. 

smegmatis or M. bovis BCG.  

 

Regarding the suspending medium, DW showed a significant effect with the lowest CSH 

value found over the whole series of experiments with M. bovis BCG at 51 %. None of 

the other media showed significant effects. 
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3.3.2. CSH increased at stationary phase compared to exponential phase 
 
This experiment was done to investigate the influence of bacterial growth phase on CSH. 

Cultures were grown for one to four weeks and CSH was assessed.  

Figure 3.10 shows that CSH was around 67 % at exponential and late exponential 

phases. The CSH then increased significantly to 72 % and 75 % when the cells reached 

stationary and late stationary phases, respectively. 

 

Figure 3.10. Effect of growth cycle on CSH. M. bovis BCG was grown to different growth phases 
and the CSH was assessed at each phase. The experiment was done from the same flasks in 1- 
week time intervals, early exponential (1-week-old culture), exponential (2-week-old culture), 
early stationary (3-week-old culture) and late stationary (4-week-old culture). The line graph 
shows the growth curve. The experiment was done one time in biological and technical 
triplicates and the error bar represents the standard deviation. Statistical analysis was 
performed using multiple t-test with the Sidak correction. (* = P=0.01, ***= P=0.001). 
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3.3.3. Additional techniques to measure CSH 
 

Relative Congo Red binding assay 

This experiment was done with M. abscessus smooth and rough phenotypes. On Congo Red 

agar plates (section 3.2.7.1), smooth phenotype colonies appear white and moist while rough 

phenotype colonies appear red and dry (Figure 3.11). A comparison between MATH and relative 

Congo Red binding assay showed compatible results, where the rough strain was significantly 

more hydrophobic than smooth strain (Figure 3.12).  

 
Figure 3.11. Colony morphology of M. abscessus smooth and rough phenotypes. Smooth 
phenotype colonies appear white and moist (left side) and rough phenotype colonies appear 
red and dry (right side). For the rough colonies it was impossible to obtain a higher-quality image 
because of the red colour of colonies “merged” with the red background. 
 
 

 
Figure 3.12. CSH of M. abscessus smooth and rough phenotypes was assessed using the MATH 
and Congo Red binding assays. Rough phenotype showed higher CSH values compared to 
smooth phenotype with both MATH and Congo Red assays. The experiment was done one time 
and the data represents the average of three replicates of each sample. Statistical analysis was 
performed using multiple t-test with the Sidak correction. (* = P=0.01). 
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Fluorescent Microsphere beads  

In contrast to MATH and Congo Red assays, fluorescent microsphere beads assay 

showed no significant difference in CSH between M. abscessus rough and smooth 

phenotypes (Figure 3.13). 
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Figure 3.13. CSH measurement using fluorescent microsphere beads method. Similar pattern 
of distribution of cells with attached microsphere was obtained by smooth and rough M. 
abscessus phenotypes. The data represent the average of three replicates of each sample. The 
error bars show standard deviation. Statistical analysis was performed using multiple t-test with 
the Sidak correction. 
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Relative Congo Red and Microsphere beads assays were able to determine CSH of M. 

bovis BCG at the single-cell level. These experiments were done independent of each 

other. There were clear variations in the ability of cells in a single sample to absorb 

Congo Red dye (Figure 3.14A). Moreover, half of the cells in the population were 

without any microsphere attachmenst while the other half of cells adsorbed different 

numbers of microspheres (Figure 3.14B).  
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Figure 3.14. Heterogeneity of M. bovis BCG using Congo Red and microsphere beads assays.  
A) Histogram showing variations of M. bovis BCG cells in uptake Congo Red dye. B) Distribution 
of M. bovis BCG cells with attached microsphere beads. The experiment was done one time and 
the data represents the average of three replicates. 
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3.3.4. CSH measurement was not affected by fixation  
 

M. bovis BCG culture at stationary phase was split into two halves; the first was treated 

with 4 % formaldehyde overnight and the second was untreated (section 3.2.5). CSH 

measurements were assessed for both halves using the MATH. Figure 3.15 shows that 

there was no significant difference between treated and control samples (P > 0.05). 

 

 

 
Figure 3.15. Influence of 4 % formaldehyde fixation on CSH measurements of M. bovis BCG. 
M. bovis BCG from stationary phase was fixed with 4 % formaldehyde overnight and 
measurement of CSH was assessed with the MATH technique. Error bar represents the standard 
deviation of three biological replicates. T-test was used for statistical analysis, ns = not 
significant. 
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3.3.5. Different Mtb strains showed different CSH values 
 

Three clinical isolates of Mtb were grown to stationary phase (section 2.3.6) and heat-

killed (section 2.3.7) then added to the MATH assay. Virulent laboratory strain H37Rv 

was included in this experiment. Figure 3.16 shows that Mtb CH was significantly less 

hydrophobic compared to Mtb H37Rv (** = P=0.004) while both Mtb Beijing and Mtb 

Loughborough strains were significantly more hydrophobic than Mtb H37Rv (** = 

P=0.004, *** = P=0.0001). 

 

 
Figure 3.16. CSH measurements of Mtb strains. Multiple clinical isolates of Mtb strains were 
grown to stationary phase and CSH measurements were assessed and compared to laboratory 
strain H37Rv. The error bars show standard deviation. The experiment was done one time in 
three biological and three technical replicates. Error bars show standard deviation. Statistical 
analysis was performed using multiple t-test with the Sidak correction. (** = P=0.004, *** = 
P=0.0001).  
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3.3.6. CSH decreased significantly post nebulisation 
 
The initial focus of this study was to test the hypothesis that propensity of cells to be 

successfully aerosolised is influenced by their CSH. This hypothesis was tested by 

conducting aerosolisation experiments using three different nebulisers. Stationary 

phase of M. bovis BCG Glaxo strain with a mean initial cfu of 1.71 x 107, 8.6 x 106 and 1.2 

x 107 / ml for Collison, A3 Complete and Ultrasonic nebulisers, respectively, were used. 

Figure 3.17 demonstrates a reduction in the CSH post-nebulisation compared to the pre-

nebulisation with three nebulisers. It should be noted that three experiments were 

conducted with each nebuliser on different days with different bacterial suspensions. 

 

 
Figure 3.17. Decreased in hydrophobicity post nebulisation. M. bovis BCG from stationary 
phase was nebulized using three different nebulisers for 10 min. The hydrophobicity of pre- and 
post-nebulisation samples was assessed with the MATH technique. The error bars show 
standard deviation of three biological replicates. Statistical analysis was performed using 
multiple t-test with the Sidak correction. (** = P=0.001, **** = P < 0.0001).  
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3.4. Discussion 
 

The main aim of the work in this chapter focused on the relationship between CSH and 

the propensity of cells for aerosolisation. The MATH technique was chosen as it is a 

relatively simple, rapid, and low-cost method to measure CSH. However, comparison 

between results from the literature is difficult to achieve as no standardised protocol 

was followed and several operational parameters have been shown to influence the CSH 

measurement (Rühs et al., 2014). 

 

In 1980, Rosenberg and colleagues studied the relationship between adhesion to oil 

droplets and their subsequent degradation by hydrocarbon-degrading bacteria 

(Rosenberg et al., 1980, Rosenberg, 2006). Their study led to the development of the 

MATH technique. The original protocol used PUM buffer and this has subsequently been 

used extensively (Rosenberg, 2006). Alternative buffers have been used and these have 

been associated with differences in the CSH result (Rosenberg, 2006, Saini, 2010). The 

work described here represents the most systematic investigation of these and other 

factors in MATH-generated results.  

 

3.4.1 Influence of operational parameters on CSH measurement 
 
The parameters investigated in the current study can be grouped depending on their 

relation to the procedure. The first group included parameters related to the aqueous 

buffer such as Urea concentration, while the second related to procedure steps such as 

mixing duration and finally parameters such as cell density were explored.  

 

There are two proposed mechanisms by which urea denature proteins when it is 

present in the aqueous solution. Firstly, an indirect mechanism by altering the water 

structure via disrupting hydrogen bonding. This mechanism was suggested after 

experiments that showed increase solubility of hydrocarbons in aqueous urea. 

Secondly, the direct mechanism which is by interactions with the polar/apolar side 

chains and the peptide backbone of proteins (Canchi et al., 2010). In this study, urea 

concentration had limited influence on CSH measurements of M. bovis BCG and M. 
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smegmatis were not affected significantly by the urea concentration in the aqueous 

buffer. This finding can be due to the low urea concentrations applied (maximum 10 X) 

and CSH measurement alteration required a higher concentration. 

 

In 1982, Nesbitt and colleagues have shown that CSH measurement of Streptococcus 

sanguis using the MATH technique was maximum with low pH. They also have 

demonstrated a positive correlation between CSH measurement and ionic strength of 

the aqueous buffer (Nesbitt et al., 1982). These findings were confirmed in later studies 

with E. coli (Bunt et al., 1993). This observation was not seen in the current study as 

altering the pH or the ionic strength of the aqueous buffer did not affect the CSH 

measurements of M. bovis BCG and M. smegmatis significantly. It is worth noting that 

in the previous studies, they have tested pH ranges from 2.2 to 10 with two ionic 

strengths (0.5 and 1 M). However, in our study, we tested pH at 5, 7, and 9 at constant 

ionic strength (150 mM similar to the original PUM buffer). Also, when the ionic strength 

was altered (ranged from 0.01 to 1 M), the pH was constant at 7 (similar to the original 

PUM buffer). The discrepancy of these results can be explained by the difference in the 

species used as Mycobacteria species are generally more hydrophobic than 

Enterobacteriaceae. Also, the difference in the experimental design is a critical factor 

that can influence the results.   

 

To our knowledge, the only study that investigated the influence of temperature on the 

CSH measurement using the MATH method was conducted by Nesbitt and co-workers. 

They have demonstrated that CSH value of S. sanguis increased significantly when 

conducting the MATH method at 37 °C compared with RT (23 °C) (Nesbitt et al., 1982). 

However, in the study here, the result showed that assessing the CSH measurement 

using the MATH technique at 37 °C or RT has no significant difference. The difference in 

these findings can be due to the nature of the strains used in the studies. M. bovis in 

this study is more hydrophobic than S. sanguis which Nesbitt and colleagues used in 

their investigation (Nesbitt et al., 1982). 

 

Another step which has been modified largely in the MATH technique was the time 

applied to separate the organic and the aqueous phases (15 min in the original 
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protocol). The choice of the time applied across studies was arbitrary and ranged from 

5 min to 60 min (Hsu and Huang, 2002, Duary et al., 2011). In the current study, 

variations in phase separation period did not significantly affect CSH measurements of 

M. bovis BCG and M. smegmatis (ranged from 3.5 min to 60 min). These findings can 

potentially be attributed to the achievement of an equilibrium hexadecane saturation 

of aqueous phase at very early stage (3.5 min). These results are of importance for 

researchers dealing with multiple samples, as insensitivity to phase separation period 

eases samples process.  

 

Increased CSH values resulting from increased mixing duration have been reported 

previously in studies with Acinetobacter venetianus (Baldi et al., 1999), Acinetobacter 

sp strain (Hori et al., 2008), and Streptococcus pyogenes (Lichtenberg et al., 1985). These 

findings were consistent with the result obtained in the current study, where increased 

vortexing duration was accompanied with increased CSH measurements of M. bovis 

BCG and M. smegmatis (Figure 3.9). Vortexing duration has been associated with 

hydrocarbon droplet size, where smaller droplet sizes are generated with longer 

vortexing durations, hence increasing potential attachment area for cells (Rosenberg, 

1991). This could potentially explain the ascending CSH trend with vortexing duration.  

 

In the MATH assay, the results might be influenced by the cells concentration in the 

aqueous suspension. The higher number of cells in the suspension leads to higher cell 

removal rate upon vortexing with hexadecane (Doyle, 2000). The reason for the higher 

removal rate of cells upon vortexing could be due to the cooperative interactions among 

adhering cells where the binding of one cell to hexadecane droplet favours the binding 

of another cell. In this regard, proportion of cells are not adhere to hexadecane droplets, 

but appear to bind adjacent to each other (Doyle and Rosenberg, 1990). Several studies 

have used initial density between OD = 0.2 - 1.0 and this is based on random choice 

rather than any specific rationale (Van der Mei et al., 1991, Doyle and Rosenberg, 1995). 

The result obtained here showed that CSH measurements were not affected by the 

initial density used (ranged from OD = 0.2-0.8). This result was in contrast with a 

previous study with Candida albicans, where the adhesive levels were higher when 

higher cell concentration was mixed with hexadecane (Rosenberg, 1991). 
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The effect of hexadecane-aqueous phase volume ratio on CSH measurements has been 

explored previously. Hori and associates have demonstrated increased CSH values of 

Acinetobacter sp. when hexadecane-aqueous phase volume ratio was increased from 

0.01 to 0.4 (Hori et al., 2008). The possibility of cells attaching to each other and not 

directly to the solvent droplets has been proposed previously (Doyle and Rosenberg, 

1990). Two reasons could contribute to the occurrence of this phenomenon, the low 

hydrocarbon-aqueous phase volume ratio (insufficient interaction surface) and the 

ability of some strains to form aggregations (Rosenberg, 1984). An increase in 

hydrocarbon-aqueous phase volume ratio has also been shown to cause a saturation in 

CSH values in some cases (Rosenberg et al., 1983, Hori et al., 2008). The results obtained 

here agreed with this possibility as variations of hexadecane-aqueous phase volume 

ratio showed a significant ascending pattern with increased hexadecane volume (Figure 

3.9).  

 

The original suspension medium used with the MATH assay was PUM buffer. The reason 

behind that is PUM buffer was originally used to grow the petroleum degrading 

Acinetobacter calcoaceticus and no specific reason was given by the authors relating it 

to CSH measurement (Rosenberg et al., 1980, Rosenberg, 2006). Thus, several studies 

have replaced it with alternative buffers including PBS (Amaral et al., 2006), KCl (Walker 

et al., 2005), basal salt (Hori et al., 2008), and phosphate buffer (Lather et al., 2016). It 

should be noted that PUM buffer is still widely used (Obuekwe et al., 2007, Jankute et 

al., 2017). Direct comparison between PUM buffer and other buffers have been done in 

some studies previously. In studies comparing PUM buffer to PBS, PUM buffer showed 

higher CSH values with Streptococcus epidermidis, Micrococcus variants and lower 

values with Bacillus subtilis and Micrococcus roseus (Kadam et al., 2009). In another 

study with Yarrowia lipolytica, there was no significant difference in CSH values using 

PUM or PBS buffers. The authors subsequently continued using PUM buffer in their 

experiments (Amaral et al., 2006). In the current study, there was no significant change 

in CSH values with the buffers used except for DW. The decrease of CSH values when 

water was used is in agreement with a study done with S. sanguis (Nesbitt et al., 1982). 
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The variations of total control samples of the whole series of experiments of M. 

smegmatis and M. bovis BCG ranged from 44-55 % and 62-71 %, respectively. This 

observation suggested that reproducibility of the MATH technique was not limited. 

However, the MATH technique showed good discrimination between the M. smegmatis 

and M. bovis BCG with each experiment. Reasons for variation between experiments 

could include, the possibility of the impact of the washing step where subpopulation 

can be lost during such step. A second possible reason is that mycobacterial cells tend 

to aggregate causing sedimentation of the proportion of cells. As forming aggregation 

is a feature of mycobacteria species, it would be reasonable to consider the second 

possibility as the mean influence factor on the results of this thesis. To investigate this 

possibility, further microscopic experiments could be done in the aqueous phase. While 

the glass tubes used here were cleaned and autoclaved prior to conducting the 

experiment, some studies have demonstrated that cells might adhere to the glassware 

during mixing (Hori et al., 2008). This could be avoided by wash the tubes with 12 M HCl 

(Zoueki et al., 2010).  

 

Although, most parameters investigated here have been reported to influence the CSH 

measurements with the MATH technique, CSH of M. smegmatis and M. bovis BCG were 

not affected significantly by most of these parameters. This could be due to the 

characteristic feature of the mycobacterial cell envelope where long fatty acids are 

major components.  

 

3.4.2 The growth cycle influenced the CSH of M. bovis BCG  
 
Analysis of Mtb transcription in sputum revealed a pattern similar to that observed in 

non-replicating persistent (NRP) bacilli. In the same study, 182 genes including genes 

related to the Mtb stress regulon DosR were upregulated in comparison with log-phase 

aerobic growth. Moreover, 334 genes including aerobic respiration and ribosomal genes 

were downregulated in comparison with log-phase aerobic growth (Garton et al., 2008). 

These properties of Mtb populations in sputum are thought to be required for 

transmission of the disease (Garton et al., 2008). Therefore, M. bovis BCG at stationary 

phase was used in the series of the experiments in this work. M. bovis BCG at stationary 
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phase showed a significant increase in CSH values compared to exponential phase 

(Figure 3.10). This can be due to the starvation stress that occurred during stationary 

phase. Increased CSH values at stationary phase was reported previously with E. coli 

(Walker et al., 2005) and A. calcoaceticus (NIKOVSKAYA et al., 1989). 

 

3.4.3. Evaluation of additional techniques to measure CSH 
 

As a part of this project will deal with aerosol samples in chapter 4 and 5, the quantity 

of cells in aerosols are expected to be inadequate for MATH technique. Thus, it was 

critical to evaluate additional methods as an alternative for the MATH to study CSH. 

These methods include Congo Red stain and microsphere attachment beads. The 

advantages of these techniques over MATH is their ability to determine CSH at the 

single-cell level. Therefore, they have the potential to be useful in measuring CSH when 

a smaller number of cells are present in the sample.  

 

In certain pathogens, including mycobacteria, virulent strains are more hydrophobic 

than avirulent strains (Qadri et al., 1988). Congo Red binding assay is one of the tests 

that have been used previously to measure CSH and has been linked to virulence and 

pathogenicity (Qadri et al., 1988, Cangelosi et al., 1999). Congo Red stain is an 

amphiphilic dye that associates with lipids and lipoproteins of the mycobacterial cell 

envelope, providing a measure of overall CSH (Cangelosi et al., 1999). The uptake of 

Congo Red dye by microorganisms is related to their phenotype. For example, 

glycopeptidolipids (GPL)- deficient M. smegmatis mutant strain absorbed more Congo 

Red dye than the wild type (Etienne et al., 2005). The Congo Red binding assay to 

measure CSH was included in the current study. 

 

Another method to measure the CSH was also tested in the current work. This method 

involves the use of fluorescent polystyrene microspheres with a modified surface that 

rendered them hydrophobic (Zita and Hermansson, 1997). This method has been used 

in previous studies to measure CSH directly in wastewater samples prior to cultivation 

(Hazen and Hazen, 1987, Zita and Hermansson, 1997).  
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Both techniques showed the ability to detect the heterogeneity in CSH of cells in one 

population of M. bovis BCG (Figure 3.14A &B). This observed heterogeneity could be 

influenced by the fact that these assays were performed on stationary phase 

suspensions of M. bovis BCG where the cell length could account for this variation in 

response. However, the variation in the cell length in the populations used was not 

investigated during these experiments and might be a target in future work. 

 

It has been claimed that M. abscessus rough phenotype is more hydrophobic than the 

smooth phenotype (Minnikin et al., 2015). This fact has been confirmed using the MATH 

technique. The rough strain showed higher propensity for partitioning into the 

hexadecane phase than the smooth strain (Viljoen et al., 2018). On one hand, these 

findings were confirmed in our lab using lab and clinical isolates M. abscessus. 

Moreover, rough strain M. abscessus absorbed marginally more Congo Red dye than 

smooth strain (Figure 3.12). This positive correlation between MATH and Congo Red 

binding assay confirmed that CSH of the rough and smooth variants is significantly 

different. It should be noted that, Congo Red assay was performed here only with M. 

abscessus rough and smooth phenotypes to confirm the results of partitioning to 

hexadecane. Comparison between other strains of mycobacteria including Mtb using 

Congo red was reported previously (Jankute et al., 2017).   

