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Abstract 

Rapidly growing mycobacteria are rare in clinical samples or as significant human pathogens. 

Members of the Mycobacterium abscessus/chalone complex are notable exceptions, 

implicated as colonisers and potential pathogens in a variety of clinical situations.  

Cystic fibrosis patients, with reduced lung function, can be colonised with organisms from this 

complex. An apparent poorer prognosis, post lung transplant, associated with Mycobacterium 

abscessus colonisation, potentially precluding lung transplantation, complicates this. 

At the start of this project reliable discrimination between these species was problematic. 

Given the clinical importance this project sought to compare the genomes of M. abscessus 

and M. chelonae, improve identification and explain differences in pathogenicity. 

 Initially there were many whole genomes for Mycobacterium abscessus but none for 

Mycobacterium chelonae so a whole genome sequence for a clinical strain confidently 

assigned as M. chelonae (HPA 006) was obtained using the Ion Torrent (IT) and MinION (ONT) 

platforms. These data were used to identify regions of difference between these two species 

for identification and to explain putative variations in virulence and antibiotic resistance. 

Average Nucleotide Analysis (ANI) confirmed Mycobacterium abscessus and Mycobacterium 

chelonae complex as separate species. 

A pangenome study using PPanGGOLiN identified 655 genes present in M. abscessus (ATCC 

19977) but absent from M. chelonae strains. AntiSMASH analysis highlighted differences in 

the overall number of Biosynthetic Gene Clusters (BGC) present in each species and identified 

BGCs present in one species but absent in the other. 

Of the 655 differential genes identified the largest category was hypothetical, including 

proteins with domains of unknown function. Despite annotation other genes proved 

challenging to correlate with known mechanisms of resistance or virulence. 

There were many genomic elements, present in both M. chelonae HPA 006 and M. abscessus 

(ATCC 19977), which show more difference in sequence than average. These differences, 

suggesting selection and a modified function, may account for the difference in virulence 

between the strains 
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List of Abbreviations and Bioinformatic Terms 

Programme Function Installation 

Anaconda A free and open-source 

distribution of the 

programming languages 

Python and R 

https://repo.anaconda.com/archive/Ana

conda3-2021.05-Linux-x86_64.sh  

ANI Average Nucleotide 

Identity 

 

BLAST Basic Local Alignment 

Search Tool 

https://blast.ncbi.nlm.nih.gov 

Canu Fork of the Celera 

Assembler, designed for 

high-noise single-molecule 

sequencing such as Oxford 

Nanopore MinION. It is a 

hierarchical assembly 

pipeline  

https://github.com/marbl/canu/releases 

 

 

 

CASSIS Cluster Assignment by 

Islands of Sites. Bacterial 

biosynthetic gene cluster 

boundary prediction using 

ClusterAssignment. 

Integrated into antiSMASH 

Conda An open-source package 

and environment 

management system 

which makes it easy to 

install/update packages 

and create/load 

environments. It is 

included in Anaconda 

 

https://repo.anaconda.com/archive/Anaconda3-2021.05-Linux-x86_64.sh
https://repo.anaconda.com/archive/Anaconda3-2021.05-Linux-x86_64.sh
https://blast.ncbi.nlm.nih.gov/
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Diamond  Program for finding 

homologs of protein and 

DNA sequences in 

reference databases 

Releases · bbuchfink/diamond · GitHub 

EC  Enzyme commission 

numbers. A numerical 

classification scheme for 

enzymes, based on the 

chemical reactions they 

catalyse. 

 

eggNOG  (evolutionary genealogy of 

genes: Non supervised 

Orthologous Groups) 

Database of orthologous 

proteins and functional 

annotations at multiple 

taxonomical levels hosted 

by EMBL (European 

Molecular Biology 

Laboratory) 

http://eggnog5.embl.de/#/app/home 

Flye  Long read assembler 

De novo assembler for 

single molecule 

sequencing reads using 

repeat graphs 

https://github.com/fenderglass/Flye 

 

https://github.com/fenderglass/Flye/blo

b/flye/docs/USAGE.md#quickusage  

Geneious Genomic Sequence 

Alignment and Assembly 

software package.  

Geneious Prime 2022.0.1 

http://www.geneious.com/  

Interpro2GO  Integrated resource of 

protein families, domains 

and sites which are 

combined from a number 

https://www.ebi.ac.uk/GOA/InterPro2G

O 

https://github.com/bbuchfink/diamond/releases
http://eggnog5.embl.de/#/app/home
https://github.com/fenderglass/Flye
https://github.com/fenderglass/Flye/blob/flye/docs/USAGE.md#quickusage
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of different protein 

signature databases 

KEGG     Kyoto Encyclopedia of 

Genes and Genomes 

https://www.genome.jp/kegg/ 

Megan 6 Metagenome Analyzer  

https://software-ab.informatik.uni-

tuebingen.de/download/megan6/welco

me.html 

MiBiG Minimum Information 

about a Biosynthetic Gene 

Cluster.  

A specification which 

provides a robust 

community standard for 

annotations and metadata 

on biosynthetic gene 

clusters and their 

molecular products. 

MIBiG: Minimum Information about a 

Biosynthetic Gene cluster 

(secondarymetabolites.org) 

MIRA 5 Mimicking Intelligent Read 

Assembly 

A multi-pass DNA 

sequence data 

assembler/mapper for 

whole genome and 

EST/RNASeq projects. 

MIRA assembles reads 

from Ion Torrent 

GitHub - bachev/mira: MIRA sequence 

assembler 

MUMmer Rapid entire genome 

alignment system  

NUCmer:github.com/gmarcais/mummer 

   

NCBI PGAP NCBI Prokaryotic Genome 

Annotation Pipeline 

https://github.com/ncbi/pgap  

https://www.genome.jp/kegg/
https://software-ab.informatik.uni-tuebingen.de/download/megan6/welcome.html
https://software-ab.informatik.uni-tuebingen.de/download/megan6/welcome.html
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PPanGGOLiN Software suite used to 

create and manipulate 

prokaryotic pangenomes 

from a set of either 

genomic DNA sequences 

or provided genome 

annotations. Employed to 

build a partitioned 

pangenome graph from 

microbial genomes 

https://github.com/labgem/PPanGGOLiN      

proovread A hybrid error correction 

tool, it used short read 

data to correct long reads. 

Used on the  M. chelonae 

HPA 006 MinION reads 

(long reads) 

https://anaconda.org/imperial-college-

research-computing/proovread 

Imperial College research computing 

Pyani Program that calculates 

average nucleotide 

identity (ANI) and related 

measures for whole 

genome comparisons, and 

renders graphical 

summary output. 

https://github.com/widdowquinn/pyani 
 
https://github.com/widdowquinn/pyani/
blob/master/README_v_0_2_x.md 
 

SANDPUMA Ensemble algorithm, 

based on newly trained 

versions of all high-

performing algorithms, 

which significantly 

outperforms in dividual 

methods. 

Integrated into antiSMASH 

SEED  Annotation environment 

Database infrastructure  

https://www.theseed.org/wiki/Home_of
_the_SEED 
 

https://github.com/labgem/PPanGGOLiN
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applied in the comparative 

genomics in MEGAN 

software. 

  

SPAdes St Petersburg genome 

Assembler 

Used in both single-cell 

and standard (multicell) 

assembly  

https://github.com/ablab/spades 

 

 

 

Ubuntu Linux distribution based 

on Debian and composed 

mostly of free and open-

source software. 

 Get Ubuntu | Download | Ubuntu 

Unicycler A pipeline running a series 

of programs; the input 

data for one program 

produces output that is 

passed as input data to 

the next program in the 

pipeline: 

 

https://bioconda.github.io/recipes/unicy

cler/README.html  
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List of Chemicals used in the project 

All chemicals and reagents used in this project were of analytical grade and purchased at the 

highest purity available. Purities, suppliers, state (solid (S), liquid (L) or gas (G)) and 

abbreviations (used along the text) of the compounds used are listed below 

Chemical  Purity Supplier State 

Cetyltrimethylammonium 
bromide (CTAB) 

 VWR International 
Ltd 

L 

Chloroform 
 

>99% Sigma Aldrich L 

Chloroform/ 
isoamyl alcohol 

>99.9% (chloroform), 
≥99.0% (isoamyl alcohol) 

Fisher Scientific L 

Ethanol  70% VWR International 
Ltd 

L 

Isopropanol 99.5% Fisher Scientific UK 
Ltd 

L 

Lysozyme   Thermo Fisher 
Scientific 

S 

Proteinase K solution   Merck Life Science 
Limited 

L 

RNase A  VWR International 
Ltd 

L 

Sodium Chloride (NaCl)  Fisher Scientific UK 
Ltd 

S 

Sodium dodecyl sulphate 
(SDS) 
 

≥97%  Sigma Aldrich S 

Tris-EDTA (TE buffer)  Thermo Fisher 
Scientific 

L 

Tris HCL  VWR International 
Ltd 

L 
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Chapter 1. Introduction, Literature Review and Aims 

1.1 Genus Mycobacterium 

Species assigned to the genus Mycobacterium, the only genus in the family Mycobacteriaceae 

have been isolated from many diverse environments. Mycobacteria all lie within the genus 

Mycobacterium and are aerobic, non-motile, mycolic acid containing bacteria that are 

characteristically acid-fast and contain DNA with a G+C content of 62–72 mol%. Mycobacteria 

are phenotypically classified into slow growing or rapidly growing species, and are pigmented 

or non-pigmented. At the time of writing, the List of Prokaryotic names with standing in 

Nomenclature (LPSN) (Euzeby, 1997) included 260 species (209 validly published with a 

correct name and 14 synonyms) within the genus Mycobacterium. The majority of these 

species are free living in soil and water, and many have been isolated from environmental, 

plant and animal sources (World Health Organisation, 2004; Magee & Ward, 2012). Though 

the principle human pathogens are M. leprae and organisms assigned to the M. tuberculosis 

complex, it is well established that members of other mycobacterial species, variously 

described as atypical mycobacteria; mycobacteria other than tuberculosis, or non-tuberculous 

mycobacteria may be opportunistically responsible for disease in humans (Magee & Ward, 

2012). Everyday contact between humans and environmental mycobacteria may result in little 

or no adverse effect; transient colonisation or; in some individuals, may lead to a pathogenic 

process (Falkinham, 1996; Primm et al., 2004). Modern developments in clinical approaches 

to the treatment of clinical, genetic and immunological disorders including the use of immune-

suppressive therapies have, paradoxically, led to an increased recognition of the dangers of 

opportunistic infection by environmental organisms, including mycobacteria (Olivier 1998; 

Wallace et al., 1998; Phillips & von Reyn, 2001).  

 

Classically, mycobacteria are separated into two broad taxonomic groups based on the rate of 

growth of a controlled inoculum on solid media. Those species termed slowly-growing require 

greater than 7 days for the appearance of colonial growth, visible to the naked eye, from a 

dilute inoculum. Conversely, rapidly-growing species require less than 7 days under the same 

conditions (Wayne & Kubica, 1986). This phenotypic distinction is supported by phylogenies 

based on gene sequence studies (Goodfellow & Magee, 1998, Nouioui et al., 2018). Those 

species which are potential opportunistic infectors and therefore clinically relevant, more 
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frequently occur in the slowly growing group (Goodfellow & Magee, 1998; Magee & Ward, 

2012). Despite this, some rapidly growing species may occasionally be of clinical significance, 

(Armstrong & Parrish, 2021; Tortoli et al., 2017).  Most notably those assigned to the 

Mycobacterium abscessus/chelonae clade (Magee & Ward, 2012). This clade includes M. 

abscessus subsp. abscessus, M. abscessus subsp. bolletii (Adékambi et al., 2006b), M. 

abscessus subsp massiliense (Adékambi et al., 2004), M. chelonae subsp chelonae, M. 

chelonae subsp bovis (Kim et al., 2017) and M. chelonae subsp gwanakae (Kim et al., 2018) M. 

immunogenum (Wilson et al., 2001), M. salmoniphilum (Whipps et al., 2007), M. franklinii 

(Nogueira et al., 2015a), M. stephanolepidis (Fukano et al., 2017a) and  M. saopaulense 

(Bergey et al., 1923; Leao et al., 2011). 

 

Given their predilection for growth temperatures lower than that of the body temperature of 

humans, it is not surprising that M. abscessus (sensu lato) and M. chelonae have been 

implicated as causal agents in infections of wounds due to skin surface trauma (Arnold et al., 

2012), rather than as systemic pathogens. However, other areas of the human body where 

lower natural temperatures may prevail can provide a suitable environment. One such area is 

the upper respiratory tract. As these mycobacterial species may be present in water systems 

(including potable water) they may be transient colonisers of the respiratory tract (Primm et 

al., 2004; World Health Organisation, 2004). In an immune-competent individual such 

colonisation is usually temporary, but when there is impairment of respiratory function then 

colonisation may become more established, difficult to eradicate and lead to a pathogenic 

effect.  

 

The M. chelonae clade as described by Magee and Ward (2012) has had a tangled taxonomic 

history. M. abscessus and M. chelonae were initially thought to be synonymous but were 

described as separate species by Kusunoki & Ezaki, (1992). More recently, several organisms 

which were initially validly named as independent species have been reclassified as subspecies 

of M. abscessus (Leao et al., 2011, Minias et al., 2020). These shifts in classification have 

further confused the relationships between species and their resultant 

pathogenicity/virulence. However, taxonomic studies have largely been based upon 

phenotypic characters or short sequences of housekeeping genes, notably sequences of the 

16S rRNA and rpoB genes. 
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The taxonomic relatedness of these species has not been studied in depth by reference to the 

whole genome. Equally, the association of taxonomic variance with pathogenicity or virulence 

has not been explored at the genomic level. Previously, study of these factors was hindered 

by the lack of whole genome sequences for Mycobacterium chelonae, however, the number 

of deposited nucleotide sequences in the National Centre for Biotechnology (NCBI) database 

has increased significantly during the course of this project, which began in 2013 with practical 

work completed in 2019 

 

1.1.1 The Mycobacterium tuberculosis complex 

 

The existence of microorganisms and their role in disease was unknown until the early 18th 

century when several scientists postulated the possibility of unseen living organisms. 

Arguably, the science of microbiology began with the pioneering Dutch microscopist Antonie 

van Leeuwenhoek (1632-1723). He is often referred to as the “father of microbiology” since 

he constructed the first compound microscope and used it to describe the “animalcules” 

which he was then able to detect (Corliss, 1975). The cell culture techniques developed by 

Robert Koch (1843-1910) enabled an increasing clinical interest in microbiology. However, it 

was Koch himself who became interested in tuberculosis and postulated that the disease was 

caused by a microorganism (Koch, 1882). 

 

Initial interest in mycobacteria was, unsurprisingly, driven by clinical need and thus focussed 

primarily on Mycobacterium tuberculosis and on Mycobacterium leprae. Although the 

existence of bacteria and specifically these two species may not have been known until the 

18th century, the medical conditions later ascribed to them, namely leprosy and tuberculosis 

have been recognised since the beginning of recorded history. Reference to tuberculosis in 

early literature uses terms descriptive of the clinical appearance of the condition; for example, 

consumption, phthisis and the white plague. The term tuberculosis dates from the 19th 

century in reference to the tubercules found to be present in the lungs of deceased sufferers 

(from Modern Latin, tuberculum "small swelling, lump"). In contrast, leprosy has no such 

synonyms, although to avoid concerns in relatives and carers the term Hansen’s disease was 

often used in reference to G.H.A. Hansen (Irgens, 2002) who discovered the causative 

organism.  
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The use of tandem repeat sequences as genetic markers suggest that tuberculosis can be 

traced back some 40,000 years into history, coincident with the beginning of the migration of 

“modern man” from the African continent (Wirth et al., 2008). Subsequently, tuberculosis 

most probably spread to other humans and to domesticated animals such as goats and cattle 

as trade routes developed. A genomic study of modern isolates suggests that M. tuberculosis 

attained its worldwide distribution following human migration out of Africa during the 

Pleistocene epoch (Comas et al., 2013). A study of three 1,000 year-old mycobacterial 

genomes from Peruvian human skeletons (Bos et al., 2014) revealed that a member of the M. 

tuberculosis complex caused human disease before contact with this group could have 

occurred. The ancient strains were shown to be distinct from known human-adapted strains 

and were related most closely to those adapted to seals and sea lions, supporting the theory 

sea lions and seals could have carried the disease across the Atlantic to South America. 

Hunters are likely to have come into contact with the disease via this source. These 

transmission routes are somewhat speculative but variants of the bovine strain of tuberculosis 

(Mycobacterium bovis) occurring in goats (Mycobacterium caprae) and seals (Mycobacterium 

pinnipedii) are well recognised (Magee & Ward, 2012).  

 

The past three decades has seen steady advances in the laboratory diagnosis of tuberculosis, 

including, automated liquid culture, polymerase chain reaction (PCR) applied directly to 

clinical samples and positive cultures, random access platforms which utilise PCR to detect 

drug resistance directly from samples or positive cultures and the use of Whole Genome 

Sequencing (WGS) to identify relatedness between strains. All of these have improved patient 

pathways by reducing the time taken to culture the organism and provide susceptibility 

profiles, enhance contract tracing and allow meaningful interventions which can reduce 

transmission events and control spread (Cheng et al., 2004; Chihota et al., 2010; Hamdi et al., 

2020; Park et al, 2022). 

 

The World Health Organisation (WHO) reported that globally, TB incidence is falling at around 

2% per year and between 2015 and 2020 the cumulative reduction was 11%, excellent 

progress toward the End TB Strategy milestone of 20% reduction between 2015 and 2020. The 

COVID 19 pandemic has had a detrimental effect on this strategy with the most obvious impact 

being a large global drop in the number of new diagnoses, which fell from 7.1 million in 2019 
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to 5.8 million in 2020, an 18% decline back to the level of 2012.  Provisional data up to June 

2021 show ongoing shortfalls (World Health Organisation; Global Tuberculosis report 2021). 

Of the five key priorities of the United Kingdom Health Security Agency (UKHSA) TB Action 

Plan for England 2021-2026, the first is the recovery of services affected by the COVID 19 

pandemic so that the expected increase in undetected and unreported cases of active disease 

and latent infection can be addressed (UKHSA TB Action Plan for England 2021-2026) 

 

This focus on M. tuberculosis and M. leprae led to other species, as they were increasingly 

detected, being collectively labelled as “non-tuberculous mycobacteria” NTM; other terms 

have since come into use e.g., environmental, opportunist or atypical mycobacteria. However, 

although a convenient shorthand, these terms can be misleading since there is considerable 

variation in the pathogenic potential as well as the clinical manifestation of these species.  

 

1.1.2 Non-tuberculous mycobacteria 

As noted earlier the Mycobacterium tuberculosis complex is a term used to refer to organisms 

classified as M. tuberculosis and to those which are known to cause tuberculosis in man or 

animals (e.g., Mycobacterium bovis) or are genetically indistinguishable except by the most 

exacting of analyses (e.g., Mycobacterium africanum) (Magee & Ward 2012). There are a 

number of terms which are used to label those mycobacterial species which are not assigned 

to the Mycobacterium tuberculosis complex. The most common of these terms is non-

tuberculous mycobacteria (NTM). However, the terms “atypical” or “opportunist” will often 

be noted as will “mycobacteria other than tuberculous” or MOTT. Although NTM may be the 

most accurate of these descriptive terms, the other terms have some understandable validity. 

The term “atypical” highlights differences in phenotypic properties often shown by these 

species (from those of M. tuberculosis).  Alternatively, “opportunist” refers to the non-obligate 

pathogenicity of these species, again in contrast to M. tuberculosis. However, some species 

have no known occurrence as pathogens which belies their labelling as opportunist infectors. 

The weakness of these terms in identifying these species lies in the fact that some of those 

labelled as non-tuberculous (i.e. NTM) may cause pulmonary infections which can be difficult 

to distinguish from tuberculosis on primary presentation (Johnson & Odell, 2014). 

Nevertheless, a surprising number of these species can cause disease if certain conditions are 
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met. In a sense they are niche pathogens i.e. causing infections when opportunity and 

occurrence coincide. 

 

NTM are ubiquitous environmental organisms mostly found in soil and water which cause 

lung, lymph node, joint and catheter-related and disseminated infections in susceptible 

individuals. NTM are also implicated in progressive inflammatory lung damage, a condition 

which is termed NTM pulmonary disease (NTM-PD) (Haworth et al., 2017). Despite this 

worldwide distribution NTM are geographically heterogeneous. Two studies that attempted 

to study this geographic diversity were carried out by Marras & Daley in 2002 and by Martín-

Casabona et al., in 2004. The latter reported NTM isolation over a period of three decades up 

to 1996, but included laboratories from Europe, Turkey, Iran and Brazil only, additionally 

sampling processes were not consistent over the time period.  Both studies confirmed that 

Mycobacterium avium complex (MAC) isolates predominate worldwide, whilst others, 

Mycobacterium malmoense, Mycobacterium xenopi and Mycobacterium kansasii 

demonstrated characteristic geographic occurrence. M. malmoense being more commonly 

found in Northern Europe, M. xenopi in Canada and the United Kingdom and M. kansasii in 

midwestern and southwestern states of USA. 

 

In 2013 Hoefsloot et al., published the results of a collaborative study in which global partners 

in the NTM-Network European Trials Group (NET) framework (a branch of the Tuberculosis 

Network European Trials Group (TB-NET) were invited to provide data on the total number of 

patients from whom NTM were isolated from pulmonary samples in their hospital, regional or 

reference laboratory in the year 2008. Species identification results and details of the 

identification methods used were submitted and only those partners who had NTM isolates 

in excess of 30 could contribute to ensure sufficient experience and interpretability of results 

was demonstrated. One isolate per species, per patient was included in the analysis. In total, 

species identification data was received on 20,182 patients, from 62 laboratories in 30 

countries across 6 continents. In all 91 different NTM species were isolated. 

 

The species distribution among NTM isolates from pulmonary specimens in 2008 was found 

to differ by continent and by country within these continents, therefore the frequency and 

indicators of pulmonary NTM disease in each geographical location may be influenced by 

these differences in species distribution. The six most frequently isolated NTM were M. avium 
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complex (9421 isolates; 47%), M. gordonae (2170 isolates; 11%), M. xenopi (1605 isolates; 

8%), M. fortuitum complex (1322 isolates; 7%), M. abscessus (664 isolates; 3%) and M. kansasii 

(720 isolates; 4%). These six species accounted for 80% of all mycobacteria identified (Table 

1, Figures 1 and 2). 

 

The most frequently encountered rapidly growing species were M. abscessus and M. fortuitum 

and again, these species demonstrated clear geographical differences. Rapidly growing 

species were found to be more prevalent in centres in East Asia. Overall, they made up 27% 

of all NTM isolates, compared to 17.9%, 16% and 14% from collaborating centres in North 

America, South America and Europe respectively. Examining data from within countries in East 

Asia further differences could be discerned. In Tokyo, rapidly growing species accounted for 

6.6% of all isolates, in contrast to collaborating centres in Taiwan and S. Korea where the rates 

were 50% and 28.7% respectively. In S. Korea M. abscessus was the second most frequently 

isolated NTM after isolates belonging to the M. avium complex. The data confirmed previous 

findings that M. malmoense is encountered most frequently in northern Europe. 

 

Table 1. Distribution of respiratory non tuberculous mycobacteria (NTM) isolates. Data are 

presented as n or n (%), where n is the number of patients or isolates. MAC: Mycobacterium 

avium complex isolates and (percentage of all non tuberculous mycobacteria). Reproduced with 

permission from Hoefsloot et al., 2013. 

 

Region Number of 

participating 

Laboratories 

Number of Patients from 

whom NTM were isolated 

Number and 

(percentage of) 

isolates identified 

as members of 

MAC * 

Europe  43 6803 2500 (36.9) 

North America 4 4913 2553 (52.0) 

South America 3 393 123 (31.3) 

Australia (Queensland) 1 453 322 (71.1) 

Asia 3 1974 1062 (53.8) 

South Africa 2 5646 2849 (50.5) 

Total 56 20182 9421 (46.7) 
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Figure 1. NTM-Network European Trials Group (NET) Study: Distribution of respiratory 

nontuberculous mycobacteria (NTM) isolates, isolated from 62 collaborating laboratories 

across 6 continents. Reproduced with permission from Hoefsloot et al., 2013. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. NTM-Network European Trials Group (NET) Study:  Distribution of NTM by species 

isolated from pulmonary samples in 2008 in 20 European countries. Reproduced with 

permission from Hoefsloot et al., 2013. 
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NTM are divided into two broad categories, slow and rapidly growing species with the most 

common non tuberculous mycobacteria implicated in human infections belonging to the slow-

growing category (Wallace et al., 1990; Campbell & Jenkins, 1995). Several recent studies 

report that the incidence of infection with NTM is increasing worldwide (Simons et al., 2011; 

Koh et al., 2013; Chou et al., 2014; Ratnatunga et al., 2020; Stout et al., 2016) with the rate of 

infection in England, Wales and Northern Ireland more than doubling between 1996 and 2006. 

(Shah et al., 2012).   The same advances in culture and molecular techniques which drove 

improvement in the laboratory diagnosis of tuberculosis have also enhanced the recovery of 

NTM from clinical samples, additionally, improved recognition by clinicians of the relationship 

between these organisms and the diseases they produce is also a factor.  

 

Perhaps the most widely reported of those NTM implicated in disease are organisms assigned 

to the Mycobacterium avium complex (MAC). Originally named for its occurrence in birds 

(Magee & Ward, 2012), it was later established that the species had several variants and close 

antigenic relationships with other species, notably with M. intracellulare (which led to the 

occasional use of the term MAI complex). It was accepted that M. avium was not an 

homogenous species (Stanford & Grange, 1974). However, separation of the component 

variants was exacting, and this led to the term M. avium complex becoming commonly used. 

Strains assigned to the M. avium complex have been found to be common in the environment 

and thus unsurprisingly detected as commensal or occasionally causing disease in humans and 

animals (Gordin & Horsburgh, 2015). MAC strains have been detected in various clinical 

settings, in respiratory infections in the elderly and most notably in childhood cervical 

lymphadenitis (Thavagnanam et al., 2006). These limited clinical interactions with humans 

suggest that immune defence mechanisms are effective in normal situations. The human 

immunodeficiency virus (HIV) epidemic and associated progression to acquired immune-

deficiency syndrome (AIDS) triggered an escalation in systemic MAC infections, due to the 

concomitant severe reduction in immune capability. Quite rapidly an organism with a history 

of limited impact in human disease became a dangerous pathogen to those suffering from 

HIV/AIDS. Although treatment of the infections was attempted, results were poor, and the 

impact of MAC was only alleviated when HAART (highly active anti-retrovirus therapy) was 

introduced. This therapy breakthrough resulted in immune response capability returning to 
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normal levels, and the incidence of disseminated MAC was dramatically reduced (Moore & 

Chaisson, 1999). 

Mycobacterium chimaera is an organism closely related to Mycobacterium intracellulare and 

one of those species separated from the “MAI complex” by modern taxonomic methods. 

Although now known to be common in the environment, and particularly in water, it was 

previously not encountered as a human pathogen. In 2014, six cases of severe infection due 

to Mycobacterium chimaera, were reported in cardiac surgery patients in Zurich (Sax et al., 

2015). These patients had undergone heart surgery with cardiac by-pass. It was established 

that these infections resulted from mycobacteria-laden biofilms formed within the 

heater/cooler units of the by-pass apparatus with acquisition by patients as a result of 

bioaerosols emitted from the water systems of these units. The inherent characteristics which 

allow this species to selectivity colonise such equipment are yet to be elucidated; but it is now 

clear that Mycobacterium chimaera is an emerging opportunistic threat to patients 

undergoing coronary bypass surgery and open-heart procedures requiring extracorporeal 

devices (Walker et al., 2017). Public Health England first published Guidance for healthcare 

professionals on the infection control and clinical aspects of Mycobacterium chimaera 

infection associated with cardiopulmonary bypass in June 2015. The most recent update to 

this guidance indicates that, as of 7 October 2022, there were 49 cases of Mycobacterium 

chimaera infection following surgery on cardiopulmonary bypass, of which 34 have died. The 

median interval between surgery and diagnosis is 24 months but ranges from less than 1 

month to 154 months (UKHSA, 2022) 

 

The opportunity to make the step from the environment to a human infection may sometimes 

be a function of geographic constraints. Mycobacterium kansasii, for example, appears to be 

most commonly encountered in association with watercourses (Kaustova et al., 1981; 

Fisheder et al., 1991). In contrast, infections with Mycobacterium malmoense are 

predominantly encountered in more northerly geographic locations. Named for its first 

recognition as a cause of infections in the city of Malmo, Sweden; M. malmoense has been 

isolated from patients in the North of England and in Scotland but less often in more southerly 

regions (Connolly et al., 1985; France et al., 1987). Both of these species will cause lung 

infections in elderly patients, especially those with underlying respiratory conditions. 
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Notwithstanding the examples above, systemic diseases associated with NTM are uncommon. 

These mycobacterial species are more likely to be encountered in superficial lesions (Wallace 

et al., 1990). Mycobacterium marinum for example is a fish pathogen found in temperate 

climates (Clark & Shepard, 1963). However, it can cause cutaneous granulomas on the 

extremes of arms (e.g., forearms, wrists, fingers) and legs (knees, feet, toes). These infections 

are associated with swimming pools and fish tanks and are often referred to as “swimming 

pool” or “fish tank” granulomas. The lesions can spontaneously heal, albeit slowly, but may 

require chemotherapy or even surgical debridement (Norden & Linell, 1951; Magee & Ward, 

2012). Sequence analysis of the 16S rRNA and 16S-23S rRNA genes shows Mycobacterium 

marinum to be closely related to Mycobacterium ulcerans (Roth et al., 1998). However, this 

species will cause far more serious progressive and malignant cutaneous ulceration of the 

lower limbs which can lead to muscle and tendon damage and possibly deformity. M. ulcerans 

is found in several tropical regions (Boisvert, 1977) and will sometimes be referred to by one 

of several geographic epithets e.g., Buruli ulcer (a region of sub-Saharan Africa), Bairnsdale 

ulcer (a region of the Australian state of Victoria). 

 

Aside from the fact that any microorganism contaminating an area of superficial damage may 

be unwelcome, few of the rapidly growing mycobacterial species have been implicated as 

pathogens in humans. There are however some exceptions. Mycobacterium cosmeticum for 

example has been implicated as a cause of granulomatous lesions on the fingers of individuals 

using nail salons (Cooksey et al., 2004). Somewhat similarly, Mycobacterium mageritense has 

been found as a cause of furunculosis associated with footbaths in nail salons (Gira et al., 

2004). Mycobacterium novocastrense, initially thought to be a variant of M. marinum, was 

isolated from a slowly spreading skin granulation on the hand of a child (Shojaei et al., 1997).  

However, the only rapidly growing mycobacterial species encountered as systemic pathogens 

are those assigned to the Mycobacterium abscessus/chelonae clade; most specifically M. 

abscessus and its known variants. 
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1.2  Mycobacterial Systematics 

1.2.1 Genus description 

Before continuing it is necessary to give a brief evaluation of recent taxonomic changes which 

were considered for this genus. It has been proposed that the genus Mycobacterium be 

divided into five different genera based on phylogenetic data. The results have proposed the 

separation of the various species into five major clades (Gupta, Lo & Son 2018). The authors 

proposed that the genus Mycobacterium would contain members of the Mycobacterium 

tuberculosis complex, while most of the nontuberculous mycobacterial species would be 

classified in the following four genera: Mycobacteroides, Mycolicibacter, Mycolicibacterium, 

and Mycolicibacillus. The proposed division of the single genus Mycobacterium by Gupta and 

colleagues was undoubtedly supported by the criteria used for establishing novel species using 

genomic comparisons. However, it has created debate in the wider community, where 

changing the taxonomic designation of so many mycobacterial species of clinical importance 

could be problematic from a laboratory diagnostic and patient care standpoint. Amalio 

Telenti, stated 20 years ago: “clinical meaningfulness should be the key to taxonomic 

precision” (Telenti 1998). Others active in the field of mycobacteriology have noted their 

reservations to these proposed changes.  (Tortoli et al., 2019).  

For the purposes of this thesis, I will continue to use the designation Mycobacterium. 

 

The type genus Mycobacterium is the sole genus within the taxonomic Family 

Mycobacteriaceae which is of the Order Corynebacteriales and the Phylum Actinobacteria 

(Ludwig et al., 2012). The name Mycobacterium is derived from the Latin root “myco” which 

may mean fungus-like (some species do show filamentous and branched forms) but also 

“waxy” (which reflects their high lipid content). Mycobacteria have a high Guanine and 

Cytosine content (57-73%). Their cell walls contain a high content of phospholipids and are 

rich in chloroform soluble waxes, including mycolic acids with distinctive long branched chains 

(60-90 carbon atoms). On pyrolysis cells release fatty acid esters with 22-26 carbon atoms 

(Magee & Ward, 2012). Species encompassed by this genus characteristically display “acid-

fastness” at some stage of growth. This particular characteristic classically refers to the 

retention of a dye (basic fuchsin) in stained preparations of the organisms despite attempted 

decolourisation with strong acid. This trait may also be shown by some other members of the 

order Corynebacteriales albeit to a lesser degree. However, mycobacteria will often display a 
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unique resistance to decolourisation by a mixture of both acid and alcohol (usually methyl 

alcohol is used in this context).  

 

1.2.2 16S rRNA gene 

The 16S rRNA gene is universal in bacteria, having a high degree of within-species conservation 

resulting from the critical importance of the gene to cell function (Woese, 1987; Clarridge, 

2004). The stability of this gene in one species and difference from the equivalent gene in 

another species led to 16S rRNA gene sequence analysis being used as a mainstay of bacterial 

genus and species description (Garrity & Holt 2001).. 

 

16S rRNA gene sequence analysis data has been used with confidence in the differentiation of 

genera. Stackebrandt et al., (1997) and later Zhi et al., (2009) proposed a definition of the 

family Mycobacteriaceae based on 16S rRNA signature nucleotides at positions 128:233 (G-C), 

250 (U), 316:337 (C-G), 418:425 (C-G), 586:755 (U-G), 599:639 (U-G), 662:743 (C-G), 987:1218 

(G-C), 1000:1040 (A-U) and 1026:1035 (U-G). The genus currently consists of over 260 species 

and subspecies. 

 

In 2017, Beye et al., assessed the accuracy of 16S rRNA nucleotide sequence similarity for the 

classification of new mycobacterium isolates at species level, studying the pairwise identity 

values of the 16S rRNA gene sequence for 131 validly published Mycobacterium species. They 

observed that 16S rRNA gene sequence similarity thresholds for delineating bacterial species 

were valid for only 0.76% of 131 Mycobacterium species studied (a single species 

Mycobacterium poriferae). Additionally, as the study covered over 70% of the Mycobacterium 

species currently validly described, they propose that the 95% and 98.65% thresholds are not 

suitable for this genus and should at best be used as indicators, not as a reference standard, 

for classifying new Mycobacterium species.  

 

This reinforces earlier studies which also demonstrated that 16S rRNA gene sequence analysis 

is not always sufficiently discriminatory at the species level and that this approach is 

dependent upon very high precision in determining detailed nucleotide sequence data 

(Mende et al., 2013; Varghese et al., 2015) 
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1.2.3 Species assignment in mycobacteria 

The first attempts to classify Mycobacterium species, in the 1950s, resulted in a division into 

four groups based on growth rate and pigmentation (Timpe & Runyon, 1954; Runyon, 1958, 

1959). Groups I, II, and III were composed of slow-growing strains.  Group I was composed of 

non-chromogenic species.  Conversely groups II and III contained species which display 

notable pigmentation either when subjected to light stimulation (photo-chromogenic) or 

without such a stimulus (scoto-chromogenic).  Group IV consisted of rapidly growing species. 

A more comprehensive collection of phenotypic characters was introduced in a series of 

numerical taxonomy studies, many of which were under the auspices of the International 

Working Group on Mycobacterial Taxonomy (IWGMT) (Table 2). From the late 1960s into the 

1990s this ad hoc grouping of scientists applied numerical taxonomic principles to both slow- 

and rapid-growing mycobacteria, bringing some much-needed organisation to the 

classification of this genus (Wayne, 2000). 

 

The phenotypic characters utilised in numerical taxonomic studies were valuable in allowing 

easier recognition of some species on primary isolation. However, it quickly became apparent 

that several important species were not homogenous, and that some “species” were a catch-

all name for ill-defined isolates. For example, the species M. avium and M. intracellulare, each 

with a separate pathogenesis, were often grouped together as the M. avium/intracellulare 

complex. To overcome this problem, it was necessary to move from analysis of cell reactions 

as a mirror of genetic make-up, to analysis of elements of the genome itself. This approach 

was the basis of the final IWGMT study which focussed on problems among slowly-growing 

species (Wayne et al., 1996). This study used two methods at the molecular level; sequence 

analysis of the 16S rRNA gene and DNA: DNA pairing experiments, alongside the 

determination of pheno- and chemo-taxonomic characteristics. Termed polyphasic taxonomy 

(after Colwell, 1970) this approach recognises that both genotypic and phenotypic data are 

required for the accurate delineation of a bacterial species.
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Table 2. Phenotypic characters used in differentiating members of the Mycobacterium abscessus/chelonae clade. 

 M. 

abscessus 

M. 

abscessus 

subsp. 

bolletii 

M. abscessus 

subsp. 

massiliense 

M. chelonae M. franklinii M. 

immunogenum 

M. 

salmoniphilum 

M. 

stephanolepidis 

M 

saopaulense 

Colony type Smooth  

or rough 

Smooth  

or rough 

Intermediate 

between rough 

and smooth 

Smooth/rough 

Moist/shiny 

Not 

Available 

Rough Smooth/ 

shiny 

Smooth  

or rough 

(mainly rough) 

Smooth  

 

Pigment/ 

colour 

None/ 

White/grey 

None None None/buff None/ None/ 

Off-white 

None/ 

cream 

None/White None/ Not 

Available 

Temperature 

Range (0C) 

280C-370C 240C -370C  

Optimum 

300C 

240C -370C  

Optimum 300C 

220C -400C 250C -370C 

Optimum 

280C  

300C -350C  

Optimum 300C 

200C -30 150C -350C  

Optimum 200C 

 

Citrate 

utilisation 

- - - + +/- - Not Available Not Available + 

5% w/v NaCl + - + - + - Not Available - + 

MacConkey 

agar 

+ Not 

Available 

+ + Not 

Available 

+ + Not Available Not Available 
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Analyses of 16S rRNA gene sequences have proven to be an effective tool in the determination 

and definition of bacterial species. Many novel Mycobacterium species have been 

characterised and validly described using 16S rRNA gene sequence analysis with associated 

phenotypic data (Shojaei et al., 1997, 2000). 16S rRNA gene sequences from many bacterial 

species, including mycobacteria have been deposited in international databases, thus 

providing a resource to aid workers in the classification of bacterial strains. Although an 

effective technique in most instances, in some closely related species the 16S rRNA gene may 

be too conserved to allow differentiation at the species level (Magee & Ward, 2012). To 

resolve such problems DNA: DNA pairing has been applied (Stackebrandt & Goebel, 1994). 

This technique examines the degree of re-association of single stranded DNA from one 

organism with that of another to which it is being compared. The degree of relatedness is a 

factor of the degree of hybridisation; organisms with 70% or more DNA similarity are 

considered to be of the same species consistent with having at least 96% 16S rRNA gene 

sequence identity (Stackebrandt & Goebel, 1994). For example, several DNA pairing 

techniques were used by Kusunoki and Ezaki (1992) in studying the so-called “M. fortuitum 

complex” and led to the proposal to re-instate M. peregrinum as an independent species. 

However, though highly discriminatory, DNA pairing techniques are technically demanding, 

time consuming and sensitive to experimental conditions. Given that each strain to be studied 

must be compared individually with strains of each possible related species, the technique is 

also expensive to perform and as a result now rarely utilised. This has led to the analysis of 

sequence data from genes less conserved than the 16S rRNA gene. The description of 

Mycobacterium conceptionense for example, was largely based on analysis of a partial rpoB 

gene sequence (Adékambi et al., 2006a). In some cases, small variations in several genes have 

been used to define a new species as with Mycobacterium paraseoulenese (Lee et al., 2010). 

However, dependence on small base-pair variances in relatively short, single gene sequences 

may be misleading and this led to the idea that data from multiple sequences should be 

concatenated (i.e. aligned and compared in a linear fashion), to add rigor to the species 

definition (Devulder et al., 2005). This approach was used by van Ingen et al., (2009) in their 

description of Mycobacterium vulneris when they analysed concatenated sequences from the 

16S rRNA, hsp65 and rpoB genes. 
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Whether based on phenotypic or genomic data, the relationships of individual species to one 

another can be diagrammatically represented in phylogenetic trees. In principle, such trees 

show the degree of similarity (or dissimilarity) between representative strains of the 

organisms being studied. This may allow variances at the genus or species level to be apparent, 

aiding their definition. Although phylogenetic trees can be constructed from any 

comprehensive dataset, 16S rRNA gene sequences are the basis of many comparative analyses 

of bacteria since they are available for the great majority of species.  

 

A limitation of the published 16S rRNA gene sequence databases is that deposited sequences 

of some species are occasionally too short to provide reliable comparison with those of related 

species. The analysis of mycobacterial species relationships prepared for Bergey’s Manual of 

Systematic Bacteriology used, wherever possible, sequence data from original species 

descriptions. However, where these sequences were seen to be of short length, they were 

replaced by sequence data of higher quality derived from subsequent studies (Magee & Ward, 

2012). The resulting phylogenetic tree gathered species into clades i.e., groups based on a 

single branch within the tree. Standard two-dimensional trees may occasionally mislead since 

they do not allow the perspective of depth.  

 

Thus, species apparently closely aligned in two-dimensions may in fact be more distantly 

related when the sequence analyses are presented in three dimensions. However, the 

analyses carried out by Magee and Ward (2012) and shown as Figures 3 and 4, clearly 

demonstrate that within the 16S rRNA gene sequence phylogeny determined for rapidly-

growing mycobacteria, there was a distinct clade centred on M. chelonae and comprising, in 

addition to this species, M. abscessus, M. bolletii, M. immunogenum, M. massiliense and M. 

salmoniphilum.  
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Figure 3. Phylogenetic tree constructed from 16S rRNA gene sequence data of rapidly growing 

mycobacterial species.  

Generated using Jukes and Cantor (1969) similarities, the neighbour-joining algorithm (Saitou 

& Nei, 1987) using SeaView (Gouy et al., 2010) and Dendroscope v2.74 (Huson et al., 2007). 

Bootstrap values from 1000 iteration. From Magee and Ward (2012). 
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Figure 4. Phylogenetic tree constructed from 16S rRNA gene sequence data of rapidly growing 

mycobacterial species shown as a radial tree.  

Generated using Jukes and Cantor (1969) similarities, the neighbour-joining algorithm (Saitou 

& Nei, 1987) using SeaView (Gouy et al., 2010) and Dendroscope v2.74 (Huson et al., 2007). 

Bootstrap values from 1000 iteration encompassing all mycobacterial species. From Magee 

and Ward (2012). 
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The cladistic relationship of species associated with M. chelonae was established by Magee & 

Ward (2012) by an analysis of 16S rRNA gene sequence data. The results of this analysis were 

realised in a three-dimensional dendrogram. There are several species and variants which 

have been subsequently described but, in each case, the close relationship to M. 

chelonae seen in 16S rRNA gene sequence analysis has been noted. Thus, the continued use 

of the term “M. chelonae clade” to encompass these organisms seems reasonable.  

 

Progressively, next generation sequencing platforms have made whole genome sequencing 

affordable and more accessible to researchers. While the phenotypic characteristics of species 

may remain valuable, descriptions of both existing and newly detected microorganisms may 

increasingly be dependent upon whole genome signatures (Thompson et al., 2011; 2013). This 

will allow taxonomic trees to be based upon the evolutionary information contained in the 

whole genome sequences, so called super-trees (Daubin et al., 2001). However, it should be 

noted that phylogenetic trees based on whole genome sequences often showed close 

agreement with those based on the 16S rRNA gene (Thompson et al., 2013). Nevertheless, 

whole genome sequencing is already finding applications in outbreak management and the 

surveillance of pathogens (Deurenberg et al., 2017; Lalor et al., 2018).  

 

1.3 M. abscessus, M. chelonae and Other Members of the M. chelonae Clade 

1.3.1 Phenotypic characteristics 

 

Microscopically, cells are rod shaped and Gram positive. They are acid-alcohol-fast in young 

cultures but in older cultures non-acid-fast forms may be seen. Even within individual species 

there is variation in cell form, from short to long rods (1.0 – 6.0 µm) and from narrow to thick 

(0.2 – 0.6 µm) with coccoid forms also possible. 

 

Colonial morphology is equally variable. All species are considered non-chromogenic in the 

strict sense, that is none produce yellow/orange pigmentation either with or without 

exposure to light (Magee & Ward, 2012). Some strains may show white or grey colony 

colouration and M. salmoniphilum may show cream colouration in older cultures. Classically 

growth/no growth on MacConkey agar and on media with sodium chloride have been used in 
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primary separation of species, but these characteristics are unreliable. There are very few 

other phenotypic characteristics of value in distinguishing species within this clade.  

 

Earlier comparative studies of phenotypic characters were confined to M. abscessus and M. 

chelonae along with the invalidly named species “M. borstelense”. These studies held that M. 

abscessus could be distinguished from M. chelonae (and “M. borstelense”, now seen as a 

species variant of M. chelonae). Furthermore, it was suggested that M. abscessus and M. 

chelonae should be considered as subspecies (Kubica et al., 1972).  This view was supported 

by subsequent studies which named the subspecies as M. chelonae subsp. abscessus and M. 

chelonae subsp. chelonae (Silcox et al., 1981). This conclusion was also supported by DNA 

homology studies (Baess, 1982). However, at least one of the strains used in the latter study 

was not the Type strain (Goodfellow & Magee, 1998). Further DNA pairing studies by Lévy-

Frébault et al., (1986) led to the proposal by Kusonoki and Ezaki (1992) to re-establish M. 

abscessus as a distinct species. 

 

1.3.2 Molecular description  

Phenotypic characters may give a guide to the identity of strains provisionally assigned to the 

M. abscessus/chelonae clade, but they are neither reliable nor accurate in conclusive species 

determination. Phylogenetic trees based on 16S rRNA gene sequence analyses show good 

separation between most clades and species represented within the rapidly-growing 

mycobacteria (Figures 3 and 4; Magee & Ward, 2012). However, although these analyses 

clearly demonstrate a distinct M. abscessus/chelonae clade, separation of the individual 

species encompassed within the clade is uncertain when based on 16S rRNA gene sequence 

data alone. Although 16S rRNA gene sequence data will allow the separation of M. 

immunogenum and M. salmoniphilum from M. abscessus and M. chelonae, DNA homology 

studies were necessary to firmly establish the division of M. abscessus from M. chelonae 

(Wilson et al., 2001; Whipps et al., 2007).  

 

The relationship of M. bolletii and M. massiliense to M. abscessus introduces even more 

complexity. M. bolletii was described by Adékambi et al., (2006b) based on rpoB gene 

sequence data, despite 16S rRNA gene sequence data showing 100% similarity to M. 

abscessus. Similarly, M. massiliense was proposed by Adékambi et al., (2004; 2006c) on the 
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basis of small numbers of nucleotide variances from M. abscessus (in hsp65, sodA, recA, rpoB 

and ITS gene sequence analyses), although again showing 100% similarity to that species in 

16S rRNA gene sequence studies. The close similarity of M. bolletii and M. massiliense led to 

a proposal (Leao et al., 2009) for the union of these two species under one epithet and the 

recognition of two subspecies M. abscessus subsp. abscessus and M. abscessus subsp. 

massiliense. However, the epithet “bolletii” was held to have priority over “massiliense” and 

thus Leao et al., (2011) proposed the correct name of the subspecies to be Mycobacterium 

abscessus subsp. bolletii. In an attempt to dispel the confusion surrounding the species and 

subspecies assigned to M. abscessus Tortoli et al., (2016) assessed the functionality of the erm 

gene. This gene they considered to be functional in “M. bolletii” but non-functional (although 

present) in “M. massiliense”. Since the erm gene confers inducible resistance to macrolides 

(which are often used in therapeutic regimes) the authors considered the variance to be 

significant. Additional studies, including genome to genome distance assessment, led these 

workers to propose that M. abscessus subsp. massiliense be re-instated alongside M. 

abscessus subsp. abscessus and M. abscessus subsp. bolletii. Thus, there are presently three 

subspecies of M. abscessus. 

 

1.3.3 The clinical significance of rapidly growing mycobacteria 

There are currently over 260 validly described species and subspecies within the genus 

Mycobacterium. With the exception of the obligate pathogens Mycobacterium leprae; species 

assigned to the M. tuberculosis complex and possibly M. ulcerans (since an environmental 

habitat for this species is unknown), mycobacteria are either non-pathogenic to humans or 

opportunistic pathogens. The great majority of those species which show a propensity for 

opportunistic pathogenicity are slow-growing species (Goodfellow & Magee, 1998). In 

contrast, the majority of rapidly growing species are environmental and have not been found 

in a pathogenic role. Some have been incriminated as pathogens of animals, for example M. 

farcinogenes and M. senegalense, which are believed to be the cause of bovine farcy, a 

glanders like disease in African cattle which is of considerable economic significance 

(Chamoiseau, 1979). Some species have been detected in human clinical samples but not 

thought to be contributing to a clinical syndrome, for example M. insubricum was isolated 

from the sputum of five patients but was not thought to be significant despite each patient 

having a pre-existing respiratory condition (Tortoli et al., 2009). However, some species may 
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cause significant infections but be of rare or unusual occurrence, for example M. setense 

which was isolated from an infected soft tissue wound of the foot, resulting from the patient 

stepping on a nail (Lamy et al., 2008). Though clearly environmental in occurrence, some 

species may impact opportunistically on human health due to lifestyle or behavioural changes. 

For example, M. cosmeticum was named for its causal relationship to furunculosis resulting 

from cosmetic nail treatments; a condition in which M. mageritense has also been 

incriminated (Cooksey et al., 2004; Domenech et al., 1997; Wintrop et al., 2002). 

 

Those rapidly growing mycobacteria which are consistently detected as opportunistic 

pathogens of humans most usually fall into or are related to either the M. fortuitum or M. 

abscessus/chelonae clades as defined by Magee & Ward (2012). Within the M. fortuitum 

clade, M. fortuitum subsp. fortuitum may cause injection site abscesses, M. conceptionense 

was isolated from tissue associated with post-traumatic osteitis, M. houstonense was isolated 

initially from a face wound, M. neworleansense from a scalp wound and M. septicum from a 

catheter tip (Adékambi et al., 2006a; Schinsky et al., 2004; Schinsky et al., 2000; Magee & 

Ward, 2012). Isolates of Mycobacterium mucogenicum were initially labelled as M. chelonae-

like organisms (MCLO) before being shown to be clearly distinguishable by 16S rRNA gene 

sequence data and established as a separate species (Springer et al., 1995). Although originally 

associated with nosocomial outbreaks in peritoneal dialysis patients, isolates of this species 

have been recovered from wound infections including catheter related sepsis (Wallace et al., 

1993).  However, some of those species assigned to the M. abscessus/chelonae clade have 

become even more significant in their clinical occurrence. 

 

1.3.4 The clinical significance of the M. abscessus/chelonae clade 

The M. abscessus/chelonae clade currently contains 7 species: M. abscessus, M. chelonae, M. 

immunogenum, M. salmoniphilum, M. franklinii, M. saopaulense and M. stephanolepidis. M. 

abscessus is further divided into 3 subspecies, as is M. chelonae. Each of the species assigned 

to this clade is associated with water sources (even potable water) and several share with 

other rapidly growing species an occasional implication in wound infections. M. 

salmoniphilum has not been associated with human infections but is nevertheless a water-

borne species which is a pathogen of salmonid fish (Whipps et al., 2007). Gene sequence 

analyses show a close relationship between M. salmoniphilum and other members of the M. 
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abscessus/chelonae clade (Figures 3, 4). M. immunogenum, although initially isolated from 

bronchoscopy wash water has been specifically linked to hypersensitivity pneumonitis 

associated with metalworking fluid (Wilson et al., 2001; Shelton et al., 1999). This species has 

also been identified as a cause of keratitis following laser eye surgery (Sampaio et al., 2006). 

 

M. abscessus was originally isolated from synovium of the knee. Subsequently, it has been 

found as a pathogen in wound and soft tissue infections (Kusunoki & Ezaki, 1992). M. chelonae 

has also been found in wound and soft tissue infections and as a cause of cervical adenitis 

(Magee & Ward, 2012). Both M. bolletii and M. massiliense were initially isolated from sputum 

samples (Adékambi et al., 2004; 2006b). The lower optimum growth temperature and highly 

aerobic metabolism of species within this clade make them ill-fitted for deep-seated systemic 

infections. However, where temperature is more variable and redox potential is high, they 

may be encountered as colonisers. Bearing in mind the occurrence of these organisms in water 

and therefore in water distribution systems (Le Dantec et al., 2002; Thomson et al., 2013) it is 

perhaps unsurprising that they may transiently occur in the upper respiratory tract, due to 

contact with water droplets. Unfortunately, when this occurs in individuals with pre-existing 

respiratory conditions, these species may become more enduring colonisers. In some 

circumstances, such colonisation can lead to an exacerbation of the underlying disease 

process. It is in regard to this potential infectivity that M. abscessus and M. chelonae have 

emerged as significant species in some individuals particularly those suffering from suffering 

from cystic fibrosis.  

 

As described earlier M. abscessus is now more correctly M. abscessus subsp. abscessus. “M. 

massiliense” is considered by some taxonomists to be synonymous with “M. bolletii” (more 

correctly named M. abscessus subsp. bolletii (Leao et al., 2011)). However, “M. massiliense” 

is now also named as a subspecies of M. abscessus – M. abscessus subsp. massiliense. Prior to 

the description of these new subspecies and their re-classification, M. abscessus (sensu lato) 

was considered to have a more serious impact on the prognosis for individuals suffering from 

cystic fibrosis than M. chelonae (Arnold et al., 2012). As noted earlier, it may be difficult, 

accurately, to separate M. abscessus from M. chelonae.  It is now unclear whether strains 

previously assigned to either M. abscessus or M. chelonae were in fact representatives of one 
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of these subspecies. It is equally unclear whether these taxonomic niceties have a bearing on 

clinical colonisation or pathogenicity. 

 

1.3.5 The M. abscessus/chelonae clade and cystic fibrosis 

Cystic Fibrosis is a genetic disorder which is due to a mutation in the gene responsible for 

trans-membrane conductance of chloride and sodium ions, the cystic fibrosis transmembrane 

conductance regulator (CFTR). It is inherited in an autosomal recessive manner. It is 

particularly prevalent in people of European/Caucasian heritage. The disease affects secretory 

cells and results in the build-up of thick viscous secretions, notably in the lungs. In severe 

forms, this condition causes progressive disability and may result in early death. Respiratory 

problems are common and are exacerbated by frequent lung infections (Arnold et al., 2012). 