 

On the other hand, fluorescent microsphere beads assay failed to distinguish between 

M. abcsessus variants (Figure 3.13). It is worth noting that counting the number of 

attached beads was assessed manually and this might raise bias toward the results. An 

attempt to develop a new analysis tool within the ImageJ software was established to 

deal with this problem. However, it was not processed further as new objectives of the 

project were prioritised. Another drawback associated with this method is that it is time 

consuming which make it less practical with a large sample size.  
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3.4.4. CSH of different Mtb strains  
 
To minimise the biohazard risks associated with working in CL3 laboratory, it was 

convenient to inactivate Mtb strains then transfer them to Cat 2 laboratory to run MATH 

assays. To test the impact of killing mycobacterial strains on CSH measurement, M. bovis 

BCG was fixed with 4 % formaldehyde and CSH was measured before and after fixation. 

There was no significant difference in CSH before and after fixation (Figure 3.15). This 

findings was compatible with previous study with Mtb strains were killed by autoclaving 

(Jankute et al., 2017). This observation is critical for future work as it enables one to 

overcome some of the technical and regulatory challenges such as safety regulations 

associated with working with CL3 strains.  

 

An investigation in the different CSH features of three clinical isolates of Mtb strains was 

assessed and compared to the virulent lab strain H37Rv using the MATH technique. 

There was a significant difference between the strains. The lower CSH was found with 

Mtb CH strain (64 %). The CSH was 70, 75, and 79 % with Mtb H37Rv, Mtb Beijing, and 

Mtb loughborough strains, respectively (Figure 3.16). These differences in CSH features 

might contribute to the degree of transmission of these strains. The highest CSH among 

the tested strains was with Mtb Loughborough strain. This strain is currently under 

investigation to define its full features compared to Mtb H37Rv and there are still no 

published reports regarding its transmissibility. The second highest CSH was with Mtb 

Beijing strain. This strain has been reported previously to be more transmissible than 

other Mtb strains (Yang et al., 2012).  

 
3.4.5. Reduced CSH significantly post-nebulisation 
 
Previous studies in laboratories at the University of Leicester have provided emerging 

evidence that the bacterial population in aerosols is different from the bacterial 

population in sputum (Nardell et al., 2016). Identification of these differences and 

determination of the features that influence the bacterial propensity for aerosolisation 

is a key challenge. The relation between CSH and propensity of cells for aerosolisation 

was proposed previously (Jankute et al., 2017). Moreover, Falkinham has demonstrated 

this relation in non-tuberculosis mycobacteria (Falkinham, 2003). It should be noted 
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that the experiments here were conducted to investigate the ability of hydrophobic cells 

to be aerosolised from the reservoir more readily. 

 

The main aim of the work here was to investigate the influence of CSH on the propensity 

of cells for aerosolisation. To answer this question, three nebulisers with different 

mechanisms (section 3.2.9) were used to nebulise stationary phase cells of M. bovis BCG 

suspension. The CSH before and after nebulisation was assessed using the MATH 

technique. The results of all experiments were compatible as they showed a significant 

decrease in the number of hydrophobic cells in the reservoir post nebulisation (Figure 

3.17). These findings can be attribute to the fact that the more hydrophobic cells were 

preferentially aerosolised compared to those with less hydrophobicity characteristics, 

supporting the hypothesis of the work in the current study. It should be noted that other 

factors might contribute to this phenomenon including the impact of the nebulisation 

process on the cell surface characteristics of cells and the adherence of the hydrophobic 

cells to the nebuliser vessels. However, these possibilities were not investigated further. 

Another observation here was that the decrease of the hydrophobic cells was higher 

with A3 complete and ultrasonic Omron nebulisers compared to the 3-jet Collison 

nebuliser. This could be explained by the fact that aerosol generation was higher using 

A3 Complete and Ultrasonic Omron nebulisers compared to the 3-jet Collison (data not 

shown). Moreover, when A3 complete Omron nebuliser was used, the position 3 where 

aerosol particle size is approximately 3 µm was applied. A comparison between the 

other positions with different aerosol particle sizes could be a target in future 

experiments. 
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3.5. Conclusions 
 

• Vortex duration, hexadecane-aqueous volume ratio and DW as a suspended 

medium showed significant impacts on CSH measurement using the MATH 

technique. M. bovis BCG showed higher CSH values at the stationary phase 

compared to exponential phase. 

• Rough strain of M. abscessus was more hydrophobic than the smooth strain 

using the MATH and Congo Red binding assays. 

• Microsphere beads technique was time consuming and failed to distinguish 

between hydrophobic and hydrophilic cells. 

• CSH of M. bovis BCG cells was not affected by 4 % formaldehyde fixation using 

the MATH technique providing validation evidence to use the MATH with 

inactivated CL3 strains.   

• Different Mtb strains showed different CSH characteristics suggesting the 

influence of CSH of these strains on their transmissibility. 

• Percentage of hydrophobic cells in the reservoir was decreased significantly post 

aerosolisation providing preliminary indirect evidence relating the role of CSH 

on propensity of cells for aerosolisation.  

• Decrease percentage of hydrophobic cells in the reservoir post nebulisation was 

constant regardless the mechanism of the nebuliser used, supporting the main 

hypothesis of this chapter. 
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Chapter four 
 

4. Aerosol Survival Studies 
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4.1. Introduction 

A particular concern here has been to address discrepant results obtained in 

experiments conducted at two different centres. In 1969, Loudon and associates 

showed that 50 % of Mtb bacilli survived in aerosols after 6 hrs (Loudon et al., 1969). 

Later, Lever and colleagues showed that Mtb exhibited a half-life time of < 30 min within 

aerosols (Lever et al., 2000). Better understanding in this area is important, as a key goal 

has been to understand Mtb survival mechanisms. This is explored further in the next 

chapter, by investigating transcriptional signatures of cells in sustained aerosols. Thus, 

the results of the present chapter enabled the outline experimental plan for the next 

chapter. The work in this chapter focuses mainly on studying the survival of the H37Rv 

and M. bovis BCG in aerosols using a Goldberg drum in conjunction with a contained 

Henderson apparatus. 

A key feature has been to establish standardised and reproducible conditions to enable 

systematic downstream investigation of factors that affect survival outcomes. While 

survival is a standard assessment in this sort of experiment, it is recognised that there 

are multiple ways of assessing this and that, ultimately, infectivity in a system 

representing human infection is a key measure desired in the long term. 

Goldberg drum 

This apparatus (2 feet wide and 6 feet in diameter) was first introduced by Goldberg and 

colleagues in 1958 (Goldberg et al., 1958). It was originally designed to study the survival 

of microorganisms within aerosols (size 1-6 µm) under controlled temperatures and RH. 

Since its introduction, different rotating drums with different capacities were designed 

according to the researchers’ aim (Verreault et al., 2008, Huang et al., 2019). The drum 

used in this study was manufactured in 2010, based on the original Goldberg drum by 

the Microbiological Research Establishment (MRE) at Porton Down (personal 

communication with Dr. Simon Parks, PHE, Porton Down). It is made of aluminium and 

can hold up to 70 litres. The aerosols are nebulised by the aerosol generator and 

introduced into the rotating drum. The drum is rotated at 3.5 rpm (revolutions per min) 

and has a series of internal baffles. These baffles are designed to prevent the deposition 

of particles during the rotation of the drum. Moreover, it contains a temperature and 
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humidity data logger, allowing for the continuous monitoring of environmental 

conditions (Thompson et al., 2011). 

 

Henderson apparatus 

This device is used in conjunction with the Goldberg drum. It has two main functions; 

controlling the RH inside the drum and delivering the generated aerosols to the drum. 

It consists of a chamber and a spray tube. An external compressor generates the air, 

then a pump located inside the chamber creates the air flow around the system. The air 

flow is controlled by a critical orifice to 55 l/min. The chamber also contains a silica gel 

tank (dry air) and a water tank (wet air). The generated compressed air is passed 

through both tanks before it reaches the spray tube. Depending on the desired RH, the 

volume of air passing through each tank is controlled by directional flow controllers. For 

health and safety reasons, the system is run under slightly negative pressure, which can 

be controlled by the piccolo apparatus. A second spray tube is located inside the isolator 

and the nebuliser connected to it. The purpose of this spray tube is to create a 

homogenous mixed aerosol after the nebuliser sprays directly into it (Druett, 1969). 

Other examples of equipment that fulfil a similar purpose include; AeroMP and Aero3G 

from Biaera Technologies. 

Aim and objectives 

The overall aim of the work in this chapter was to investigate the survival of Mtb H37Rv 

and M. bovis BCG in aerosols over a period of two hrs.  

The objectives were; 

• To compare different techniques to assess bacterial ‘viable counts’ with and 

without storage at -80 °C. (Storage allowed use of a wider set of viability 

assessments at the University of Leicester). 

• To investigate the effect of the nebulisation process on the cells’ integrity. 

• To investigate the survival pattern of Mtb H37Rv and M. bovis BCG in 

aerosols using two nebulisers.  
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4.2. Methods 
 
4.2.1. Bacterial strains and growth conditions 
 
The growth conditions were based on a previous study conducted by Lever and 

colleagues to investigate the survival of Mtb in aerosols (Lever et al., 2000). 100 µl of a 

frozen stock of Mtb H37Rv or M. bovis BCG (OD = 0.8-1) was inoculated onto 7H10 

supplemented with OADC plates, and spread both horizontally and vertically over the 

plates using a cotton-tipped swab (Alpha laboratories; Code 42141500) to form a 

confluent lawn of bacterial growth. Two weeks post-incubation at 37 °C, cells were 

scraped off plates using a cell scraper (250mm, Fisher Scientific) and resuspended into 

25 ml DW. To avoid the presence of clumps in the suspension, 2-3 mm glass beads were 

added to the suspension and vortexed vigorously, until no obvious clumps were seen. 

The OD600 of the suspension was adjusted to 2.2-2.5. Aerosol generation and sampling 

were performed in containment level 3 flexible film isolator held within a designated 

Advisory Committee of Dangerous Pathogens (ACDP) containment L3 laboratory for 

Mtb H37Rv. As M. bovis BCG is categorised as an ACDP L2 pathogen, the processing of 

samples was performed in a designated flexible film isolator held within an ACDP 

containment L2 laboratory. 

 

4.2.2. Aerosol generation 
 

Aerosols were generated via the Henderson apparatus with bacterial suspensions in an 

Omron ultra-sonic or a three-jet Collison nebuliser, with 15- or 10-ml suspensions, 

respectively. As the nebulisers have different internal flow rates to transfer the aerosols 

outside the nebulisers, it was necessary to add a modification to the system to achieve 

an equal internal flow rate. To achieve this, the Omron nebuliser was connected to an 

empty Collison nebuliser via a T-shaped tubing system and the Omron internal fan was 

blocked (Figure 4.1). The nebulisers were operated at 26–28 psi. The aerosols were 

delivered to the rotating Goldberg drum (Goldberg et al. 1958), and maintained at a 

mean RT of 22 ± 2 °C and a mean RH of 85 ± 10 %. The high RH was used previously to 

study the survival of Mtb in aerosols (Lever et al., 2000). The choice of this high RH was 

to make an appropriate comparison to Lever’s study. 
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Figure 4.1. Modifications were applied when an Omron nebuliser was used in the experiment 
to maintain similar internal air flow to the Collison nebuliser. 
 
4.2.3. Aerosol sampler 
 
All-glass impingers (AGI-30), as described by Wolf et al., were used to collect all aerosol 

samples (Wolf et al., 1959). These samplers have a constant flow rate of 11.5 l/min.  

4.2.4. Test procedure 
 
The Goldberg drum was connected to the Henderson apparatus. Air running though the 

drum was allowed to equilibrate to the desired RH for 30 min before the start of each 

experiment. Negative aerosol samples were taken from the drum before starting the 

nebulisation to ensure there was no cross contamination between experiments.  The 

aerosols were sprayed into the Goldberg drum for 5 min. Samples of aerosolised 

bacteria were collected into AGIs containing 10 ml DW at t = 0, 15, 30, 60, 90, and 120 

min. The aerosol samples were collected for 1 min. The air extracted from the drum 

during each sampling time was replaced by new air from the Henderson apparatus 

(preconditioned at the appropriate RH). Subsequently, the aerosols were diluted within 

the drum each time a sample was extracted. After sampling, glycerol was added to each 

sample at a final concentration of 20 %. Two samples were collected from the reservoir 

of the nebuliser, both before and after the nebulisation process, to enable the effect of 

the nebulisation process on the spray suspension to be assessed. These were also 
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treated with glycerol to a final concentration of 20 %. These two samples were 

considered as pre-nebulisation and post-nebulisation samples. The Goldberg drum 

system is shown in Figure 4.2 and the schematic diagram of the system is shown in 

Figure 4.3. 

 
Figure 4.2. The Goldberg drum system. The nebuliser is placed at the drum’s left side (A) and 
connected to the spray tube (B). Organisms are sprayed into the drum at the far end (C) and 
maintained in an aerosol by means of rotation (3.5 rpm) and a series of internal baffles. 
Samples are extracted from the drum via the sampling device located at the near end (D). 
 

 
Figure 4.3. Schematic diagram of the Goldberg drum system. Inside the isolator, there is a spray 
tube connected to two nebulisers, one containing the bacteria and the other one containing DW 
to mix the generated aerosols inside the spray tube.  The spray tube is connected to the 
Goldberg drum via tubing. The Goldberg drum is connected to an AGI sampler. Clamps (    )  are 
opened and closed during sampling. 
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4.2.5. Calculation of the dilution factor in the survival studies  
 
As mentioned above the aerosol samples were collected for 1 min at each time point. 

This is equal to 11.5 L. Removal of this air was replaced with fresh air with the same 

amount (11.5 L). This decrease in the actual concentration in the drum was corrected in 

the final analysis using the formula shown in Figure 4.4. Example of the calculation with 

an experiment is shown in Figure 4.5. 

 
Figure 4.4. Formula of the calculation of the dilution factor. 11.5 L was removed each time 
point of sampling and replaced with fresh air. 70 L is the holding capacity of the drum. 6 aerosol 
samples were collected in each experiment at time points, 0, 15, 30, 60, 90 and 120 min. 
 
 

 
Figure 4.5. Example of the final analysis after correction to the dilution factor.  Percentage of 
survival at baseline was calculated by dividing the absolute number at each time point by the 
absolute number at T0 × 100 (Ex; 9300 / 11900 × 100). Survival as percentage dilution factor 
was calculated by dividing the % survival at baseline by the dilution factor × 100 (Ex; 78.1513 / 
84 × 100). Average and standard deviation of three replicates were calculated and used to 
generate the graph of the result. 
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4.2.6. Processing samples at PHE, Porton Down 

Each experiment produced six aerosol samples and two reservoir samples (pre- and 

post-nebulisation). A ten-fold serial dilution was performed on each sample, and the 

CFU was calculated for each dilution using spread and pour plate methods (section 

4.2.7). The media used was 7H10 Middlebrook agar supplemented with OADC. When 

possible, the MPN assay was performed on each sample (section 4.2.8). Finally, the 

remainder of the primary sample was split and stored (in duplicate) at -80 °C until they 

were shipped to Leicester University for further investigations.  

 

4.2.7. Processing samples at Leicester University 
 
The neat samples were freeze-thawed and then ten-fold serially diluted, as was 

performed at PHE, Porton Down. Then, the CFU was assessed for each dilution using the 

pour plate method. Additionally, the MPN assay was performed. 

4.2.8. Enumeration of colony-forming units (CFU)  
 
 
Spread plate method (S-CFU) 
 
Ten-fold serial dilutions of aerosol samples were performed by adding 1 ml of the neat 

aerosol sample to 9 ml of DW in 30 ml universal tube. CFU assay was applied to each 

dilution sample on a single 7H10-OADC agar plate. 100 µl of the dilution sample was 

inoculated onto the agar plate and spread both horizontally and vertically over the 

plate, using a cotton-tipped swab. Next, the plates were sealed with laboratory sealing 

film, double-bagged, and incubated inverted at 37 °C until isolated colonies become 

visible. The final count of 10-300 colonies in a single plate was used for the final 

calculation of colony forming units (CFUs), using the following equation;  

                                                               S-CFU/ml = C × D × 10 
                                                                 C= Count per plate 
                                                                  D= Dilution factor 
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Pour plate method (P-CFU) 
 
This method was explored for its convenient (fewer dilutions are required and no 

spreading is needed) and for its provision of an initial microaerobic environment for 

growth, as this is known to favour resuscitation of injured bacteria (Berney et al., 2006). 

The agar was melted and separated into 9 ml aliquots (50 ml falcon tubes) and stored 

in a water bath at 50 °C. Prior to use, 1 ml of OADC supplement was added to the tube, 

and 1 ml of the sample dilution was also added to the tube. Next, the tubes were mixed 

gently, and the agar was poured into labelled petri dishes and left to solidify. Once the 

agar solidified, the plates were incubated as indicated above. Calculation of the CFU was 

done with the following equation; 

                                                                     P-CFU/ml = C × D 

                                                                 C= Count per plate 

                                                                  D= Dilution factor 

 
 
4.2.9. Enumeration of most probable number (MPN) 
 
MPN assay counts were carried out in 48-well micro-titre plates (Greiner Bio-One, 

Frickenhausen, Germany), and each plate was separated into two sections. Each section 

contained 4 replicates for each sample. 450 µl was added from the 7H9-ADC-Tween 80 

into each well. Thereafter, 50 µl of the neat aerosol sample was added to the 10-1 

dilution of 7H9-ADC-Tween 80. Then, 50 µl was taken from each 10-1 dilution, mixed 

thoroughly by pipetting, and added to the next dilution. The pipetting tips were 

discarded, and new tips were used each time. The serial dilution was repeated with the 

rest of the wells. Each sample had at least 6 series of dilutions (10-1 to 10-6).  

Next, all 48-well plates lids were sealed to the base with electrical tape, placed in double 

zip-lock bags to avoid drying, and incubated at 37 °C statically for 6 weeks. The first 

check was performed after 5 days to exclude mould-contaminated samples. Once ready, 

The MPN counts were performed by using a program which can be found at:  

https://www.wiwiss.fu-

berlin.de/fachbereich/vwl/iso/ehemalige/professoren/wilrich/MPN_ver6.xls (Jarvis et 

al., 2010) 

https://www.wiwiss.fu-berlin.de/fachbereich/vwl/iso/ehemalige/professoren/wilrich/MPN_ver6.xls
https://www.wiwiss.fu-berlin.de/fachbereich/vwl/iso/ehemalige/professoren/wilrich/MPN_ver6.xls
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A freeze-dried pellet stored at – 20 °C (kindly supplied by Professor Galina Mukamolova) 

from 32 ml of Mtb H37Rv culture supernatant (SN), prepared as described by 

Mukamolova et al. (2010), was used for the Rpf-dependency assays. Prior to use, H37Rv 

SN was dissolved in 16 ml of DW and 16 ml of 7H9-ADC-Tween 80, and then kept on ice 

for 30-60 min before use (Mukamolova et al., 2010). 

 

For the Rpf-dependency assays, a 48-well plate was divided into two sections. The first 

section contained 7H9-ADC-Tween 80 as a control. The second section contained 7H9-

ADC-Tween 80 + SN (50 %, v/v). The procedure and the counts were done as per section 

4.2.9. 

 

4.2.10. Propidium monoazide (PMA test) 

PMA dye was purchased from Biotium, UK. Following the manufacturer’s procedure, 

500 µl of the aerosol sample was transferred to an Eppendorf tube, then the PMA stain 

was added at a final concentration of 50 µM. The tubes were then incubated for 5 min 

in the dark at RT and were flicked occasionally to mix. The samples were exposed to 

light to cross-link the PMA to the DNA; this was done for 15 min. Finally, the cells were 

pelleted by centrifugation at 5,000 x g for 10 min and the genomic DNA was extracted 

for qPCR analysis. 

PMA is a high-affinity, photoreactive DNA-binding agent; it can access cells with 

compromised membranes. When exposed to bright visible light, its photoreactive azido 

group is converted to a highly reactive nitrene radical that can form covalent cross-links 

with DNA.  These cross-links prevent the subsequent qPCR amplification of the target 

DNA of non-viable cells. In contrast, cells with intact membranes are resistant to PMA. 