In more severe cases lung damage may be progressive and continued survival becomes 

dependent upon lung transplantation. There are several factors which have a bearing on 

suitability for transplantation but infection with M. abscessus (sensu lato) has been linked to 

a poor post-transplant prognosis and infection with this organism can become a disqualifying 

factor for the procedure. In contrast, M. chelonae infections are not held to be of similar 

significance (Sanguinetti et al., 2001; Yakrus et al., 2001). This variation in pathogenicity and 

clinical significance belies the close taxonomic relatedness of these species.  

It has been estimated that the incidence of NTM in CF patients has increased from 3.3% to 

22.6% over the last 20 years, with an associated increase in morbidity and mortality (Salsgiver 

et al., 2016: Martiniano et al., 2019: Daniel-Wayman et al., 2019).  

 

As previously discussed, in many areas of the world M. abscessus is second only to the M. 

avium complex as a clinically important NTM isolate. Additionally, after a great deal of debate 

it is now accepted that M. abscessus contains three distinct subspecies, M. abscessus subsp. 

abscessus, M. abscessus subsp. massiliense, and M. abscessus subsp. bolletii (Tortoli et al., 

2016). The majority of clinical isolates are M. abscessus subsp. abscessus and M. abscessus 

subsp. massiliense.  M. abscessus subsp. bolletii is rare in East Asia, with a lower incidence also 

reported in the USA, it does, however, appear to be more prevalent in Europe (Kim et al., 

2008; Koh et al., 2014). The determination by Koh et al., (2014) that the erm(41) gene is 

functional in M. abscessus strains but is not functional in the M. massiliense variant 

emphasises the value of accurate taxonomic speciation of M. abscessus. 

https://en.wikipedia.org/wiki/Autosomal_recessive
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The majority of clinical isolates consist of M. abscessus subsp. abscessus and M. abscessus 

subsp. massiliense; M. abscessus subsp. bolletii is rare in the US and East Asia, but appears 

more frequent in Europe (Koh et al., 2014). Subspecies distinction is clinically relevant in that 

the presence of a functional erythromycin ribosomal methylase gene, erm(41), is associated 

with delayed or failed response to macrolide combination therapy (Koh et al., 2011), despite 

in vitro susceptibility to clarithromycin at 3 days. Nash et al., (2009) were first to demonstrate 

that erm(41), present in M. abscessus (but not M. chelonae), conferred inducible resistance 

(through methylation of 23S ribosomal RNA) in a majority of M. abscessus subsp. abscessus 

isolates but was mutated in a smaller number of susceptible strains (Nash et al., 2009). The 

gene is also functional in most M. abscessus subsp. bolletii, conferring inducible resistance 

unless mutated, while deletions/truncation present in M. abscessus subsp. massiliense 

renders it susceptible (Nash et al., 2009). High-level resistance (not inducible) can also occur 

in all 3 subspecies due to single point mutations in the 23S rRNA gene. To detect inducible 

macrolide resistance, MIC determination requires incubation for up to 14 days (CLSI, 2011) 

and can be predicted by erm(41) gene sequencing (Brown-Elliott et al., 2015; Kim et al., 2016).  

 

A multinational WGS study of more than one thousand M. abscessus strains from over 500 

cystic fibrosis patients revealed that recent spread of 3 dominant circulating clones of M. 

abscessus (2 M. abscessus subsp. abscessus and 1 M. abscessus subsp. massiliense) has 

occurred within the cystic fibrosis community across three continents, namely the US, Europe 

and Australia (Bryant et al., 2016). It is postulated that M. abscessus is possibly spreading 

between patients indirectly via fomites or desiccation resistant aerosols. The isolate clusters 

were noted to correlate most closely with chronic infection, poorer clinical outcomes and 

showed high rates of resistance to amikacin and/or macrolide antibiotics. Increased 

phagocytic uptake and survival in the macrophages was noted in those isolates which 

clustered, factors which could clearly enhance the pathogenic potential of the organism. The 

possibility that M. abscessus is evolving to become a true pulmonary pathogen cannot be 

ruled out (Bryant et al., 2016). 

 

The M. abscessus colonisation of lung alveoli begins with smooth strains producing 

glycopeptidolipids and a biofilm, whilst in the invasive infection, “rough” mutants are 

responsible for the production of trehalose dimycolate, with cord formation as a consequence 
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of this. Using a M. abscessus infected CF zebrafish model Bernut et al., (2014), were able to 

demonstrate the crucial role of cording in the in vivo physiopathology of M. abscessus 

infection and the role of cording as a mechanism to evade the host immune response.  M. 

abscessus is also intrinsically resistant to many drugs but recently alternative strategies have 

been investigated. Jerry et al., 2022 reported the successful compassionate intravenous 

administration of two types of mycobacteriophage (BPsD33HTH_HRM10 and D29_HRMGD40) 

to a male patient with treatment refractory M. abscessus subsp abscessus. The phages had 

been specifically engineered to improve their capacity to lyse the M. abscessus infecting the 

patient, subsequent to the organism having been sequenced to facilitate this.     

 

1.4 Chemotherapy of Mycobacterial Infections 

The initial focus of attention in anti-mycobacterial drug discovery and development was in 

response to the pressure to find treatments for classical tuberculosis. This led to a series of 

developments throughout the 20th Century which arrived eventually at the use of combination 

therapies based particularly upon rifampicin and isoniazid. Issues of patient compliance and 

of clinical expertise have led to problems of drug resistance. This has been exacerbated by the 

inter-relationship of tuberculosis with HIV infection. Nevertheless, for the most part classical 

tuberculosis is eminently treatable but may require extended periods of treatment. 

 

There were a number of false starts and disappointments as this development process 

proceeded. For example, the focus on Streptomycin in the 1950s, which illustrated the failure 

of monotherapy and of the emergence of toxicity and resistance. 

 

Monotherapy, especially over protracted periods, was likely to lead to the selection of 

resistant mutants and thus to treatment failure. The addition of a second drug, p-amino 

salicylic acid (PAS) to streptomycin in a combination therapy was aimed at overcoming the 

development of resistance (MRC, 1952). Isonicotinylhydrazide (isoniazid; INAH) was similarly 

used in combination with PAS, streptomycin or both (Crofton, J.W. 1959). Thiacetazone, 

despite its toxicity issues is a low-cost agent and as a result was used in various combinations 

with the other available agents in treatment trials in Africa and India throughout the 1960’s 

and 1970’s (Tuberculosis Chemotherapy Centre, Madras, 1966; East African/British MRC, 

1973). These drugs, used in various combinations were the mainstay of treatment regimens 
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for tuberculosis until circa 1970 when more effective and better tolerated agents, notably 

rifamycins, became available.  

 

The efficacy of combination therapies was further developed with the introduction of 

pyrazinamide following several successful trials (Hong Kong Chest Service/MRC, 1981). The 

mode of action of this agent remains unconfirmed but is known to relate to its conversion 

within the bacterial cell to pyrazinoic acid. The killing action of the drug only occurs in acidic 

conditions (pH 5-6) which pertain intracellularly. Pyrazinamide is used as part of a drug 

combination in the early months of anti-tuberculosis therapy where it has aided in the 

reduction of overall treatment periods, it is not used as a monotherapy (British Thoracic 

Society, 1984). The drug has no activity against other mycobacteria including M. bovis, M. 

leprae and non-tuberculous mycobacteria, a characteristic which has some value in species 

discrimination. As with rifampicin, pyrazinamide is on the WHO list of essential medicines (see 

above). 

 

It had now been established that successful treatment of Mycobacterium tuberculosis 

infection needed a multi-drug combination allied to prolonged periods of drug administration.  

 

Emergence of resistance to isoniazid and rifampicin is seen as particularly problematic since 

these two agents are the key elements in successful treatment of tuberculosis (Migliori et al., 

2008). Strains exhibiting resistance to both isoniazid and rifampicin (irrespective of other drug 

susceptibilities) are said to cause Multi-Drug Resistant Tuberculosis (MDR-TB). The spread of 

such strains is now world-wide, albeit with notable regional variations in incidence (Zignol et 

al., 2006). Treatment of MDR-TB disease is based on the administration of 4 or sometimes 5 

drugs chosen from a categorisation of drug classes based on efficacy and toxicity. The therapy 

in these cases would be over an extended period. (WHO, 1993). In 2006 the World Health 

Organization and the US Centers for Disease Control and Prevention Treatment drew 

attention to what was termed XDR-TB (Extensively Drug Resistant TB). These organisations 

described a severe form of disease caused by strains of Mycobacterium tuberculosis which 

were resistant not only to INH and RIF but also to at least three of the six classes of second-

line anti-TB drugs (fluoroquinolones, aminoglycosides, polypeptides, thioamides, cycloserine 

and para-aminosalicylic acid). Although XDR-TB is relatively uncommon it was clear that the 

problem of drug resistance had intensified (Shah et al., 2007).  
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1.5 Treatment of Non-Tuberculous Mycobacterial Diseases 

The widespread environmental occurrence of non-tuberculous mycobacteria means that the 

detection of strains in clinical specimens may often be considered insignificant, representing 

transient colonisation or commensalism. Nevertheless, these organisms can cause both 

superficial and systemic infective syndromes, particularly if there are pre-existing clinical 

conditions (Campbell & Jenkins 1995; Adjemian et al., 2014; Faverio et al., 2021). Treatment 

of such infections focused initially on the slowly growing mycobacterial species notably 

organisms assigned to the M. avium complex and M. kansasii, M. malmoense, M. xenopi. 

These species were more frequently encountered, and systemic infections potentially 

confused with those due to M. tuberculosis. A number of treatment trials established that 

although often recalcitrant, these infections were most likely to respond to proven anti-

tuberculosis drugs, notably a combination of ethambutol and rifampicin, albeit over much 

longer treatment periods (Wallace et al., 1990; BTS research committee, 1994). In the early 

1990’s the macrolides azithromycin and clarithromycin were investigated both as 

monotherapy and as adjuncts to ethambutol and rifampicin combination therapy (Wallace et 

al., 1994; Dautzenberg et al., 1995; Griffith et al., 1996). In the same period a new rifamycin 

semi-synthetic derivative, rifabutin, became available and was included in trials for the 

treatment of non-tuberculous mycobacteria (Sullam et al., 1994). 

 

Rapidly growing mycobacterial species are most likely to present as skin surface infections, 

when surgical debridement and topical therapies may be used (De Groote & Huitt, 2006; 

Gonzalez-Santiago & Drage, 2015). They are also a rare but treatable cause of prosthetic joint 

infections (Henry et al., 2016). Although transient systemic colonisation is not uncommon, this 

can lead to significant problems in immune-compromised patients, especially where there is 

underlying tissue damage such as those suffering from fibrocystic disease. In this respect 

Mycobacterium abscessus is particularly significant and is one of the most drug resistant of 

the rapidly growing mycobacterial species. In contrast to slowly growing nontuberculous 

species, these rapid-growers are resistant to conventional anti-tuberculosis regimens. The 

American Thoracic Society recommend a long period (at least 1 year) of a combination 

treatment regimen including macrocyclic lactones (macrolides; clarithromycin or 

azithromycin), aminoglycosides (amikacin), and β-lactams (cefoxitin or imipenem) for M. 
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abscessus infections (Griffith et al., 2007). However, Pasipanodya et al., (2017) showed that 

the effectiveness of such regimes was still limited with curative rates of 34-54% for newly 

diagnosed disease involving M. abscessus.  

 

The British Thoracic Society (BTS) first published the Guideline on the ‘Management of 

opportunistic mycobacterial infections’ in the year 2000 (Subcommittee OT, 2000). The last 

two decades have heralded enormous improvements in the understanding of the 

epidemiology, diagnostic microbiology and management of non-tuberculous mycobacterial-

pulmonary disease (NTM-PD).  Although the incidence of NTM-PD is increasing, advances in 

culture techniques, access to direct molecular testing of samples, improved clinician 

awareness and advances in mycobacterial taxonomy are all considered responsible for this 

increase. We have simply become better at isolating and identifying organisms which were 

always present but missed due to ineffective diagnostic techniques. Diagnosis and treatment 

of non-tuberculous mycobacterial disease requires the combination of clinical, radiographic 

and microbiology data. 

 

Updated guidelines published in 2017 (Haworth et al., 2017) and drawing on the American 

Thoracic Society statement (Griffith et al., 2007) define the clinical and microbiological criteria 

for diagnosing non-tuberculous mycobacterial lung disease. Clinically, nodular or cavitary 

opacities and or multifocal bronchiectasis must be noted on CT scan and there must be 

appropriate exclusion of other diagnoses; both criteria must be satisfied.  

Microbiological diagnostic criteria for NTM-PD, unlike tuberculosis, stipulate that a patient 

must have two or more positive sputum samples, or one positive bronchial wash/lavage or 

compatible histopathological findings with one positive culture of the same NTM species. 

 

In 2020 The American Thoracic Society (ATS), European Respiratory Society (ERS), European 

Society of Clinical Microbiology and Infectious Diseases (ESCMID), and Infectious Diseases 

Society of America (IDSA) jointly sponsored the development of a guideline to update the 

treatment recommendations for nontuberculous mycobacterial pulmonary disease (NTM-PD) 

in adults (Griffith et al., 2007). Daley et al., 2020 carried out a systematic review of treatment 

of NTM-PD in adults (without HIV infection or cystic fibrosis) which centred around each of 

twenty two PICO (Population, Intervention, Comparator, Outcome) questions. 

Recommendations were formulated and graded using the GRADE approach (Grading of 
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Recommendations Assessment, Development, and Evaluation). In total, thirty-one evidence-

based recommendations regarding treatment of NTM-PD were proposed, covering laboratory 

isolation, identification and susceptibility methods and proposed treatment regimens based 

on the species isolated and the extent of pulmonary disease. Where a patient meets the 

diagnostic criteria described previously and which have not changed, it is recommended that 

treatment is initiated with no period of watchful waiting. Treatment regimens should be based 

upon susceptibility testing of isolates over empiric therapy for patients with disease caused 

by MAC and M. kansasii. In the case of M. xenopi disease however, the committee members 

felt that there was insufficient evidence to make a recommendation for or against 

susceptibility-based treatment. M. abscessus pulmonary disease susceptibility-based 

treatment for macrolides and amikacin over empiric therapy was recommended. For 

macrolides, a 14-day incubation and/or sequencing of the erm (41) gene should be performed 

to evaluate for potential inducible macrolide resistance 

 

Accurate identification and speciation of NTM is important as it can predict the clinical 

relevance of an isolate (van Ingen et al., 2009) and equally importantly, direct the treatment 

regimen. Molecular identification is better and can be achieved using line probe assays or 

genetic sequencing. Line probe assays have been widely used over the past two decades as 

they were easy for diagnostic centres to implement, however, they lack discriminatory power 

which can lead to misidentification of isolates (van Ingen et al., 2010; Tortoli et al., 2010). 

Genetic sequencing provides a more robust identification, often to sub species level. Several 

target genes have been described, e.g., 16S rRNA, hsp65, and rpoB.  16S rRNA gene sequencing 

alone offers limited discriminatory power, particularly for the M. chelonae/abscessus group 

(van Ingen et al., 2010). The hsp65 and rpoB genes are more discriminatory and using all or a 

combination of these gene targets can offer a higher level of sub-species discrimination 

particularly for M. abscessus (Zelazny et al., 2009). 

 

Given the very clear advantages offered by molecular testing of NTM isolates in directing 

treatment and patient outcomes, it is not surprising that whole genome sequencing (WGS) 

has the potential to improve things further. A large prospective study carried out in 2018 

(Quan et al., 2018) demonstrated that WGS predicted species and drug susceptibility data with 

great accuracy, achieving very high agreement with existing diagnostic tests for both 
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mycobacterial species identification (96.0%) and MTBC first-line drug resistance detection, 

99.3% versus Line Probe Assay and 99.2% versus phenotypic testing.  

 

Resistance may be due to one or more of several mechanisms. Intrinsic resistance may be 

derived from low permeability of the M. abscessus cell envelope, as well as to drug 

export systems. The mycobacterial transcriptional regulator whiB7 has been shown to 

contribute to intrinsic strain resistance; activating its own expression and many drug 

resistance genes when stimulated by exposure to antibiotics (Burian et al., 2012). In 

M. abscessus whiB7 is induced by exposure to the ribosome-targeting antibiotics 

erythromycin, clarithromycin, amikacin, tetracycline, and spectinomycin. However, 

deletion of the whiB7 reverses this effect and allows susceptibility to each of these 

agents (Hurst-Hess et al., 2017). These authors also showed that whiB7 induces the 

gene eis2 which is a factor in the resistance of M. abscessus to amikacin. Recent 

research has shown that the expression of numerous enzymes which either modify the 

drug-target or the drug itself, is a significant factor in mycobacterial resistance to 

several classes of antibiotics. Luthra et al., (2018) drew attention to an erythromycin 

ribosome methyltransferase, two aminoglycoside acetyltransferases, an 

aminoglycoside phosphotransferase, a rifamycin ADP-ribosyl-transferase, a β-

lactamase and a monooxygenase.  

1.5.1 Macrolides – Clarithromycin/Azithromycin 

Rapidly growing mycobacteria, including organisms of the M. abscessus/chelonae clade have 

been shown to have some susceptibility to the macrolides azithromycin and clarithromycin. 

The current American Thoracic Society (ATS), European Respiratory Society (ERS), European 

Society of Clinical Microbiology and Infectious Diseases (ESCMID), and Infectious Diseases 

Society of America (IDSA) guidelines for treatment of NTM-PD recommend the use of one of 

these agents as part of treatment regimens for these organisms (Davey et al., 2020). 

Clarithromycin has previously been more commonly used despite some evidence that 

azithromycin would be a better choice (as noted below). Current recommendations 

recommend azithromycin be used in patients with newly diagnosed macrolide-susceptible 

MAC pulmonary disease Increasingly, resistance to macrolides has been detected, notably 

inducible resistance due to the erythromycin ribosomal methylase gene erm(41) (Nash et al., 

2009). The gene, modifies the binding site for macrolide antibiotics, resulting in the inducible 



33 
 

macrolide resistance (Koh et al., 2014). Bastian et al., (2011) looked for erm(41) in the three 

variants of M. abscessus (i.e. M. abscessus, M. bolletii and M. massiliense - identified on a 

molecular basis). Additionally, mutations in rrl (23S rRNA gene) known to confer acquired 

clarithromycin resistance were looked for. The erm(41) gene was detected in all strains but in 

“M. massiliense” there were two deletions in the gene and these strains were clarithromycin 

susceptible - excepting those with rrl mutations which were clarithromycin resistant. Koh et 

al., (2014) demonstrated that the erm(41) gene is functional in M. abscessus (sensu stricto) 

but is non-functional in “M massiliense”. Thus, this latter species/subspecies does not display 

inducible macrolide resistance. Treatment success rates with macrolide-based antibiotic 

treatment are thought to be much higher in patients with “M. massiliense” infections than in 

those infected with M. abscessus.  

 

Precise speciation of M. abscessus complex strains is important not just on taxonomic grounds 

but in predicting antibiotic susceptibilities and subsequent patient outcome. This conclusion 

was emphasized by Choi et al., (2012) who also found that clarithromycin induces erm(41) to 

a significantly greater extent than azithromycin. The phenotypic study by Park et al., (2017) 

showed that sustained culture conversion after macrolide treatment was more common in 

patients with “M. massiliense” infections than those with M. abscessus infections. It also 

agreed that azithromycin rather than clarithromycin was a predictor of sustained culture 

conversion. 

 

Kim et al., (2016) describe a case of pulmonary disease caused by a strain of M. abscessus 

subsp. abscessus showing clarithromycin susceptibility despite presence of the erm(41) gene. 

The susceptibility was due to a non-functional erm(41) allele which carried a C-to-T mutation 

at position 19 in the gene. This, they conclude, strengthens the case for genetic assessment 

of strains to guide therapy. This concept was further developed by Guo et al., (2018) using 

clarithromycin susceptibility genotyping of M. abscessus strains. Although the clinical results 

were somewhat predictable (patients infected with clarithromycin-sensitive and -resistant M. 

abscessus genotypes differed significantly in clarithromycin-based combination treatment 

outcomes) it is important to note that these outcomes were predicted from genotyping. 
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1.5.2. Aminoglycosides 

 

Although not involved in primary treatment of M. tuberculosis, the 2-deoxystreptamine 

aminoglycosides (kanamycin, amikacin, gentamicin and tobramycin) have found usage in the 

treatment of multidrug-resistant strains and in nontuberculous mycobacterial infection 

(Sander & Böttger, 1999). These agents target the rRNA operon leading to inhibition of protein 

synthesis. Prammananan et al., (1998) showed that an adenine to guanine substitution within 

the 16S rRNA gene of M. abscessus is responsible for a high level of resistance to 

aminoglycosides. Despite this there are recommendations to combine clarithromycin with an 

aminoglycoside and another injectable (such as imipenem) although results are variable 

(Griffith et al., 2007) 

 

1.5.3.  -Lactams 

 

Mycobacterium abscessus is highly resistant to most β-lactam antibiotics. Such resistance can 

potentially be overcome by the concomitant use of the β-lactamase inhibitor clavulanic acid. 

However, Soroka et al., (2014) established the presence of a clavulanate-insensitive broad-

spectrum β-lactamase in M. abscessus which limits the in-vivo efficacy of these agents. Despite 

this imipenem and cefoxitin have been found to have moderate activity in-vitro against M. 

abscessus and these agents have been used to treat infections with this organism. 

Furthermore, it is believed that L, D-transpeptidases, (which are involved in the synthesis of 

cell wall peptidoglycan), are inhibited by the carbapenem class of β-lactams (Kumar et al., 

2017a). Recent studies have demonstrated that inhibition of these enzymes determines their 

activity against Mycobacterium tuberculosis Kumar et al., (2017b). Kumar et al., (2017a) 

demonstrated that two L, D-transpeptidases in M. abscessus, namely, LdtMab1 and LdtMab2 

were inhibited by the carbapenem and cephalosporin, but not penicillin, subclasses of β-

lactams. These authors state that, contrary to the commonly held belief that combination 

therapy with β-lactams is redundant, doripenem and cefdinir exhibit synergy against both pan-

susceptible M. abscessus and clinical isolates shown to be resistant to most antibiotics. This 

suggests that dual β-lactam therapy has potential for the treatment of M. abscessus. 

 



35 
 

Whilst studies of individual β-lactam antibiotics have failed to show significant efficacy against 

M. abscessus when combined with β-lactamase inhibitors (BLI), β-lactam antibiotics may still 

prove valuable (Story-Roller et al., 2018). Recently, two novel carbapenem-BLI combinations 

have been developed. These are meropenem-vaborbactam, which was recently FDA-

approved for use against gram-negative organisms, and imipenem-relebactam, which is 

currently in phase II clinical trials (Zhanel et al., 2018). There are no published studies assessing 

such combinations against M. abscessus, but there is some potential for clinical use and 

further studies are needed.  

 

1.5.4. Fluoroquinolones   

 

Fluoroquinolones are broad spectrum antibiotics developed from a 4-Quinolone basic 

molecule with the addition of a fluorine atom (Andersson & MacGowan, 2003). They are active 

against most strains assigned to the Mycobacterium tuberculosis complex and some 

nontuberculous mycobacterial species (Jacobs, 1999). This class of chemotherapeutic agents 

includes ciprofloxacin, ofloxacin, sparfloxacin and moxifloxacin (Zhanel et al., 2006). 

Resistance to these agents is often due to mutations in the DNA-gyrase complex (Aubry et al., 

2006). However, Mycobacterium abscessus displays resistance to fluoroquinolones not always 

explained by such mutations suggesting that other mechanisms are involved (de Moura et al., 

2012; Kim et al., 2016). 

 

1.5.5 Rifamycins 

 

Although of considerable value in the treatment of M. tuberculosis and some slowly growing 

mycobacterial species, rifamycins show no impact on M. abscessus. Respiratory arsenate 

reductase (Arr), which catalyzes ADP-ribosylation of rifamycins, is one mechanism conferring 

resistance to these agents. Genes encoding for Arr enzymes are widely distributed in the 

genomes of bacteria (Baysarowich et al., 2008). These authors analyzed three representative 

Arr enzymes from bacterial sources and showed them to have drug resistance capacity in-vitro 

and in-vivo. They found that the 3D structure of an orthologue from Mycobacterium 

smegmatis revealed structural homology with ADP-ribosyl-transferases strengthening the 

view that Arr enzyme activity is of particular significance in rifampicin drug resistance. 
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Rominski et al., (2017) postulated that intrinsic resistance to rifampicin in M. abscessus was 

mediated by the ADP-ribosyltransferase (Arr_Mab), encoded by the protein MAB_0591. 

 

However, working with M. smegmatis Combrink et al., (2007) showed that the antimicrobial 

activity of rifampicin was significantly increased by a series of 3-morpholino rifamycins in 

which the C25 acetate group was replaced by a carbamate group. These workers also suggest 

that relatively large groups attached to the rifamycin core via a C25 carbamate linkage will 

prevent inactivation via ribosylation of the C23 alcohol as catalyzed by the endogenous 

rifampin ADP-ribosyl transferase of M. smegmatis. Such studies hold out the hope that 

modifications of the rifamycin core may protect against enzymic resistance whilst retaining 

anti-mycobacterial activity. In a variation of this approach, Kanglemycin, a newly described 

antibiotic has been shown to bind bacterial RNA polymerase at the rifampicin-binding pocket 

while maintaining potency against rifampicin resistant strains containing RNA polymerases 

(Mosaei et al., 2018).  

 

1.5.6.Bedaquiline 

 

Bedaquiline (a diarylquinoline) is a new anti-tuberculosis agent which acts by blocking ATP 

synthesis (Koul et al., 2007). Use of this agent in clinical practice is restricted due to its 

potential as a treatment of last resort for multidrug-resistant tuberculosis (MDR-TB) and 

extremely resistant (XDR-TB) strains of M. tuberculosis (World Health Organization, 2014). 

However, in-vitro studies offer the possibility of bedaquiline usage as a salvage therapy for 

clinically critical M. abscessus infections (Philley et al., 2015). There are reasons for caution 

since Pang et al., (2017) found a significant subset of M. abscessus strains to show in-vitro 

resistance to bedaquiline (66/381). As with M. tuberculosis strains, resistance to bedaquiline 

in M. abscessus may involve mutations in the atpE gene (Koul et al., 2007). This leads to the 

view that use of the agent for the treatment of M. abscessus infections may be discouraged 

since it may impact on the treatment of MDR/XDR-TB.  

 

The discovery of new drug targets leading to the development of new treatment agents for 

M. abscessus infections is urgently needed. Improved knowledge of the mechanisms of M. 

abscessus drug resistance could improve drug selection and may promote development of 

novel antimicrobials. 
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1.6 Project Aims 

The aim of this research is to further the understanding of the clinical relevance of the 

Mycobacterium abscessus/chelonae clade through sequencing studies, with particular 

emphasis on the discovery of putative variations in virulence and antibiotic resistance which 

could explain the differences in clinical outcomes. 

 

This is achieved through the following objectives: 

• Extract, amplify and obtain a WGS of a clinical isolate of Mycobacterium chelonae 

• Compare this, M. chelonae HPA 006 genome sequence with Mycobacterium abscessus 

(CIP 104536T = ATCC 19977T) 

•  Identify genomic regions which explain putative variations in virulence and antibiotic 

resistance between the representatives of these species  

• Clarify the taxonomy of the organisms assigned to the Mycobacterium 

abscessus/chelonae clade  
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Chapter 2. Whole Genome Sequencing and Assembly of M. chelonae HPA 

006 

 

2.1 Genomic Sequencing: History, Technologies and Applications 

 

2.1.1 Introduction 

 

Sequencing allows the order and identity of bases in a fragment of DNA to be determined. 