Thus, only DNA from intact (i.e., viable) cells can be amplified when bacteria are treated 

with PMA prior to DNA extraction (Nocker and Camper, 2009). 
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4.2.11. DNA extraction 
 
Isolation of DNA from mycobacterial species is complicated by the presence of mycolic 

acids, which contribute to the creation of thick and waxy cell walls, which are difficult 

to lyse compared to Gram-negative and Gram-positive bacteria. Commercial DNA 

extraction kits are designed to lyse Gram-positive and Gram-negative bacteria, and thus 

are relatively inefficient when applied to a mycobacteria (Käser et al., 2009). The 

protocol used in this  thesis was in-house optimised in our laboratory and has been 

found to yield satisfactory DNA amounts for qPCR assays (Abdulwhhab, 2019). 

 

The pellets were suspended with 100 μl of Tris-EDTA buffer (20 mmol Tris/ 2mmol EDTA, 

pH : 8) and 100 μl of Chelex suspension (50 % w/v Chelex-100, 1 % w/v Nonidet P-40, 1 

% w/v Tween 20). 0.25 gram of lysing matrix B (MP-Biomedicals, UK) was added to the 

suspension. Cells were then disrupted in a FastPrep bead beater with a speed setting of 

6.5 m/s for 45 sec (FastPrep™-24, MP Biomedicals, UK) and incubated in an ice box for 

2 min. This step was repeated 4 times. Finally, the samples were centrifuged at 15,000 

x g for 10 min and the supernatant (genomic DNA) was transferred to a new Eppendorf 

tube. 

 

4.2.12. In-house qPCR IS6110 TaqMan assay 

 
The primary protocol was established by Akkerman et al. (2013) to be run on the Light 

Cycler 480 Instrument II (Roche) and optimized as below for the Rotor-Gene 6000 real-

time DNA analysis system on the Corbett PCR machine (Akkerman et al., 2013). 

 

25 μL PCR mixture contained 12.5 μL of TaqMan universal PCR master mix +AmpErase 

UNG (Applied Biosystems, UK), 1 μL of 10 μM IS6110-forward (5'-

AGCGTAGGCGTCGGTGAC-3'), 1 μL of 10 μM of IS6110 reverse (5'-

GGGTAGCAGACCTCACCTATGTGT-3'), 0.5 μL of 10 μM TaqMan IS6110 probe (5' 6-FAM 

TCGCCTACGTGGCCTTT-3' MGBNFQ), 10 μL of DNA template and 2.5 μL molecular-grade 
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water. Cycling conditions were 1 holding cycle at 50 oC for 2 min, 1 holding cycle at 95 

°C for 10 min, 45 cycles at 95 °C for 15 sec and 60 °C for 6 sec with acquisition on the 

FAM/Green channel (470nm), and 1 holding cycle at 40 oC for 20 sec. DNase-RNase free 

water was used as a negative control of amplification. 

All primers were obtained from Integrated DNA Technologies, UK, and the probes were 

obtained from Life Technologies Ltd. Invitrogen, UK. 

 

 

 

4.2.13. Calculation of the genome/ml from the real time assay 

 
The genome/ml calculations were done using the following equation: 

Genome/ml = Average copies/µl x 200 µl x 2 / 16 

(200 µl is the volume of eluted DNA, 2 is the dilution factor [DNA was extracted from 

500 µl sample], 16 is the number of copies of S6110 per cell). 
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4.3. Results 
 
As will be shown in later sections, the pour plate method (P-CFU) was found to provide 

the most amenable means of assessing survival in aerosol. Results from this approach 

will be shown first, then the alternate methods of viability assessment will be reviewed. 

 

4.3.1 Survival patterns of M. bovis BCG and Mtb H37Rv in aerosols 

The recovery of Mtb H37Rv and M. bovis BCG, expressed as a percentage of P-CFU at 

baseline, is presented in Figure 4.6, using the Collison and Omron nebulisers. The 

theoretical dilution effect due to the material withdrawn in sample is calculated and 

shown on the same graph. The recovery of both strains declined faster than the 

theoretical dilution line, regardless of the aerosol generator used. The error bars of 

these strains overlapped, indicating that the difference between them is statistically 

insignificant.  
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Figure 4.6. Survival pattern of M. bovis BCG and Mtb H37Rv with the theoretical dilution. 
Bacterial suspensions were prepared and nebulised for 5 min, and aerosol samples were 
collected over a period of two hrs. P-CFU count for each sample was performed and the 
theoretical dilution was calculated. (A) 3-Jet Collison nebuliser (B) Omron nebuliser. Error bars 
represent the SD of three independent experiments.  
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The survival ratio of M. bovis BCG and Mtb H37Rv was calculated and is shown in Figure 

4.7. It is defined as the percentage recovery of the strain, divided by the percentage 

recovery of the theoretical decline × 100. With both nebulisers, the strains show a 

survival rate above 50 % in aerosols over a period of 2 hrs. The error bars of these strains 

overlapped, indicating that the difference between them is statistically insignificant. 
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Figure 4.7. Survival pattern of M. bovis BCG and Mtb H37Rv as a percentage of the 
theoretical dilution. Bacterial suspensions were prepared and nebulised for 5 min, and 
aerosol samples were collected over a period of two hrs. P-CFU count for each sample 
was performed and expressed as a percentage of the theoretical dilution. (A) 3-Jet 
Collison nebuliser (B) Omron nebuliser. Error bars represent the SD of three 
independent experiments. A single experiment was assessed with M. bovis BCG for 4 
hrs showed in red line. 



                                                                                             Chapter 4: Aerosol Survival studies
   

100 
 

From the previous experiments, it can be seen that using either a 3-Jet Collison or 

Omron nebuliser has no significant different effect on the survival pattern of M. bovis 

BCG and Mtb H37Rv. Additionally, both nebulisers’ impact on the cells’ viability within 

the reservoir was similar. However, the Omron nebuliser aerosolised more cells than 

the Collison nebuliser in most instances (Average P-CFU at baseline is 1553 and 5044 for 

Collison and Omron, respectively). Therefore, subsequent experiments in the project 

were performed with the Omron nebuliser. 

 

4.3.2 Comparison of methods used to assess bacillary survival 
 
4.3.2.1 The P-CFU method gave higher counts than the S-CFU 
method.  
  
Aerosols samples collected in M. bovis BCG survival experiments were plated on 7H10-

OADC by both the P-CFU and S-CFU methods. Figure 4.8 demonstrates around a half log 

reduction in CFU count of M. bovis BCG cells in aerosols when S-CFU method was 

applied, compared to P-CFU method at all-time points.  

 
Figure 4.8. Comparison between S-CFU and P-CFU methods to detect M. bovis cells in aerosols. 
M. bovis BCG suspension was aerosolised for 5 min, and aerosol samples were collected at 
different time points. CFU count was conducted using S-CFU and P-CFU methods. Error bars 
represent the SD of three independent experiments. Statistical analysis was performed using 
multiple t-test with the Sidak correction. (* = P=0.01). 
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4.3.2.2 Culture supernatant supplementation had no significant 
effect on BCG recovery 
 
This experiment was conducted at an early stage of the series of survival experiments, 

where M. bovis BCG was used as a surrogate for Mtb. As there was no statistically 

significant difference in the results of M. bovis BCG, no further experiments were done 

with Mtb.  

 

To investigate whether stress can produce Rpf-dependent populations in aerosols, MPN 

assay with and without TB supernatant was applied to aerosol samples using a 48-well 

plate (section 4.2.9). This experiment was performed with M. bovis BCG aerosol samples 

after storage of samples from Collison and Omron nebulisations at -80 °C (see next 

section).  

 

Table 4.1 shows the samples that were investigated. The resuscitation index (RI) was 

calculated by subtracting the log10 MPN+SN by the log10 P-CFU values. The 2nd RI was 

calculated by subtracting the log10 MPN+SN by the log10 MPN-SN. A significant RI 

should be equal to or more than 1. 

Table 4.1 shows that, for the samples used, the RI value did not exceed 1, indicating that 
the difference is not significant.  
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Table 4.1. Culture supernatant assessment assay of M. bovis BCG using Collison and Omron 
nebulisers. 

Collison (Log10)  

Sample P-CFU MPN  MPN +SN RI (MPN SN-CFU) RI (MPN SN-MPN) 

Pre-Nb 7.2 7.4 7.8 0.6 0.4 

T60 2.6 2.7 2.6 0 -0.1 

T120 1.9 2.1 1.6 -0.3 -0.5 

Omron (Log10)  

Sample P-CFU MPN  MPN +SN RI (MPN SN-CFU) RI (MPN SN-MPN) 

Pre-Nb 8.2 8.0 7.5 -0.7 -0.5 

T60 3.3 3.4 3.6 0.3 0.2 

T120 3.0 3.3 3.1 0.1 -0.2 

 
P-CFU = colony forming unit (Pour plate method)   
MPN = most probable number 
MPN + SN = most probable number + supernatant 
RI = resuscitation index 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



                                                                                             Chapter 4: Aerosol Survival studies
   

103 
 

4.3.2.3 H37Rv P-CFU counts from aerosol were not significantly 
affected by freezing  

In order to explore options for processing samples at different sites, aerosol samples 

taken in multiple experiments were frozen at -80 °C following the addition of 20 % 

glycerol, then shipped to the University of Leicester for further investigation. The effect 

of the freeze-thaw cycle was investigated by re-plating the samples using P-CFU 

technique (as had been done at the PHE, Porton Down). There was no statistically 

significant difference in the P-CFU count before and after the freeze-thaw cycle (Figure 

4.9). Assays reported below were performed at the University of Leicester. 
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Figure 4.9. CFU counts of the aerosol samples before and after the freeze-thaw cycle. Mtb 
H37Rv aerosol samples were frozen at -80 °C and transferred to University of Leicester. CFU 
assay was performed using P-CFU technique. Error bars represent the SD of three independent 
experiments. Statistical analysis was performed using multiple t-test with the Sidak correction, 
ns = non-significant. 
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4.3.2.4 MPN showed stable pattern compared to P-CFU  

Figure 4.10 shows the comparison between MPN and P-CFU techniques in detecting 

Mtb cells in aerosols. Both techniques showed survival of at least 50 % of Mtb cells in 

aerosols. The detection of Mtb in aerosols using the MPN technique results in a stable 

pattern, compared to that obtained with the P-CFU count technique.  
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Figure 4.10. Comparison between P-CFU and MPN techniques to study survival of Mtb H37Rv 
in aerosols. Aerosol samples were freeze-thawed and P-CFU and MPN assays were performed. 
Error bars represent the SD of three independent experiments. 
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4.3.2.5 PMA exclusion 

An aliquot of 1 ml of Mtb H37Rv aerosol samples (generated from Ultrasonic Omron 

nebuliser) was split into two halves. The first half was treated with the PMA stain, while 

the other half was not. DNA was extracted from the samples, and a qPCR assay was 

performed. Figure 4.11 shows that there was approximately one log reduction in the 

numbers of intact cells in aerosols compared to the total of aerosolised cells. A 

reduction in the percentage of intact aerosolised cells was observed in all the aerosol 

samples.  
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Figure 4.11. Comparison between aerosolised Mtb H37Rv cells treated and not treated with 
PMA. DNA was extracted from samples and a qPCR assay was performed. Error bars represent 
the SD of three independent experiments. Statistical analysis was performed using multiple t-
test with the Sidak correction. (* = P=0.01). 
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The detection of intact cells in aerosols, presented as a percentage of the theoretical 

dilution, is shown in Figure 4.12. The proportion of intact cells was stable over a period 

of two hrs. The absolute numbers of Mtb H37Rv cells detected by P-CFU, MPN and PMA-

qPCR are shown in Table 4.2.  
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Figure 4.12. The decline pattern of the aerosolised Mtb H37Rv intact cells over a period of two 
hrs. Aerosol samples were freeze-thawed then treated with PMA stain, and a qPCR assay was 
performed. Error bars represent the SD of three independent experiments. 

 
Table 4.2. Absolute numbers of Mtb H37Rv cells detected by P-CFU, MPN and PMA-qPCR. 

Ultrasonic Omron Nebuliser (absolute no.) 

Sample P-CFU /ml MPN /ml Genome /ml  
(PMA-qPCR) 

T0 8.85E+03 1.25E+04 3.67E+05 

T15 5.87E+03 6.33E+03 2.65E+05 

T30 4.31E+03 7.13E+03 3.97E+05 

T60 5.77E+03 6.80E+03 5.21E+05 

T90 3.86E+03 4.67E+03 1.52E+05 

T120 3.70E+03 4.17E+03 2.11E+05 
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4.3.3 Effect of nebulisation on Mtb H37Rv cells 
 
A significant concern in these experiments has been the potential of the nebulisation 

process to damage the aerosolised bacilli. This potential problem was assessed by P-

CFU counting and by PMA dye exclusion. 

 

4.3.3.1. P-CFU counts 

Lawn growth on the 7H10-OADC plate was used to prepare bacterial suspensions in DW 

and nebulised for 5 min (to minimise the effect of the nebulisation process on cell 

integrity). P-CFU counts of the suspensions in the reservoir were taken before and after 

nebulisation. Figure 4.13 shows that the P-CFU count increased post-nebulisation with 

both nebulisers. The difference in P-CFU counts between pre and post nebulisation was 

significant with the Omron nebuliser.  

 

 
Figure 4.13. Comparison between the P-CFU counts of the suspensions inside the reservoir 
pre- and post-nebulisation. Mtb H37Rv suspensions were prepared and nebulised for 5 min. 
Samples from pre- and post-nebulisation were collected, and the P-CFU was calculated using 
the pour plate technique. Error bars represent the SD of three independent experiments. 
Statistical analysis was performed using multiple t-test with the Sidak correction. (ns = non- 
significant, * = P=0.01). 
 

 



                                                                                             Chapter 4: Aerosol Survival studies
   

108 
 

4.3.2.2. PMA exclusion 

Pre- and post-nebulisation of samples after the freeze/thaw cycle were treated with 

PMA (section 4.2.10), and qPCR was done for both samples. The proportion of intact 

cells of the total cells inside the reservoir was calculated. The result indicated a 

significant decrease in the proportion of intact cells inside the reservoir in the post-

nebulisation samples when compared to pre-nebulisation samples with both the 

Collison and Omron nebulisers (Figure 4.14A). There was no significant difference in the 

% of cell damage by Collison or Ultrasonic Omron nebulisers (Figure 4.14B). 
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Figure 4.14. Comparison between PMA resistant cells’ proportion in the suspension inside the 
reservoir pre- and post-nebulisation. Mtb H37Rv suspensions were prepared and nebulised for 
5 min. Samples from pre- and post-nebulisation were collected and stained with PMA, DNA was 
extracted, then the qPCR assay was assessed. A) Shows % of damaged cells against normalised 
control (pre-nebulisation). B) Shows comparison between % of damaged cells post-nebulisation 
by Collison and Omron nebulisers.  Error bars represent the SD of three independent 
experiments. Statistical analysis was performed using multiple t-test with the Sidak correction. 
(*** = P=0.0001, ns = non-significant). 
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4.4. Discussion 

 
Mtb transmission involves three stages: aerosolisation from the host, survival while 

airborne, and inhalation by a new host. The second stage is the focus of the work in this 

chapter. As noted in Section 4.1, the two studies on the viability of Mtb in air 

demonstrated discrepant results. To address the discrepancy of these two findings, the 

survival pattern of M. bovis BCG and Mtb H37Rv in aerosols was investigated.  

 

4.4.1 Survival patterns of M. bovis BCG and Mtb H37Rv in 
aerosols 
 
This investigation was conducted using the Goldberg drum system with two nebulisers, 

the conventional 3-Jet Collison nebuliser and the ultrasonic Omron nebuliser. The 

results obtained by P-CFU analysis showed that Mtb and M. bovis have survival half-

lives in excess of 2 hrs regardless of the sample generator (Figures 4.6 & 4.7). This 

contrasts with the study of Lever and colleagues, who demonstrated that only 10 % of 

the initial cells made colonies (S-CFU) after 30 min (Lever et al., 2000). The experimental 

designs shared some similarities and differences. For example, the preparation of the 

inoculum was done by harvesting a growth solid medium. However, there was a 

difference in the period of plate incubation before the harvesting (21 days in Levers’ 

study, and 14 days in this study). Another difference is the starting inoculum was 1010 

and 108 viable cells ml--1 in Lever’s and here, respectively. In both studies, the AGI-30 

sampler was used, containing 10 ml DW and 6 aerosol samples were collected. 

However, the time points of collecting the aerosol samples were different. In Levers’ 

study, they collected aerosol samples at 5, 10, 20, 30, 40 and 60 min post-nebulisation, 

while this study aerosol samples were collected at 0, 15, 30, 60, 90 and 120 min post-

nebulisation. The RH in Lever et al.’s study was around 75 %, while it was 85 % in the 

current study. One possible reason for the difference may have been that, in the Lever 

study, the plates were incubated for only 10 days before counting, while 28 days was 

allowed here. The longer period here was chosen for convenience as colonies were very 

small and difficult to count after 3 weeks. Another possibility for the difference in results 
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could be the suspending medium; as in Levers’ study, saline and artificial saliva were 

used, whereas DW was used here.  

 

Interestingly, the earlier study by Loudon and colleagues demonstrated an Mtb half-life 

of ~6 hrs. In their stud,y liquid culture was used for the preparation of the inoculum, 

and they also used lower RH (45-50 %).  

 

It should be noted that aerosol particle sizes during experiments were not investigated 

here and the difference in particle sizes could have contributed to the large variability 

between experiments.  

 

A key feature here has been careful standardisation of the procedure with use of 

defined preparative procedures, sampling, and survival assessment. This will provide 

the basis for systematic assessment of experimental parameters, particularly those 

relevant to the natural transmission process. 

 

4.4.2 Comparison of methods used to assess bacillary survival 

4.4.2.1 P-CFU method gave higher counts than S-CFU method  

As was mentioned in section 1.6, in conducting aerobiology experiments, bacterial cells 

are challenged with several stressors, starting from preparation of the inoculum through 

the nebulisation and sampling process, to plating and storage of the samples (Haddrell 

and Thomas, 2017). As a result, a proportion of cells are potentially becoming injured, 

leading to slow or lost culturability (Wu, 2008). Enhanced growth of Mtb under a 

microaerophilic atmosphere compared to normal oxygen tension has been reported 

previously (Ghodbane et al., 2014). Thus, in the current study, the P-CFU method, where 

an initial microaerophilic atmosphere is achieved, was compared to the conventional 

method used in survival studies, S-CFU. According to the result (Figure 4.8), even though 

both techniques shared similar patterns of reduction, a higher CFU number of M. bovis 

BCG was observed within P-CFU with all the aerosol samples. Therefore, the P-CFU 

method was assigned as the reference method for the experiments. 
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4.4.2.2 Culture supernatant supplementation had no significant 
effect on BCG recovery 
 

In the current work, M. bovis BCG cells in aerosols were assessed for the presence of 

Rpf- dependent populations. Three samples were chosen for this experiment, Pre-

nebulisation sample, an aerosol sample taken at 60 min, and an aerosol sample taken 

at 120 min, due to a limited supply of H37Rv culture supernatant at the time of the 

experiment. The pre-nebulisation sample was chosen as a baseline. Early aerosol 

samples were not included, as they might reflect the aerosolisation process rather than 

the survival of cells in aerosols.  

 

As shown by the RI in Table 4.1., there was no significant difference between the P-CFU 

and the MPN+SN results. Moreover, there was no significant difference in MPN results 

when SN was added (RI < 1 log10 difference). These findings suggest that Rpf-dependent 

cells were not present in or generated, by the aerosol samples. The presence of Rpf-

dependent cells has been reported in sputum and biofilm in previous studies with Mtb 

H37Rv (Mukamolova et al., 2010, Binjomah, 2014). This experiment was performed with 

M. bovis BCG, and further studies with Mtb H37Rv would be required to make an 

appropriate comparison of these studies.  

 

4.4.2.3 H37Rv P-CFU counts were not significantly affected by 
freezing 
 
In order to validate deferred sample processing at the University of Leicester, it was 

necessary to evaluate the effects of freezing the samples on survival assessments. 

Results from direct and deferred plating after freezing in 20 % glycerol were compared. 

 

The choice of glycerol as a cryopreservation solution was because it showed satisfactory 

storage and preservation of Mtb populations in decontaminated sputum (treated with 

4 % (wt/vol) NaOH, 14 % (wt/vol) KH2PO4 and 10 % glycerol) (Turapov et al., 2016). The 

freezing and storage of in vitro Mtb cultures and sputum-based samples did not 

influence the viability of the mycobacterial cells in several studies (Kim and Kubica, 
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1972, Shu et al., 2012, Turapov et al., 2016). However, the effect of freezing on Mtb cells 

in aerosols has not previously been explored. According to the result of this study, the 

aerosol samples were not significantly affected by the freeze-thaw cycle step (Figure 

4.9). As the subsequent investigations were done after exposing the samples to freeze-

thaw cycle, this finding provided support and validation to the outcomes of these 

investigations. This is a critical finding, and provides solid evidence for the validation of 

future collaborative studies with different institutions where the availability of facilities 

to run Mtb aerosolisation experiments can be an obstacle. For example, different 

investigations of Mtb aerosol samples were assessed at University of Leicester while the 

actual aerosolisation experiments were done at PHE, Porton Down.  

 

4.4.2.4 MPN and P-CFU counts gave similar patterns 
 
The majority of survival studies on microorganisms in aerosols have used the 

conventional method of CFU counts to detect cells in aerosols. However, plate counts 

can be subject to underestimation of the bacterial populations in air samples. This can 

be due to the fact that although cells exposed to aerosolisation can be viable, they lose 

the ability to form colonies (Heidelberg et al., 1997). To avoid this underestimation, 

some survival studies have used microscopy as an alternative to CFU counts (Carrera et 

al., 2005, Thomas et al., 2011). To the best of our knowledge, no previous study has 

demonstrated the survival of cells in aerosols in a liquid culture. In the current study, P-

CFU and MPN assays were used to investigate the survival of Mtb in aerosols. 

Additionally, in the next section, the PMA-qPCR assay was performed to investigate the 

proportion of intact cells. 

 

It can be seen that similar survival patterns of Mtb in aerosols were uncovered by the 

MPN technique and P-CFU (Figure 4.10). This result provides extra evidence regarding 

the survival of Mtb cells in aerosols. When the absolute number detected by P-CFU was 

compared to the MPN (Table 4.2), no significant difference was found. This suggests 

that neither the aerosolisation process nor the aerosol phase induced the production of 

liquid culture-dependent populations within the aerosols.  
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4.4.2.5 Propidium monoazide (PMA) viability assessments 
 

Molecular-based (DNA) analysis has been used previously to detect Mtb-carrying 

aerosols in the room air of respiratory-isolated TB patients (Mastorides et al., 1999). 

However, this molecular-based technique does not distinguish between cells with intact 

membranes from cells with compromised (or damaged) membranes (Kim et al., 2014). 

In this regard, researchers have used DNA-binding dyes to differentiate between intact 

and non-intact cells. The most common membrane-impairment dye is propidium iodide 

(PI), which has been used for microscopic live-dead discrimination and increasingly in 

flow cytometry (Nocker et al., 2006). Other DNA-binding methods include the use of 

DNA-binding dyes in combination with real-time PCR. Ethidium monoazide (EMA) and 

Propidium monoazide (PMA) are examples of these dyes. In a previous study using 

several bacterial species including M. avium, EMA and PMA were equally efficient in 

removing DNA from dead cells; however, EMA partly reduced the DNA yield from live 

cells when compared to untreated or PMA-treated cells (Nocker et al., 2006). In 

addition, PMA has been reported to be a useful approach for differentiating dead from 

live bacilli in AFB smear-positive sputum samples (de Assunção et al., 2014, Kim et al., 

2014). 

 

The proportion of intact cells was investigated in the current study using the PMA-qPCR 

assay. Figure 4.11 shows that there was approximately 1 log10 difference in the 

proportion of intact cells compared to the total aerosolised cells in all the aerosol 

samples. When the PMA stain was applied to the suspension pre-nebulisation, around 

35 % of cells were intact. This may be due to the aggregation of cells generated during 

the preparation of the inoculum. The presence of these clumps might have led to the 

aerosolisation of free DNA from damaged cells in greater proportion when compared to 

intact cells. Moreover, the intact cells in the aerosols were exposed to additional stress 

during the sampling process, which used the AGI 30 impinger, leading to a decrease in 

the number of intact cells. A comparison study with S. aureus between this sampler and 

the Biosampler (SKC) demonstrated that the AGI 30 achieves a lower preservation of 

bioaerosol viability than the SKC sampler (Tseng et al., 2014). However, the work here 

was done with Mtb, and this difference in species might not reflect an appropriate 
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comparison between the two samplers. Further investigations using Mtb could be a 

target in future work to evaluate the impact of these samplers. 

 

The detection of Mtb in aerosols by PMA-qPCR was higher by over one order of 

magnitude compared to the P-CFU and MPN (Table 4.2). Yet, the rate of decline was not 

significantly different over the period of two hrs (Figure 4.12). This observation further 

confirms the survival results obtained in the current study. 

 

4.4.3 Effect of nebulisation on Mtb H37Rv cells  

4.4.3.1 P-CFU counts 

The 3-jet Collison nebuliser has been used in several survival studies of microorganisms, 

including the above two studies. The effect of this pneumatic nebuliser on cells during 

nebulisation has been investigated on many occasions. In 2011, Thomas and colleagues 

reported a decline in the P-CFU count of E. coli in the 3-jet Collison reservoir post-

nebulisation by 65 % compared to pre-nebulisation. This observation was not seen with 

P. aeruginosa when it was aerosolised using the same nebuliser (Clifton et al., 2010, 

Thomas et al., 2011). With regards to Mtb, Clark and associates demonstrated a one 

log10 decrease in the P-CFU in the reservoir of the Collison nebuliser during the initial 

10 min of aerosolisation (Clark et al., 2011). This was not the case in the current study 

(Figure 4.13), where P-CFU count was higher by 7-18 % and 29-40 % in the reservoir 

post-nebulisation with Collison and Ultrasonic nebulisers, respectively. This difference 

can be due to the inoculum preparation used in Clark et al.’s study, as they used liquid 

suspension, while lawn growth suspensions were used in this study. There are two 

possible reasons for the increase seen in our study. First, the aerosolisation process may 

have led to breaking of the clumps in the original suspension, resulting in the production 

of small single cells. Second, the aerosolisation process produced heat, which resulted 

in the evaporation of the water and increased the concentration of cells in the reservoir. 

Similar observations were seen in a previous study with B. subtilis (Stone and Johnson, 

2002). 
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4.4.3.2 PMA exclusion 

When the PMA stain binds to DNA, UV exposure leads to formation of covalent links so 

that amplification of the bound molecules is prevented. This approach can be used to 

differentiate between intact and non-intact cells within one suspension by a qPCR assay. 

There was a significant decrease in the percentage of intact cells post-nebulisation when 

using both nebulisers (Figure 4.14A). On one hand, this decrease could confirm the two 

possible reasons mentioned above, as clumping can be a barrier against the stain. When 

clumps were broken up by the aerosolisation process and while evaporation occurred, 

there were more single cells accessible to the PMA stain. On the other hand, it might 

also point to the damage of the cells during aerosolisation. However, the decline in the 

percentage of intact cells was limited to 20-25 % with both nebulisers (Figure 4.14B). It 

should be noted that the aerosol samples used here were exposed to a freeze/thaw 

cycle before treatment. The influence of freeze/thaw cycles on the permeability of PMA 

and the results was not investigated here. However, the assumption that both samples 

(treated and non-treated) were exposed to the same freeze/thaw cycle could account 

to the validity of the results obtained here.  

Finally, all the comparison investigations in this chapter were done using a 3-Jet Collison 

nebuliser and an Ultrasonic Omron nebuliser. The different of aerosol particle sizes 

generated from these nebulisers was not investigated here. While the 3-Jet Collison 

nebuliser generates aerosol particle size around 3 µM (Lever et al., 2000), the Ultrasonic 

Omron nebuliser generates aerosol particle size around 4.6 µM (manufacture manual 

instruction). The nebulisation volume setting of Omron was set to maximum, however, 

the internal fan was blocked to achieve equal internal flow rate with the Collison 

nebuliser (Section 4.2.2). The difference in aerosol particle sizes generated from these 

nebulisers did not affect the general pattern of the results in this chapter, as both 

nebulisers showed insignificance differences in the results. However, the Omron 

nebuliser generated higher number of aerosols particles with less variability compared 

to the Collison nebuliser. This observation can be taken into consideration in future 

aeroaolisation studies and general Mtb aerosol research. 
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4.5. Conclusions 

 

• Mtb H37Rv and M. bovis BCG show a survival in aerosols of at least two hrs post-

nebulisation. 

• P-CFU counts of M. bovis BCG in aerosol samples were consistently greater 

than S-CFU.  

• Rpf-dependent cells of M. bovis BCG were not induced by the aerosolisation 

process using the Collison or Omron nebulisers.  

• Mtb H37Rv cells in aerosols were not significantly affected by the freeze-thaw 

cycle. 

• P-CFU and MPN techniques used to detect Mtb H37Rv in aerosols resulted in the 

detection of similar survival patterns.  

• The difference in damaged Mycobacterial cells was insignificantly higher with 

the Collison nebuliser compared to the Ultrasonic Omron nebuliser.  

• The PMA-qPCR assay detected Mtb H37Rv cells in aerosols by over one order of 

magnitude when compared to P-CFU and MPN. 
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5.1 Introduction 
 

One way to understand an organism’s adaptation to its surrounding environment is to 

study its transcriptome profile under different conditions. The transcriptome provides 

valuable information, including transcript content, determination of transcriptional 

start sites, mRNA abundance and antisense RNAs (Filiatrault, 2011). It is challenging to 

achieve a comprehensive analysis of global gene expression in prokaryotes due to the 

abundance of rRNA and tRNA, and the insurvival of transcripts (Filiatrault, 2011). A 

significant challenge when studying bacterial transcriptomics is the fact that mRNAs 

represent only around 5 % of the total cellular RNA. To overcome this difficulty, rRNA 

can be removed from isolated RNA samples to enrich mRNA content. The rapid 

advancements in high-throughput sequencing technology have provided valuable tools 

for the study of microbial transcriptomes, even in the presence of such difficulties (He 

et al., 2010). 

The ideal method of transcriptome analysis depends on its ability to provide detailed 

information about all RNA species, regardless of their abundance and size. Such a 

technique can be achieved by applying an RNA-sequencing which is not limited to the 

gene expression level but can also be a useful tool for characterising the whole 

transcriptome of an organism. The advantages and disadvantages of this, and other 

technologies, were discussed earlier (in section 1.7.1). In this chapter, RNA-sequencing 

was used to study the transcriptional signatures of M. bovis BCG and Mtb during 

aerosolisation and survival within aerosols. More details about RNA-sequencing 

technology are discussed below.  

In a single RNA-sequencing experiment, two major processes occur; data generation 

(Figure 5.1 A) and data analysis (Figure 5.1 B). 
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Figure 5.1. A typical RNA-sequencing experiment. A) Data generation. The RNA is first 
extracted, after which DNA contamination is removed, and short fragments of RNA are made, 
then reverse transcribed into cDNA. The adaptors (red) are ligated, and fragment size selection 
is performed. Finally, the cDNAs are sequenced to generate short reads. B) Data analysis. Low-
quality reads and artefacts such as contaminant DNA adaptor sequences and PCR duplicates are 
removed after sequencing. To improve the quality of the sequence, errors (red crosses) are 
optionally removed. The reads are then assembled into transcripts, and the errors are removed 
via post-assembly processes (blue crosses). The transcripts are then normalised, and the 
expression of each transcript is measured by counting the number of reads that align to each 
transcript, followed by measuring the differential expression of genes. Figure adapted from 
(Martin and Wang, 2011). 
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5.1.1 RNA library preparation 
 
RNAs are temperature-sensitive molecules and are always under constant risk of being 

degraded by ubiquitous RNase enzymes. The importance of RNA integrity comes from 

the fact that it strongly influences gene expression analysis (Becker et al., 2010). The 

integrity of RNA is not constant among similar experiments; this can be overcome by 

careful processing and proper handling following RNA extraction (Schroeder et al., 

2006). Many conventional applications, including gel OD measurements, Nano-drop OD 

measurements, and denaturing agarose gel electrophoresis have been used to measure 

RNA integrity. However, these applications are susceptible to interference from 

contaminants present in the sample and have shown inadequate levels of sensitivity in 

being able to detect small and subtle amounts of RNA degradation (Imbeaud et al., 

2005). 

Today, highly innovative lab-on-chip technologies such as the Bioanalyzer 2100 (Agilent 

Technologies, USA) and Experion (Bio-Rad Laboratories, USA) have proved to be useful 

tools for measuring RNA integrity. For example, when using the Bioanalyzer 2100 

system, RNA samples are first separated according to their molecular weight using the 

channels present on the microchip, and then detected fluorescently with the use of 

lasers. The intensity of fluorescence correlates with the RNA quantity of a given size. 

Determination of the quality and integrity of RNA is based on the 16S/23S ratio. The 

result is expressed as a number called the RNA integrity number (RIN), which can be 

extracted from the shape of the curve obtained from the electropherogram. The RIN 

number can range from 1 to 10, where 10 represents the most intact RNA, and 1 

represents highly degraded RNA (Fleige and Pfaffl, 2006, Jahn et al., 2008). 
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5.1.2 Preparation of cDNA library 
 
Isolation of high-quality and quantity RNA is a key step towards achieving successful 

RNA-sequencing analysis. Currently, there are many commercially available kits or 

organic solvents which are used in most procedures. The method should not bias the 

sampling across the transcriptome (Croucher and Thomson, 2010), and rRNA depletion 

prior to generating the cDNA library is a commonly applied approach in RNA-sequencing 

analysis (Petrova et al., 2017).  

In traditional RNA-sequencing experiments, random hexamers are used to make cDNA, 

which is followed by second-strand DNA synthesis. This protocol of cDNA library 

preparation has led to the loss of valuable information concerning which strand was 

provided with the original mRNA template. In other words, the conventional method of 

preparing cDNA libraries for RNA-sequencing results in an equal number of sense and 

antisense strands. Consequently, the strand-specific signal in the RNA sample is lost. It 

is worth noting that in the Illumina RNA protocol, the cDNA libraries are constructed 

only from the first-strand cDNA. Therefore, DNA strand specificity is maintained in the 

RNA-sequencing data (Levin et al., 2010, Dominic Mills et al., 2013). 

 

5.1.3 Sequence library preparation 
 
One of the differences between current RNA-sequencing platforms such as IIIumina, 

Roche 454 and PacBio is the read length (ranging from 35 nucleotides to 400 

nucleotides) (Thompson and Milos, 2011). This difference can have a significant 

influence on the pre-sequencing process steps of the DNA library. In general, these steps 

include shearing large amounts of DNA into suitable platform-specific size ranges. Next, 

an end-polishing process occurs, resulting in the production of blunt-ended DNA 

fragments. Later, specific adapters are ligated to the 3’ and 5’ end of the fragment. It 

should be noted that each sequencing platform uses an extra set of unique adapter 

sequences that are compatible with subsequent steps in the process. An example of 

various adapters used in different platforms is illustrated in Figure 5.2 (Buermans and 

Den Dunnen, 2014). 
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Figure 5.2. Structure of sequence library molecules for different platforms. Linear library 
molecules (Panel A) contain different adapter sequences at the 5′ [A] and 3′ [B] ends of the 
library inserts. Circular library molecules (Panel B) contain identical adapter molecules at both 
ends of the insert. 
 
In the Illumina platform, all sequencing processes and imaging steps occur in multi-lane 

flow cells. All cDNA molecules are attached to surfaces inside the flow cell lanes and are 

amplified by PCR (Buermans and Den Dunnen, 2014). The sequence of each molecule 

can then either be from one end (i.e. single-end reads) or from both ends (i.e. pair-end 

reads) (Wang et al., 2009).  

The term ‘depth of sequencing’ is commonly used among RNA-sequencing researchers 

and is defined as the total number of all reads per sample. It is vital whenb the RNA-

sequencing experiment aims to detect and quantify low abundance transcripts 

(Croucher and Thomson, 2010). Although increasing the depth of sequencing level in 

RNA-sequencing is desired by many researchers, its high cost can be an obstacle. Hence, 

an RNA-sequencing experiment designer should be meticulous in finding the 

appropriate balance between the number of reads per sample (depth of sequencing) 

and the number of samples needed to be sequenced (breadth of sequencing) (Haas et 

al., 2012). On this point, the priority of depth of sequencing over breadth of sequencing 

can be determined, depending on the purpose of the experiment. For instance, in 

experiments where detecting rare transcripts is critical, the focus should be on the 
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depth of sequencing. However, if statistical confidence is required, breadth of 

sequencing can be considered to be more important (Sims et al., 2014). As the study 

here was the first to be done with mycobacterial species, the transcriptional analysis 

was focused on both the depth of sequencing (74 bp read length) and the breadth of 

sequencing (3 biological replicates) for statistical confidence. 

 

5.1.4 Base calling and quality score 
 

Once the sequencing platform generates raw data, it is converted to nucleotide 

sequences via a process named base calling. The raw data generated by the sequencing 

platform can be expressed in different forms (fluorescence intensity, electrical impulse, 

etc.) depending on the sequencing platform being used. Hence, base calling is a 

platform-specific process. However, the overall pipeline across different sequencing 

platforms is similar (Duncan and Patel, 2017). 

In the Illumina platform, for example, sequencing is performed via a process called 

sequencing by synthesis (SBS), which takes place in a flow cell consisting of eight lanes. 

Each lane has a lawn of oligonucleotides that have a generic sequence. After adding 

universal adapters to the sample DNA, the sample will be flooded into the flow cell 

lanes. Then, the target molecules are immobilised by binding to the oligonucleotide 

lawn. A bridge amplification process then takes place to generate approximately 1,000 

copies of each target molecule which form clusters on the flow cell (figure 5.3). Millions 

of clusters are generated, each of them representing one target molecule from one 

sample (Cacho et al., 2015). 

 

 
Figure 5.3. Illumina sequencing. The Illumina platform immobilises individual product 
molecules on a flow cell and then uses bridge PCR to form clonally amplified colonies (Duncan 
and Patel, 2017). 
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After the generation of clusters, multi-sequencing cycles occur until the complementary 

strand synthesis is completed. This happens in parallel for each cluster. The bases used 

in SBS are labelled fluorescently and attached with reversible terminators. These bases 

are incorporated in each cycle during sequencing. The purpose of the attached 

terminators is to allow for the sequential incorporation of the bases one at a time. When 

a single base is incorporated, a laser excites each of the clusters, allowing for the 

emission of fluorescence which can then be imaged to identify the incorporated base. 

Finally, the reversible terminator is removed to allow for the following labelled base to 

be incorporated in the next sequencing cycle (Cacho et al., 2015). 

At the end of each sequencing cycle, four images are captured and read through four 

different filters, one for each of the dyes used for each base. The images are processed 

to produce values which represent the intensity for the corresponding nucleotide 

channels A, C, G and T (Cacho et al., 2015). An example of intensity output for the first 

ten cycles of a single cluster is illustrated in Figure 5.4. 

 

 
Figure 5.4. An example of intensity values for the first ten cycles of a read. The rows represent 
the nucleotide channels, and the columns represent the cycles. The read can be considered to 
be GGAAAATGA. 
 

The images translated into base calls are represented in FASTQ format, in which each 

nucleotide is designated with an ASCII- encoded quality number corresponding to a 

Phred score (Q). The Phred score is used to measure base calling accuracy and can be 

defined as the probability (P) that the corresponding base call is incorrect by the 

following equation: 
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P  = 10-(Q/10) 

 

Where Q represents the quality score ranging from 0 to 41; therefore the error rate 

ranges from 1 to 0.00008 for each base call (Cock et al., 2009, Del Fabbro et al., 2013). 