The determination of part or whole genomes from animals, plants and prokaryote 

organisms continues to be a scientific research target. The information gained from The 

Human Genome Project (HGP) has helped in understanding genetic variation, given 

insights into genetic defects and helped identify the genetic causes of predisposition to 

disease (Collins and McKusick 2001., Collins, 2003). There are several projects which are 

aimed specifically at understanding the connection between human genetic variation and 

health, including the HapMap project and its successor the 1000 Genomes Project (The 

International HapMap Consortium 2005; The International HapMap3 Consortium, 2010; 

The 1000 Genomes Project Consortium, 2012). 

It is hoped that research into the genomics of various crop plants will lead to improved 

yields, thus benefitting food production worldwide (Feuillet et al., 2011). The cloning of a 

potato late blight–resistance gene using RenSeq (resistance (R) gene sequence capture) 

and SMRT sequencing (single molecule real time sequencing) allows rapid cloning of 

multiple R genes for engineering pathogen-resistant crops, in this case, a potato resistant 

to Phytophthora infestans, one of the main pathogens in the agricultural sector (Witek et 

al., 2016).  

The determination of the whole genome sequences of some domesticated animals may 

prove to be of similar value (Elsik et al., 2009; Canavez et al., 2012).  The capability to map 

DNA sequences was also seen as valuable in more arcane sciences such as the systematics 

of prokaryotes, notably bacteria. Such research can also be of great value, since it can 

allow clearer elucidation of species, and thus aid the understanding of bacterial 

pathogenicity. The first whole genome sequence of a bacterium to be described was that 
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of Haemophilus influenzae (Fleischmann et al., 1995). This was followed by the publication 

of many more sequences, each intended to lead to better detection methods of significant 

microorganisms, more understanding of virulence markers and better targeted 

vaccination and chemotherapy (Fraser et al., 2002).  

Improvements in sequencing chemistry, platforms and downstream bioinformatics 

applications used to analyse results, have ensured that sequencing of DNA can take place 

on a larger scale and at a lower cost, both of which are necessary for these technologies 

to have meaningful applications in the clinical and biological fields (Schwarze et al., 2019).   

However, the term “lower cost” is an important distinction from low cost. There has been 

a great deal of expectation surrounding the $1000 genome, however, a recent study 

(Schwarze et al,. 2019)  suggests that this aspiration likely could only be achieved when 

the consumable costs alone are assessed, with insufficient consideration of the true costs 

of the full sequencing process. The group studied the cost of genome sequencing for a 

cancer case (tumour and germline sample) and a rare disease trio case (three samples). 

Costs were £6840.85 (£3420 per genome) for cancer with sequencing being 76% of these 

costs and £7050 for the three rare disease samples (£2350 per genome), with sequencing 

being 79% of these costs.  

Sequencing was carried out on a medium throughput Illumina HiSeq 4000 in a laboratory 

that processes around 400 samples per year. The authors acknowledge that they could 

not compare their costs with an alternative higher throughput sequencing platform, 

however, the level of detail presented in their costings could be used as a benchmark for 

future comparisons. They conclude that high throughput services which could be 

delivered from a national scale facility combined with meaningful reductions in laboratory 

consumable costs would have the greatest impact on reducing costs (a personal 

observation is that such mega labs supported the community COVID testing during the 

recent pandemic and therefore proof of concept has been shown). 

2.1.2 Introduction of DNA sequencing  
 

Starting with the introduction of the Sanger chain-terminating method over forty years 

ago, and followed by the steady development of new approaches, sequencing has created 
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a paradigm shift across the field of biological science, enabling sweeping advances in the 

way in which we understand disease. 

For almost thirty years, until the first of the next-generation technologies became widely 

available (Roche 454; Margulies et al., 2005), DNA sequence determination was 

dominated by the methods developed by Sanger and colleagues (Sanger, et al., 1977). 

Though modified in various ways to improve practicality and speed, the basic principles 

of the Sanger methodology remain essentially unchanged.  

The Sanger method utilises specific di-deoxynucleotides that are used to disrupt the DNA 

synthesis reaction, each has a base-specific radioactive isotope label. This means that 

after gel electrophoresis, the DNA sequences of the sample can be determined according 

to the position of the electrophoretic band. This method is routinely known as chain 

termination sequencing or the dideoxy sequencing method 

The first step is to extract DNA from the organism under study to give multiple fragments 

of DNA. Each of these fragments can be multiplied (cloned) many times. As will be 

apparent, massively parallel sequencing is necessary to achieve accurate and effective 

definition of each fragment. A key element of the Sanger approach is an in vivo cloning 

stage (of DNA fragments) carried out within host bacterial cells. In this case the vector 

which allows the cloning is a plasmid from a rapidly growing bacterium, very often a strain 

of Escherichia coli (Cohen and Chang, 1973; Stoker, et al., 1982). Plasmids are self-

replicating within a bacterial cell, producing a stable and characteristic number of copies. 

Some bacteria produce high numbers of plasmids which make them ideal cloning vectors. 

Thus, a DNA segment inserted into a plasmid which is then replaced within the bacterial 

cell will produce large numbers of cloned copies. 

The next step is to determine the sequence of each single-strand fragment and in the 

Sanger method this is done by chain termination. The basis of DNA replication in the 

laboratory is the addition of deoxynucleotides (dNTPs; deoxynucleotide tri-phosphates) 

to the 3’OH (3-prime) end-group of the developing chain, catalysed by DNA polymerase. 

The Sanger method is based on termination of these developing chains using di-

deoxynucleotides (ddNTPs). These molecules lack a 3’OH group; thus, when a ddNTP is 

https://www.nature.com/scitable/definition/dna-sequencing-205/


41 
 

added to a developing chain it terminates the reaction since it cannot receive any more 

dNTPs.  

It is necessary to know at least some part (however short) of the genome sequence.  This 

information may be laboriously obtained by chemical and/or radiographic analysis.  With 

this knowledge, the first primer set can be designed. In each set of 4 reaction tubes, 

primer, polymerase and dNTPs of all 4 nucleotides (Adenine, Cytosine, Guanine and 

Thymine) are present. Also present in each tube is one specific di-deoxynucleotide, (e.g., 

dd-Adenosine tri-phosphate; ddATP). In this example replication would proceed normally 

with base after base (A, T, G, C) being added to the developing chain. The polymerase 

supports the addition of one molecule of dATP as its turn arrives, until a ddATP is randomly 

added, at which point extension of that fragment would cease. So, in the tube in this 

example, there will be DNA strands of varying lengths but all ending in A. In the other 3 

tubes, there will be an equivalent process involved, producing lots of DNA strands, again 

of varying length but all ending in T, G or C.  

Now the contents of all 4 tubes can be run out on a gel, in 4 lanes side by side. The smallest 

fragment will be that which has built the fewest number of nucleotides before being 

stopped by a di-deoxynucleotide. This fragment will run furthest along the gel, and this 

will be the start of the sequence (e.g., A). The next smallest fragment (reaching the next 

furthest position on the gel) will indicate the second base in the sequence (e.g., T) and so 

on until the sequence of this fragment is complete. Now the last group of nucleotides 

making up this fragment can be used to design a primer to extend the chain through 

another sequence, and this is repeated. If several short sequences are known, then this 

process can be simultaneously repeated with several primers. Multiple extracted 

fragments in multiple groups of 4 tubes will result in many single strand sequences. These 

must now be manually aligned using their classical coupling arrangements with a 

complimentary strand to form double stranded DNA (i.e., C with G, and A with T). Thus, 

fragment by fragment, the whole genome sequence is gradually elucidated. 

Clearly, the manual process is highly laborious and determination of whole genomes a 

time-consuming process. Despite automation of the Sanger method in the late 1980s 

(referred to as First Generation sequencing), sequencing of large genomes remained a 
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costly process requiring a high investment in equipment to achieve reasonable timescales 

for data generation. This limitation led to the development of large-scale sequencing 

centres such as the Wellcome Trust Sanger Institute in Cambridge. Additionally, 

centralised facilities such as the European Bioinformatics Institute provided data analysis 

support and aided in the collation of the resulting information (http://www.ebi.ac.uk). 

Genomes sequenced using the Sanger method included many of medical and economic 

importance notably, in 2001, the human genome. Where genome sequences became 

available, scientific breakthroughs followed. However, time and cost meant that only a 

limited number of entire genomes became available and the published catalogue of whole 

genomes increased only slowly. Without the resources of the larger centres, smaller units 

could only focus on individual genes and access to sequencing at the whole genome level 

was not available to most scientists. The automated Sanger methodology is often referred 

to as first generation sequencing (which is based on electrophoretic separation of chain-

termination products produced in individual sequencing reactions).  

In 1987 the first commercial platform from Applied Biosystems, Inc. (ABI) utilising 

fluorescent DNA sequencing technology became available (one fluor per nucleotide 

reaction). The platform had been created in Leroy Hood’s laboratory at the California 

Institute of Technology (Smith et al., 1986). The move away from radiolabeled dATP to 

fluorescently labeled primers automated the result analysis, making this process much 

less laborious and also reduced the errors which can accompany manual interpretation.  

2.2. Massively Parallel Sequencing Technologies 

 

The sequencing technologies which appeared from 2005 onwards are referred to as next 

generation sequencing (NGS) and third generation sequencing technologies (TGST) 

(Figure 5 Mardis, 2011). The fact that these technologies are performing hundreds of 

thousands (or hundreds of millions) of sequencing reactions at the same time has led to 

the term massively parallel sequencing, a term considered by many to be a much more 

accurate reflection of what takes place. Additionally, each technology is further 

differentiated by the sequencing read length produced. NGS technologies provide short 

read lengths (whilst third generation technologies are noted for their longer read lengths. 

http://www.ebi.ac.uk/
https://en.wikipedia.org/wiki/Electrophoretic
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To more easily differentiate the technologies, I will continue to use the terms NGS and 

TGST. 

 

Figure 5. Timeline of Next Generation Sequencing instruments introduced from 2005-

2015 (Reproduced from Mardis, 2011). 

 

2.2.1 Next generation sequencing technology 

 

The first NGS platforms performed sequencing by synthesis (SBS). SBS strategies may be 

classified as either single molecule–based or combination based (involving the sequencing 

of multiple identical copies of a DNA molecule, which, as previously stated, are typically 

amplified together on a solid support e.g., a bead). The first of these to be commercially 

available was the Roche/454 platform (Margulies et al., 2005), but this was quickly 

followed by other commercial systems such as ABI (Illumina), SOLiD (Applied Biosystems), 

and Ion Torrent (Life Technologies, now ThermoFisher Scientific).  

Sequencing by ligation does not use a DNA polymerase to create a second strand, instead, 

a known probe sequence that is bound to a fluorophore hybridises to a DNA fragment 

which is then ligated to an adjacent oligonucleotide for imaging. The emission spectrum 

of the fluorophore is indicative of the base identity complementary to specific positions 

within the probe (Goodwin et al., 2016). 

 There are several steps that are key to successful sequencing using NGS technologies,  

• Extraction and purification of the DNA to produce the DNA template 
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The most common methods for extracting good quality DNA are chemical, physical or 

enzymatic  

• Fragmentation of the DNA 

Samples of the purified DNA are sheared into short fragments. This can be achieved 

mechanically using sonication, shearing via nebulisation or enzymatically (Knierim et al., 

2011). 

• Library preparation and PCR amplification of target sequence  

One of the main differences in NGS compared to the Sanger method is the way in which 

the sequencing library is constructed. DNA ligase is used to covalently add synthetic DNA 

adapters to the end of each fragment (Mardis 2013; Head et al., 2014). The adapter 

sequences are specifically designed to interact with the chosen NGS platform and they are 

immobilised onto a solid surface This can be the surface of a flow cell, as found in Illumina 

platforms or a bead, as found in the Ion Torrent platform. 

There are three techniques used to amplify DNA fragments prior to sequencing, two are 

PCR based, namely, emulsion PCR and bridge amplification.. The third amplification 

technology, DNA nanoball generation, solves this potential problem because copies 

generated are all made from the original DNA template.  

Emulsion PCR was developed by Jonathan Rothberg at the 454 Life Sciences Corporation 

(Margulies et al., 2005). The basic premise of emulsion PCR is the dilution of template 

DNA molecules in water droplets in a water-in-oil emulsion. The best results are obtained 

if each droplet contains a single template DNA molecule and functions as a micro-PCR 

reactor (Kanagal-Shamanna, 2016). Platforms which utilise emulsion PCR are 454 

Pyrosequencing (Roche 454; Margulies et al., 2005), Ion Torrent (Thermofisher Scientific) 

and Qiagen GeneReader (Qiagen). 

Bridge amplification takes place on a flow cell coated by two types of oligonucleotides 

complementary to the two adapter oligonucleotides attached to the DNA template 

strand. Essentially, bridge amplification permits the formation of dense groups of 

amplified fragments. This allows a fluorescent signal to be detected every time a single 
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dNTP is added sequentially as sequencing-by-synthesis proceeds. Over time, the number 

of groups being read grows. 

 

DNA nanoball generation uses rolling circle replication to amplify small fragments of 

genomic DNA into DNA nanoballs. Fluorescent nucleotides bind to complementary 

nucleotides and are then polymerised to anchor sequences bound to known sequences 

on the DNA template. The base order is determined via the fluorescence of the bound 

nucleotides. After purchasing Complete Genomics, the Beijing Genomics Institute (BGI) 

refined DNA nanoball sequencing to sequence nucleotide samples on their own platform 

(Huang et al., 2017). 

The Ion-Torrent Personal Genome Machine (PGM), one of two sequencing platforms used 

in this project, is an example of a next generation sequencing system. It was first 

introduced commercially in 2011 (Rothberg et al., 2011). Ion Torrent uses semi-conductor 

chip technology containing millions of tiny micro-wells located under a sensing pixelated 

layer similar to the complementary metal oxide semiconductor (CMOS) light sensor chip 

(Quail et al., 2012). The CMOS sensor has been modified and paired with an Ion Sensitive 

Field Effect Transistor (ISFET) sensor to sense chemical changes instead of changes in light. 

It therefore does not detect the identity of incorporated bases by using chemical 

luminescence dyes during the sequencing process, instead, the PGM utilises the fact that 

the addition of a dNTP to a DNA polymer results in the release of a hydrogen ion. The 

resulting pH change from the released hydrogen ion is detected using semiconductors 

which are capable of directly translating chemical signals into digital information. 

(Rothberg et al., 2011).  Many millions of such changes can be measured simultaneously 

to determine the sequence of each fragment.  Each of the four nucleotides (dNTPs) is 

added iteratively onto a massively parallel semiconductor-sensing device to ensure only 

one dNTP will be responsible for the electrical signal. 

 

Target DNA is fragmented, ligated to adapters, and the adaptor-ligated libraries undergo 

clonal amplification which results in the molecule being bound onto a solid surface in the 

form of a bead. The template DNA bearing beads are then PCR amplified to create a set 

of identical clones. A magnetic bead-based enrichment process selects template-carrying 

https://en.wikipedia.org/wiki/Rolling_circle_replication
https://en.wikipedia.org/wiki/Fluorescence
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beads This enrichment process serves several purposes; it increases the amount of 

template DNA; selects the molecules which have adapters successfully ligated to them; 

facilitates incorporation of oligonucleotide sequences for the attachment of the library 

to the beads and allows the addition of indices for multiplexing technique (Rothberg et 

al., 2011). 

During the sequencing run, each of the four nucleotide bases is introduced sequentially. 

A nucleotide complementary to the base on the template is incorporated into the 

growing genome strand by DNA polymerase, signal processing software measures 

incorporation and filters out low-accuracy readings (Rothberg et al., 2011). 

 

Finally, per-base quality values are predicted using an adaptation of the Phred method 

(Ewing & Green, 1998) which quantifies the concordance between the phasing model 

predictions and the observed signal. These ab initio scores track closely with post-

alignment derived quality scores, and are used to trim back low-quality sequence from 

the 3’ end of a read (Rothberg et al., 2011). 

 

Figure 6 provides a representation of the Ion Torrent sequencing semiconductor, 

illustrating the technology. of the wafer, die and chip packaging as well as the sensor, well 

and chip architecture. 
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Figure 6.  Ion Torrent sequencing semiconductor: technology. wafer, die and chip 

packaging (1-3); sensor, well and chip architecture (4-6). 

 

1. Fabricated CMOS 8” wafer containing approximately 200 individual functional ion 
sensor die.   
2. Underlying functional electronic elements and sensors board,  
3. Image of die within ceramic package with visible moulded fluidic lid which allows 
addition of sequencing reagents. 
4. A schematic representation of the technology behind semiconductor sequencing with 
DNA template releasing hydrogen ions  
resulting in a pH change in the well. This signal is transformed into potential voltage which 
sensed by the under lying sensor and electronics,  
5. Electron micrograph revealing the alignment of the wells over the ISFET metal sensor 
plate and the underlying electronic layers 
6. Schematic diagram for the sensor detection workflow in two-dimensional array. 

Reproduced from Rothberg et al., 2011 
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2.2.2 Third generation sequencing technology (TGST) 

 

Whereas NGS platforms proceed in a stepwise fashion producing output from amplified 

library fragments, TGST are capable of sequencing single molecules (single molecule 

sequencing, SMS) without the requirement for DNA amplification and it is this feature 

which sets them apart from the technologies that went before.  

SMS technology was first developed by Stephen Quake and colleagues (Braslavsky et al., 

2003; Harris et al., 2008) and later commercialised by Helicos in 2008 (Helicos BioSciences 

Corporation, Cambridge MA, USA). Despite being the first system of its kind to allow 

sequencing of DNA without the need for amplification, this platform is no longer available. 

Currently SMS platforms are available from Oxford Nanopore Technologies (ONT) (Oxford 

Nanopore Technologies, Oxford, UK) and Pacific Biosciences (Pacific Biosciences of 

California, Inc.). The latter are noted for the ability to produce reads up to and over 10Kb 

in length, an attribute which are beneficial in de novo genome assembly (van Dijk et al., 

2014). There has been a great deal of anticipation over the last 6-8 years as to what the 

nanopore system would offer sequencing.  

The second sequencing platform used in this project is the MinION.  The MinION was the 

first commercial third generation sequencer which was nanopore based to be released. 

The portability of the MinION, (a USB device which is the size of a mobile phone) coupled 

with the fact that it generates long read sequence data and has a fast run time makes it 

an accessible option for smaller groups to employ. MinION technology have been used 

alone to generate de novo bacterial reference sequences (Loman et al., 2015). MinION 

sequencers have also been deployed in the field, notably during the Ebola outbreak in W 

Africa (Loman et al., 2016). 

The technology has not been without issues, Tyler et al., 2018 evaluated the MinION for 

microbial whole genome sequencing application, reviewing flow cell quality, sequencing 

yield, mapping, sequencing depth and de novo assembly (amongst other parameters). 

They determined two key things, changes to the MinION software and a simplifying of the 

ID protocols did improve overall performance. A recent review by Kerkhof, 2021 suggests 

that MinION had made major improvements in the five years up to 2021 (Kerkhof, 2021). 
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MinION has also been shown to be a useful adjunct to help generate scaffolds to map 

Illumina reads. Combining the long read length with the accuracy and depth of the short 

reads generated by the Illumina technology (Madoui et al., 2015). 

2.2.3 Long read lengths versus short read lengths and the impact of this on sequencing 

results 

Different sequencing platforms generate different read lengths. Both short-read 

sequencing and long-read sequencing have positive and negative aspects to the results 

they generate, which can also be influenced by the research goal. 

Platforms that carry out sequencing by synthesis or ligation (using DNA polymerase or 

ligase enzymes) to extend many DNA strands in parallel, will produce short reads, 

generally from 75 to 700 base pairs in length depending upon the platform. Short-read 

sequencing is a low-cost, accurate method that is supported by numerous analysis tools 

and workflows, however, for all but the least complex and smallest genomes e.g., viral 

genomes, one must align the reads generated by SBS and SBL to a reference genome 

before assembly can be attempted. This contrasts with assembling the genome by using 

shared sequence overlaps, as is done for Sanger sequencing reads. It was easy to predict 

therefore that the relative ease with which sequencing can be undertaken has necessarily 

created an expanding series of bioinformatics/computational tools to support the analysis 

of end results.  

Sequencing technologies which produce longer read lengths are based on single molecule 

sequencing (SMS) and can read longer lengths of the DNA, RNA, gene or protein being 

studied, generally, between 5,000 and 30,000 base pairs. This helps tackle the main issue 

presented by short-read sequencing, spanning repeat regions. Since they sequence a 

single molecule, it also helps to exclude amplification bias and generates enough length 

to overlap one sequence with another, resulting in improved sequence assembly, but 

typically has a higher error rate. 
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2.3 Genome Assembly and Annotation: Tools and Challenges 

 

2.3.1 Background 
 

Once the sequencing process is complete the next challenge is assembly and annotation 

of the proteins and genes. Assembly is the process of putting the large number of short 

DNA sequences generated during sequencing back together again to recreate the original 

chromosome(s) from which the DNA originated. In terms of bacterial genome sequencing, 

the goal is a complete contiguous DNA sequence of the bacterial chromosome. 

There are two types of genome assembly, de novo, which refers to assembly from scratch 

without the help of a reference genome and a reference-based alignment (or mapping to 

a reference genome), the latter being a digital nucleic acid sequence held in a database as 

an exemplar of the gene set of an individual organism within a species. There are several 

databases with such deposited sequences available, e.g., National Centre for 

Biotechnology Information (NCBI). NCBI does not generate these sequences but rather is 

a repository for the sequences which are deposited by individual researchers and 

sequencing centres. The assemblies are made publicly available by being submitted  to 

NCBI via GenBank (The National Institutes of Health, genetic sequence database) or to 

another member of the International Nucleotide Sequence Database Collaboration 

(INSDC).    

Neither NGS nor TGST has the capability to sequence the genomes of prokaryote and 

eukaryote organisms in one complete string. This, therefore, poses the problem of how 

the reads generated from either technology can be assembled to produce a complete and 

accurate genome assembly. 

The factors which can impact upon microbial genome assembly are: 

• Nucleic acid extraction, de novo sequencing requires high quality nucleic acid. For NGS 

technologies purity and structural integrity of extracted nucleic acid are the key 

parameters 

https://www.ncbi.nlm.nih.gov/genbank/collab/
https://www.ncbi.nlm.nih.gov/genbank/collab/
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• Sufficient data has been generated from sequencing, generally, the number of total 

nucleotides in the generated sequences should be at least 60 times the number of 

nucleotides in the genome under study (Dominguez Del Angel et al., 2018) 

• Read length generated, short read lengths whilst accurate can be fragmented. Whilst 

coverage may help mitigate this, if a repetitive region is longer than a read, coverage 

on its own will not compensate for this, resulting in gaps in the assembly produced. 

Paired reads (two reads which have been generated from a single DNA fragment and 

which are separated by a known distance) can span these gaps but again, they must 

also produce read lengths longer than the gap (Schatz et al., 2010). Longer reads 

generated from TGST  

• GC-content. Inhomogenous GC content can cause a problem for Illumina sequencing, 

resulting in low coverage in these regions (Chen et al., 2013) 

2.3.2 Software and bioinformatics tools for data analysis and assembly. 

 

Genome assembly is a computational process which utilises a series of algorithms to take 

the reads derived from the target genome during sequencing and, rather like a jigsaw 

puzzle, put them back together in the correct order based on their overlap information. 

This should then provide an accurate representation of that original genome. Software 

tools, referred to as assemblers are employed to achieve this. 

• De novo assemblers which assemble without the use of reference genomes e.g., 

SPAdes (Bankevich et al., 2012), SGA (String Graph Assembler) (Simpson & Durbin, 

2012), MEGAHIT (Li et al., 2015), Velvet (Zerbino & Birney, 2008), Canu (Koren et al., 

2017) and Flye (Kolmogorov et al., 2019) 

• Reference guided assemblers which assemble by mapping sequences to reference 

genomes 

These algorithms will assemble the short reads into longer contigs. Contig is derived from 

the word contiguous and represents a set of DNA sequences (reads) that overlap in a way 

that provides a contiguous representation of a region in the genome. There are three main 

classes of assembly algorithms: 

http://cab.spbu.ru/software/spades/
https://github.com/jts/sga
https://github.com/voutcn/megahit
https://github.com/dzerbino/velvet
https://github.com/marbl/canu
https://github.com/fenderglass/Flye
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• Overlap-layout-consenses (OLC) 

This assembly method takes all the reads and locates overlaps between them, it then 

creates a consensus sequence from the aligned overlapping read 

• de Bruijn graph (DBG) ( Aardenne-Ehrenfest and de Bruijn, 1951)   

This method breaks the sequencing reads down further into so called k-mers (with length 

k). The k-mers overlap by k-1, the next k-mer. A de Bruijn graph is then built using all of 

the k-mers 

• Repeat graph (Kolmogorov et al., 2019)  

Published long-read assemblers follow an OLC approach that involves raw read mapping, 

error correction, pre-assembly, consensus build-up and consensus polishing 

(Athanasopoulou et al., 2022) or a repeat graph approach. Examples are Flye (Kolmogorov 

et al., 2019; Canu (Koren et al., 2017) or miniasm (Li, 2016) and Racon (Vaser et al., 2017). 

TGST generate longer read lengths which have the advantage of being able to span 

repetitive regions of the genome, resolving one of the challenges raised by short read 

technologies, however they are prone to error. It is possible to overcome the shortfalls of 

both technologies by carrying out a hybrid assembly, in which long reads can be used to 

scaffold contigs generated by short read technologies. This in turn helps to resolve regions 

of the assembly graph where short reads have failed (Chen et al., 2020). SPAdes 

(Bankevich et al., 2012) and Unicycler (Wick et al., 2017) are examples of assemblers 

which have been used in hybrid assemblies. 

2.3.3 Annotation 

 

Annotation of assembled bacterial genomes can be challenging (Salzberg, 2019). A range 

of tools has been developed and published enabling even individual researchers to carry 

out whole-genome analyses on their sequences. However, these tools can be complex 

requiring an optimised computational strategy and sufficient data processing resources 

to achieve good results. Annotation of prokaryotic sequences can be separated into 

structural and functional annotation. Structural annotation elucidates the exact location 

of different elements in a genome, such as open reading frames (ORFs), coding sequences 
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(CDS), repeats and start/stop codons. Functional annotation compares similarity to other 

known genes or proteins to assess the function of the gene. Combining both will promote 

a greater degree of accuracy in the final annotated product.  

 

There are a range of annotation pipelines which can be accessed, notably NCBI’s 

Prokaryotic Genome Annotation Pipeline (PGAP). This pipeline was developed in 2001 and 

has undergone regular updates to ensure the quality of the results it produces (Tatusova 

et al., 2016; Haft et al., 2018 and Li et al., 2021). It is designed to annotate bacterial and 

archaeal genomes by combining ab initio gene prediction algorithms with homology-

based methods, where the molecular function of a protein can be inferred by analysing 

the similarity that exists due to common evolutionary ancestry among different 

organisms. Most genomes in the NCBI Genbank databases have been annotated with 

PGAP. 

 

Genome annotation, which starts with the unannotated FASTA file can be broken down 

into three areas, the nucleotide, the protein and process levels, analogous to where, what 

and how? Where are genes located in the genome, what function do they carry out and 

how do they function. At the nucleotide level, finding where genes are situated in the 

genome is the most important outcome. This is usually achieved by a combination of ab 

initio gene prediction and the comparison of sequences with deposited sequence 

databases such GenBank available through the National Centre for Biotechnology (NCBI) 

or mapping to a reference genome. 