Most low-quality base calls are generated towards the end of the reads and need to be 

removed before analysis, as they can lead to increased false-positive variant calls 

(Ledergerber and Dessimoz, 2011). Therefore, FASTQ files go through extensive analytic 

algorithms to detect poor Phred score bases and to delete them prior to alignment. This 

step is performed routinely by a process called ‘trimming’. During trimming, low-quality 

reads and/or bases and sequencing artefacts are removed (Chen et al., 2014). 

5.1.5 Alignment and annotation of transcripts 
 

Following the filtration of FASTQ files, data analysis is initiated to detect and quantify 

the transcripts. The data analysis can be divided into three steps. First is the alignment 

of reads, then the assembly of transcripts, and finally the quantification of transcripts. 

These steps require extensive bioinformatic processes and software, and approaches 

developed for this purpose are freely available. It should be noted that even a small 

RNA-sequencing experiment, with only one sample, can produce a tremendous number 

of sequencing reads (up to hundreds of gigabytes worth of data) (Trapnell et al., 2012). 

Sequence alignment is the process by which all the individual transcripts are mapped to 

their locations in the genome(s) of interest. Regardless of which sequence platform 

generated the raw data, any available aligning software can be used (Duncan and Patel, 

2017). Transcript assembly is another critical step in data analysis. Because of the short 

length of sequence reads obtained via RNA-sequencing platforms, reconstructing the 

full length of transcripts is essential. This process, known as transcriptome assembly, 

can be done through two strategies, reference-based and de novo (Martin and Wang, 

2011). In the reference-based strategy; the sequencing reads are aligned to a sequenced 

reference genome. This approach is favoured when a high-quality sequence genome 

already exists, as it is fast and highly sensitive. On the other hand, the de novo strategy 
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involves assembling transcripts by combining overlapping reads without a reference 

genome to reconstruct transcript sequences (Moreton et al., 2016). As the Mtb H37Rv 

genome sequence is available, the reference-based strategy was used as assembly 

approach in the current study. 

5.1.6 Normalisation methods 
 
Measuring the concentration of the original RNAs in an RNA-sequencing analysis is a 

challenge. The extent to which the transcript’s quantification can represent the absolute 

RNA concentration is a question that can be answered by the normalisation of the 

quantified reads (Mortazavi et al., 2008). Several approaches have been proposed for 

the normalisation of quantified reads: 

Total count (TC): The total number of reads divided by the total number of mapped 

reads (or library size). 

Upper quartile (UQ): Similar to TC, but the total number of reads is replaced by the 

upper quartile of counts, which are different from 0 in the computation (Bullard et al., 

2010). 

Median (Med): Also similar to TC above, but the total number of reads is replaced by 

the median counts, which are different from 0 in the computation. 

DESeq: For this normalisation method, the DESeq Bioconductor package is used. It is 

based on the assumption that for most genes, there is no differential expression. The 

median ratio of each gene is divided by the geometric mean of the total read counts 

(Anders and Huber, 2010). 

Trimmed Mean of M values (TMM): For this normalisation method, the edgeR 

Bioconductor package is used; it is also based on the assumption that there are no 

differential expressions for most genes. It is a factor used for the computation of lanes 

results, where one lane is considered as a reference while the other lanes are test 

samples. For each test sample, TMM calculates the weighted mean of the log ratio 

between the reference lane and the test lane (Robinson and Oshlack, 2010).   
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Quantile (Q): This was initially used for microarray data. It is implemented in the 

Bioconductor package Limma, which matches the distribution of gene counts across 

lanes (Bolstad et al., 2004). 

Transcript per Million (TPM): This is a modified version of RPKM used to measure 

transcript abundance. It can be calculated from the following equation:  

 
N: the total number of transcripts in a sequencing run. 

TPM is proportional to RPKM within a sample but provides a higher sensitivity level 

when applied between samples compared to RPKM (Wagner et al., 2012). 

Reads Per Kilobase per Million mapped reads (RPKM): This is a measurement 

of read density that represents the absolute concentration of the transcript in the 

original sample. It provides a comparison of transcript levels, both within and between 

sample normalisation, to correct for differences in both gene length and library sizes 

(Mortazavi et al., 2008). To calculate the RPKM for a particular gene, the following 

equation is used: 

 
rg: the number of reads mapped to a particular gene. 

flg: (feature length): the number of nucleotides in a mapped region of a gene. 

R: the total number of reads from the sequencing run of that sample (Wagner et al., 2012). 

 

Following the introduction of RPKM by Mortazavi et al. in 2008, many different versions 

have been proposed, including the normalisation approach with the Rockhopper 

software. This program is widely used for prokaryotic RNA-sequencing analysis. It 

normalises read counts by first excluding genes with zero expression, then using the 

upper quartile of the gene expression level (McClure et al., 2013). 
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5.1.7 Detection of differentially expressed (DE) genes 
 

There are many different objectives behind running RNA-sequencing experiments, such 

as estimating the abundance of transcripts (Li and Dewey, 2011) or detecting of 

alternative splicing (Griffith et al., 2010) and/or novel transcripts (Robertson et al., 

2010). However, in many biological studies, the main goal of RNA-sequencing 

experiments is to detect DE genes between samples (Oshlack et al., 2010).  

The Fisher’s exact test statistic model has been implemented for the detection of DE 

genes in data analysis for RNA-sequencing. Moreover, two statistical models have also 

been proposed, these being the likelihood ratio and the t-statistics models (both based 

on generalised linear methods) (Bullard et al., 2010). It should be noted that these 

models are based on the null hypothesis that the logarithmic fold change between the 

test sample and control for a gene’s expression is exactl precisely zero (Love et al., 

2014). 

5.1.8 Aims and objectives 
 
This chapter introduces and discusses the data obtained from RNA-sequencing analysis. 

The main aim of this research was to study the transcriptional signatures of M. bovis 

BCG and Mtb cells in aerosols. 

The objectives were: 

• To determine the impact of the nebulisation process on the transcriptional profile 

on Mtb cells. 

• To determine whether specific genes influence the selectivity of Mtb cells to be 

successfully aerosolised. 

• To determine whether specific genes contribute to the survival of Mtb cells in 

aerosols.  
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5.2 Methods 
 

5.2.1 5M Guanidinium thiocyanate (GTC) solution  
 
GTC is a chaotropic substance which denatures proteins and therefore stabilises nucleic 

acids (Mason et al., 2003). The original GTCa has been used previously to collect 

sputum/bacterial cultures (4 vols GTCa added to 1 vol sample) (Garton et al., 2008). 

When this solution was applied into biosamplers for aerosol collection it failed, as GTC 

crashes out of solution. Hence, new modified GTC solutions were optimised named 

GTCb and GTCc. GTCb contains a lower 2.5M concentration of GTC (which is enough to 

halt transcription, but low enough not to come out of solution during collection). GTCb 

also contains no tween and this helped to eliminate the frothy mess during collection. 

GTCc, on the other hand, contains Tween 80 and lauryl sarcosine. Aerosols samples 

were collected in 16 ml GTCb then 4 ml GTCc was added (1 vol GTCc added to 4 vols 

GTCb). Compositions of three GTC solutions are shown in the table below: 

 

Table 5.1. Compositions of GTC solutions. 
Reagent GTCa GTCb GTCC 

GTC 295.4 g 147.7 g 295.4 g 

Sodium N-Lauryl 

sarcosine 

2.5 g - 15 g 

1M Trisodium Citrate 

pH 7.0 

12.5 ml 12.5 ml - 

Tween 80 2.5 g - 15 g 

Dithiothreitol *(DTT) 0.5 g - - 

 

The compositions were added to 200 ml DW in 500 ml Durham bottles and dissolved 

overnight via incubation at 37 °C, with shaking at 100 RPM. Next, the solutions were 

made up to a final volume of 500 ml with DW and stored away from heat and light. On 

the same day of the experiment, 7 μl/ml β-mercaptoethanol was added to the GTC 

solutions.  
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5.2.2 Growth condition and test procedure 
 
From the previous chapter’s investigation, it was observed that there was no difference 

in the survival pattern of Mtb H37Rv and M. bovis BCG using either the 3-Jet Collison or 

the Ultrasonic Omron nebuliser. However, the ultrasonic Omron nebuliser generated a 

higher number of aerosols than the Collison nebuliser over the 5 min of nebulisation. 

Therefore, the work in this chapter was done using the Ultrasonic Omron nebuliser. 

The preparation of the bacterial inoculum was as described in section 4.2.1 above, and 

the test procedure was as described in section 4.2.4, with some modifications. Standard 

volume air samples (12.5 L min-1) were withdrawn from the drum for 1 min using SKC 

impingers containing 16 ml 2.5 M GTCb. Aerosol samples were removed over a period 

of 2 hrs at three different time points; early sample (at 0 min post-spray), middle sample 

(at 30 min post-spray) and late sample (at 120 min post-spray). Once the samples were 

collected, the final concentration of GTC was amended with 4 ml of GTCc. 1 ml of the 

original suspension was collected as the pre-nebulisation sample, and the 1 ml of 

suspension which remained inside the reservoir was collected as the post-nebulisation 

sample. Both samples were treated with GTC as with the aerosol samples. Triplicate 

runs were performed for each strain. 

The samples were kept at – 80 °C freezer until RNA extraction was carried out. 

5.2.3 DNase I solution (digestion buffer) 
 
DNase I powder (provided in the Turbo-DNase kit) was dissolved in 550 µl DNase-RNase-

Free water. Aliquots of 10 µl were made and stored at -20 ˚C. Then, the required 10 µl 

of DNase I solution was mixed with 70 µl Buffer RDD which was provided in the Turbo-

DNase kit 

5.2.4 RNA extraction 
 
Prior to RNA extraction, the GTC samples were centrifuged at 3000 x g for 30 min. Then, 

most of the supernatant was decanted, except for 1 ml which was used to re-suspend 

the pellet. This 1 ml was then transferred to 2 ml screw-top micro-centrifuge tubes and 

pelleted at 16,000 x g for 5 min. Next, the supernatant was removed and replaced with 

1 ml Trizol and then placed at -80 °C awaiting RNA extraction. 
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RNA extraction was done by using Direct-zol RNA MicroPrep kits (Cat number: R2060, 

Zymoresearch). The protocol was followed as per the manufacturer’s instructions with 

a few optimisations. Samples were defrosted, and 250 µl of 0.1 mm lysing matrix was 

carefully added to the cells in Trizol. The cells were then lysed using a reciprocal shaker 

(FastPrep-24 5G, MP Biomedicals) with a speed setting of 6.5 m/s for 45 sec). Samples 

were left to cool at RT for 10 min. Next, the samples were centrifuged at 16,000 x g for 

5 min, after which the supernatants were transferred to fresh 1.5 ml Eppendorf tubes. 

Depending on the amount of sample transferred, an equal volume of RNase free 100 % 

ethanol was added and mixed in thoroughly. 500 µl of the sample was then loaded onto 

a Zymo-Spin column in a collection tube and centrifuged at 16,000 x g for 1 min. The 

flow-through was discarded and this was repeated for the remainder of the sample. 

Next, 400 µl of Direct-zol RNA Pre-Wash solution was added to each column and 

centrifuged at 16,000 x g for 1 min. The flow-through was discarded. After this, the 

columns were loaded with 40 µl of DNA digestion buffer and incubated at RT for 15 min. 

When the incubation step was complete, 400 µl of Direct-zol RNA Pre-Wash solution 

was added to each column and centrifuged at 16,000 x g for 1 min. Next, 700 µl of Direct-

zol RNA Wash solution was added to each column and centrifuged at 16,000 x g for 2 

min. The columns were transferred to fresh 1.5 ml Eppendorf tubes. The RNA bound to 

the column membrane was eluted by pipetting 50 µl of RNAse-free water directly on 

the column membrane, after which the columns were centrifuged at 16,000 x g for 1 

min. Finally, The RNA samples were stored at -80 °C, in preparation for the next step. 

5.2.5 Turbo Dnase treatment 
 
Turbo DNase treatment was applied to the samples to remove any residual DNA by 

using the TURBO DNA-free™ Kit (Ambion, Cat; AM 1907). The protocol was followed as 

per the manufacturer’s instructions with the following modifications: 5 µl Turbo DNase 

buffer and 1 µl Turbo DNase reagent were added to the extracted RNA sample and 

mixed gently. Then, the samples were incubated at 37 ˚C for 30 min, after which 1 μl of 

Turbo DNase was added. The samples were incubated for a further 30 min at 37 ˚C. 

Next, 10 μl inactivation reagent was added and mixed gently for 3 min, and then 
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centrifuged for 5 min at 16,000 x g. The aqueous phase was transferred to a new 

Eppendorf tube to prevent any carryover of the inactivation reagent. 

5.2.6 On-column DNase digestion 
 
For further refinement of extracted RNA, the samples were treated with on-column 

DNase I digestion. This step was performed using an RNeasy Mini kit (Qiagen, Cat; 

74104). The protocol was followed as per the manufacturer’s instructions. Firstly, the 

sample volume was increased to 100 μl with RNase-free water. Next, 350 μl of buffer 

RLT and 250 μl 100 % ethanol were added. The total 700 μl sample was then transferred 

to the RNeasy spin column before being placed in a 2 ml collection tube and centrifuged 

at 16,000 x g for 15 sec. The flow-through was discarded and 500 μl buffer RPE was 

added to the RNeasy spin column and centrifuged at 16,000 x g for 15 sec. The flow 

through was discarded and 500 μl of buffer RPE was added to the RNeasy spin column 

and centrifuged at 16,000 x g for 2 min. The RNeasy spin column was then placed in a 

new 2 ml collection tube and centrifuged at 16,000 x g for 1 min. After this, the RNeasy 

spin column was placed in a new 1.5 ml collection tube and 50 μl RNase-free water was 

added directly to the spin column membrane and centrifuged at 16,000 x g for 1 min to 

elute the RNA. Finally, 1 μl of the crude RNA was used for quantification of RNA by 

Bioanalyzer (section 5.2.7), and the remaining RNA was stored at -80 °C until needed. 

5.2.7 Measuring RNA integrity number (RIN)  
 

The integrity and concentration of the extracted RNA were assessed using the Agilent 

RNA 6000 Nano-kit purchased from Agilent Technologies (Kidlington, UK). The protocol 

was followed as per the manufacturer’s instructions. Firstly, 550 µl of Agilent RNA 6000 

Nano gel matrix was loaded into a spin filter column and centrifuged at 4000 RPM for 

10 min. Then, 65 µl of the matrix was filtered into 0.5 ml RNase-free microfuge tube. 

Secondly, 1 µl of RNA 6000 Nano dye concentrate (mixed thoroughly for 10 sec) was 

added to the 65 µl and mixed thoroughly. The gel-dye mix was then centrifuged for 10 

min at 14000 RPM. 

Each RNA Nano-chip contains 16 wells. One well was marked black G, two wells were 

marked blue G, one well as a ladder and 12 wells were assigned for the samples. 9 µl of 
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the gel-dye mixture was loaded into the black G and blue G wells. 5 µl of the RNA 6000 

Nano marker was loaded into the remaining 13 wells. Next, 1 µl of the RNA ladder was 

loaded into the ladder well, and 1 µl of each RNA sample was loaded into each of the 12 

sample wells. Then, the chip was horizontally placed onto a vortex using an adapter and 

mixed for 60 sec at 3000 RPM. Finally, the chip was carefully placed into the Agilent 

Bioanlyzer 2100 receptacle. From the list of programs in the Agilent 2100, expert 

software prokaryotic – Nano RNA was selected to run the chip.  

5.2.8 NextSeq-500 Illumina workflow 
 
The RNA samples were sent for RNA-sequencing analysis using the Illumina platform 

(vertis Biotechnologie - Germany). The BaseSpace software is integrated with the 

sequencing workflow. This software is the genomics computing environment in Illumina 

that is used for data analysis, storage, and collaboration. Further information on the 

platform can be found in the NextSeq 500 System Guide (15046563 I) at 

http://support.illumina.com/ (Illumina, 2020). 

 

Starting the sequencing run 
RNA samples were firstly reverse transcribed to make a cDNA library. Then, the cDNA 

strands were fragmented into 75 nt bases. Next, universal and specific adaptors were 

attached to the fragment ends. A list of the adapters used can be found in the 

appendices. Prior to performing a sequencing run, the libraries of cDNA with the 

adaptors were denatured and diluted to 3 pM, after which they were loaded onto 

reagent cartridges in a flow cell. 

Cluster generation 
Single DNA molecules were bound to the surface of the flow cell and amplified to make 

clusters. The amplification ranged from 14 – 28. 

 

 

 

http://support.illumina.com/
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Sequencing  

Single-end sequencing was performed, during which clusters were imaged via 2-channel 

sequencing chemistry and filter combinations that were specific to each fluorescent-

labelled chain terminator. The process of imaging was repeated for each cycle of 

sequencing. The software performed base calling, filtering and quality scoring following 

image analysis.   

Analysis  

As the run progressed, the software automatically transferred base calling files to 

BaseSpace for secondary analysis. FASTQ files were generated for each sample, 

containing details of the sequencing, including the quality score. These files were 

transferred to the University of Leicester for further processing. 

5.2.9 Trimming low-quality reads  
 
Trimming was performed in collaboration with Dr Richard Haigh from the department 

of Respiratory Sciences, Leicester University. 

The universal and Illumina-specific adapters were removed, along with any low-quality 

or repeating sequences, using Trimmomatic version 0.32 (Bolger et al., 2014). The 

quality score was set at Phred > 33, with a minimum acceptable fragment of 25 nt. The 

output files were generated in FASTA and SAM formats for downstream processing. The 

command line for trimming was written in Linux-based text. The complete script which 

was applied for trimming in this study can be found in the appendices. The FASTQ files 

before and after the quality control steps were visualised via the fastqc 0.11.2 program, 

using the ALICE High-Performance Computing Facility at the University of Leicester. 
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5.2.10 Alignment and normalisation of reads  
 
The trimmed reads were aligned and mapped against the H37Rv genome using 

Rockhopper 2.0.3. 

Rockhopper processing of reads  
The FASTA files generated after the trimming of reads were loaded on to the 

Rockhopper software version 2.0.3 for Windows (Wellesley – MA, USA). The files 

contained three replicates per sample. Reads were mapped using Bowtie2 to align the 

reads and TPM analysis.  

Dynamic programming alignment was applied when the reads did not precisely match 

the reference genome based on the Smith-Waterman algorithm (Smith and Waterman, 

1981), since this algorithm is limited to 15 % mismatches. These were corrected via 

insertion and deletion scores in the dynamic programming table based on the Phred 

quality score (Ewing and Green, 1998). The transcript abundance was measured by 

normalising the expression levels into RPKM.  

5.2.11 Differential expression of genes  
 
This step was done using the Rockhopper software 2.0.3. Before calculating the DE, the 

variance in expression of a gene was estimated by calculating the variance of the gene 

expression across replicates. 

As the variance is affected by the expression level, a highly expressed gene would have 

higher variance across the replicates. Therefore, the local regression model (Anders and 

Huber, 2010) was applied to the normalised counts to achieve smooth estimations of 

the variance. Then, the DE of genes between conditions were determined by performing 

statistical tests for the null hypothesis. Thus, negative binomial distribution was used as 

a statistical model in which a two-sided p-value was computed as the probability of 

observing the expression levels of a gene in two conditions.   

To control the false discovery rate due to multiple tests being performed across the set 

of genes, q-values were set using the Benjamini-Hochberg procedure (Benjamini and 
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Hochberg, 1995). A gene is designated as being DE if its expression in two different 

conditions is different at the threshold level of q < 0.01. 

The q-value is an adjusted p-value taking into account the false discovery rate (FDR) in 

RNA-sequencing experiments. When thousands of variables (gene expression level) are 

measured, applying q-value becomes necessary. A p-value of 0.05 implies that 

researchers are willing to accept that 5 % of all tests will be false positive. On the other 

hand, q-value of 0.05 implies that researchers are willing to accept 5 % of the tests found 

to be statistically significant by p-value will be false positive (Wang et al., 2010). 
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5.3 Results 
 
While the work in this chapter was initiated more than nine months before submission, 

low RNA yields and difficulties in preparing growth contemporaneously with Goldberg 

drum availability meant that RNA-sequencing results of sufficient quality for inclusion 

here were only obtained three weeks before submission. An initial analysis is presented 

here.  

These RNA studies included aerosol experiments with both M. bovis BCG and Mtb 

H37Rv. The samples went through all the same preparation steps and were sent for 

RNA-sequencing. However, data analysis showed that 2 replicates of M. bovis BCG had 

low a percentage of alignment reads to genome reference (5.3.3). While there may be 

value in further analyse of these samples, the higher yield data from the Mtb H37Rv 

experiments are the main focus in this chapter. 

5.3.1 Sequencing results 
 
After quality control, the RNA samples were sent for RNA-sequencing. The library pool 

was sequenced on Illumina NextSeq 500 system using 74 bp read length. 

Table 5.2. Reads information taken after RNA-sequencing for Mtb H37Rv. 
Sample Adaptor PCR cycle Total sequences 
Pre-Nb ACGTCCTG 13 10,315,476 
T0 GTCAGTAC 25 12,495,522 
T30 ATAGAGAG 18 9,439,734 
T120 AGAGGATA 14 10,441,578 
Post-Nb CTCCTTAC 26 11,303,132 
Pre-Nb ACACGCCT 12 7,903,114 
T0 CAGGTACT 22 11,454,117 
T30 TCACTGAT 22 9,191,956 
T120 AAGTACAT 13 8,840,250 
Post-Nb ACTGTAAT 22 10,475,112 
Pre-Nb CCACTTTG 13 7,095,297 
T0 ACGATGTG 22 10,943,260 
T30 AAGTGTTA 22 10,270,156 
T120 ATTGACTG 22 9,401,873 
Post-Nb CTGGGATG 12 6,887,075 
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The sequencing report shown in Table 5.2 was generated containing details of 

sequencing including sequence of adaptors, number of cycles and the total number of 

sequences. The total number of sequences for all samples was 146,457,652 with the 

average sequence number per sample of 9,763,840. The reads were then assessed for 

base and sequence quality scores which were detailed in FASTQ files. 

5.3.2 Alignment of reads  
 
Table 5.3 shows the alignment % of each sample of Mtb H37Rv and M. bovis BCG against 

Mtb H37Rv reference genome and M. bovis BCG (strain Pasteur 1173P2 chromosome) 

reference genome, respectively. This was done in Rockhopper software version 2.0.3 

(McClure et al., 2013). Rockhopper uses Bowtie2 as integrated alignment software 

which has been attested for its superior capacity compared with other alignment tools 

(Tjaden, 2015). The alignment of Mtb ranged from 52 to 98 % with the exception of 

sample T0 in the second set, where the alignment was only 18 %. Aerosol samples of M. 

bovis samples show weak alignments % in two sets of experiments (2 %) while pre- and 

post-samples show 97-98 % alignments to the reference genome. Based on this data, 

M. bovis BCG samples were not taken forward for further analysis. 

 

Table 5.3. Overview of the Alignments % of Mtb H37Rv and M. bovis BCG. Data from RNA-
sequencing were trimmed and aligned against the reference genome using Rockhopper 
software version 2.0.3 for windows. Mtb H37Rv showed 52-98 % alignments while 2 replicates 
of M. bovis BCG aerosols samples showed weak alignments (2 %). Green represent good 
alignment, Yellow represents moderate alignment, Orange represents poor alignment. 
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5.3.3 Proportion of ribosomal RNA 
 
The results based on mapped reads to Mtb H37Rv reference genome revealed a 

proportion of rRNA to total RNA ranged from 57 % to 85 % in overall the samples. 

 
Pre-Nb T0 T30 T120 Post-Nb 

1st experiment 57 % 85 % 84 % 60 % 85 % 

    2nd experiment 60 % 79 % 82 % 58 % 81 % 

3rd experiment 57 % 76 % 82 % 82 % 60 % 

Average 58 % 80 % 83 % 67 % 75 % 
Table 5.4. Proportion of rRNA to total RNA. The reads were mapped against Mtb H37Rv 
genome in the Rockhopper software.  
 
 

5.3.5. Genes with no detected expression  
 
Rockhopper does not include zero expression values in its analysis. 13 open reading 

frames (ORFs) were found to have absolutely no expression values in any condition 

tested (pre-neb, post-neb, T0, T30 and T120). Subsequently, the genes were organised 

based on functional categories using the Tuberculist website (Table 5.5). 

 

 
Table 5.5. Genes with no expression detected. 

Functional category                                   Genes with no detected expression 

 

Conserved Hypothetical 7 

Insertion seqs and phages 3 

Intermediary metabolism and resbiration 1 

Regulatory proteins 1 

Lipid metabolism 1 

Total 13 
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5.3.4 Differentially expressed (DE) genes 
 

The main question here was the change of transcriptional pattern of Mtb in adaptation 

to the nebulisation process, aerosolisation, and survival within aerosols. For this initial 

analysis of the expression data generated by Rockhopper (section 5.2.6.1), two rules 

were applied to assess potentially differentially expressed genes: 1) A change of two-

fold or more between samples and 2) a q-value equal to or below 0.01. The observed 

differences between compared samples are summarised in Table 5.6. 

 

 
Expression increased 

> 2-fold 

Expression 

decreased > 2-fold 
Total DE genes 

Pre vs Post 

Nebulisation 
117 6 123 

Post vs T0 32 33 65 

T0 vs T30 21 41 62 

T30 vs T120 40 23 63 

T120 vs T0 20 6 26 

Table 5.6. Number of differentially expressed genes between the different conditions. 
 

Considering first the effects within the nebulisation reservoir, this comparison gave the 

largest set of differentially expressed genes. The DE genes in each comparison group 

were categorised according to their function using the Tuberculist website. The majority 

of DE genes in the first 4 comparison groups were conserved hypotheticals followed by 

either cell wall and cell processes, or intermediary metabolism and respiration 

categories. In the fifth group (T120 vs T0), the majority of DE genes were belonged to 

the cell wall and cell processes followed by intermediary metabolism and respiration 

categories then conserved hypotheticals categories. The overall view of DE genes 

classification in each comparison groups is shown in Figures 5.5 – 5-10. The top 5 

significantly increased, and top 5 significantly decreased transcripts for each 

comparison group are shown in Tables 5.7 – 5.11. The full list of DE genes in each 

comparison group can be found in the Appendix.  
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Figure 5.5. The parallel set diagram showing DE genes detected at between pre-neb and post-
neb samples. DE genes at post-nebulisation relative to pre-nebulisation was created based on 
q-value < 0.01. The genes were classified into up-regulated and down-regulated then grouped 
into 10 different functional categories via searching the Tuberculist website. 
 

 

Gene Annotation Fold-change 

thyX Thymidylate synthase ThyX 8.33 

Rv3831 Hypothetical protein 7.80 

Rv2898c Endonuclease 7.00 
Rv0964c Hypothetical protein 5.14 
Rv1271c Secreted protein 4.77 

Rv0829 Transposase -14.00 
Rv2810c Transposase -8.08 
Rv_1572c Hypothetical protein -8.00 
Rv2141c Hypothetical protein -4.59 
echA8 Enoyl-CoA hydratase EchA8 -4.16 

Table 5.7. . List of the top 5 significant DE genes in a comparison between post-nebulisation 
and post-nebulisation samples. Red columns represent up-regulated genes, and green columns 
represent down-regulated genes. The list was created based on q-value < 0.01. 
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Figure 5.6. The parallel set diagram showing DE genes detected at between T0 and post-neb 
samples. DE genes at T0 relative to post-nebulisation was created based on q-value < 0.01. The 
genes were classified into up-regulated and down-regulated then grouped into 9 different 
functional categories via searching the Tuberculist website. 
 

 

Gene Annotation Fold-change 

Rv1761c Hypothetical protein 29.5 
lppA Lipoprotein LppA 25 
Rv1157c Hypothetical protein 22 
Rv1227c Transmembrane protein 22 
Rv0043c HTH-type transcriptional regulator 21 
vapB17 Antitoxin VapB17 -44 
Rv3748 Hypothetical protein -37 
lppI Lipoprotein LppI -31 
nlhH Carboxylesterase NlhH -26 
Rv2781c Alanine-rich oxidoreductase -26 

Table 5.8. List of the top 5 significant DE genes in a comparison between T0 and post-
nebulisation samples. Red columns represent up-regulated genes, and green columns 
represent down-regulated genes. The list was created based on q-value < 0.01. 
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Figure 5.7. The parallel set diagram showing DE genes detected at between T30 and T0 
samples. DE genes at T30 relative to T0 was created based on q-value < 0.01. The genes were 
classified into up-regulated and down-regulated then grouped into 9 different functional 
categories via searching the Tuberculist website. 
 
 

Gene Annotation Fold-change 

vapC32 Toxin VapC32 44 
lppI Lipoprotein LppI 41 
PE7 PE family protein PE7 32 
Rv3748 Hypothetical protein 28 
TB18.6 Hypothetical protein 26 
dipZ Prevent-host-death family protein -31 
Rv0356c Hypothetical protein -19 
PE33 PE family protein PE33 -15.5 
Rv2856A Hydrogenase nickel incorporation protein HypB -15 
Rv2415c Hypothetical protein -12.3 

Table 5.9. List of the top 5 significant DE genes in a comparison between T30 and T0 samples. 
Red columns represent up-regulated genes, and green columns represent down-regulated 
genes. The list was created based on q-value < 0.01. 
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Figure 5.8. The parallel set diagram showing DE genes detected at between T120 and T30 
samples. DE genes at T120 relative to T30 was created based on q-value < 0.01. The genes were 
classified into up-regulated and down-regulated then grouped into 9 different functional 
categories via searching the Tuberculist website. 
 

 

 

Gene Annotation Fold-change 

Rv2810c Transposase 24 
Rv3555c Hypothetical protein 11 
Rv2415c Competence protein ComEA 9 

Rv2732c Transmembrane protein 7 

echA8 Enoyl-CoA hydratase EchA8 6 

PPE46 PE family protein PE27A -7.85 

Rv2669 N-acetyltransferase -5.75 

higA Antitoxin HigA -5.14 
Rv0031 Transposase -5.00 

Rv1137c Hypothetical protein -4.60 
Table 5.10. List of the top 5 significant DE genes in a comparison between T120 and T30 
samples. Red columns represent up-regulated genes, and green columns represent down-
regulated genes. The list was created based on q-value < 0.01. 
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Figure 5.9. The parallel set diagram showing DE genes detected at between T120 and T0 
samples. DE genes at T120 relative to T0 was created based on q-value < 0.01. The genes were 
classified into up-regulated and down-regulated then grouped into 9 different functional 
categories via searching the Tuberculist website. 
 

Gene Annotation Fold-change 

lpqO Lipoprotein LpqO 8 
Rv1115 Hypothetical protein 7 
PE_PGRS34 PE-PGRS family protein PE_PGRS34 6 

Rv0612 Hypothetical protein 4 

Rv0347 Membrane protein 4 

fadD18 Fatty-acid-CoA ligase FadD18 -3.5 

relK Toxin RelK -3.0 

fic Cell filamentation protein Fic -2.2 
Rv3098B Toxin -2.1 

Rv0339c Transcriptional regulator -2.0 
Table 5.11. List of the top 5 significant DE genes in a comparison between T120 and T0 
samples. Red columns represent up-regulated genes, and green columns represent down-
regulated genes. The list was created based on q-value < 0.01. 
 
Careful inspection of the gene categories failed to reveal any clear changes in expression 

attributable to responses to stimuli such as desiccation, activation of regulons or specific 

metabolic shifts. 
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In order to determine whether any changes could be associated with the effects of 

established transcription factors, DE gene lists were loaded into the transcription factor 

(TF) overexpression tables developed by Rustad and colleagues (Rustad et al., 2014). 

These are based on the genes detected to be DE in response to overexpression of all the 

recognised TFs in Mtb. The tables assign probability values associating specific DE 

patterns with specific TFs. The DE lists indicated in table 5.6 were assessed in this way, 

and the results are shown in table 5.12.  

Although several TFs are identified with q values below 0.01 the associations found are 

very modest with generally less than 10 % of large (>50 genes) regulon genes DE. 

 
Table 5.12. TF associated with DE genes at five different stages. A) during nebulisation process, 
B) due to aerosolisation, C) due to early adaptation stage, D) due to late adaptation stage, E) 
due to late adaptation stage compared with early adaptation stage. Tables on the left side 
showed induced genes and tables on the right side shows repressed genes. The highest 
significant values are marked with dark red and the lowest significance values marked with light 
red. 
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5.3.5 Transcriptional pattern of DosR regulon 
 
The expression genes that are regulated by the universal stress regulon in Mtb, DosR 

were investigated across all the samples. As can be seen from Table 5.13, the majority 

of these genes were highly expressed in Pre- nebulisation samples compared with other 

samples. There were 7 genes significantly DE in total, 5 genes were between Pre-and 

post-nebulisation and 2 genes were between T120 and T0.  
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Table 5.13. Expression of genes regulated by DosR regulon at different stages with q values. 
7 genes (highlighted in red colour) were significantly DE.  
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5.4 Discussion 
 
RNA-sequencing was chosen in this study because of its capacity to detect and quantify 

low abundance transcripts in samples with very low RNA concentration. This is a critical 

issue as the nature of the experiments here involved the use of aerosols samples. The 

poor yields of extracted RNA from aerosol samples were observed here. In contrast to 

bacterial cultures, where a high concentration of cells is present, the extracted RNA 

yields are very high (ex; pre and post nebulisation samples). The low concentration of 

cells in aerosol samples (103-104) had contributed to these poor RNA yields. One 

possible solution is to increase the time of sampling (here it was 1 min) and reduce the 

number of sampling time points (here it was 6 time pints). Another possible solution is 

to increase the starting inoculum (here it was 108). Although the ultrasonic Omron 

nebuliser generated higher number of aerosols compared with the 3-jet Collison 

nebuliser, other aerosol generators can generate higher aerosols than the Ultrasonic 

Omron, and further investigations are required to test this possibility. The main task in 

this chapter was to identify differences in the gene expression of Mtb cells at the 

nebulisation process, during aerosolisation, and during survival in aerosols. 

 

5.4.1 Sequencing results 
 
The cDNA pool was sequenced on an Illumina NextSeq 500 system using 74 bp read 

length. This complies with the recommended range of 30-400 bp (Wang et al., 2009). 

Although longer reads can reduce the complexity of transcriptome assembly, shorter 

reads can enhance the number of high-quality reads (Martin and Wang, 2011). The 

number of PCR amplification cycles varied between samples, while PCR cycles were 12-

13 for the reservoir samples, aerosols samples required 22-25 cycles.  The difference in 

the number of cycles was due to the different concentration of RNA between aerosol 

and the reservoir samples (Table 5.2).  
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5.4.2 Quality control of extracted RNA 
 
The bioanalyser failed to detect the RIN of four samples, while the RIN of the majority 

of the samples was approximately 1. T0 from the 2nd experiment showed RIN of 5, which 

might indicate contamination with genomic DNA and this explained the low percentage 

of alignment of reads observed above. Although these numbers were low, the average 

sequencing reads was 976,384,004 per sample. 

 

5.4.3 Alignment of reads 
 

The percentage of alignment reads was varied between Mtb H37Rv and M. bovis BCG 

and between the replicates of each strain. Only one replicate of M. bovis BCG showed a 

satisfactory alignment (29-98 %) while aerosol samples of the other two replicates 

showed only 2 % (Table 5.3). Thus, the data obtained for M. bovis BCG was excluded 

from the work in this chapter. On the other hand, the three replicates of Mtb H37Rv 

showed a satisfactory percentage of alignment reads (52-98 %), with the exception of 

only one sample (T0, 2nd experiment, 18 %) and thus was the focus of the work in this 

chapter. 

 

There are two possible reasons for the weak alignment of 2 replicates of M. bovis BCG 

observed here; contamination of foreign DNA/RNA species or issues with library 

construction (e.g. high level of adapter dimers). Potential sources of unmapped reads 

can be investigated manually by inspect a few randomly selected read sequences and 

to run BLAST (website https://blast.ncbi.nlm.nih.gov/Blast.cgi). This will indicate 

whether the samples have been contaminated by DNA/RNA from other species (e.g. 

bacteria) or by artefacts of library construction (Ji and Sadreyev, 2018). This 

investigation was not done here and could be a target for future work.  

 

 

 

 

https://blast.ncbi.nlm.nih.gov/Blast.cgi
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5.4.4 Genes with no detected expression 
 

From a total of 4032 genes, only 13 genes were found to have no transcripts in any of 

the samples. This small proportion reflects a high mapping capacity of Bowtie2 

software. Nonetheless, there might be reasons other than mapping capacity for the 

absence of transcripts in the output. 

A gene might have no detectable RNA before RNA-sequencing, either due to low 

concentration at the time of sample collection or because of rapid degradation during 

preparation. Another reason could be technical issues in RNA-sequencing. For instance, 

it is possible that the base calling of some sequences from a particular gene was 

particularly poor, or generated overall low-quality reads and resulted in their removal 

after trimming. The majority of the not expressed genes were conserved Hypothetical 

(7 genes), 3 genes belonged to the insertion sequences and pro-phage category, and 3 

genes were split into regulatory protein, lipid metabolism and intermediary metabolism 

and respiration categories (Table 5.5). 

 

5.4.5 Differentially expressed genes (DE) 
 
The data analysis of the RNA-sequencing results showed no clear pattern of Mtb 

transcriptional response at any of the stages tested, namely the nebulisation process, 

aerosolisation and survival in aerosols. One potentially significant finding was the 

differentially expressed genes (DE) profile between T0 and post-nebulisation. These 

samples were taken close to each other in the experiment with little opportunity for 

transcriptional patterns to change yet 65 DE genes were detected. One explanation for 

this could be the selection of different cell populations with different transcriptomes 

remaining in the nebuliser reservoir on the one hand, and entering aerosol on the other. 

The total number of significantly up-regulated genes across all stages was 239, while 

107 genes were down-regulated genes (Table 5.6). These genes represent 8 % of the 

total coding genes in the reference genome used (4032). It should be noted that these 
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genes overlapped between stages reflecting the difficulty of obtaining a clear pattern of 

the transcriptional profile of Mtb cells. 

Pre vs Post-nebulisation (Nebulisation stage) 

A total of 123 genes were differentially expressed during the nebulisation stage (117 

genes were up-regulated, and 6 genes were down-regulated). Figure 5.5 shows the 

functional categories of these genes and Table 5.7 shows the top 5 significantly DE 

genes. This stage produced the highest number of significantly DE genes compared with 

aerosolisation and survival stages. This observation was in contrast to a previous report 

on E.coli, where aerosolisation stage produces the highest number of DE genes (Ng et 

al., 2018). This difference in the observation between the current study and Ng’s study 

could result from the difference in the nebulisers used and the period of nebulisation. 

In Ng’s study, the 6-Jet Collison nebuliser was used, and the nebulisation time was for 3 

min, while the Ultrasonic Omron nebuliser and nebulisation time of 5 min were chosen 

in the current study. Only 4 genes were up-regulated in response to nebulisation phase 

in Ng’s study, and 3 of them were cold shock proteins (Ng et al., 2018). In the current 

study, cspA, encoding the cold sock protein, was up-regulated in response to 

nebulisation phase. This demonstrates that the fall in temperature of the bacterial 

solution due to droplet evaporation stimulates a cold-stress respond in the bacteria 

during nebulisation. 