 

Protein level annotation will allow researchers to assign a function to gene products. 

Functional annotation pipelines, assign functional roles to coding sequences inferred in 

the gene prediction process. There are three parallel routes by which the definition of 

functions can be achieved. The first is through protein domains and motifs using, for 

example, NCBI PGAP (Prokaryotic Genome Annotation Pipeline) or InterPro (Mitchell et 

al., 2015). The second using orthology data, an example being the KEGG Orthology 

database (Kyoto Encyclopedia of Genes and Genomes) (Kanehisa et al., 2016) and finally 

the third by protein homology using for example NCBI-nr, a comprehensive database of 
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non-identical protein sequences compiled by the NCBI or DIAMOND and MEGAN (Huson 

et al., 2016 and Bagci et al., 2021) and UniProt (UniProt Consortium, 2021).  

Other examples of annotation pipelines are listed below. 

 

• MicrobeAnnotator (Ruiz-Perez et al., 2021) is an annotation pipeline for microbial 

genomes that combines results from several reference protein databases 

• Prokka (Seemann, 2014) a prokaryotic annotation pipeline which assumes preassembled 

genomic DNA sequences in FASTA format. Whilst complete sequences without gaps would 

be ideal, the pipeline will accommodate scaffold sequences produced by de novo 

assemblers 

• RAST (Rapid Annotations using Subsystem Technology) (Aziz et al., 2008), A web-based 

annotation pipeline for bacterial and archaeal genomes 

• DRAM (Distilled and Refined Annotation of Metabolism) (Shaffer et al., 2020). This 

pipeline is designed for annotating bacterial genomes 

 

Genome assembly is much more accessible in terms of cost, access to next generation 

sequencing platforms and genome assemblers, however, annotation of the generated 

contigs can, as previously stated, present challenges.  Large, fragmented genomes can be 

difficult to annotate using automated annotation pipelines and errors in the assembly of 

thousands of contigs may generate subsequent errors in annotation which can be 

propagated across species (Salzberg, 2019). Additionally, reference databases such as 

RefSeq (Tatusova et al., 2016) and GenBank can have incomplete sequence deposits 

(further compounded by the fact that most new genomes are in draft form) making them 

more prone to inaccuracy (Lu & Salzberg, 2018). Despite these issues, locating genes in 

bacteria is relatively straightforward as bacterial genomes are approximately 90% protein-

coding with short spacer DNA regions between every pair of genes. Once computational 

gene finders detect which of the six possible reading frames contains the protein, they 

can exploit this to produce accurate results. We can at least then be confident that we 

have the amino acid sequences correct despite not being able to assign a definitive 

function to them. 

 

https://bmcbioinformatics.biomedcentral.com/articles/10.1186/s12859-020-03940-5
https://bmcbioinformatics.biomedcentral.com/articles/10.1186/s12859-020-03940-5
about:blank
https://ucdavis-bioinformatics-training.github.io/2021-ASM-genome-assembly/markdown_docs/annotation
https://ucdavis-bioinformatics-training.github.io/2021-ASM-genome-assembly/markdown_docs/annotation
about:blank
about:blank
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2.4  Variance in Prognosis 

 

The variance in prognosis between CF patients colonised with M. abscessus (sensu lato) 

and M. chelonae can have a significant effect on clinical decision making in such 

individuals. Understanding of the cause of this variance might be gained from 

understanding the genetic makeup of these species. However, there is considerable 

taxonomic uncertainty among species within this clade. M. abscessus subspecies include 

M. bolletii and M. massiliense; M. chelonae. To these can be added other related members 

in the M. chelonae clade, M. franklinii, M. immunogenum, M. salmoniphilum, M. 

stephanolepidis and M. saopaulense. 

Therefore, more detailed understanding of the clinical relevance of the Mycobacterium 

abscessus/chelonae clade through sequencing studies was sought in this research with 

particular emphasis on the discovery of putative variations in virulence and antibiotic 

resistance, with the goal of explaining the differences in clinical outcomes. 

 

2.5 Materials and Methods 

2.5.1 Strains 

A key element of this project is the comparison of the genomic sequence of M. chelonae 

with the sequences of other members of the M. chelonae clade, notably M. abscessus 

variants. However, at the start of the project in January 2013, a whole genome sequence 

for Mycobacterium chelonae had not been deposited. The Type strain (ATCC 35752; NCTC 

946) was originally deposited in 1923, isolated from a turtle tubercle, and is not 

representative of clinically important strains.  

It was therefore decided that this study would use a clinical isolate retrieved from the 

Regional Centre for Mycobacteriology (RCM) culture collection and rigorously 

characterised in an earlier study (Arnold et al., 2012) using rpoB gene sequence analysis, 

Matrix-assisted laser desorption/ionisation Time of Flight Mass Spectrometry (MALDI-ToF 

MS) and DNA-strip technology targeting a region of the ITS gene (Genotype® 

Mycobacterium AS, Hain Lifescience, Nehren, Germany). Six strains were selected based 

on viability and culture purity and are listed in Table 3. 



56 
 

 

Table 3. Representative strains from the 100 strain collection. 

Strain Number Study Designation 

M. abscessus (30) HPA 001 

M. abscessus (44) HPA 002 

M. abscessus (47) HPA 003 

M. chelonae (19) HPA 004 

M. chelonae (20) HPA 005 

M. chelonae (32) HPA 006 

 

Safety statement 

None of the mycobacterial species studied in this project are Hazard Group 3 pathogens 

as recorded by the Advisory Committee for Dangerous Pathogens (ACDP). Nevertheless, 

all work with live organisms was carried out in the Containment Level 3 Laboratory of the 

Regional Mycobacterial Reference Centre located in Freeman Hospital, Newcastle upon 

Tyne. These facilities are approved by the Health and Safety Executive (HSE) and subject 

to regular internal audit by Public Health England (PHE). The strains were stored within 

this secure environment and all work was carried out inside a Class I microbiological safety 

cabinet (MSC). All materials for disposal were autoclaved before discard. The hazard 

control protocols of the Reference Laboratory were adhered to in all respects 

 

2.5.2 DNA extraction 

 

Six strains (3 x M. abscessus and 3 x M. chelonae) with comprehensive multiple 

identification data were selected and subjected to the extraction procedure below: 

Protocol for the isolation of high molecular weight genomic DNA from mycobacteria for 

Ion Torrent. 
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Two 10 µl loopfuls of mycobacterial growth were transferred into a microcentrifuge tube 

containing 400ml of 1 x Tris/EDTA buffer (TE buffer).  The cells were killed by heating for 

20 minutes at 800C and cooled at room temperature.  To the growth was added 50 µl of 

10mg/mL lysozyme, this was vortexed and incubated, while shaking, for at least one hour 

at 370C.  75 µl of 10% of SDS/proteinase K solution (Sodium dodecylsulphate/Proteinase 

K) was added and again vortexed and incubated for 10 minutes at 650C.  100 µl of 5M NaCl 

and 100ml of pre warmed CTAB/NaCl solution (Cetyltrimethylammonium bromide/NaCl; 

pre-warmed to 650C) was added and the mixture vortexed until the liquid became white 

(“milky appearance”). This was then incubated for 10 minutes at 650C.  75ml of 

chloroform/isoamyl alcohol was now added and vortexed for at least 10 seconds.  The 

mixture was now centrifuged for 8 minutes at 11,000g. 

 

The aqueous phase at the top was transferred to a fresh microcentrifuge tube, by 

pipetting small aliquots of 18 µl at a time.  To this was added 0.6 volume (450 µl) of 

isopropanol.  The tube was manually moved slowly upside down to precipitate the nucleic 

acids and an estimate made of the amount of 1 x TE buffer in which the DNA should be 

re-dissolved at the completion of the process. The mixture was now placed at -200C for 

30 minutes and then centrifuged for 15 minutes at ca. 11,000g.  The supernatant was 

discarded leaving approximately 20 µl above the pellet.  To this 1ml of cold 70% ethanol 

was added, and the tube inverted several times to wash the precipitate.  This was then 

centrifuged for 5 minutes at ca. 11,000g and the supernatant discarded to leave about 20 

µl above the pellet.  After a further centrifugation for 1 minute at ca. 11,000g the 

remaining supernatant was removed using a pipette.  The pellet was allowed to dry for 

approximately 15 minutes at room temperature ensuring all ethanol had evaporated.  

Finally, the pellet was dissolved in the volume of TE buffer previously estimated.  

 

The resulting DNA was assessed using the Nanodrop 2000C UV-VIS Spectrophotometer. 

Absorbance measurements made on a spectrophotometer, including the NanoDrop 

Spectrophotometer, include the absorbance of all molecules in the sample that absorb at 

the wavelength of interest. Since nucleotides, RNA, ssDNA, and dsDNA all absorb at 260 

nm, they will contribute to the total absorbance of the sample. Thus, to ensure accurate 
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results when using a NanoDrop Spectrophotometer, nucleic acid samples require 

purification prior to measurement. 

The ratio of absorbance at 260 nm and 280 nm is used to assess the purity of DNA and 

RNA. A ratio of ~1.8 is generally accepted as pure for DNA (Glasel, 1995). If the ratio is 

appreciably lower, it may indicate the presence of protein, phenol or other contaminants 

that absorb strongly at or near 280 nm. The aim was to obtain a DNA sample for 

sequencing with a purity of approximately 1.80 at (260/280 nm) 

 

Protocol for the isolation of high molecular weight genomic DNA from mycobacteria for 

Nanopore sequencing 

The salting out method adapted from Kieser et al., (2000) was employed to isolate high 

molecular weight genomic DNA from M. chelonae HPA 006, as it is particularly useful for 

long read sequencing such as PacBio and Nanopore.   

The biomass from 2 loopfuls (~10 µl) of biomass was resuspended in salt-EDTA-Tris buffer 

(SET - 75mM NaCl, 25mM EDTA pH8, 20mM Tris-HCl pH7.5) with 100µl lysozyme (50mg 

ml-1) and incubated at 37°C until viscous (1-3h). Then 140µl proteinase K (20mg ml-1) and 

600µl 10% SDS were added, mixed gently by inversion and incubated at 55° for 2 hours 

with gentle mixing. Two ml of 5M NaCl was added, mixed by inversion and cooled to room 

temperature then 5ml of chloroform was added and mixed gently for 30 minutes at 20°C. 

The layers were separated by centrifugation at 4500g for 15 min and the top layer 

transferred carefully to a clean tube using a wide bore pipette tip and placed on ice. After 

2 minutes 0.6 volume of ice-cold isopropanol was added, mixed gently by inversion and 

incubated on ice to precipitate the DNA. DNA was spooled onto a glass rod, rinsed in 5ml 

of 70% ethanol and air dried. DNA was dissolved in TE buffer by pipetting gently through 

a wide bore tip.  

DNA was made up to 200 µl and 10 µl RNase A (10 mg ml-1) added and incubated at 37°C 

for 1 hour and DNA recovered by isopropanol precipitation as above and dissolved in TE 

buffer. 
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2.5.3 Ion Torrent sequencing 

 

Access to an Ion Torrent next generation sequencing platform was by courtesy of 

Professor Anil Wipat, Professor of Integrative Bioinformatics, School of Computing 

Science, University of Newcastle upon Tyne and Dr. Wendy Smith. Ion Torrent Systems 

was a commercial company (http://www.iontorrent.com/) now part of ThermoFisher 

(2023) accessed in 2014. 

DNA was sheared into fragments (no smaller than 1.5kb), end repaired and ligated to Ion 

Torrent adaptors using an NEB library preparation kit. Purified template sequences were 

mixed with beads and emulsified with oil to form microdroplets containing a single bead 

with primers and a single template DNA molecule. The template DNA was then amplified 

by emulsion PCR and denatured to single strands to hybridise to bead-bound primers and 

generate a multi-template DNA bead. The beads were extracted and amplified beads 

enriched on a glycerol gradient, with unamplified beads sedimenting to the bottom. 

Sequencing was performed on an Ion Personal Genome Machine (Pennisi, 2010; Rusk, 

2011). A micro-well plate was prepared with a single micro-bead in each well, the 316D 

chip had a total of 6,348,326 addressable wells. During sequencing the micro-well layer is 

flooded with a solution containing sequencing reagents and a single dNTP base, if the next 

base from the primer is complementary this base is incorporated by the DNA polymerase 

and H+ ions released and detected by the ISFET (ion-sensitive, field-effect transistor) which 

measures the ion concentrations in a solution.  The detected pH change sends a signal to 

a computer database where that reaction, in that well, with that particular dNTP, is 

recorded, using Ion Torrent server software (Ion Torrent Suite version 2.2).  In 

homopolymeric regions, with runs of more than one of a single base, multiple dNTPs are 

incorporated and H+ ions released, giving a higher signal. 

The micro-well plate is now washed to remove the previous base and the process 

repeated with the next base. Each run takes about an 1 hour and 100-200 nucleotides are 

sequenced in each well in a massively parallel sequencing run. Data output was as fastq 

sequence reads (Cock et al., 2010). 

 

http://www.iontorrent.com/
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2.5.4 Nanopore long read sequencing 

 

The MinION long read sequencing was performed in the laboratories of Demuris at 

Newcastle University, courtesy of Dr. Nick Allenby with Dr Jeni Devi. Sequencing was 

performed on a MinION handheld sequencing device (Figure 7) with R9.1 flow cells and 

SQK-MAP005 library preparation, by ligation with barcodes, and was part of a 12 genome 

sequencing run. Data output was collected with MinKNOW and cloud-based base-calling 

using Metrichor to generate fast5 format data files. Fastq sequence reads were extracted 

with poretools (Loman & Quinlan, 2014). 

 

Figure 7. Oxford Nanopore Technologies: MinION portable genome sequencer 

 

2.5.5 Assembly 

 

Fastq reads from Ion Torrent were assembled individually and together, hybrid assembly, 

using several assemblers, using a strategy described in Wick et al., (2021) in which the 

contigs produced by different assembly methods are resolved by alignment and 

consensus. 

Ion Torrent Fastq reads were assembled with SPAdes (Bankevich et al., 2012) and MIRA 

(Chevreux, 2005), nanopore reads were assembled with Canu (Koren et al., 2017) and Flye 

(Kolmogorov et al., 2019).  

Hybrid assembly of nanopore long reads and Ion Torrent reads was performed with 

Unicycler (Wick et al., 2017). 

Read data, contig assemblies and alignments were stored in Geneious 

(https://www.geneious.com) which was used to convert between formats for input to 

http://www.geneious.com/
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other programs. Alignments using MAFFT (Katoh & Standley, 2013), mapping, BLAST 

(Altschul et al., 1990) and MIRA assembly of short reads, mapped to assembled contigs, 

was performed in Geneious using Geneious R9.1 and Geneious Prime 2021. 

2.5.6 Annotation 

 

Genome annotation was performed with PGAP (Tatusova et al., 2016) and Diamond + 

Megan (Metagenome Analyser) (Bagci et. al. 2021) with the workflow illustrated in Figure 

8. 

All of the reads generated for M. chelonae HPA 006 were aligned in DIAMOND against the 

NCBI-nr protein database. DIAMOND produces a DAA file which has three blocks of data: 

• Reference protein header lines 

• All aligned reads and  

• All alignments.  

Following this MEGANISATION was performed. The MEGANIZER tool indexes all of the 

reads and alignments and bins the reads into taxonomic and functional classes. The 

computed classifications, together with indexes of all reads, are attached to the bottom 

of the DAA file producing a “meganized” DAA file, which can be opened in MEGAN.  

 

MEGAN supports a number of different classifications. Taxonomic classification is 

performed using the NCBI taxonomy browser and the Genome Taxonomy Database 

(GTDB) (Parks et al., 2020). Functional classification is currently performed using Enzyme 

Commission database (EC) (Barrett, 1992), (Powell et al., 2012), InterPro (Mitchell et al., 

2015) or SEED (Overbeek et al.,2013). Functional classification using KEGG (Kyoto 

Encyclopedia of Genes and Genomes)(Kanehisa & Goto, 2000) is also available in the 

Ultimate Edition of MEGAN 6.  

 

The main taxonomy viewer in MEGAN provides an overview of the assignment of all 

sequences to “nodes” in the NCBI taxonomy database. Each node is represented by a 

circle whose area is relative to the number of reads assigned to that node. The system 

allows an interactive expansion and collapse of nodes allowing the user to see a greater 

or lesser degree of detail.
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Figure 8. M. chelonae HPA 006 genome annotation workflow carried out using PGAP and Diamond and MEGAN 6. 

 

Submitted to DIAMOND for alignment 

against a reference database of annotated 

protein sequences in either NCBI nr 

database or AnnoTree database 

The resulting alignment files are analysed 

using MEGAN 6 to perform taxonomic and 

functional binning known as 

MEGANISATION 

Assigned genes saved in a .daa format file 

(Direct Access Archive) 

Assembled genomes of M. chelonae HPA 

006 and M abscessusT (CU458896) 

exported from Geneious as FASTA files Taxonomic classification: Reads are assigned to 

taxonomic classes in the NCBI and Genome Taxonomy 

Database (GTDB; Release 03-RS86) 

Functional Classification: Reads are grouped (binned) 

based on their functional similarity using 5 

classification systems: EC, EggNOG, InterPro families, 

SEED and KEGG 

Each set of classification results is represented by 

a rooted tree in MEGAN 6, which can be opened 

in a separate viewer to allow interactive analysis. 
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2.6 Results 

 

2.6.1 Selection of representative strain 

 

The 6 strains (3 x M. abscessus and 3 x M. chelonae) processed through the DNA extraction 

procedure were assessed for DNA content and volume by spectrophotometry 

(NanoDrop200C UV-VIS spectrophotometer).  The results are presented in Table 4 and 

from these strain HPA 006 was selected for further analysis and sequence determination 

using Ion Torrent and the analysis software. 

Table 4. Results of DNA quantification using NanoDrop™ 2000. 

Sample Strain ID  DNA Conc 

(ng/l) 

A260 
nm 

A280 
nm 

260/
280 
nm 

260/
230 
nm 

Volume 

(l) 

Total 
DNA 

(g) 

M. abscessus (30) HPA 001 8.8   0.176 0.085 2.07 0.86 800  7.0  

M. abscessus (44) HPA 002 10.2    0.203 0.111 1.82 1.27 800  8.1  

M. abscessus (47) HPA 003 2.3   0.046 0.009 4.83 0.58 800  1.8  

M. chelonae (19) HPA 004 4.9   0.099 0.063 1.57 0.86 800  3.9  

M. chelonae (20) HPA 005 3.0   0.061 0.026 2.32 0.63 800  2.4  

M. chelonae (32) HPA 006 5.2    0.105 0.070 1.49 0.78 800  4.2  

 

The 260/280 ratio gives an indication of how pure the sample is from contaminating 

protein. The optimal 260/280 ratio for DNA is 1.8. The 260/230 ratio reflects how pure 

the sample is from salts and other contaminants which can absorb at 230 nm e.g., EDTA, 

phenol and guanidine hydrochloride. Pure nucleic acid samples have a 260/230 ratio of 2 

or above. 

 Table 4 shows that HPA 004, HPA 005 and HPA 006 as M. chelonae strains, potentially 

fulfil these criteria. Whilst HPA 004 and HPA 005 exhibited a greater level of DNA purity 

than HPA 006 none demonstrated the optimal level at the 260/230 nm ratio. Additionally 

on solid culture HPA 006 gave a pure growth on subculture, whereas the other two strains 

showed a degree of bacterial contamination. HPA 006 had a satisfactory level of DNA and 

an acceptable level of contamination with proteins and other organic compounds. 
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2.7 Whole Genome Sequencing 

 

2.7.1 Ion Torrent Sequence analysis 

 

The processing steps and proposed workflow utilised by Ion Torrent are summarised in 

Figure 9. The Ion Torrent server writes the sequence reads to Fastq (Cock et al., 2010) and 

Standard Flowgram Format (SFF) files, binary files containing the raw data from the 

sequencer, including the base calls, sequencing quality scores, and metadata such as the 

Flowgrams and signal processing outputs.   

 

Figure 9. Ion Torrent Whole genome sequence analysis workflow for M. chelonae HPA 

006. 

 

2.7.2 Sequence quality check 

 

The Ion Torrent server software (Ion Torrent Suite version 2.2) reported the total number 

of reads as 2,539,246 with a mean length of 209 giving a total of 530 Mbp, with 460 Mbp 

>Q20. The read length histogram is shown in Figure 10, indicating some very short reads. 
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Figure 10. Read length histogram for M. chelonae HPA 006 Ion Torrent whole genome 

sequencing run. 

 

The Mycobacterium chelonae genome is about 5Mb in size, so this gives 100x coverage. 

The 316 semi-conductor chip (present in the Personal Genome Machine (PGM) which 

captures chemical information from DNA sequencing, translating it into digital 

information or base calls) had a total of 6,348,326 addressable wells with 77% of the wells 

loaded with Ion Sphere particles (Figure 11). 

 

Figure 11. Ion-Torrent PGM 316 Ion-chip sequencing density plot analysis for M. chelonae 

HPA 006 sequencing run. 

 

ISP loading density is the percentage of chip wells that contain an Ion Sphere Particle (ISP; 

templated and non-templated, or live and failed ISPs). This percentage value considers 
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only the potentially addressable wells and is a result of the software well classification 

step. The ISP density image is a colour image of the Ion Chip that shows the percentage 

of loading across the physical surface. Red indicates adequate ISP loading density, yellow 

indicates less-than adequate loading density, and blue indicates an absence of loaded 

beads. 

91% of the 4,898,267 loaded wells were live (had amplified fragments indicated by the 

red colour in Figure 11) and 52,693 were test fragments leaving 4,386,622 library reads. 

It is important to get the input concentration correct to ensure that there are sufficient 

amplicons to provide enough data, however, if the concentration is too high more than 

one amplicon can end up bound to the Ion Sphere Particle (ISP), giving a polyclonal ISP 

which cannot be used and is discarded from the final data set. In this sequencing run 

1,110,372 reads were filtered as polyclonal and therefore discarded. 144 identified as 

primer-dimer, i.e. reads where no or only a very short sequencing insert is present and 

reads that, after P1 adapter trimming, have a trimmed length of <25 bases are considered 

primer dimers and 736,860 filtered as low quality reads leaving 2,539,246.  Low quality 

reads can occur for several reasons but most commonly are associated with inaccurate 

flow-calls, which introduce insertion/deletion (indel) errors at a raw rate of 2.84% (1.38% 

after quality clipping) (Bragg et al 2013). Filters are also applied to remove reads with low 

signal quality, and reads trimmed to less than 25 bases  

 

The average Q17 read length for test fragments TF-A and TF-D was 94 and 92 of the 97 bp 

length test fragments. The Ion Torrent sequencing platform uses test fragments which are 

slightly less than 100 bp in length. They are spiked into the experimental sample before 

the sequencing chip is loaded. This sequencing kit used 2 test fragments, A and D. These 

Q17 quality results (corresponding to 1 base error allowed per 50 bases) indicate a high 

level of accuracy in base calling. 

 

Analysis of the Fastq data file: 

 (http://www.bioinformatics.babraham.ac.uk/projects/FastQC) shown in Figure 12 

indicates that sequences were generally of high quality up to position 149 before dropping 

in quality after 250 bases. The quality of Ion Torrent sequencing reads can drop off at 

around 250 bases due to the accumulation of errors in the reads (Forth & Hoper, 2019). 

about:blank
about:blank
http://www.bioinformatics.babraham.ac.uk/projects/fastqc
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The technology utilises a pH meter to detect the release of hydrogen ions during DNA 

synthesis. However, as the length of the DNA sequence increases, the pH change becomes 

smaller and harder to detect accurately. This can lead to errors in base calling and a 

decrease in read quality (Bragg et al., 2013). The quality of base calls on most platforms is 

known to degrade as the sequencing run progresses, so it is common to see base calls 

falling below a quality score of 28 towards the end of a read (Forth & Hoper, 2019).  

 

 

Figure 12. Quality scores versus read position for M. chelonae HPA 006 Ion Torrent whole 

genome sequencing run. Per Base sequence quality showing mean and standard deviation 

of sequencing quality for each position in all reads of the data set. 

 

Initially the Ion Torrent reads were left untrimmed as the MIRA assembler has an option 

to trim these, specifically recommending the input of untrimmed reads (Chevreux, 2005). 

 

The distribution of GC content looks sensible i.e., overall, sequence peaks at around 63% 

with at least 160,000 reads and is consistent with what would be expected for the genus 

Mycobacterium. The GC content of microorganisms is a hugely variable attribute. As early 

as 1962 it was noted that in bacteria, the GC content can range from less than 25% to 

higher than 75% (Sueoka, 1962). More recent studies demonstrate that the GC content of 

bacterial genomes can be as low as 13% as seen in Zinderia insecticola (McCutcheon & 

Moran, 2011). The GC content range for the genus Mycobacterium is 61 to 71%, with the 
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average being in the region of 65.6% (Lévy-Frébault & Portaels, 1992) The theoretical 

distribution of GC content in a normal random library is expected to be a roughly normal 

distribution where the central peak corresponds to the overall GC content of the 

underlying genome. The modal GC content is calculated from the observed data and used 

to build a reference distribution. An unusually shaped distribution could indicate a 

contaminated library or the presence of a biased subset. The GC content of the 

mycobacterial genome is 65.6%, the theoretical distribution and GC count per read for 

this sequencing run for M. chelonae HPA 006 (Figure 13) gives confidence that the data 

for M chelonae HPA006 represents that of a member of the genus Mycobacterium.  

 

Figure 13. GC count per read analysis of M. chelonae HPA 006 Ion Torrent sequencing 

reads. 

The observed GC count per read distribution (red line) is compared with the Theoretical 

Distribution that would result from a Poisson process with the same mean (blue line). For 

M. chelonae HPA006 the correspondence between the expected and observed 

distributions is excellent. 
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2.8 Data Analysis 

 

2.8.1. K-mer analysis 

 

FastQC does a simple k-mer (5-mers) analysis (Figure 14). There were no overrepresented 

sequences but a high peak of repetitive K-mer sequences were encountered from position 

300 bp to 349 bp. Specific k-mers occur frequently when the same sequence is present, 

when these occur at the ends of reads, it is likely to be adapter sequences which will be 

trimmed by MIRA in this project. In Figure 14 they are visible in positions 1 through to 9 

and again at the end around base 200-250. 

 

 

Figure 14. FastQC k-mer analysis of M. chelonae HPA 006 Ion Torrent sequencing reads, 

indicating the presence of repetitive sequences amongst the reads located at 300-349bp. 

 

2.9 Mapping to Reference Genome 

 

The analysis of the Mycobacterium abscessus genomes (Ripoll et al., 2009; Sassi & 

Drancourt, 2014) shows that the M. abscessus genome is collinear with M. smegmatis 

with no major rearrangements so it can be expected that the M. chelonae genome should 

map reasonably well onto M. abscessus. Mapping the M. chelonae HPA 006 reads, using 

Geneious software (Biomatters Ltd) onto the NC_010397 Mycobacterium abscessus 

genome (Ripoll et al., 2009) demonstrates the alignment of nearly 2 million reads onto a 

6Mb genome of M. abscessus. The reads map with high similarity and reasonably 

complete coverage, but with some gaps. Figure 15  illustrates how similar M. chelonae is 

to M. abscessus. 
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Figure 15. Ion Torrent reads from M. chelonae HPA 006 mapped onto M. abscessus (CIP 

104536T = ATCC 19977T) using Geneious software. 

 

Zooming in shows this at the individual gene level (Figure 16). 

 

Figure 16. M. chelonae HPA 006 FastQ reads mapped onto the Mab_0001 – Mab_0019 

region of the M. abscessus (CIP 104536T = ATCC 19977T) genome. 

 

The dnaA gene, a protein that activates initiation of DNA replication in bacteria, is the 

start of the genome.  The first block of genes, present in M. abscessus but for which no 

reads from M. chelonae match, Mab0007-Mab0012c are all hypothetical protein coding 

regions, as are Mab0014-Mab0016. Missing genes, annotated as hypothetical was a 

recurring theme, which means that their function could not be classified. 

 Mab0013cis a probable arylamine n-acetyl transferase. The retention of the arylamine N-

acetyl transferase in this deleted region suggests it is being actively evolutionarily 

M. chelonae HPA 006 

NC_010397 M. abscessus 

Gaps in sequences between M. chelonae HPA 006 and  

NC010397 M. abscessus visible in green  

M. chelonae HPA 006 

NC_010397 M. abscessus 
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conserved, however as it is present in both M. chelonae and M. abscessus it does nothing 

to explain the difference in clinical outcome between these two species.  

 

Aromatic amines are highly toxic and arylamine n-acetyl transferase, found for example 

in human liver may detoxify xenobiotics, including, for example isoniazid, a front line 

antituberculosis drug. Arylamine n-acetyl transferase is found in Mycobacterium 

tuberculosis and other mycobacteria, including non-pathogens such as M. smegmatis. 

They may also have a role in lipid metabolism (Bhakta et al., 2004) and loss in M. 

tuberculosis results in cell wall defects. 

The sequence of the DNA region Mab0007-Mab0012c in M. abscessus with blastn in 

Genbank only finds hits with M. abscessus, M. massiliense and M. bolletii. However, 

against the Mycobacteriaceae (you must select organisms before doing a nucleotide blast 

against the WGS database) it finds hits to many mycobacteria, including M. tuberculosis 

and the contigs submitted for another project sequencing a putative M. chelonae 1518 

(Institute for Genome Sciences, “Whole genome sequencing of 14 antibiotic resistant 

nontuberculous mycobacteria used in preclinical compound testing at Colorado State 

University”). 

Annotated protein sequences from WGS projects are present in the general nr database 

and can be searched with blastp. Blastp of the Mab0007 protein sequence shows 

sequence similarities to a generic hypothetical protein in mycobacteria but also similarity 

to hypothetical proteins in other actinomycetes such as nocardia and rhodococci (Figure 

17). 
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Figure 17. Minimum evolution pairwise tree for M. abscessus (CIP 104536T = ATCC 

19977T) genome DNA region Mab007 and related protein sequences (Genbank). 

 

Zooming in to view individual bases and reads (Figure 18) shows the coverage and identity, 

as well as highlighting read errors. However, it is clear that the errors, even the high 

possible sequence error at the end of RZ4P3:277:631 (reversed), are diluted out by the 

sequence read coverage. 

 

Figure 18. M. chelonae HPA 006 sequence reads mapped to the 5’ end of the dnaA gene 

in M. abscessusT. 

0.2 substitutions/site 
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The mapping leaves multiple small gaps along the genome where M. chelonae has no 

matching sequence. However, gaps are not uncommon. The sequence assembler MIRA is 

very good at trimming poor quality ends and these sporadic errors were corrected by the 

consensus assembly. An initial scan of the genes present in these regions of difference 

shows that they are dominated by hypothetical proteins. There are also numerous 

transcriptional regulators, ABC transporters and lipid associated genes. Some of the 

regions of difference are linked to phage associated sequences including one of the largest 

regions of difference (Figure 19). 

 

Figure 19. Bacteriophage associated region of difference. 

 

This region is one of the likely sources of variation between strains, as mycobacteria, due 

to cell wall structure, do not typically exchange a lot of genetic material.  

There are a few antibiotic resistance-associated genes: 3 beta-lactamase; 1 streptomycin 

resistance gene; 1 chloramphenicol resistance protein and 1 chloramphenicol acetyl 

transferase; and 1 glyoxalase/Bleomycin resistance protein. Only 1 MCE and 1 PE/PPE 

associated protein are in the regions of difference and there is 1 putative surface layer 

protein present in M. abscessus and missing from M. chelonae.  

The ribosomal rRNA genes are often absent from whole genomes which are not finished. 

One problem is assembly, with repetitive sequences, but there is only 1 rRNA cluster in 

M. abscessus, and mapping reads does not depend upon assembly. The coverage of this 

rRNA cluster from the reads for M. chelonae is low, suggesting there is a bias in obtaining 

sequence coverage. In many genomes (available in the databases) sequenced by short 

read sequencing (Illumina, Ion Torrent etc.) there is no ribosomal RNA sequence (no 16s 

rRNA) because sequence coverage is often lower and assembly methods for short reads 
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cope poorly with longer repeats found in these regions. Figure 20 illustrates that there is 

less coverage of ribosomal RNA 

 

Figure 20. Ion Torrent Read coverage of the ribosomal RNA gene cluster of M. chelonae 

HPA 006. 

 

2.10 Nanopore Sequence Analysis 

 

Nanopore sequence analysis, 1/12th of a flow cell, yielded 24 Mb of sequence data in 8,377 

reads, the largest read was 43 Kb. The read length distribution is dominated by small 

reads, but the minimum size is >200 bp and the most bases, >10Mb, are in reads between 

1kb and 5kb and 22Mb in reads larger than 1kb (Figure 21). 
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Figure 21. M. chelonae HPA 006 sequence reads and read bases histogram generated from 

sequencing carried out on the MinION. 

 

The read coverage at 24 Mb is only 4-5x coverage for the expected M. chelonae genome 

size, but long reads are required to cover the repeat regions over which short reads fail. 

The long reads map poorly to Mycobacterium abscessus (CIP 104536T = ATCC 19977T as 

long reads span regions of difference between M. chelonae and M. abscessus. Mapping 

the read sequence data, split into 200Kb fragments, mapped to the M. abscessus genome 

gives a more valid comparison between the long and short read data (Figure 22). The main 

difference is the coverage – the maximum coverage for the MinION fragment coverage 

(Figure 22a) is 17 compared to the maximum for Ion Torrent of 371 (Figure 22b). In Figure 

22 and Figure 15 there are too many Ion Torrent reads mapped to the M. abscessus 

genome for Geneious to display, see zoomed in displays (Figures 16 and 20) to get a visual 

impression of Ion Torrent coverage. 
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Figure 22. a. Mapping of M. chelonae HPA 006 MinION long read fragments and b. 

Mapping of M. chelonae HPA006 Ion Torrent short read fragments to M. abscessus (CIP 

104536T = ATCC 19977T). 

 

However, the long reads do cover repeat regions, for example a number of long reads 

span the rRNA operon (Figure 23) 

 

Figure 23. MinION read coverage of the ribosomal RNA gene cluster in M. chelonae HPA 

006. 

 

2.11 Assembly 

 

The rapid development in sequencing technologies and the massive amounts of data generated 

has meant rapid changes in both the technologies and the software to analyse. The results here 

are based upon relatively early adoption of the technologies (2016) but the results presented are 

based upon analysis using the latest available version of the software in 2019.  In 2016 the 

Nanopore technology (pore design and library preparation and base calling) software 

resulted in high error rates. Subsequent improvements in base calling software and the 

sequencing technology have given much lower error rates. The improvements in software 
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facilitated better quality sequence data by re-base calling the original raw, 2016 data in 

2019. 

 

2.11.1 Canu assembly 

 

The Canu assembler was one of the first assemblers available for nanopore long reads, an 

overlap (OLC) assembler derived from the original Celera Assembler (Myers et al., 2000; 

Miller et al., 2008). Canu assembly includes three stages: correction, trimming, and 

assembly, as well as the final assembled contigs the corrected reads, corrected by 

consensus from overlapping reads, can be saved. Canu created 127 contigs and 5,759 

corrected reads. 

 

2.11.2 Flye assembly 

 

The Flye assembler uses a repeat graph (Kolmogorov et al., 2019) strategy to assemble 

long read data and was developed in response to the availability of long read data from 

PacBio and Nanopore. Assembly of the 8,377 nanopore reads with Flye generated 85 

contigs. 

2.11.3 SPAdes assembly 

 

SPAdes (St. Petersburg Genome Assembler, Bankevich et al., 2012) is a genome assembly 

algorithm that was originally developed for de novo assembly of genome sequencing data 

produced for cultivated microbial isolates and single celled genomic DNA sequencing.  It 

works with Ion Torrent, PacBio, Oxford Nanopore, and Illumina paired-end, mate-pairs 

and single reads. However, it is not thought to be suitable for large genome projects, for 

example, those studying mammalian sized genomes. SPAdes assembled the Ion Torrent 

reads to 246 contigs. 

2.11.4 MIRA assembly 

MIRA 5 (Mimicking Intelligent Read Assembly) is a whole genome shotgun and EST 

(Expressed Sequence Tag) sequence assembler which maps the sequencing reads gained 

form Sanger, 454 pyro sequencing, Solexa (Illumina) and Ion Torrent platforms into 

contiguous sequences or contigs (Chevreux, 2005).  
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It is an iterative assembler that works over several passes, extending reads and therefore 

contigs based on extra information gained by overlapping read pairs in contigs and the 

corrections made by the automated editor. MIRA 5 is recommended for genome de-novo 

assemblies or mapping projects for haploid organisms up to 20 to 40 mega bases. It has 

an Ion Torrent option and assembles the Ion Torrent sequencing reads in this project to 

518 contigs. 

 

2.11.5 Unicycler hybrid assembly 

 

Unicycler uses SPAdes to assemble the short reads and then uses information from the 

SPAdes assembly to identify bridges and align short reads and long reads, in a semi-global 

alignment (end gap free alignment) taking advantage of the fact that the short and long 

reads come from the same sample, so, unlike alignment of sequence data from different 

samples implemented in most long read alignment tools, there should be no structural 

rearrangements in the read sets (Wick et al., 2017). The Unicycler pipeline is not quite 

optimal as the SPAdes assembler implementation called is optimised for Illumina data, so 

the SPAdes assembly utilising the Ion Torrent option may give improved assembly for later 

consensus assembly. 

Unicycler assembles the 2,539,246 Ion Torrent reads and 8,377 nanopore long reads into 

17 contigs. 

 

2.12 Consensus Assembly 

 

The Unicycler assembly of 17 contigs totalled 5,203,609 bases, close to an expected 

genome size of about 5 Mb (Figure 24). 

 

Figure 24. Size in base pairs of Unicycler assembled contigs from long and short read 

sequences generated for M. chelonae HPA 006. 
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The Unicycler contigs were validated by mapping short reads, short read contigs, long read 

contigs and corrected long reads to each contig using the Geneious mapper (Figure 25). 

In this context, other mappers such as BWA_MEM (Li, 2013), did not offer significant 

advantages and were more time consuming to execute and visualise the results. 

  

Figure 25. M. chelonae HPA006 sequencing reads mapped against Unicycler Contig 1 using 

the Geneious mapper. 

 

Zooming in to the rRNA operon (Figure 26) and mapping the Ion Torrent reads to the 

junction of the 16S gene and the next gene, murA, in the contig, annotated with PGAP, 

shows the contiguity of the assembly. 

 

Figure 26. Mapping of Ion Torrent reads to the rRNA operon in Unicycler contig 1 is shown 

in inset (a) and zoomed into the transition from 16S to the adjacent gene (murA), 

Unicycler contig 1 annotated by PGAP(b). 

 

Nevertheless, the mapping shows some differences between the reads and the assembly 

(Figure 27). 

Ion Torrent Reads 

Unicycler Contig 1 



80 
 

 

Figure 27.  a. Mapping of M. chelonae HPA 006 Ion Torrent reads to a tyrosine 

recombinase in Unicycler contig 1 and b. Assembly of the mapped reads by MIRA 5 

validating the assembly with high accuracy Ion Torrent reads. 

 

MIRA does not produce the fewest or the longest contigs, but it assembles short reads 

very carefully, MIRA 5 has an option, recommended for long read assembly error 

correction with short read data, to assemble short reads to a reference genome. After 

scaffolding the Unicycler contigs this option will be applied to error correct the final 

assembly, so there is no need to error correct reads or contigs individually. However, the 

option remains, during scaffolding, to check the accuracy of data e.g., when joining contigs 

with low coverage and/or error prone long reads. In the case of the tyrosine recombinase 

region of Unicycler contig 1 440 Ion Torrent reads map to the sequence, MIRA 5 uses 436 
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reads to re-assemble the tyrosine recombinase sequence and the overlapping ends, from 

reads captured by the sequence bait, which will include reads with partial overlaps to the 

ends of the sequence. Figure 27 illustrates that merely mapping the reads to a reference 

is not an assembly as there are numerous mismatches visible at the ends of reads. 

Comparing this with the MIRA assembly (b) we see a clear demonstration that it trims the 

reads, aligning them accurately, resulting in just one correction from the Unicycler 

assembly 

After MIRA assembly there is one correction, an indel error, a C corrected to CC (Figure 

28). 

 

Figure 28. MIRA 5 assembled M. chelonae HPA 006 reads for tyrosine recombinase 

mapped back to Unicycler contig 1. 

 

The end of Unicycler contig 1 reveals the reason for termination of the assembly, namely 

low coverage of Ion Torrent reads (Figure 29). 
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Figure 29. Mapping of M. chelonae HPA 006 Ion Torrent reads to the start of Unicycler 

contig 1. 

 

Similar results occur for each of Unicycler contigs 2 through to 9. Contig 10 is a relatively 

short contig, which makes it easier to illustrate in these figures 

Sets of assembled contigs and reads, namely, MinION reads, Ion Torrent reads, Canu 

corrected reads, Canu assembled contigs, Flye assembled contigs, Unicycler assembled 

contigs, MIRA assembled contigs and SPAdes assembled contigs were collected and 

stored in a folder in Geneious Prime. A sequence, such as those overlapping ends seen in 

Figure 30 can be searched for in these data sets using BLAST (Basic Local Alignment Search 

Tool) 

 

 

 

 

 

Coverage 

The read sequence 

which overlaps the 

end of the reference 

is not aligned 

Figure 30. Unicycler contig 10 (reversed) illustrating the ends of M. chelonae HPA 006 

Ion Torrent read coverage. 

 
RZ4P3:395:16

69r 
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Figure 30 illustrates that there are reads overlapping both ends of the contig, suggesting 

that there is read data which can extend the contigs. The left end is very clear, with 

numerous reads which will align, the other end is poorer, but only in the sense that the 

coverage is somewhat lower. Coverage or depth of sequencing equates to the number of 

sequencing reads uniquely mapped to a reference genome and which therefore cover a 

known part of the genome. In an ideal situation, these reads would be equally distributed 

across the reference genome, providing uniform coverage. In actuality, coverage is often 

uneven. There are a variety of reasons for this, e.g., homologous regions which have 

similar sequences and the fact that the genome itself is complex with noncoding DNA and 

repetitive sequences. This can make it difficult to align the sequencing reads to the precise 

start and end of a genomic element. 

Figure 31 further illustrates that when the first Ion Torrent read at the end of contig 10, 

RZ4P3:395:1669r, is blasted against the MinION reads stored in Geneious Prime, four blast 

hits (denoted by the symbol ) are achieved. The fourth read has a blast hit at the end of 

a60414f6 and it actually aligns with Unicycler contig 10 i.e., it supports the contig already 

identified. However, the three other MinION reads, 9f6a86d1, 2f8990ed and b79b3520 

also contain this sequence in the middle and hence must overlap, and therefore extend 

the sequence. 

 

Figure 31. BLAST of Ion Torrent read RZ4P3:395:1669r against all MinION reads. 

 

Blast of these three reads against a database of contigs identify hits, at the end of 

Unicycler contig 2. Blast against a database of MIRA contigs hits contigs c46 and c84. 

Assembly of these reads and contigs shows the 3 MinION reads overlapping the ends of 

both MIRA contigs c46 and c86 and Unicycler contigs 10 and 2 (Figures 32, 33 and 34). 

 BLAST hit 
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Figure 32. Proposed junction between Unicycler 10 and Unicycler 2 contigs in the M. 

chelonae HPA 006 genome assembly. 

 

This hypothesis then allows collection of Ion Torrent reads from both sides, correction of 

the MinION reads with Ion Torrent reads, and assembly walking (in which a starting 

sequence is used as bait, the reads are assembled with MIRA 5 and the new extended 

sequence is used as bait for the next iteration). Iterating these steps generates a sequence 

bridging this Unicycler assembly gap. 

 

Figure 33. Mapping of M. chelonae HPA 006 Ion Torrent reads to the scaffold join for 

Unicycler contigs 10 and 2. 

 

 

Figure 34. Alignment of M. chelonae HPA 006 MIRA 5 contigs to the proposed Unicycler 

10: Unicycler 2 scaffold join. 
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The MIRA 5 assembled contigs map to the assembly of the multiple assembly fragments 

with 99.4% identity. The generation of multiple contigs, by MIRA, from the mapped reads, 

reflects the uneven read coverage which is also partly explained by repeat sequences in 

other parts of the genome (MIRA 5 assembles other contigs which do not map here (data 

not shown). Applying this strategy to all the Unicycler contigs generates a hypothesis for 

scaffolding the Unicycler contigs and provides the data to generate a consensus genome 

from all assembly strategies (Figure 35). 

This genome was corrected by MIRA 5 assembling all Ion Torrent reads to the final scaffold 

as reference genome to give a final corrected genome. This genome was annotated by 

PGAP when the PGAP annotation pipeline became available for local installation which 

allowed the joins between assembly fragments to be validated against protein 

annotations.  

The M. chelonae HPA 006 genome was aligned with M. abscessusT (Figure 36) against M. 

abscessusT (NC_010397 = ref sequence for CIP 104536T = ATCC 19977T = CU458896). 
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Figure 35. Final scaffolded genome assembly of M. chelonae HPA 006. 

Inner circle initial assembly of the Unicycler contigs into order, orientation and circularisation, outer circle adjusted scaffold, assembly of multiple 

fragments from all assembly strategies.
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Figure 36 (a) illustrates the Ion Torrent reads of M. chelonae HPA 006 mapped onto M. 

abscessusT (NC_010397). An image first illustrated in Figure 15. 

 

The de novo assembled genome for M. chelonae HPA006 aligned against M. abscessusT 

(NC_010397) is illustrated in Figure 36 (b). This gives a more detailed and a more accurate 

base to base comparison. It shows not only the major regions of difference obvious in the 

Ion Torrent mapping but many small differences, particularly exemplified by the 61.4% 

overall similarity compared to the 82% identity of regions present in both strains. The 82% 

identity further emphasises that these two strains are different species.   

 

Figure 36(c) compares the M. chelonae HPA006 genome to M. chelonae M77, one of the 

most closely similar M. chelonae sequences deposited since the start of the project. 

Despite the high sequence similarity, >99%, there are many regions of difference. 

This could reflect rapid acquisition and loss of DNA sequence and means that looking for 

significant differences between M. chelonae and M. abscessus will be difficult given the 

high variation within M. chelonae and M abscessus.  

 

The first gap between the strains in Figure 36 (c) is a phage insert of genes which are most 

similar to homologous genes in M. abscessus strains, but located in different parts of their 

genomes, the same gap is seen in the M. chelonae HPA 006 – M. abscessus alignment. The 

differences in sequence between M. chelonae HPA 006 and M. chelonae M77 are almost 

invariably supported by high confidence sequence data in the M. chelonae HPA 006 

assembly. 

 

There is one example given in the text here, a phage insert, present in M. chelonae HPA 

006 but absent in M. chelonae M77, one shared with M. abscessus strains. Compared with 

Figure 19 where the biggest region of difference of M. chelonae HPA 006 from M. 

abscessusT is a phage insert in M. abscessus not present in M. chelonae HPA 006. 
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Figure 36. (a). Ion Torrent reads mapped to NC-010397 from Figure 13. (b). M. chelonae 

HPA006 genome aligned against M. abscessusT NC-010397 with MAFFT and (c). M. chelonae 

HPA006 genome aligned to M. chelonae M77 CP041150 with MAFFT. 

Note: NC_010397 is the RefSeq (Reference Sequence) for ATCC 19977T = CIP 104536T = ID 

CU458896 
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Chapter 3. Taxonomy of the Mycobacterium abscessus/chelonae Clade 

 

3.1 Taxonomic Overview 

 

Fundamentally species are defined by their phenotypic behaviour and interaction, and 

evolutionary history with populations of similar organisms. “A species is a group of organisms 

which share a genetic heritage and are able to interbreed and  create offspring that are also 

fertile” (Dictionary of Biology - https://biologydictionary.net/species/ accessed July, 2022). 

Such a biological definition poses significant problems for prokaryotes. Nevertheless, in the 

genomes of bacteria we have that evolutionary history and a record of those interactions. 

The genetic basis for the delineation of bacterial species, estimating their genetic relatedness 

(Jain et al., 2018), has for many years been the paper by Wayne et al., (1987) on DNA: DNA re-

association.  The criteria proposed by Wayne et al., (1987) and Stackebrandt et al., (2002) 

were based on DNA:DNA re-association, and sequencing data from the 16S rRNA gene has 

underpinned the determination of species boundaries (Konstantinidis et al., 

2006).  However, DNA: DNA pairing has problems with reproducibility and workability 

(Stackebrandt et al., 2002). In contrast to DNA pairing, 16S rRNA gene sequencing is rapid, 

portable, and unambiguous, but many studies have demonstrated that it is not always 

discriminatory at the species level taxa (Varghese et al., 2015; Mende et al., 2013) and that 

this approach is dependent upon high precision in determining nucleotide sequence data. 

Nevertheless, 16S rRNA sequence data has supported for a rapid expansion of the numbers of 

validly described species. These issues were addressed by Stackebrandt et al., (2002) who 

concluded that species description based on a single gene seemed ill-advised. 

The application of second and third generation sequencing has resulted in the availability of 

genomic information on a diverse range of prokaryotic species, which is deposited and 

therefore accessible on public databases. When bacteria evolve, most of the functional gene 

transmission takes place vertically, but prokaryotic genomes are also subject to horizontal 

gene transfer and this can result in an extensive exchange of functional genomic DNA 

(Pritchard et al., 2016).  If the intention of taxonomy is to provide a classification system that 

is functional, predictable and reproducible, then utilising these deposited data with a new 

approach can give a better correlation between taxonomy and phenotype, for example, in 

https://biologydictionary.net/species/
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clinical prediction of mechanisms of infection, strategies for therapeutic intervention and case 

outcomes based upon accurate identification. 

3.2 Taxonomic Tools  

 

3.2.1 Average nucleotide identity  

 

ANI (Average Nucleotide Identity) is a calculation of the relationship of all nucleotides within 

a genome to those of the genome of a purported related species, it is an in silico method with 

results which could best represent those achievable using DNA:DNA pairing (Richter and 

Rossello-Mora, 2009).  The aim is to find all the nucleotides of one genome which have a 

matching nucleotide in the comparator genome. These matches are termed “best hits” and 

allow a numerical relationship to be derived as a percentage value. ANI can be calculated using 

both best hits (one-way ANI) and reciprocal best hits (two-way ANI) between two genomic 

datasets. Two-way ANI (i.e., comparing A with B and B with A) reduces the likelihood of 

miscalculation due to variation in the alignment of individual nucleotides within a genome.  

Typically, the ANI values between genomes of the same species are above 95% which is seen 

as comparable to the 70% DNA: DNA re-association standard (Goris et al., 2007). The problem 

is that these calculations were difficult when limited to a small number of genomes, and even 

more complex when multiple strains were to be assessed against an equally large set of 

comparator strains. This situation can be overcome with the availability of specifically 

designed software packages e.g., Pyani. Pyani is a Python3 module that provides support for 

calculating ANI for multiple whole genome comparisons (Pritchard et al., 2016). 

3.2.2 Pangenome analysis  

 

The concept of species has undergone considerable change in the years since Wayne et al., 

proposed DNA: DNA hybridisation as a cornerstone of the definition. This has particularly 

occurred due to the availability of faster and less expensive genomic analysis. Baumdicker et 

al., (2012) postulated that whilst individual bacterial cells have compact genomes, at the level 

of a species population a higher number of genes exist. This distributed genome of a bacterial 

species can be assessed using pan-genomics. 
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A single analysis and description of the genome of a strain of a species may be unique but 

nevertheless contain variations from other genomic analyses of strains of the same species. 

That is, the full genomes of several strains of the same species may contain variations. Thus, 

the sequence of a single genome does not reflect the entire genetic variability of a bacterial 

species (Costa et al., 2020). Variations may include deletions, insertions or substitutions or 

even loss of a more significant area of the genome, perhaps encompassing a whole gene. 

Taken in isolation the presence of such regions of difference may challenge the species 

definition of a particular strain of an organism.  

 

In a pan-genomic analysis, all available deposited genomes (full or partial) are comparatively 

analysed.  In principle, the pangenome is derived by analysis of multiple copies of the available 

genomes as deposited in a gene bank. The resulting pangenome is made up of the core 

genome, dispensable or accessory genome and singleton or cloud genes (i.e., species-specific 

genes). Within the genomes of organisms assigned to a broad “species” group, the core 

genome is the set of genes present in all the strains. These genes will have vital roles for strain 

survival. Accessory or dispensable genes are those which are present in only a fraction of the 

genomes. Cloud genes are present in only one or a few genomes. Accessory and cloud genes 

may have been acquired by horizontal gene transfer (Treangen & Rocha, 2011) or by extensive 

mutation of a pre-existing gene.  

These genes may have become established by conferring an evolutionary benefit such as drug 

resistance or virulence. In what is termed a “closed” pangenome, a more dominant core 

genome (and thus limited accessory genome) will result in a highly stable pangenome (e.g., 

Bacillus anthracis; Park et al., 2019). Pathogenic and symbiotic species tend to have closed 

pangenomes, having evolved away, in part or whole, from an environmental existence. In 

contrast, an “open” pangenome will have a greater composition of accessory genetic material 

and will continue evolving with the acquisition of more genes. Species such as Escherichia coli 

are reported to have open pangenomes (Park et al., 2019). Mobile genetic elements and 

hypervariable regions are found in many genomes and these may form part of the accessory 

genetic material. 

Analogous genes code for similar functions but are otherwise unrelated; by contrast, 

homologous genes are derived from a common ancestor. Pangenomic analysis seeks out 

homologous genes. Homologous genes may be orthologous or paralogous. Orthologous genes 
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are related by vertical descent from a common ancestor and may encode proteins with the 

same function in species that have diverged from one another. Paralogous genes have evolved 

by duplication (with some copy variation) and may code for proteins that show similar but not 

identical functions. However, whilst orthologous genes are likely to be highly conserved, 

paralogous genes may have mutated after duplication resulting in a functional change. 

A pan-genomic analysis presents all the gene variability of a group of organisms. The set of 

genes shared among all organisms as well as species- or strain-specific genes are also a source 

of extremely useful information. All of these data allow an improvement of time and 

technology in different areas of biology and bioinformatics. 

For example, traditional methods of vaccine development require cultivation of large amounts 

of the target microbe followed by laborious experimentation to determine inhibitory 

manipulations to validate the vaccine target. In contrast a comparison of several examples of 

the genomes of a target species can allow identification of common essential proteins which 

may be potential vaccine targets. The approach is termed reverse vaccinology method and 

was first applied to the serogroup B meningococci (Pizza et al., 2000). The method has 

advantages over classic approaches of vaccine development because it is less laborious, less 

costly, and more accurate in choosing a gene target. Several reverse vaccinology studies have 

now used pan-genomics to determine the main targets for vaccine development (Seib et al., 

2012). 