T0 vs post-nebulisation (aerosolisation stage) 
 
During this stage, 65 DE genes were detected (32 genes were up-regulated and 33 genes 

were down-regulated). Figure 5.6 shows the functional categories of these genes and 

Table 5.8 describes the top 5 significantly DE genes. One notable observation among 

the up-regulated genes are those encoding PE9 and PE33 proteins. These proteins 

belong to the PE/PPE family which have been reported to increase CSH previously (Singh 

et al., 2016). Other genes involved in the synthesis of the hydrophobic cell wall were 

also up-regulated here including IppA and fabG3. This observation might indicate the 

importance of CSH on the selectivity of cells for aerosolisation. 
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T30 vs T0, T120 vs T30, T120 vs T0 (survival stage) 
 
The investigation of transcriptional signature changes during this stage has been divided 

into three groups; early survival (T30 vs T0), late survival (T120 vs T30) and overall 

survival (T120 vs T0). The function categories of these genes are illustrated in Figures 

5.9, 5.10 and 5.11, respectively. The top 5 significantly DE genes are listed in Tables 5.7, 

5.8 and 5.9, respectively. The highest number of DE genes were detected at the late 

survival stage (40 DE genes). One notable observation among the up-regulated genes 

through all stages was the presence of genes related to toxin-antitoxin system (TA). TA 

systems are typically composed of a protein toxin and a more labile antagonistic 

antitoxin, which can be a protein or non-coding RNA (Yamaguchi et al., 2011). The 

toxin’s function is targeting essential cellular processes such as DNA replication, cell wall 

synthesis, cell division or translation. This function can be regulated by the presence of 

antitoxin. The activation of TA systems could facilitate bacterial survival during stress 

until conditions become more favorable (Gerdes and Maisonneuve, 2012). Mtb has a 

significantly high number of TA systems in its chromosome when compared with other 

mycobacteria and it has been proposed that TA systems are critical in the adaptation 

process during stress conditions (Sala et al., 2014). As survival of Mtb in aerosols is 

surrounded with many stressors, this observation could indicate the important role of 

this system during aerosol survival of Mtb.  

 

DosR regulon is a universal stress regulon in Mtb. It has been reported to be associated 

with heat-shock, hypoxia, and nitric oxide exposure conditions (Park et al., 2003, Voskuil 

et al., 2003). Moreover, Garton and associates have demonstrated induced DosR 

regulon in transcriptional signatures of Mtb in sputum samples (Garton et al., 2008). In 

the current study, 7  significantly DE genes regulated by DosR were detected including 

Rv1735c and Rv3131, which encode  immunogenic antigens, inducing gamma-

interferon responses in whole-blood cultures from Mtb-exposed adults in Uganda, The 

Gambia, and South Africa, indicating that might be good vaccine candidates (Black et 

al., 2009). Another gene which is significantly DE is Rv2626c (hrp1); the protein has been 

reported to induce strong T- and B-cell responses in a mice challenge experiment 
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indicating the possibility of this protein to be a good vaccine candidate (Roupie et al., 

2007). The other genes including Rv3129, Rv0569, Rv2630, and Rv0571c were reported 

to be induced during hypoxia, low levels of nitric oxide (NO), and carbon monoxide (CO) 

(Sherman et al., 2001, Voskuil et al., 2003, Shiloh et al., 2008). Among these 7 DE genes, 

there are 3 genes; Rv1735c, Rv2626c and Rv2630 have been reported to be up-regulated 

significantly in sputum samples compared with in vitro and aerobic growth (Garton et 

al., 2008). 

 

It can be seen from table 5.13 that most of the DosR regulon genes were overexpressed 

at pre-nebulisation samples indicating that Mtb cells were exposed to stress conditions 

before being nebulised. Such stress could be due to experimental designs, where cells 

are first exposed to RT and then harvested by scraping into DW and vortexed vigorously 

with beads to break up clumps. All of these steps could activate transcriptional 

signatures that were seen in pre-nebulisation samples. These possibilities could explain 

the fact that no transcriptional signature pattern was observed at the different stages. 

It might also explain why there was very little decline in any of the viability assessments 

over the 120 min experimental period. 

It should be noted that these pioneering experiments have revealed the importance of 

optimising the experimental design in future work to minimise the stressor’s exposure 

to Mtb cells prior to nebulisation. Such an approach can be achieved, for example, by 

growing the cells inside the reservoir of the sample generator which can be incubated 

in 37 °C incubator, then nebulised directly into the drum. Another possible optimisation 

can be achieved by taking control samples after each step in the procedure and 

subjecting these samples for RNA-sequencing to explore the influence of each step on 

the transcriptional signatures of the cells.  

 

 

 

 



Chapter 5: Transcriptional changes in Mtb H37Rv on aerosol In-vitro Studied by RNA-
Seq   

155 
 

 

 

5.5 Conclusions 
 

• Although the RIN number of the majority of samples was low, the average reads 

per sample was 9,763,840 indicating enough data for further analysis. 

 

• The efficiency of the mapping of whole transcripts to the reference genome of 2 

replicates of M. bovis was 2 % and hence was not subject to further analysis. 

 

• The efficiency of the mapping of whole transcripts to the reference genome of 

Mtb H37Rv ranged from 53 to 98 %, and hence was the focus of the analysis 

work here. 

 

• The proportion of rRNA in the samples ranged from 58 to 83 %. 

 

• The frequency of genes with no detected expression was 13 from a total of 4032 

annotated genes. 

 

• There was no clear transcriptional pattern at any of the stages tested. 

 

• Significantly DE genes were at the highest level at the nebulisation stage 

compared with aerosolisation and survival stages. 

 

• Mtb cells showed stress transcription prior to the nebulisation and hence might 

influence the overall change of transcriptional signatures in the following stages.
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6.1 General Discussion  
 
The topic of this research is understanding the physiological states of Mtb relating to 

transmission. Based upon the hypothesis of Minnikin (2015), that CSH plays a significant 

role in propensity of cells for aerosolisation (Minnikin et al., 2015), and the preliminary 

evidence of Barer (Nardell et al., 2016), that specific genes may contribute to the 

adaptation of Mtb cells during transmission, this study was directed to investigate these 

hypotheses. To do so, in the early stage of this research factors affecting results from 

the widely used MATH technique to measure CSH were investigated. Comparisons were 

then made with the Congo Red and microsphere bead techniques as means to measure 

CSH at the single-cell level. Next, experiments using different nebulisers were 

conducted to relate CSH to the propensity of cells for aerosolisation. The middle stage 

of this research focused on resolving assessing discrepant outcomes of previous survival 

studies of Mtb in aerosols using Mtb and M. bovis BCG. In the final stage, experiments 

were established toward the transcriptional response changes of Mtb cells to the 

nebulisation process, aerosolisation, and survival in aerosols. 

The main technique to measure CSH used here was MATH. However, studies using this 

technique have not followed a standardised protocol, which made the comparison of 

the outcomes of these studies difficult. It should be noted that the work here did not 

attempt to investigate the fundamental understanding of the microbial adhesion to 

hydrocarbons or the mechanism of surface hydrophobicity. Rather it was aimed at 

evaluating the sensitivity of this technique to different operational parameters using M. 

smegmatis and M. bovis BCG. The main observation was that M. bovis was more 

hydrophobic than M. smegmatis across all experiments, regardless of the modified 

factor being tested. This finding provided strong confidence in the MATH technique as 

a reliable method of differentiating mycobacterial CSH. It should be noted that these 

experiments were done for the first time with mycobacteria in the current study and no 

previous study investigated the influence of different factors on the CSH measurement 

of Mycobacterial cells. With regards to the impact of several factors on measuring CSH, 

the most significant factor was the vortex duration, which affected the CSH dramatically 

with both strains. Also, the hexadecane-aqueous phase volume ratio and DW as a 

suspended medium showed significant influence on M. bovis BCG CSH values. 
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Therefore, a digital vortex was purchased. CSH values of M. bovis BCG were affected by 

the stage it is harvested as the values were higher at the stationary phase compared 

with the exponential phase indicating CSH-related adaptation mechanisms of the cells 

to the environment. Further investigations are required to assess the impact of different 

nutrients in the growth medium to identify these mechanisms. 

Variations in CSH values in control samples and among replicates were noted in the 

current study. This could be due to the clumping feature of Mycobacterial cells during 

the washing step regardless of the buffer used. Other explanations of these variations 

could have come from the adherence of a proportion of cells to the tube walls rather 

than at the aqueous/hexadecane interface or from the hexadecane droplets that 

merged within the aqueous phase affecting the spectrophotometer readings. However, 

these possibilities were not included in the current investigation and further work 

including microscopic experiments are required to test these possibilities.  

Other projects in the laboratory focused on capturing the aerosolised cells using in-

house prepared masks containing optimised in-house filters, and exploring the CSH of 

these cells required techniques to measure CSH at single cell level. To test this 

possibility, Congo Red and microsphere beads were included in the current research. 

Although both techniques showed the ability to determine the CSH at single cell level, 

they required more optimisation since they were time-consuming. Nonetheless, both 

methods, including the previously undescribed Congo Red, clearly demonstrated 

population heterogeneity with respect to CSH. This approach can be taken to the next 

level in future work by applying microscopic analysis directly on these filters.  

To test the hypothesis that CSH influences the propensity of cells for aerosolisation, 

three nebulisers with different operating mechanisms were used to nebulise M. bovis 

BCG cells. The results of these experiments indicated a reduction in the CSH percentage 

of cells in the reservoir post-nebulisation compared with the original suspension pre-

nebulisation. This provided indirect evidence that more hydrophobic cells were 

aerosolised in preference to less hydrophobic cells. It is possible that this phenomenon 

could also be attributed to the effects of the nebulisation mechanisms on the cell 

surface characteristics leading to a loss of hydrophobic features within the reservoir. 

Another possible reason for the CHS levels reduction could be the adherence of a 
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proportion of hydrophobic cells to the nebuliser’s reservoir walls. Further investigation 

into these possible reasons could be through cell envelope lipids analysis pre- and post-

nebulisation and via a staining techniques solution (Hori et al., 2008) to detect 

adherence cells on the reservoir walls. 

It is worth noting that in a parallel project in this laboratory, mixed populations of the 

hydrophilic smooth and the hydrophobic rough variants of M. abcessus were nebulised 

and CFU counts were assessed pre- and post-nebulisation. The results of this 

experiment showed no difference between the two strains pre- and post-nebulisation, 

rejecting the above hypothesis. However, the possibility of losing GPLs, representing up 

to 85 % of the surface-exposed lipids in M. abscessus smooth strain (Catherinot et al., 

2009) during nebulisation, might contribute to the conversion of the phenotype to 

rough in the reservoir post nebulisation. Thus, increasing the number of rough 

phenotype cells and subsequently overestimating of the rough colonies found post-

nebulisation. Further investigations into the efficiency of aerosolised hydrophobic cells 

are required to provide solid evidence to accept or reject the above hypothesis. Such 

investigations might be achieved by assessing lipid body profile analysis of the cells pre- 

and post-nebuliastaion. 

Successful transmission of Mtb cells relies on several factors, and one of these is the 

ability of the tubercle bacillus to adapt to survival in aerosols. Investigations into this 

type of research involves the use of nebulisers. While several kinds of nebulisers are 

available currently, many studies have used the Collison nebuliser (1, 3 and 6-jet). In the 

work here, the 3-jet Collison nebuliser and the ultrasonic Omron nebuliser were used. 

The aim of using two nebulisers was in an attempt to expand the possibility of mimicking 

the natural production of aerosols from the respiratory system. The PMA stain test 

showed that the integrity of mycobacterial cells was affected by both nebulisers. 

However, at least 75 % and 82 % of the cells were PMA-resistant with Collison and 

Omron nebulisers, respectively. In order to achieve a better representation of the 

natural transmission mechanisms, other considerations can be taking in account when 

conducting in vitro aerosol studies. For example, the spray fluid in aerosolisation 

experiments can be modified to achieve a better representation of the natural fluid in 

the respiratory tract.  
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The survival of Mtb H37Rv and M. bovis BCG in aerosols was studied in this work using 

both nebulisers. The pattern of survival in aerosols of both strains was similar, where 

around 50 % of the cells survived after 2 hrs of getting into air. This finding was assessed 

first by P-CFU then confirmed by MPN and PMA-qPCR. These techniques were used for 

the first time to detect Mtb cells in aerosols in the current study. Although these 

techniques detected different numbers of aerosolised Mtb cells, the survival pattern of 

these cells was similar. It is worth noting that the survival of mycobacterial cells for 4 

hrs was tested with a single experiment with M. bovis BCG, which showed a survival of 

above 50 % after 4 hrs. All survival experiments reported here were performed using 

lawn growth for preparing the inoculum, and the RH inside the Goldberg drum was 85 

%. To obtain better insight into the influence of these factors on the survival of cells in 

aerosols, further experiments at different environmental conditions are required. 

Studying the transcriptional signature of Mtb during three different stages, the 

nebulisation process, aerosolisation process, and survival in aerosols has revealed a 

total of 339 significantly DE genes (230 up-regulated, 109 down-regulated). Around 40 

% of these genes were at the nebulisation stage. The possibility that many genes were 

induced before starting nebulisation was influenced by the observation of DosR regulon, 

where the majority of its genes were induced at the pre-nebulisation stage. 

Transcriptional responses of Mtb cells to the nebulisation process, aerosolisation, and 

survival in aerosols showed no clear pattern under these conditions. Although the 

complexity of conducting these experiments is a key challenge, these pioneer 

experiments provided validity of the system which can be developed in future work.  
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6.2 Conclusions and Future work 
 

• MATH technique was easy, simple and showed reproducible results with 

mycobacterial strains. Testing more parameters, including microscopic analysis, 

could be a target in future work. It would be also important to repeat 

experiments described in this study. 

 

• Relative Congo Red and microsphere beads showed the ability to measure CSH 

on single cells. The techniques require further optimisation.    

 

• While preliminary indirect evidence relating CSH on the propensity of cells for 

aerosolisation was obtained here, further direct investigations into the 

efficiency of CSH by direct means are required including lipid profile analysis to 

cells pre- and post-nebulisation. 

 

• M. bovis BCG and Mtb H37Rv consistently showed > 50 % survival in aerosol for 

up to 2 hrs. The influence of different environmental conditions on the survival 

of mycobacterial cells in air could be tested in the future. Other factors can also 

be investigated including the nature of the spray fluid. 

 

•  The Omron ultrasonic nebuliser was compatible with the Collison nebuliser with 

the advantage of delivering more aerosolised cells than Collison with a similar 

level of damage as indicated by PMA assay. 

 

• The transcriptional profile of Mtb cells using the Omron ultrasonic nebuliser 

undergoing the nebulisation process was different from that at aerosolisation 

and survival in aerosols.  

• No obvious transcriptional pattern of Mtb cells under the tested conditions was 

obtained. 
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• Genes of DosR regulon were up- regulated at pre-nebulisation samples 

compared with the post nebulisation and aerosol samples. These expression 

patterns should be confirmed in the future studies. 
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Appendix 
 
 

Up- regulated genes at Pre vs Post- nebuliation stage 

Gene Designation Annotation 
Fold-
change 

thyX RVBD_2754c thymidylate synthase ThyX 8.33 
Rv3831 RVBD_3831 hypothetical protein 7.80 
Rv2898c RVBD_2898c endonuclease 7.00 
Rv0964c RVBD_0964c hypothetical protein 5.14 
Rv1271c RVBD_1271c secreted protein 4.77 
Rv2806 RVBD_2806 membrane protein 4.69 
RVBD_0741 RVBD_0741 transposase 4.17 
vapC48 RVBD_3697c toxin VapC48 4.00 
Rv0310c RVBD_0310c hypothetical protein 3.71 
Rv2683 RVBD_2683 hypothetical protein 3.65 
higA RVBD_1956 antitoxin HigA 3.57 
Rv0986 RVBD_0986 adhesion component transport ABC transporter ATP-binding protein 3.57 
Rv2492 RVBD_2492 hypothetical protein 3.57 
mmpS2 RVBD_0506 membrane protein MmpS2 3.46 
vapC25 RVBD_0277c toxin VapC25 3.37 
Rv0330c RVBD_0330c hypothetical protein 3.33 
fic RVBD_3641c cell filamentation protein Fic 3.32 
Rv0028 RVBD_0028 hypothetical protein 3.26 
PE34 RVBD_3746c PE family protein PE34 3.25 
Rv1671 RVBD_1671 membrane protein 3.25 
Rv2336 RVBD_2336 hypothetical protein 3.25 
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Rv1735c RVBD_1735c membrane protein 3.20 
Rv3486 RVBD_3486 hypothetical protein 3.07 
RVBD_3216 RVBD_3216 hypothetical protein 3.03 
Rv0078A RVBD_0078A hypothetical protein 3.01 
Rv2308 RVBD_2308 hypothetical protein 3.00 
cspA RVBD_3648c cold shock protein A CspA 2.98 
Rv1428c RVBD_1428c hypothetical protein 2.86 
Rv3198A RVBD_3198A glutaredoxin-like protein 2.84 
Rv2040c RVBD_2040c sugar-transport ABC transporter permease 2.83 
Rv3749c RVBD_3749c antitoxin 2.82 
kdtB RVBD_2964B hypothetical protein 2.76 
Rv1231c RVBD_1231c membrane protein 2.75 
Rv3047c RVBD_3047c hypothetical protein 2.71 
Rv1012 RVBD_1012 hypothetical protein 2.71 
Rv0401 RVBD_0401 transmembrane protein 2.70 
infA RVBD_3462c translation initiation factor IF-1 InfA 2.69 
esxW RVBD_3620c ESAT-6 like protein EsxW 2.68 
TB9.4 RVBD_3208A hypothetical protein 2.66 
Rv2809 RVBD_2809 hypothetical protein 2.64 
Rv1025 RVBD_1025 hypothetical protein 2.60 
Rv3528c RVBD_3528c hypothetical protein 2.58 
aac RVBD_0262c aminoglycoside 2'-N-acetyltransferase Aac 2.58 
hrp1 RVBD_2626c hypoxic response protein 1 Hrp1 2.58 
ptpA RVBD_2234 phosphotyrosine protein phosphatase PtpA 2.57 
Rv0123 RVBD_0123 hypothetical protein 2.55 
Rv0691A RVBD_0691A mycofactocin protein 2.54 
RVBD_3129 RVBD_3129 hypothetical protein 2.52 
rpfD RVBD_2389c esuscitation-promoting factor RpfD 2.50 
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Rv1961 RVBD_1961 hypothetical protein 2.50 
Rv2297 RVBD_2297 hypothetical protein 2.50 
Rv3840 RVBD_3840 transcriptional regulator 2.47 
esxD RVBD_3891c ESAT-6 like protein EsxD 2.46 
vapC17 RVBD_2527 toxin VapC17 2.41 
Rv2993c RVBD_2993c 2-hydroxyhepta-2,4-diene-1,7-dioate isomerase 2.39 
esxK RVBD_1197 ESAT-6 like protein EsxK 2.38 
def RVBD_0429c polypeptide deformylase Def 2.38 
lpqX RVBD_1228 lipoprotein LpqX 2.37 
Rv1171 RVBD_1171 hypothetical protein 2.36 
pip RVBD_0840c proline iminopeptidase Pip 2.36 
Rv3742c RVBD_3742c oxidoreductase 2.35 
esxP RVBD_2347c ESAT-6 like protein EsxP 2.34 
dnaA RVBD_0001 chromosomal replication initiator protein DnaA 2.34 
PPE58 RVBD_3426 PPE family protein PPE58 2.34 
vapC30 RVBD_0624 toxin VapC30 2.34 
PPE1 RVBD_0096 PPE family protein PPE1 2.33 
Rv0948c RVBD_0948c chorismate mutase 2.32 
Rv0569 RVBD_0569 hypothetical protein 2.30 
Rv2312 RVBD_2312 hypothetical protein 2.30 
RVBD_1792 RVBD_1792 ESAT-6-like protein EsxK 2.29 
Rv2146c RVBD_2146c YggT family protein 2.29 
Rv0325 RVBD_0325 hypothetical protein 2.28 
Rv1290A RVBD_1290A hypothetical protein 2.28 
Rv2600 RVBD_2600 transmembrane protein 2.28 
Rv2781c RVBD_2781c oxidoreductase 2.27 
Rv1377c RVBD_1377c transferase 2.26 
Rv2288 RVBD_2288 hypothetical protein 2.25 
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Rv0061c RVBD_0061c hypothetical protein 2.22 
Rv2516c RVBD_2516c hypothetical protein 2.21 
Rv0810c RVBD_0810c hypothetical protein 2.21 
Rv0919 RVBD_0919 N-acetyltransferase 2.21 
Rv3632 RVBD_3632 membrane protein 2.21 
TB7.3 RVBD_3221c biotinylated protein 2.20 
lprI RVBD_1541c lipoprotein LprI 2.20 
echA4 RVBD_0673 enoyl-CoA hydratase EchA4 2.20 
Rv2271 RVBD_2271 hypothetical protein 2.20 
Rv3788 RVBD_3788 hypothetical protein 2.20 
lipX RVBD_1169c PE family protein lipase LipX 2.19 
Rv3402c RVBD_3402c hypothetical protein 2.19 
Rv2901c RVBD_2901c hypothetical protein 2.18 
Rv3424c RVBD_3424c hypothetical protein 2.16 
Rv3851 RVBD_3851 membrane protein 2.16 
infC RVBD_1641 initiation factor if-3 InfC 2.15 
mku RVBD_0937c DNA end-binding protein Mku 2.14 
Rv1766 RVBD_1766 hypothetical protein 2.13 
RVBD_3749Ac RVBD_3749Ac toxin 2.13 
dnaN RVBD_0002 DNA polymerase III DnaN 2.13 
vapC39 RVBD_2530c toxin VapC39 2.12 
icd2 RVBD_0066c isocitrate dehydrogenase Icd2 2.10 
Rv1500 RVBD_1500 glycosyltransferase 2.10 
Rv3922c RVBD_3922c hemolysin 2.09 
rpsJ RVBD_0700 30S ribosomal protein S10 RpsJ 2.09 
Rv2633c RVBD_2633c hypothetical protein 2.08 
Rv0913c RVBD_0913c carotenoid cleavage dioxygenase 2.07 
Rv3226c RVBD_3224B hypothetical protein 2.07 
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Rv1144 RVBD_1144 3-hydroxyacyl-CoA dehydrogenase/3-hydroxy-2-methylbutyryl-CoA dehydrogenase 2.07 
higB RVBD_1955 toxin 2.05 
TB16.3 RVBD_2185c hypothetical protein 2.04 
moeW RVBD_2338c molybdopterin biosynthesis protein MoeW 2.03 
Rv2876 RVBD_2876 transmembrane protein 2.03 
Rv1489A RVBD_1489A methylmalonyl-CoA mutase 2.02 
lppX RVBD_2945c lipoprotein LPpx 2.019 
bcpB RVBD_1608c peroxidoxin BcpB 2.00 
espC RVBD_3615c ESX-1 secretion-associated protein EspC 2.00 
icl1 RVBD_0467 isocitrate lyase Icl 2.00 
nuoK RVBD_3155 NADH dehydrogenase subunit K NuoK 2.00 
thiG RVBD_0417 thiamine biosynthesis protein ThiG 2.00 
 
    

    
Down- regulated genes at Pre vs Post- nebuliation stage 

Gene Designation Annotation 
Fold-
change 

RVBD_0829 RVBD_0829 transposase -14.00 
RVBD_2810c RVBD_2810c transposase -8.08 
RVBD_1572c RVBD_1572c hypothetical protein -8.00 
Rv2141c RVBD_2141c hypothetical protein -4.59 
echA8 RVBD_1070c enoyl-CoA hydratase EchA8 -4.16 
Rv0139 RVBD_0139 oxidoreductase -4.02 
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Up- regulated genes at T0 vs Post-nebulisation stage 

Gene Designation Annotation 
Fold-
change 

Rv1761c RVBD_1761c hypothetical protein 29.50 
lppA RVBD_2543 lipoprotein LppA 25.00 
Rv1157c RVBD_1157c hypothetical protein 22.00 
Rv1227c RVBD_1227c transmembrane protein 22.00 
Rv0043c RVBD_0043c HTH-type transcriptional regulator 21.00 
spoU RVBD_3366 tRNA/rRNA methylase SpoU 20.00 
Rv0356c RVBD_0356c hypothetical protein 19.00 
PE9 RVBD_1087A PE family protein PE9 17.00 
Rv1515c RVBD_1515c hypothetical protein 17.00 
mmr RVBD_3065 multidrug resistance protein Mmr 13.25 
Rv3525c RVBD_3525c siderophore-binding protein 13.00 
RVBD_1137c RVBD_1137c hypothetical protein 13.00 
Rv3209 RVBD_3209 threonine and proline-rich protein 12.00 
Rv2661c RVBD_2661c hypothetical protein 11.50 
Rv3123 RVBD_3123 hypothetical protein 11.50 
Rv3196A RVBD_3196A hypothetical protein 11.38 
acpA RVBD_0033 acyl carrier protein AcpA 10.00 
pta RVBD_0408 phosphate acetyltransferase 9.50 
Rv1203c RVBD_1203c hypothetical protein 8.50 
Rv1686c RVBD_1686c ABC transporter permease 8.50 
Rv2822c RVBD_2822c CRISPR type III-associated protein Csm2 8.50 
lipW RVBD_0217c esterase LipW 8.00 
Rv2165c RVBD_2165c rRNA small subunit methyltransferase H 7.86 
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PE33 RVBD_3650 PE family protein PE33 7.75 
bioD RVBD_1570 ATP-dependent dethiobiotin synthetase BioD 7.50 
Rv2787 RVBD_2787 alanine-rich protein 7.50 
Rv2719c RVBD_2719c membrane protein 7.20 
Rv1744c RVBD_1744c membrane protein 7.00 
Rv0546c RVBD_0546c hypothetical protein 6.75 
vapC26 RVBD_0582 ribonuclease VapC26 6.33 
Rv3827c RVBD_3827c transposase 6.13 
fabG3 RVBD_2002 20-beta-hydroxysteroid dehydrogenase 5.90 
 
    

    
Down- regulated genes at T0 vs Post-nebulisation stage 

Gene Designation Annotation 
Fold-
change 

Rv0470A RVBD_0470A mycolic acid synthase PcaA -55.00 
vapB17 RVBD_2526 antitoxin VapB17 -44.00 
Rv3748 RVBD_3748 hypothetical protein -37.00 
lppI RVBD_2046 lipoprotein LppI -31.00 
nlhH RVBD_1399c lipase LipH -26.00 
Rv3851 RVBD_3851 membrane protein -26.00 
mog RVBD_0865 molybdopterin biosynthesis protein Mog -22.00 
Rv2781c RVBD_2781c oxidoreductase -22.00 
Rv3831 RVBD_3831 hypothetical protein -19.50 
PE34 RVBD_3746c PE family protein PE34 -17.33 
RVBD_1136 RVBD_1136 enoyl-CoA hydratase -17.00 
RVBD_3771c RVBD_3771c hypothetical protein -16.66 
Rv1231c RVBD_1231c membrane protein -16.50 



 

200 
 

era RVBD_2364c GTP-binding protein Era -14.00 
vapB12 RVBD_1721c antitoxin VapB12 -14.00 
Rv0401 RVBD_0401 transmembrane protein -13.50 
Rv0044c RVBD_0044c oxidoreductase -13.00 
Rv0807 RVBD_0807 hypothetical protein -10.40 
Rv0979c RVBD_0979c hypothetical protein -10.25 
vapC39 RVBD_2530c toxin VapC39 -8.50 
Rv2772c RVBD_2772c transmembrane protein -8.20 
Rv1290A RVBD_1290A hypothetical protein -8.00 
Rv0879c RVBD_0879c transmembrane protein -7.88 
Rv1025 RVBD_1025 hypothetical protein -7.50 
mazE9 RVBD_2801A antitoxin MazE9 -7.46 
Rv1351 RVBD_1351 hypothetical protein -7.42 
Rv0964c RVBD_0964c hypothetical protein -7.20 
 0008c RVBD_0008c membrane protein -7.00 
sigM RVBD_3911 sigma-70 family RNA polymerase sigma factor SigM -7.00 
RVBD_3216 RVBD_3216 hypothetical protein -6.58 
mutT4 RVBD_3908 mutator protein MutT4 -6.37 
mazF8 RVBD_2274c toxin MazF8 -6.28 
cut4 RVBD_3452 cutinase Cut4 -5.90 
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Up- regulated genes at T30 vs T0 stage 

Gene Designation Annotation 
Fold-
change 

vapC32 RVBD_1114 toxin VapC32 44.00 
lppI RVBD_2046 lipoprotein LppI 41.00 
PE7 RVBD_0916c PE family protein PE7 32.00 
Rv3748 RVBD_3748 hypothetical protein 28.00 
TB18.6 RVBD_2140c hypothetical protein 26.00 
nlhH RVBD_1399c lipase LipH 21.00 
vapB12 RVBD_1721c antitoxin VapB12 17.00 
era RVBD_2364c GTP-binding protein Era 15.00 
mog RVBD_0865 molybdopterin biosynthesis protein Mog 14.00 
Rv3742c RVBD_3742c oxidoreductase 11.00 
Rv3741c RVBD_3741c oxidoreductase 9.00 
Rv1351 RVBD_1351 hypothetical protein 8.00 
Rv2647 RVBD_2647 hypothetical protein 8.00 
mazE9 RVBD_2801A antitoxin MazE9 7.00 
Rv1692 RVBD_1692 HAD hydrolase, family IIA 7.00 
cmtR RVBD_1994c ArsR family transcriptional regulator CmtR 7.00 
pks9 RVBD_1664 polyketide synthase Pks9 7.00 
Rv2135c RVBD_2135c hypothetical protein 7.00 
Rv0979c RVBD_0979c hypothetical protein 7.00 
Rv0807 RVBD_0807 hypothetical protein 6.00 
vapC39 RVBD_2530c toxin VapC39 6.00 
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Down- regulated genes at T30 vs T0 stage 

Gene Designation Annotation 
Fold-
change 

PE8 RVBD_1040c PE family protein PE8 

0 
expression 
at T30 

PE9 RVBD_1087A short-chain Z-isoprenyl diphosphate synthase 

0 
expression 
at T30 

acpA RVBD_0033 acyl carrier protein AcpA 

0 
expression 
at T30 

RVBD_1089 RVBD_1089 PE family protein PE10 

0 
expression 
at T30 

dipZ RVBD_2873A prevent-host-death family protein -31.00 
Rv0356c RVBD_0356c hypothetical protein -19.00 
PE33 RVBD_3650 PE family protein PE33 -15.50 
RVBD_2856A RVBD_2856A hydrogenase nickel incorporation protein HypB -15.00 
Rv2415c RVBD_2415c competence protein ComEA -12.33 
Rv1761c RVBD_1761c exported protein -11.80 
Rv1049 RVBD_1049 transcriptional repressor -9.00 
Rv3525c RVBD_3525c siderophore-binding protein -8.66 
frdC RVBD_1554 fumarate reductase FrdC -8.00 
Rv3829c RVBD_3829c dehydrogenase -8.00 
Rv2805 RVBD_2805 hypothetical protein -7.66 
Rv2600 RVBD_2600 transmembrane protein -7.50 
uspB RVBD_2317 sugar-transport ABC transporter integral membrane protein UspB -7.50 
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Rv0539 RVBD_0539 glycosyltransferase -7.40 
RVBD_1667c RVBD_1667c ABC macrolide transporter ATP-binding protein -7.33 
Rv0161 RVBD_0161 oxidoreductase -6.66 
RVBD_2810c RVBD_2810c transposase -6.62 
whiB7 RVBD_3197A transcriptional regulator WhiB-like WhiB7 -6.37 
lppA RVBD_2543 lipoprotein LppA -6.25 
Rv1949c RVBD_1949c hypothetical protein -6.20 
Rv2102 RVBD_2102 hypothetical protein -6.00 
Rv3123 RVBD_3123 hypothetical protein -5.75 
Rv1455 RVBD_1455 hypothetical protein -5.66 
Rv1686c RVBD_1686c ABC transporter efflux protein DrrB -5.66 
lprE RVBD_1252c lipoprotein LprE -5.50 
Rv2732c RVBD_2732c transmembrane protein -5.45 
Rv1671 RVBD_1671 membrane protein -5.00 
Rv1995 RVBD_1995 hypothetical protein -5.00 
vapB21 RVBD_2758c antitoxin VapB21 -4.84 
cdd RVBD_3315c cytidine deaminase Cdd -4.75 
Rv1770 RVBD_1770 hypothetical protein -4.57 
fabG3 RVBD_2002 3-alpha-(or 20-beta)-hydroxysteroid dehydrogenase FabG3 -4.21 
fdxB RVBD_3554 oxidoreductase FdxB -4.00 
Rv2228c RVBD_2228c multifunctional RNASE H/alpha-ribazole phosphatase/acid phosphatase -3.90 
Rv2731 RVBD_2731 alanine and arginine rich protein -3.23 
Rv2165c RVBD_2165c ribosomal RNA small subunit methyltransferase H -3.23 
Rv0690c RVBD_0690c hypothetical protein -2.89 
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Up- regulated genes at T120 vs T30 stage 

Gene Designation Annotation 
Fold-
change 

RVBD_2810c RVBD_2810c transposase 24.00 
Rv3555c RVBD_3555c hypothetical protein 11.00 
Rv2415c RVBD_2415c competence protein ComEA 9.00 
Rv2732c RVBD_2732c transmembrane protein 7.00 
echA8 RVBD_1070c enoyl-CoA hydratase EchA8 6.00 
vapB42 RVBD_2760c antitoxin VapB42 6.00 
Rv2141c RVBD_2141c hypothetical protein 5.00 
Rv0992c RVBD_0992c 5-formyltetrahydrofolate cyclo-ligase 5.00 
Rv0499 RVBD_0499 hypothetical protein 5.00 
RVBD_1036c RVBD_1036c transposase 5.00 
PPE31 RVBD_1807 PPE family protein PPE31 5.00 
Rv0966c RVBD_0966c hypothetical protein 5.00 
vapB26 RVBD_0581 antitoxin VapB26 5.00 
Rv1770 RVBD_1770 hypothetical protein 5.00 
adh RVBD_1530 alcohol dehydrogenase Adh 5.00 
Rv2774c RVBD_2774c hypothetical protein 4.00 
leuB RVBD_2995c 3-isopropylmalate dehydrogenase LeuB 4.00 
 0008c RVBD_0008c membrane protein 4.00 
Rv0531 RVBD_0531 membrane protein 4.00 
Rv1647 RVBD_1647 adenylate cyclase 4.00 
Rv0139 RVBD_0139 oxidoreductase 4.00 
Rv2896c RVBD_2896c DNA protecting protein DprA 4.00 
Rv2085 RVBD_2085 transposase 4.00 
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Rv0874c RVBD_0874c hypothetical protein 4.00 
PE_PGRS21 RVBD_1087 PE-PGRS family protein PE_PGRS21 4.00 
Rv2522c RVBD_2522c hypothetical protein 4.00 
murE RVBD_2158c UDP-N-acetylmuramoylalanyl-D-glutamate-2,6-diaminopimelate ligase MurE 4.00 
dedA RVBD_2637 transmembrane protein 4.00 
Rv2307c RVBD_2307c hypothetical protein 4.00 
Rv1290c RVBD_1290c hypothetical protein 3.00 
gcvT RVBD_2211c aminomethyltransferase GcvT 3.00 
pheA RVBD_3838c prephenate dehydratase PheA 3.00 
PE_PGRS22 RVBD_1091 PE-PGRS family protein PE_PGRS22 3.00 
Rv3480c RVBD_3480c diacylglycerol acyltransferase 3.00 
papA4 RVBD_1528c polyketide synthase associated protein PapA4 3.00 
Rv3092c RVBD_3092c integral membrane protein 3.00 
mbtL RVBD_1344 acyl carrier protein MbtL 3.00 
PE_PGRS35 RVBD_1983 PE-PGRS family protein PE_PGRS35 3.00 
Rv1627c RVBD_1627c nonspecific lipid-transfer protein 3.00 
thrB RVBD_1296 homoserine kinase ThrB 3.00 
 
   

 

    
Down- regulated genes at T120 vs T30 stage 

Gene Designation Annotation 
Fold-
change 

PPE46 RVBD_3018Bc PE family protein PE27A -7.85 
Rv2669 RVBD_2669 N-acetyltransferase -5.75 
higA RVBD_1956 antitoxin HigA -5.14 
RVBD_0031 RVBD_0031 transposase -5.00 
RVBD_1137c RVBD_1137c hypothetical protein -4.60 
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RVBD_3599c RVBD_3599c hypothetical protein -4.21 
Rv1505c RVBD_1505c sialic acid O-acetyltransferase NeuD -4.00 
Rv3033 RVBD_3033 hypothetical protein -3.60 
Rv1045 RVBD_1045 hypothetical protein -3.45 
Rv3122 RVBD_3122 hypothetical protein -3.44 
vapC38 RVBD_2494 toxin VapC38 -3.38 
Rv0193c RVBD_0193c hypothetical protein -3.28 
kdtB RVBD_2964B hypothetical protein -3.27 
Rv3773c RVBD_3773c hypothetical protein -3.26 
Rv3705A RVBD_3705A proline rich protein -3.23 
Rv3566A RVBD_3566A hypothetical protein -3.21 
fic RVBD_3641c cell filamentation protein Fic -3.17 
glnA3 RVBD_1878 glutamine synthetase GlnA3 -3.14 
mazE6 RVBD_1991A antitoxin MazE6 -3.11 
Rv1957 RVBD_1957 hypothetical protein -3.00 
nat RVBD_3566c arylamine N-acetyltransferase Nat -2.88 
mmpS2 RVBD_0506 membrane protein MmpS2 -2.83 
Rv3836 RVBD_3836 hypothetical protein -2.68 
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Up- regulated genes at T120 vs T0 stage 

Gene Designation Annotation 
Fold-
change 

lpqO RVBD_0604 lipoprotein LpqO 8.00 
Rv1115 RVBD_1115 exported protein 7.00 
PE_PGRS34 RVBD_1840c PE-PGRS family protein PE_PGRS34 6.00 
Rv0612 RVBD_0612 hypothetical protein 4.00 
Rv0347 RVBD_0347 membrane protein 4.00 
otsB2 RVBD_3372 trehalose-6-phosphate phosphatase OtsB2 4.00 
Rv3421c RVBD_3421c universal bacterial protein YeaZ 4.00 
Rv0541c RVBD_0541c integral membrane protein 3.00 
vapC42 RVBD_2759c toxin VapC42 3.00 
Rv0460 RVBD_0460 hydrophobic protein 3.00 
Rv1865c RVBD_1865c oxidoreductase 3.00 
argJ RVBD_1653 glutamate N-acetyltransferase ArgJ 3.00 
Rv1075c RVBD_1075c exported protein 2.00 
Rv0420c RVBD_0420c transmembrane protein 2.00 
Rv1360 RVBD_1360 oxidoreductase 2.00 
Rv3094c RVBD_3094c hypothetical protein 2.00 
recC RVBD_0631c exonuclease V gamma chain RecC 2.00 
Rv0194 RVBD_0194 transmembrane multidrug efflux pump 2.00 
Rv1478 RVBD_1478 invasion-associated protein 2.00 
Rv3728 RVBD_3728 drug:H+ antiporter-2 (14 Spanner) (DHA2) family drug resistance MFS transporter 2.00 

    
 
 
 
    



 

208 
 

Down- regulated genes at T120 vs T0 stage 

Gene Designation Annotation 
Fold-
change 

fadD18 RVBD_3513c fatty-acid-CoA ligase FadD18 -3.50 
Rv1157c RVBD_1157c alanine and proline rich protein -3.14 
relK RVBD_3358 toxin RelK -3.00 
RVBD_3098B RVBD_3098B toxin -2.14 
Rv2669 RVBD_2669 N-acetyltransferase -2.12 
Rv0339c RVBD_0339c transcriptional regulator -2.00 
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