The host-pathogen interaction can be evaluated at the genomic level through genes that are 

responsible for processes such as adhesion, invasion, and toxin production. Therefore, a pan-

genome analysis helps to define which virulence genes are shared among all pathogenic 

species, as well as which genes are specific to one isolate. This has direct implications for 

understanding the evolution of pathogenic species. Pan-genomic analysis has been 

increasingly used to assist in the taxonomic classification of microorganisms (Caputo et al., 

2019), to determine a set of molecular markers for phylogenomic analysis (Velsko et al., 2019) 

and in the analysis of multiple pathogenic isolates of Streptococcus agalactiae (Tettelin et al., 

2005). 

The concept of what constitutes a species is being challenged, largely due the possibilities 

opened by sequencing of whole genomes. Hitherto the criteria proposed by Wayne et al., 

(1987) and Stackebrandt et al., (2002) based on DNA:DNA re-association and sequencing data 
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from the 16S rRNA gene respectively, have largely underpinned this determination of species 

boundaries for the last several decades. Recently, Bobay & Ochman, (2017) proposed that 

bacterial strains should be classified as the same species only if they show an intra-group rate 

of allele exchange (gene flow) which is greater than the rate between that group and any other 

strains. The concept of a distributed genome hypothesis, proposed by Baumdicker et 

al.,(2012) supports this. 

By studying the pangenome of the species within the M. abscessus/chelonae clade this study 

hopes to identify genes in M. abscessus subsp abscessus which, if they are responsible for  

conferring a greater degree of virulence, pathogenicity or resistance to antimicrobial agents,  

have the potential to explain the differences in the clinical outcome of infection with this 

organism versus M. chelonae in patients with cystic fibrosis.  

 
3.3 Materials and Methods  

 

3.3.1 Average nucleotide analysis with pyani 

 

There are multiple tools for ANI, some specifically for taxonomy, ANI Calculator at EZBioCloud 

(Joon et al., 2017), the genome-to-genome calculator (GGDC) at DSMZ (Meier-Kolthoff et al., 

2022) or the ANI calculator at the Kostas Lab (Goris et al., 2007). However, Pyani (Pritchard et 

al., 2016) offers a comprehensive package to calculate ANI between thousands of genomes, 

both complete genomes and multi-contig WGS. 

Pyani was run in ubuntu 18.04 in Windows Subsystem for Linux (WSL2) on a Dell XPS 15 9500 

laptop with 10th generation core i7 processor, 32Gb RAM and 1Tb SSD hard disk or an ASUS 

ROG Strix scar 17 similarly configured, or a native Ubuntu 18.04 installation on a Dell HP with 

4th generation core i7 and 32Gb RAM.  

It was installed within an Anaconda base environment set up for Bioconda and requires 

MUMmer (NUCmer: github.com/gmarcais/mummer) to produce the ANIm output for each 

species.  

R (R Core Team, 2013) was installed with RStudio (RStudio Team, 2020) for windows 10. 

Pyani has a convenient Python script to retrieve whole genome sequence data from the NCBI 

website based on the NCBI taxid taxonomy. This allowed rapid retrieval of all the genomes of 

https://github.com/gmarcais/mummer
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M. abscessus, M. chelonae, M. franklinii, M. immunogenum, M. salmoniphilum, M. 

saopaulense and M. stephanolepidis for all initial exploratory data analysis. (see 

Supplementary Data File (S1) for a list of genomes). Additionally, as part of the output, it 

prepares graphical summaries of the data, which simplified that exploratory data analysis 

phase. 

The command-line interface to Pyani uses subcommands. These separate the individual steps 

of an analysis into distinct actions. The following processes are common to any of the analyses 

which were carried out in this study. The version of pyani used was 

 https://github.com/widdowquinn/pyani/blob/master/README_v_0_2_x.md 

 

• Download required genomes. Pyani requires each genome to be individually presented 

in a FASTA file format. The FASTA files were placed in a Pyani subdirectory created in 

UBUNTU 18.04. 

• Create a database to hold genome data and analysis results 

• Perform ANI analysis 

• Each analysis produced an output file, which was moved back into Windows 

• The percentage identity file for each Pyani analyses was analysed further using R  which 

has software designed for integrated data manipulation 

• Generate species hypotheses (classify genomes) using the analysis results 

Output is as tab-separated plain text format tables describing: 

• alignment coverage 

• total alignment lengths 

• similarity errors 

• percentage identity (ANIm) 

 

The percentage identity (ANIm) was used for further analysis in R (R Core Team, 2013), the R 

environment is a collection of software facilities designed for integrated data manipulation, 

calculation, and graphical display. It assembles and runs on a wide variety of UNIX platforms, 

in addition to Windows and MacOS. The Comprehensive R Archive Network (CRAN) is available 

at The Comprehensive R Archive Network. R studio which is the graphical user interface (GUI) 

for R can be downloaded at http://www.rstudio.com/ide 

https://emea01.safelinks.protection.outlook.com/?url=https%3A%2F%2Fgithub.com%2Fwiddowquinn%2Fpyani%2Fblob%2Fmaster%2FREADME_v_0_2_x.md&data=04%7C01%7C%7C29be6e95e1ab4386830708d9672027d5%7C84df9e7fe9f640afb435aaaaaaaaaaaa%7C1%7C0%7C637654210076919853%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C1000&sdata=W7yzb2sStdqWYl1zHdLEATKDS919ea19XKhne%2BWJp4M%3D&reserved=0
http://cran.r-project.org/
http://www.rstudio.com/ide
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The tsv file for each dataset was used to generate cluster heatmaps using the R package 

Heatmaply (Galili et al., 2018). A tooltip display allows the user to visualise values whilst 

hovering over cells. The zoom capability allows closer inspection of specific areas in the 

heatmap and there is the additional advantage of interactive relationship with other R 

packages such as ggplot2 (Wickham, 2009), plotly (Sievert et al., 2016), dendextend (Galili, 

2015). 

Interactivity includes a tooltip display of values when hovering over cells, as well as the ability 

to zoom in to specific sections of the figure from the data matrix, the side dendrograms, or 

annotated labels. Thanks to the synergistic relationship between heatmaply and other R 

packages, the user can, if required, have control over the statistical and visual aspects of the 

heatmap layout. The heatmaply package is available under the GPL-2 Open Source license and 

is freely available from: http://cran.r-project. org/package/heatmaply. 

 

3.3.2 R analysis 

 

R code for ANI analysis 

#load library for heat map and library for plot3d 

>library(heatmaply) 

>library(rgl) 

#read in tab delimited output from pyani – file in R’s default working dir  

>Mab_rpoB_clus_sim <- read.table("Mab_rpoB_clus0_ANIb_percentage_identity.tab", 

header = TRUE, sep = "\t", row.name = 1) 

#plot a histogram of similarities in the matrix with 100 bins 

> hist(as.matrix(Mab_rpoB_clus_sim), breaks = 100) 

#do the heatmap – revC to get the diagonal top left to bottom right – use 256 viridis colors 

and reverse so v similar is dark 

> heatmaply(Mab_rpoB_clus_sim, revC = TRUE, col = rev(viridis(256))) 

#get a distance matrix for plotting 
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> Mab_rpoB_clus_dist <- 1 - as.matrix(Mab_rpoB_clus_sim) 

#calculate 3d positions by principal co-ordinates analysis 

> Mab_rpoB_clus_points <- cmdscale(Mab_rpoB_clus_dist, k = 3) 

#plot the points as blue spheres 

> plot3d(Mab_rpoB_clus_points, type = "s", col = "blue", size = 1) 

#add text labels positioned starting at centre of point and text ½ size 

> text3d(Mab_rpoB_clus_points, text = rownames(Mab_rpoB_clus_points), adj = c(0,0), cex = 

0.5) 

#or enable add labels by pointing and right-clicking – left click quits, quits if move plot (re-run 

to add more)  

>identify3d(Mab_rpoB_clus_points, labels = rownames(Mab_rpoB_clus_points), plot = TRUE, 

buttons = c("right", "left")) 

3.3.3 Pangenome with PPanGGOLiN 

 

PPanGGOLiN (Partitioned PanGenome Graph Of Linked Neighbors) presents the gene 

repertoire and its variations in a graph format. Each node represents an homologous gene 

family and each edge is indicative of a relation of genetic contiguity (Gautreau, et al., 2020). 

One possible drawback of this approach could be the fact that polymorphisms in genes are 

ignored, and variations in intragenic regions and introns are overlooked. However, prokaryotic 

genomes have small intragenic regions and have almost no introns; therefore, this approach 

has merit (Koonan & Wolf, 2008). 

In comparison to other software packages PPanGGOLiN can produce more cloud gene 

partitions but for this analysis the focus is on persistent and shell genes. PPanGGOLiN is easy 

to install and run and will accept FASTA and multi-FASTA genome files and annotate all the 

genomes consistently using Prodigal (Hyatt et al., 2010). 

PPanGGOLiN Materials and Methods 

PPanGGOLiN was installed on Ubuntu 20.04 running under wsl 2 on Windows 10 or 11 with 

Anaconda and Mamba. Anaconda was installed as conda version 4.1.10 from 
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https://repo.anaconda.com/archive/Anaconda3-2021.05-Linux-x86_64.sh and updated to 

4.1.11 during the project. Conda channels defaults, R, BioConda and conda-forge were 

installed into a base environment. Mamba, a faster replacement for the conda core written in 

C++ is recommended for installation of PPanGGOLiN and was installed in the base 

environment with the command:  

$ conda install -n base -c conda-forge mamba  

$ mamba update -n base mamba 

to version 0.7.3 

Then PPanGGOLiN was installed, in its own environment within the base environment: 

(base) anne@DESKTOP-17LEH4R:~$ mamba create -n pangenome PPanGGOLiN. 

(base) anne@ DESKTOP-17LEH4R:~$ conda activate pangenome 

(pangenome) anne@ DESKTOP-17LEH4R:~$ ppanggolin --version 

ppanggolin 1.1.136 

3.3.4 Genomes 

 

Genome sequence data was retrieved from NCBI for Mycobacterium (Mycobacteroides) 

abscessus subsp. abscessus, bolletii and massiliense, M. chelonae, M. franklinii, M. 

salmoniphilum and M. immunogenum. The reference rpoB gene sequences from the type 

strains (except M. chelonae, where the type strain is not representative and rpoB from M. 

chelonae HPA 006 was utilised) were used to identify the genomes of members of the genus 

using blast. There was only one whole genome for M. stephanolepidis and four for M. 

saopaulense. This procedure retrieved genomes for this taxonomic group even if not identified 

in the NCBI tax id and were added to the genome sequence for M. chelonae HPA 006. 

 

The rpoB sequences, retrieved by blast, were aligned with MAFFT (Katoh & Standley, 2013) in 

Geneious (Geneious Prime: Geneious Prime 2022.0.1 http://www.geneious.com/) and the 

phylogenetic tree viewed in Dendroscope (Huson et al., 2007) and the source data for rpoB 

data in the clade corresponding to each species identified.  

https://repo.anaconda.com/archive/Anaconda3-2021.05-Linux-x86_64.sh
http://www.geneious.com/
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All the genomes were retrieved from complete genomes or as multi-contig WGS, as full 

genbank (gb) or .gbff format files and read into geneious into a folder for each species. The 

names in geneious were adjusted to – genbank id_species_name_strain - joined with 

underlines (no spaces or punctuation). 

For analysis in PPanGGOLiN files were selected in Geneious and exported to an analysis folder 

in FASTA format, supplying PPanGGOLiN with input files in FASTA format ensured that all 

genomes were annotated in the same way. The input to PPanGGOLiN is a file with a label to 

be used to identify each genome followed by the path to the corresponding FASTA file 

e.g., CP007220_M_chelonae_CCUG47445 CP007220_M_chelonae_CCUG47445.FASTA 

This file was generated using the ls command with output redirected to a file 

(pangenome) anne@ DESKTOP-17LEH4R:~/M_chel_pan: $ ls > M_chel_pan_lst 

The file names were copied in block select mode in Textpad, the .FASTA extension deleted and 

pasted with a tab separator, to the start of each line to generate the PPanGGOLiN input.  

PPanGGOLiN was run as: 

(pangenome) anne@ DESKTOP-17LEH4R:~/M_chel_pan: $ ppanggolin panrgp --cpu 8 --FASTA 

M_chel_pan_lst which generates an output folder with a unique name e.g., 

ppanggolin_output_DATE2021-11-03_HOUR07.58.28_PID24979. 

Instructions for PPanGGOLiN are in the wiki at  

https://github.com/labgem/PPanGGOLiN/wiki/Introduction (last accessed July 2021) 

3.4 Results 

3.4.1 ANI analysis 

 

With the description of Mycobacterium salmoniphilum in 2007 (Whipps et al., 2007) the group 

of mycobacterial species referred to as the M. abscessus/chelonae clade were composed of 

Mycobacterium chelonae (Bergey et al., 1923), Mycobacterium abscessus (Kusunoki & Ezaki, 

1992), Mycobacterium immunogenum (Wilson et al., 2001), Mycobacterium massiliense 

(Adékambi et al., 2004), and Mycobacterium bolletii (Adékambi et al., 2006b). To these have 

been added Mycobacterium franklinii (Nogueira et al., 2015a), Mycobacterium saopaulense 

(Nogueira et al., 2015b) and Mycobacterium stephanolepidis (Fukano et al., 2017a). The 

https://github.com/labgem/PPanGGOLiN/wiki/Introduction
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taxonomic relationships of Mycobacterium abscessus variants (M. abscessus, M. bolletii and 

M. massiliense) was rationalised (Tortoli et al., 2016) to create subspecies, M. abscessus 

subsp. abscessus, M. abscessus subsp. bolletii and M. abscessus subsp. massiliense though 

there is still debate over these taxonomic designations. 

3.4.2 Analysis of species in the M. abscessus/chelonae clade 

 

A total of 471 representative strains of the M. abscessus/chelonae clade were downloaded as 

FASTA files from the NCBI database using the Pyani script. This provided a cohort of samples, 

representative of the clade, for ANIm analysis (Figure 37). 

  

 

Figure 37. Heatmap of average nucleotide identity (ANIm) for 1. M. chelonae (including M. 

chelonae HPA 006) and M. stephanolepidis 2. M. immunogenum, M. salmoniphilum, M. 

franklinii, M. saopaulense 3. M. abscessus subsp. bolletii 4. M. abscessus subsp. massiliense 5. 

M. abscessus subsp. abscessus. a, b and c represent putative subclusters of strains within the 

main clusters. 
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It is clear that the number of strains analysed makes this representation of the data difficult 

to read within the constraints of an A4 page but the blocks of strains corresponding to 

individual species have been labelled and are analysed below. There is also a PDF of the 

original pyani generated (percentage identity file) output as a Supplementary File (S2), with 

the position of M. chelonae HPA 006 highlighted. 

 

Cluster 1, M. chelonae strains, all show a ≥ 98% average nucleotide identity with the exception 

of strain NCTC 946 (nominally the originally deposited type strain) about 82%* similarity. M. 

stephanolepidis has average ANI values comparable to the other M. chelonae strains of about 

95% while the sequence data for multiple culture collection samples of the type strain are 

distinct from the rest of the species at about 96%. The sequence for NCTC 946 matches M. 

phlei, by 16S, rpoB and ANI – presumably M. phlei NCTC 8156, which is an M. chelonae. 

* There are 470 individual ANI values which show some variation. 

Cluster 2. All of the representatives of M. franklinii, M. immunogenum, M. salmoniphilum and 

M. saopaulense have clustered in area 2, all of the clusters are distinct and all strains display 

a ≥98% average nucleotide identity within their separate clusters. A strain, M. chelonae 

S00154 is also observed in this cluster and is most closely related to M. saopaulense, though, 

like M. stephanolepidis, at the border-line of new species identity. 

Cluster 3. Strains of M. abscessus subsp. bolletii which have clustered in area 3. There are 

several groups of strains observed, all strains display a ≥98% average nucleotide identity, these 

groups represent clusters of nearly identical strains. There is a strain M. abscessus subsp. 

abscessus (JACDRH01) which is clearly a member of this species. 

Cluster 4 predominantly includes strains which have been identified as M. abscessus subsp. 

massiliense which have clustered here. Although there are some groups with high similarity 

discerned in the data all strains display a ≥98% average nucleotide identity to one another, 

and any subgroups comprise clusters of very high identity. There are more strains which seem 

to have been misidentified, 12 strains described as M. abscessus subsp. bolletii and 1 M. 

abscessus subsp. abscessus. At least 3 strains, designated as M. abscessus subsp. bolletii in 

NCBI were submitted as M. abscessus subsp. massiliense. 
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Although these strain identifications are not taking place in a routine clinical setting it is clear 

that few of these strains appear to be misidentified. 

A 3D principal coordinates plot of the ANI similarities (percentage similarities as rendered by 

the ANI output converted to distances from a median point) for representative strains from 

each of the clusters (there are too many data points and too many labels in a full analysis) 

shows the same pattern. At this resolution, scaled to the distances between species, the 

subspecies in M. abscessus do not separate (Figure 38). 

 

Figure 38. 3D ordination plot of Average Nucleotide Identity (ANI) analysis of the 

representative strains of the M. abscessus chelonae taxonomic clade. 

 

A plot of the histogram for all the ANI similarities shows two peaks at close to 99% which 

corresponds to distances between members of the same species while a second peak at about 

97.5% may correspond to distances between strains that are members of different subspecies. 

The basis of the 70% DNA:DNA re-association, as a guide to the separation of species, 

proposed by Wayne et al., (1987) was that this figure corresponded to a minimum between 
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DNA:DNA re-association data available to them, perhaps capturing a discontinuity in organism 

similarities at the natural species boundary. For the M. abscessus species there is a clear 

discontinuity in the data which may represent the subspecies separation (Figure 39). 

Similarities between members of different species are represented by the peaks at around 

0.85% similarity. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 39. Histogram of ANI similarities from all vs all M. abscessus/M. chelonae strains. 

 

3.4.3 Analysis of M. abscessus and subspecies 

 

The ANI analysis of M. abscessus strains is shown in Figure 40 
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Figure 40. Average Nucleotide Identity analysis of M. abscessus showing the separation into 

the 3 common subspecies present: M. abscessus subsp. abscessus, M. abscessus subsp. bolletii 

and M. abscessus subsp. massiliense. 

 

The plot in Figure 39 can be visualised in the ANI analysis of M. abscessus and its subspecies 

in Figure 40. A clear stable M. abscessus subsp. bolletii cluster is evident here, but a core 

subspecies for M abscessus subsp. abscessus with a short trail of strains emerging at 45o  

(inside the red circle), to the strain at the bottom middle is evident. This could perhaps 

represent the act of evolving as there is a continuum of variation and no discontinuity or gap 

to that last point, which may be the nucleus for a new subspecies, if it finds a niche in which it 

is successful. Similarly, the M. abscessus subsp massiliense cluster is showing a lot of variation 

with the group circled in blue, potentially a new subcluster. It would be interesting to try and 

correlate this diversity of the M. abscessus subsp massiliense cluster based on the source of 

the strain as either clinical or environmental. 
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3.4.4 Analysis of M. chelonae and subspecies 

 

The analysis of M. chelonae strains was carried out omitting the sequence for NCTC 946T as it 

is identical to M. phlei.  Additionally, it was established that the other deposited type strains 

of M. chelonae, namely, ATCC 35752, ATCC 35752.1, ATCC 35752.2, CCUG 47445 and DSM 

43804 were duplicates of one another. Of these, only ATCC 35752 was included. 

M. chelonae S00154 (JACHLF01) which, although deposited in NCBI as a chelonae species, was 

found to be derived from a strain of M. immunogenum.  The chelonae analysis is shown in 

Figure 41. 

 

 

Figure 41. M. chelonae strains ANIm percentage identity Heatmap and Dendrogram minus 

aberrant strain data and with multiple Type strain data inclusions removed. 

 

The relationship between M. chelonae strains is analysed further in the PPanGGOLiN analysis 

(Section 3.5.2). 

 



105 
 

3.4.5 PPanGGOLiN analysis 

 

The 1526 genomes downloaded as members of the M. abscessus/chelonae clade, based on 

rpoB analysis, required too much RAM to analyse with PPanGGOLiN (Bazin et al., 2020; 

Gautreau et al., 2020) in a 32 Gb RAM linux computer, so the genomes were reduced to 870 

M. abscessus subsp. abscessus, 119 M. abscessus subsp. bolletii, 362  M. abscessus subsp. 

massiliense, 53 M. chelonae, 12 M. franklinii, 7 M. salmoniphilum and 12 M. immunogenum. 

Genomes which were identical or highly similar and multi-contig whole genome sequences 

(WGS) with large numbers of contigs were reduced and M. stephanolepidis and M. 

saopaulense were left out. 

Analysis of 1435 genomes was successful and generated a tab separated matrix of locus tags 

for each genome with each row containing the homologous genes from each genome, 

calculated from the annotated genes, using Prodigal (Hyatt et al., 2010). The genomes were 

submitted, ordered to cluster the M. abscessus/M. chelonae clade species together, so that 

the columns in the matrix were ordered by species. This tab separated matrix was read into 

excel and the number and percentage of each gene in each species and subspecies calculated 

(Figure 42). 

 

 

Figure 42. Calculation of the number and percent of each gene present in the genomes of M. 

franklinii, M. abscessus subsp. abscessus, M. abscessus subsp. bolletii,  M. abscessus subsp. 

massiliense, M. chelonae, M. salmoniphilum, M. immunogenum. 
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Table 5. PPanGGOLiN gene classification results for genomes of M. franklinii, M. abscessus 

subsp. abscessus, M. abscessus subsp. bolletii,  M. abscessus subsp. massiliense, M. chelonae, 

M. salmoniphilum, M. immunogenum. 

Gene class identified Number of genes identified 

Cloud genes 115,249 

Shell genes 3157 

Persistent 4231 

Core genes 3251 

 

There were an enormous number of cloud genes. PPanGGOLiN, compared to other 

pangenome programs, like Panaroo (Tonkin-Hill et al., 2020), does classify many more cloud 

genes. Otherwise, the number of core genes (genes present in > 99% of Mycobacterial 

genomes) at 3251 looks reasonable for genomes with about 5,000 genes (Segerman, 2012; 

Pearce et al., 2020; Lyu et al., 2021) 

 

There were 75 genomes retrieved from Genbank, identified by rpoB phylogeny, as members 

of the M chelonae clade, including M. phlei NCTC 8151 but not including M. chelonaeT NCTC 

946. The other sequence data for the type strain such as ATCC 35752 are included, and 

correspond to the NCTC 8151 sequence. The data was read into R from the 

presence_absence.Rtab tab separated data file generated from the PPanGGOLiN analysis of 

75 M. chelonae genomes. The Euclidean distance was calculated with dist() and plotted as an 

interactive heatmap with heatmaply() (Figure 43) 
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Figure 43. Heatmap of M. chelonae strains based on the presence/absence of homologous 

genes. 

 

M. chelonae HPA 006 clusters with M. chelonae M77. The yellow blocks (labelled Gomez-

Alvarez & Revetta, 2016) are numerous strains which were isolated at the same time from one 

source and so essentially amount to two strains represented by multiple identical genomes. 

There are multiple sequences for the type strain from different sequencing projects and 

culture collections, the NCTC strains are not included here. These results, however, confirm 

again that the type strain differs from most clinical isolates of M. chelonae. 

 

The same data plotted as a 3D ordination using hclust_method using the option “average” 

(UPGMA, unweighted pair group with arithmetic mean method) in R software is shown in 

Figure 44.  
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Figure 44. 3D plot of M. chelonae strains based upon the UPGMA distance calculated from the presence/absence of genes. 
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Despite the congruence seen in the ANI data and the heatmaps (see Figure. 43), Figure 44 

suggests that the species shows a greater level of heterogeneity and that while all strains fall 

within a defined area of relationship compatible with a species definition there are some 

strains which are at the edge of the species envelope. The plot also suggests that M. 

gwanakae and M. chelonae subsp. bovis (on this evidence) are not sufficiently variant to be 

considered subspecies. 

 

Figure 45 confirms the picture seen in Figure 44, demonstrating that M. chelonae is potentially 

still evolving.  

 

 

Figure 45. Minimum spanning tree of M. chelonae strains based upon UPGMA distance 

calculated from the presence/absence of genes. 

 

Figure 45 confirms the picture seen in Figure 44, demonstrating that M. chelonae is potentially 

still evolving. 
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3.5 Analysis of Each of the Members of the M. abscessus/chelonae Clade 

 

3.5.1 Mycobacterium chelonae clade  

 

With the description of Mycobacterium salmoniphilum in 2007 (Whipps et al.,) the group of 

mycobacterial species referred to as the M. abscessus/chelonae clade were composed of 

Mycobacterium chelonae (Bergey et al., 1923), Mycobacterium abscessus (Kusunoki & Ezaki, 

1992), Mycobacterium immunogenum (Wilson et al., 2001), Mycobacterium massiliense 

(Adékambi et al., 2004), and Mycobacterium bolletii (Adékambi et al., 2006b). To these have 

been added Mycobacterium franklinii (Nogueira et al., 2015a) and Mycobacterium 

saopaulense (Nogueira et al., 2015b). The taxonomic relationships of Mycobacterium 

abscessus variants (M. abscessus, M. bolletii and M. massiliense) were rationalised by Tortoli 

et al., (2016). To these species has been further added Mycobacterium stephanolepidis 

(Fukano et al., 2017). 

 

3.5.2 Mycobacterium chelonae 

 

This species was originally isolated from a sea turtle (Freidman, unpublished) and was 

suggested as a vaccine strain. However, the source of the isolate which was subsequently 

validly described was a tortoise (Bergey et al., 1923). Both of these organisms are members 

of the taxonomic order Testudinae but tortoises have the family name of Chelonidae giving 

rise to the epithet chelonae. Mycobacterium chelonae is an environmental species found in 

water and soil. Nevertheless, it may cause cervical adenitis, corneal infections, prosthetic 

valve endocarditis and wound infections. Phenotypically, the species is rapid-growing (3-4 

days) producing non-chromogenic or buff-coloured colonies of rod-shaped organisms which 

are strongly acid-fast in young cultures. Growth temperatures vary from 22-40oC, but the 

optimum lies between 33o and 35o (Magee & Ward, 2012). The Type strain is ATCC 35752 but 

many culture collections hold Type strain representatives. The rather ambiguous phenotypic 

features have led to several new species being noted as closely resembling M. chelonae. 
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Notably, the relationship of this species to M. abscessus (sensu lato) has in the past been a 

source of some confusion (Magee and Ward, 2012).   

 

3.5.3 Mycobacterium abscessus subspecies analysis  

 

Found in soil and originally isolated from the synovium of a knee and a cause of wound 

infections. A potential water-borne coloniser of vulnerable patients notably those with 

fibrocystic disease. The original species was validly named by Kusunoki and Ezaki (1992). 

However, Leao et al., (2011) based on analysis of rpoB and hsp65 sequence data, proposed 

M. abscessus, M. massiliense and M. bolletii to be a single species (M. abscessus) with two 

subspecies (M. abscessus subsp. abscessus and M. abscessus subsp. bolletii). Furthermore, 

those strains formerly representing M. massiliense were reclassified as M. abscessus subsp. 

bolletii (Leao et al., 2011). However, whole genomic sequencing of clinical isolates supported 

the distinctiveness of strains classified as “massiliense”, thus suggesting that there are indeed 

three taxonomic groups within M. abscessus (Tettelin et al., 2014). This led to the proposal 

by Tortoli et al., (2016) to describe 3 subspecies of Mycobacterium abscessus, namely M. 

abscessus subsp. abscessus, M. abscessus subsp. bolletii and M. abscessus subsp. massiliense 

with the Type strains ATCC 19977T, CCUG 50184T and CCUG 48898T respectively. In arriving 

at these taxonomic conclusions Tortoli et al., (2016) used ANI, genome to genome distance 

and single nucleotide polymorphism analysis as distinguishing characteristics. In a taxonomic 

oddity, Tortoli et al., (2016) erroneously described M. abscessus subsp. massiliense as a comb. 

nov., this was corrected to M. abscessus subsp. massiliense subsp. nov. when the valid 

publication was eventually officially recognised (Oren & Garrity, 2017).  

The current study assessed 307 whole genome sequences of M. abscessus strains 

downloaded from the NCBI GenBank data base by ANI and 807 by PPanGGOLiN.  Each of these 

strains had been assigned to a subspecies of M. abscessus by the depositing scientists. Once 

again, the software program Pyani was used to determine the Average Nucleotide Identities 

(ANI) for the collected strains.  

The ANI data of the M. abscessus subsp abscessus, M. abscessus subsp massiliense and M. 

abscessus subsp bolletii strains studied show all 3 variants to be very closely related but very 
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distinct from all the other species and, in particular, from M. chelonae. However, if 95% ANI 

is accepted as an appropriate cut off for species and 95-98% as the range for the description 

of subspecies (Figure 39), these subspecies hold up well. 

 The impetus of this project was to consider whether there were genetic factors evident which 

would explain the apparent difference in virulence between strains of M. abscessus and M. 

chelonae. However, other members of the clade, when they were also implicated in disease 

were consigned to the vague classification “mycobacterium chelonae like organisms”  

(Wallace et al., 1993). Advances in identification techniques, including but not limited to WGS 

have identified that these species are distinct. A short analysis of the findings for each of these 

strains is detailed below. 

 

3.5.4 Mycobacterium stephanolepidis analysis 

 

The description of this species was based on 7 isolates from 5 thread-sail filefish (Fukano et 

al., 2017a). These isolates were subjected to sequence analyses of the 16S rRNA, rpoB, hsp65, 

recA and sodA genes. Although the 16S rRNA sequence showed 99.9% similarity to M. 

chelonae, a phylogenetic tree based on concatenation of these 5 genes separated M. 

stephanolepidis from M. chelonae and indicated the nearest related species to be M. 

salmoniphilum. The Type strain is JCM 31611. 

However, only one of these isolates resulted in a deposited WGS. The genome description 

(Fukano et al., 2017b) records 93.56% ANI between M. stephanolepidis and M. chelonae 

CCUG 47445T. The type strain of M. chelonae is not representative of the species and M. 

stephanolepidis clearly falls within the radius of the M. chelonae diversity 

3.5.5 Mycobacterium immunogenum analysis 

 

This species was validly named by Wilson et al., (2001) following an extensive assessment of 

unassigned strains putatively linked to the M. abscessus/chelonae clade. The Type strain 

being listed as ATCC 700505T.   
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This species has been implicated in hypersensitivity pneumonitis associated with 

metalworking fluid (Kreiss and Cox-Ganser 1997; Shelton et al., 1999). Also identified as a 

cause of keratitis following laser in situ keratomileusis (Sampaio et al., 2006). 

Restriction enzyme analysis, 16S rRNA sequencing studies and DNA: DNA hybridisation 

(Wayne et al., (1987) suggested that this was a distinct species. An unexpected finding was 

that, despite the phenotypic similarity of M. immunogenum to M. chelonae and M. abscessus, 

the species possesses two copies of the rRNA operon, whereas M. chelonae and M. abscessus 

have only one.  

In the current study all 17 of the available deposited whole genome sequences were included 

in a pangenomic assessment. The results of which supports the separation of M. 

immunogenum from the other species studied. 

The outlier (M. immunogenum_CD11-6) is an unpublished strain, with only a partial sequence 

deposited. This sequence (NZ_LQYE01) lacks housekeeping genes which removes the 

possibility of further Blast analysis. Thus, the identity of this strain remains unclear, but it 

seems unlikely to be compatible with M. immunogenum. The remaining 16 strains show an 

ANI relationship of greater than 99.9%. 

3.5.6 Mycobacterium salmoniphilum analysis 

 

Isolated from viscera of salmonid fish – originally described by Ross (1960) the species was 

not cited in the Approved List of Bacterial Names (Skerman et al., 1980) but was revived and 

validly named by Whipps et al., (2007). The Type strain is CCUG 60883T. Whipps et al., (2007) 

used sequence analysis of the SSU (16S) rRNA gene, hsp65, rpoB and ITS regions to show that 

isolates were phylogenetically distinct. However, the authors also noted the diversity of 

isolates assigned to M. salmoniphilum with a resulting nervousness regarding deposited 

genetic sequences. 

In this study all 7 whole genome sequences deposited in NCBI were assessed. M. 

salmoniphilum strains are shown to be separated from other strains of the M. 

abscessus/chelonae clade in the 3D plot.  However, some ANI values between strains fall 

around 94-95%. The conclusion would be to agree with Whipps et al., (2007) that there is 
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diversity within this species. Despite this the species is distinct from other members of the M. 

abscessus/chelonae clade with the closest relative being M. stephanolepidis. 

3.5.7 Mycobacterium franklinii analysis 

 

Originally described on the basis of phenotypic data and analysis of concatenated sequences 

of the 16S rRNA, ITS, hsp65, rpoB housekeeping genes (Nogueira et al., 2015a). The Type strain 

is DSM 45524T. This was supported by a DNA:DNA relatedness study of the Type strain versus 

the Type strains of M. abscessus subsp. abscessus, M. chelonae, M. immunogenum and M. 

salmoniphilum. 

In the current study 12 deposited whole genome sequences were downloaded and ANI data 

determined. The results support the conclusion that this organism is distinct from the other 

members of the M. abscessus/chelonae clade. However, the species may not be homogenous 

since there appear to be several clusters although all fall within the 96% similarity range.  

3.5.8 Mycobacterium saopaulense analysis 

 

Five isolates were studied by Nogueira et al., (2015b). These were originally obtained from 2 

patients with corneal infections following LASIK surgery, 1 patient with a cervical abscess and 

2 from laboratory kept zebrafish. Although initially thought to be variants of Mycobacterium 

chelonae, analysis of concatenated sequences of the 16S rRNA, hsp65 and rpoB genes showed 

Myobacterium saopaulense to be a distinct species. This was confirmed by DNA: DNA 

hybridisation against all of the other species listed as members of a M. abscessus/chelonae 

clade. The Type strain of M. saopaulense is CCUG 66554T. 

For this study only 4 whole genome sequences of M. saopaulense were available. The ANI 

data demonstrates M. saopaulense to be separated from other members of the M. 

abscessus/chelonae clade. 
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Chapter 4. Resistance and Virulence Factors in the Mycobacterium abscessus 

chelonae Clade and Comparative Genomic Analysis of M. abscessus (ATCC 

19977) and the Clinical Isolate M. chelonae HPA 006 

 

4.1 Antimicrobial Resistance: Background 

 

Many of the antibiotics we currently use are natural products, produced by microbes 

themselves. They are generated by one microbe as a way of competing with other microbes 

occupying the same ecological niche. Screening soil samples to look for these natural products 

led to the discovery of most of the antibiotics we currently use. Penicillins and cephalosporins 

are derived from fungi and antibiotics such as streptomycin from different strains of 

Streptomyces. A natural progression was the modification of these natural products to make 

semi-synthetic compounds which allowed the production of second and third generation 

antibiotics such as  lactams from the penicillins and cephalosporins as well as totally synthetic 

flouroquinolone compounds such as ciprofloxacin in the 1990’s (Walsh, 2000).  

 

4.1.1 Mechanisms of antibiotic resistance in bacteria 

 

Antimicrobial resistance is a long-standing phenomenon that occurs as a result of an 

organism's interactions with its habitat. Because the majority of antimicrobial substances are 

naturally occurring chemicals, co-existing bacteria have evolved methods to counteract their 

effects in order to survive. As a result, these organisms are described as being "intrinsically" 

resistant to one or more antimicrobial agents (Munita and Cesar, 2016). Resistance can also 

be transferred between bacteria, so called acquired resistance. Genetic elements which 

contain resistance genes are picked up in a process of horizontal gene transfer (Lee, 2019). 

There is a third type of resistance, adaptive resistance. There is a wide range of opinion on the 

definition of adaptive resistance but Fernandez and Hancock, 2012 define it as “a temporary 

increase in the ability of a bacterium to survive an antibiotic insult due to alterations in gene 

and or protein expression as a result of exposure to an environmental trigger”. Environmental 

situations which can initiate this include, ion density, pH, nutrient levels and exposure to a 

non lethal dose of antibiotics. One area that has sparked interest is that of biofilms. Yeasts or 

bacteria that form biofilms (cells growing on a surface and enclosed in an exopolysaccharide 
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matrix) are protected from antimicrobial agents (Szomolay et al., 2005), which raises the 

possibility that this is a form of adaptive resistance. Biofilms are comprised mostly of water 

and bacteria have no problem diffusing into them. Stewart, 2002, noted a reduction of 

antibiotic mobility by a factor of two to three in biofilms, however, this was not enough to 

explain the level of resistance of the aggregated bacteria to killing. It is apparent that mobility 

is not the only factor required for optimum penetration of the biofilm. If an antibiotic is 

inactivated or becomes bound as it moves within the biofilm, then its delivery deeper into the 

biofilm will be reduced (Stewart, 2002). A model biofilm formed by wild-type Klebsiella 

pneumoniae in a study carried out by Anderl et al., was shown to resist killing by ampicillin 

and ciprofloxacin (Anderl et al., 2000). Four potential explanations which explain biofilm 

resistance mechanisms have been put forward (Stewart, 2002). The first is that the antibiotic 

penetrates too slowly or incompletely, second, a concentration gradient of a metabolic 

substrate within the biofilm encourages areas of slow growing bacteria or completely inhibits 

growth. The third postulates an adaptive stress response and finally a small percentage of cells 

become persister cells, cells which become highly protected within the film. There is evidence 

that whilst these cells may constitute only a very small percentage of the biofilm, they enter 

into an almost spore like state which helps them evade killing by antibiotics (Lewis, 2001., 

Stewart and Costerton, 2001) 

 

In summary resistance in bacteria arises either by mutation or acquisition followed by 

selection. Resistance is spread vertically, by the dissemination of resistant clones, e.g., the 

spread of methicillin resistant Staphylococcus aureus (MRSA) or horizontally by gene transfer. 

Examples of the latter are 

• transduction mediated by bacteriophages  

• conjugation, the direct transfer of genetic material directly by cell to cell contact via a 

pilus (the conjugative element).  

• transformation, the direct uptake and incorporation of DNA by a competent cell from 

its surroundings via cell membranes. 

 

4.1.2 Evading the effects of antibiotics  

 

Antimicrobial agents can be classified according to the mechanisms which they employ to act 

on microbial cells (Reygaert, 2018), namely: 
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• inhibition of cell wall synthesis e.g., b -Lactam, carbapenem and cephalosporin classes 

of antibiotic 

• depolarisation of the cell membrane e.g., lipopeptide class of antibiotic 

• inhibition of protein synthesis e.g., aminoglycosides, tetracycline and macrolide 

classes of antibiotic 

• inhibition of nucleic acid synthesis e.g., quinolone and fluoroquinolone classes of 

antibiotic 

• inhibition of the microbial cell metabolic pathways e.g., sulfonamide and trimethoprim 

 

Bacteria have several mechanisms which they employ to evade the mechanisms of antibiotic 

action.  

• inactivate the antibiotic by enzymatic degradation e.g., β -lactamase which destroys 

the active component (the β-lactam ring) of penicillins. Extended spectrum β -

lactamase producing bacteria (ESBL) are a major concern. These bacteria are able to 

hydrolyse extended spectrum cephalosporin, rendering ceftazidime, ceftriaxone, 

cefotaxime and oxyimino-monobactam ineffective (Bush and Jacoby, 2010) 

• prevent the antibiotic from reaching its intended target, an example being the mecA 

gene, which encodes an alternative penicillin-binding protein, PBP 2a, causing high 

level resistance to methicillin in Staphylococcus aureus is such an example (Beceiro et 

al., 2013) 

• reduce the susceptibility of the target by making it difficult for the antibiotic to gain 

entry into the cell, by modifying porin channels bacteria can restrict the influx of β-

lactam and fluoroquinolone antibiotics 

• increase the number of efflux pumps, effectively reducing the effectiveness of the 

antibiotic by removing it from the cell. Reygaert (2018) described five main families of 

efflux pumps in bacteria. They are classified according to their structure and the energy 

source used: the resistance-nodulation-cell division (RND) family: the ATP-binding 

cassette (ABC) family, the small multidrug resistance (SMR) family, the multidrug and 

toxic compound extrusion (MATE) family and the major facilitator superfamily (MFS)  

 

Gram positive bacteria essentially have two resistance mechanisms. Enzymatic degradation of 

the antibiotic (for example by β-lactamases) or decreasing the affinity and susceptibility of the 
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penicillin-binding protein by either acquisition of exogenous DNA or by changes in the native 

PBP genes (Munita et al., 2015; Berger-Bächi, 2002), in effect two of the four mechanisms 

described above. Gram negative bacteria, however, may utilise all four in one capacity or 

another. 

 The United Kingdom’s five-year national action plan, “Tackling antimicrobial resistance 2019–

2024” was published in January 2019 (Tackling antimicrobial resistance 2019 to 2024 

(publishing.service.gov.uk)). The plan's ultimate goal is to ensure progress toward the United 

Kingdom’s 20-year vision on AMR, which would result in resistance being both contained and 

controlled and which focuses on three critical strategies to combat AMR: minimising the need 

for antimicrobials and unintended exposure to them; optimising antimicrobial usage; and 

investing in innovation, supply, and access. 

 

4.1.3 Antibiotic resistance in the M. abscessus/chelonae clade 

 

As discussed in Chapter 1 (section 1.5) resistance may be due to one or more of several 

mechanisms.  

Clinically acquired drug resistance is usually the result of mutations in the target genes for the 

specific antibiotic being used as a therapeutic agent.  Clinically acquired macrolide resistance 

in mycobacteria is conferred by mutation in the 23S rRNA gene. Meier et al., (1996) examined 

isolates of Mycobacterium avium cultured from the blood of 38 patients before and after 

treatment with clarithromycin. They observed point mutations in the peptidyltransferase 

region of the 23S rRNA gene in 100% of the 74 resistant relapse blood isolates, however, no 

mutations were observed in the 69 susceptible isolates which were isolated prior to the start 

of treatment. Additionally, multiple mutations were observed in isolates from 23 of the 38 

patients. In total 63 mutations were identified and 95% involved adenine at base pair 2058 

(Escherichia coli numbering). Resistance due to this mutation develops infrequently during the 

treatment of infections due to M. abscessus or M. chelonae (Wallace et al., 1996) 

 

Intrinsic resistance may be derived from low permeability of the M. abscessus/chelonae cell 

envelope, as well as to numerous drug export systems and M. abscessus exhibits intrinsic 

resistance to numerous antibiotics of different classes. 

 

https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1070263/UK_AMR_5_year_national_action_plan.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1070263/UK_AMR_5_year_national_action_plan.pdf
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There are also multiple enzymatic mechanisms which can confer resistance as Luthra et al., 

(2018) noted  

• an erythromycin ribosome methyltransferase which acts to lower the binding affinity 

of macrolides. This happens when the organism is exposed to macrolide antibiotics, 

classic inducible resistance  

 

• Acyl and phosphate groups can be added to sites on the aminoglycoside molecule by 

enzymes in M. abscessus preventing the antibiotic binding to its ribosomal target  

 

• There are two putative acetyltransferases, AAC(2’) and eis2, which can be active not 

only on different aminoglycosides but also within different regions of the 

aminoglycoside. It is noteworthy that two genes present in the M. abscessus genome, 

MAB_4124 (eis1) and MAB_4532c (eis2), have been demonstrated to show homology 

to eis from M. tuberculosis (Rv2416c) and A. variabilis (Ava_4977), respectively. eis is 

an effector which when released into a host cell, negatively affects the host immune 

response. Antibiotic testing has demonstrated a role for eis2 in intrinsic 

aminoglycoside resistance in M. abscessus. It was also noted that as capreomycin also 

targets the bacterial ribosome, it too, is vulnerable to eis2 

 

• Environmental bacteria have been shown to inactivate rifampicin by glycosylation, and 

phosphorylation of the molecule and to decompose it using monooxygenation. Given 

that members of the M. abscessus/chelonae clade occupy an environmental niche in 

which they will be exposed to actinomycetes (noted for their rifamycin inactivation 

mechanisms) it is feasible that members of this clade also have rifamycin resistance 

genes, such as a rifamycin glycosyltransferase 

 

Whilst the use of macrolides (azithromycin and clarithromycin) has had some success they are 

susceptible, as described above, to inducible resistance caused by the erythromycin ribosomal 

methylase gene erm(41) (Nash et al, 2009). Moreover, mutations in the rrl gene encoding the 

23S rRNA peptidyl transferase are also associated with acquired macrolide resistance (Choi et 

al., 2017). Of particular interest, is the determination by Koh et al., (2014) that the erm(41) 
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gene is functional in M. abscessus subsp. abscessus strains, but M. abscessus subsp. 

massiliense has a truncated erm(41) which renders it intrinsically susceptible.  

 

M. abscessus subsp. bolletii has the T28 polymorphism and may develop resistance to 

macrolides during therapy (Nessar et al., 2012; Kim et al., 2016; Pavan et al., 2017). This 

emphasises the value of accurate taxonomic speciation of M. abscessus. 

 

In M. abscessus the mycobacterial transcriptional regulator whiB7 is induced by exposure to 

the ribosome-targeting antibiotics erythromycin, clarithromycin, amikacin, tetracycline, and 

spectinomycin. However, deletion of the whiB7 reverses this effect and allows susceptibility 

to each of these agents (Hurst-Hess et al., 2017). Hurst et al., (2017) demonstrated that whiB7 

specifically induces the gene eis2 which is a factor in higher levels of intrinsic resistance to 

amikacin in M. abscessus. 

 

Strains assigned to the M. abscessus/chelonae clade are highly resistant to most  lactam 

antibiotics due to the production of broad spectrum  lactamases. However, Kumar et al., 

(2017b) stated a belief that combination therapy using a  lactam antibiotic and a  lactamase 

inhibitor has potential for the treatment of M. abscessus. This hypothesis was further explored 

by Story-Roller et al., (2018) and Zhanel et al., (2018) and has led to clinical trials of such 

combination treatments. In the same vein intrinsic resistance to the rifamycin group of 

antibiotics may be overcome by modification of the rifamycin core (Combrink et al., 2007) an 

approach utilised by Mosaei et al., (2018) in the newly described antibiotic kanglemycin.  

These data emphasise the importance of new drug developments and drug targets in the 

treatment of infections caused by organisms in this clade. 

 

In a recent paper Victoria et al., (2021) reviewed developments of respiratory disease with M. 

abscessus as the etiological agent. Taxonomic developments, incidence, resistance profile and 

virulence determinants are amongst the areas evaluated, reflecting the increasing importance 

of M. abscessus as a respiratory pathogen.  

Table 6 reproduced from Victoria et al., (2021) details the antibiotic family, resistance 

mechanism, enzyme/gene implicated and its location. 
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Table 6. Mechanisms responsible for antimicrobial resistance in Mycobacterium abscessus  

Reproduced from Victoria et al., (2021). 

 

 

4.2 Bacterial Virulence Factors 

 

A microbe’s ability to evade host defence mechanisms, grow and persist are key to its 

pathogenicity. Overcoming these mechanisms is achieved by various methods, which can be 

split into four broad categories: 

 

• factors that allow the organism to attach to cells in the host e.g., adhesins. Different 

species have developed different solutions, but the typical mechanism is a fimbria or pilus.  

These are important virulence factors in circumstances where the organism has to attach 

to a mucosal layer such as the respiratory or urinary tract (Zanin et al., 2016). Saprophytic 

bacteria may also possess them; however many pathogenic bacteria have an array of 

different adhesins which they can call upon at various stages during the infective process, 

a key factor for virulence (Klemm & Schembri, 2000) 

• mechanisms to escape phagocytosis such as capsules. This polysaccharide layer lies 

outside the cell envelope is not easily destroyed by the host cell making it an important 

virulence factor. It is present in both gram positive and gram negative organisms. The 

polysaccharide capsule of Streptococcus pneumoniae is the pathogen’s main virulence 

factor allowing it to evade phagocytosis (Moscoso & García, 2009). Haemophilus influenza, 

Klebsiella pneumonia are also examples of capsulated pathogens  
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• enzymatic factors are also employed by pathogenic bacteria. These cause damage to host 

tissues and include hyaluronidase (which breaks down hyaluronic acid present in 

connective tissue), lipases, haemolysins (which break down, amongst other cells, red 

blood cells) and DNases (active against DNA). Staphylococcus aureus, for example, 

produces  hyaluronidase, lipase and coagulase. The latter, which converts fibrinogen to 

fibrin, causing clots is also used to differentiate between types of staphylococci in the 

clinical/laboratory setting. In general coagulase negative staphylococci are considered to 

be opportunistic pathogens, though it is worthwhile bearing in mind that not all  

Staphylococcus aureus isolates produce coagulase (Vandenesch et al., 1993) 

• production of toxins, categorised as exotoxins and endotoxins.  

Endotoxin is a complex lipopolysaccharide and a major component of the outer membrane 

of the gram negative bacterial cell wall. It is the lipid A component of the 

lipopolysaccharide which is toxic. Endotoxins are not released outside of the bacterial cell 

and act by inducing fever and in high enough concentrations they can cause septic shock 

 

Exotoxins are produced by both gram positive and gram negative bacteria. In contrast to 

endotoxins they are actively secreted by the organisms. There are three types: 

 

• superantigens (Type I toxins) which stimulate the production of large amounts of T 

cells, which in turn increase the production of cytokines. Streptococcus pyogenes and 

Staphylococcus aureus produce superantigen toxins in the form of streptococcal 

pyogenic exotoxin and toxic shock syndrome toxin respectively 

 

• membrane disrupting toxins (Type II toxins) as the name implies damage host cells by 

disrupting the structural integrity of the plasma membrane. This is achieved by one of 

two methods. Either by formation of protein channels into the plasma membrane (S. 

aureus) or by disruption of the phospholipid layer (C. perfringens) 

 

• A-B toxin, a polypeptide comprising two components. A (active portion) alters the 

function of host cells by inhibiting protein synthesis, and B, the binding component, 

facilitates the attachment of the toxin to the receptors of the host cells. Perhaps the 
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two best known examples are tetanus toxin produced by Clostridium tetani and 

botulinum toxin which is secreted by Clostridium botulinum  

 

4.3 Mycobacterial Virulence Factors  

 

The study of the virulence factors associated with the genus Mycobacterium has focussed on 

tuberculosis and its etiological agent M. tuberculosis.  

 

M. tuberculosis is an obligate pathogen, transmitted via the inhalation of aerosolised droplets 

containing the bacterium. It most often infects the lungs causing pulmonary disease but it can 

also cause extra pulmonary disease when dissemination to the central nervous system or 

lymph nodes takes place (Yang et al., 2004). Infection in the lungs is primarily of the type 2 

pneumocytes, polymorphonuclear neutrophils and alveolar macrophages (González-Cano et 

al., 2010). Following an immune response by the host, multicellular granulomas are formed 

with the purpose of limiting the spread of the organism, thus, infection with M. tuberculosis 

does not necessarily result in immediate progression to disease, as this interaction between 

the host immune system and pathogen can result in a period of latency (Getahun et al., 2015). 

Less than 10% of infected individuals will progress to developing the disease (Silva Miranda et 

al., 2012). This containment by the immune system, however, can be disrupted by a weakened 

immune system or an immunocompromised host, leading to systemic dissemination of the 

organism and active disease (Madacki et al., 2019). 

 

Mycobacteria have become adept at evading the host immune system and secreting several 

virulence factors, all of which enable it to survive and persist inside the host.  

M. tuberculosis does not produce a single dominant factor which supports virulence, but 

instead has a blend of virulence factors and host responses.  

 

4.3.1 Surviving phagocytosis 

 

Bacterial pathogens, once inside macrophages are eliminated by phago-lysosomal fusion, with 

the macrophage removing waste material through exocytosis. The fact that M. tuberculosis 

can remain dormant within these cells for extended periods indicates that it has developed 
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the means to overcome this host defence. As a result, the pathogenesis of M. tuberculosis is 

more complex, with no single virulence factor predominating. 

Sassetti et al., (2003) sought to determine the molecular mechanisms which M. tuberculosis 

employed to infect and persist inside the human host. Using a murine model of infection and 

by mutating every non-essential gene of M. tuberculosis, the group were able to identify 194 

genes which were specifically needed for in vivo mycobacterial growth. It was also determined 

that a large proportion of these genes were unique to mycobacteria, indicating that the 

approach taken by this species is novel. A second study carried out by Zhang et al., (2013) 

which employed deep sequencing found an additional 400 genes which were essential for in 

vivo survival (Madacki et al., 2019) 

 

A similar study carried out by Rengarajan et al., (2005) but looking at macrophages, specifically 

the M. tuberculosis genes which were required to survive inside macrophages by screening 

for transposon mutants which failed to grow within primary macrophages. In total they 

identified 126 genes needed to survive inside macrophages. Additionally, they found that the 

majority of genes required for survival are expressed rather than regulated by macrophages. 

 

4.3.2 Type VII secretion systems 

 

Type VII secretion systems (ESX systems) play a key role in M. tuberculosis and other non 

tuberculous mycobacteria surviving in the host by enabling the transport of selected protein 

substrates across the cell envelope (Rivera-Calzada et al., 2021). Several gene clusters that 

encode proteins have been identified in mycobacteria, confirming that they play an important 

role in pathogenesis. Furthermore, the secretion systems in mycobacteria appear to be 

unique, a fact explained by their cell wall structure which is hydrophobic and impermeable 

being rich in mycolic acids. Abdallah et al., (2007) proposed that this secretion system should 

be called a Type VII secretion system. M. tuberculosis has 5 Type VII secretion systems: ESX-1, 

ESX-2, ESX-3, ESX-4 and ESX-5. All five show a similarity in gene content but each has a 

different function, this information is summarised in Table 7 below 
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Table 7. Type VII secretion systems (ESX systems) present in M. tuberculosis and other Non-

Tuberculous Mycobacteria. 

Type VII 
Secretion 

Organism Substrate 
produced 

Function 

ESX-1 

M. tuberculosis 

ESAT-6, CFP-10, 
EspB, EspC, EspD, 
EspE, EspF, EspG, 
EspH, EspI, EspJ, 
EspK, EspL, PE-
PGRS family 
proteins 

Virulence factor. 
ESAT-6 and CFP-10 are potent T 
cell antigens and both play a 
crucial role in the virulence of 
M. tuberculosis 

ESX-2 M. tuberculosis PPE proteins 
Permeabilisation of the 
phagosomal membrane 

ESX-3 M. tuberculosis 
EsxG, EsxH, EsxR, 
EsxS, EsxT 

Required for siderophore 
mediated iron acquisition and 
for zinc uptake. 
 

ESX-4 M. tuberculosis PE proteins 

Required for export of CpnT 
and surface accessibility of 
tuberculosis necrotizing toxin 
(TNT)  

 (ESX-5) 
M. tuberculosis 
and other 
Actinobacteria 

EsxW, EsxX, EsxY 
and EsxZ proteins; 
PE and PPE 
proteins; LpqH; 
LipY;  

Cell wall synthesis and 
maintenance 
 

(ESX-5) M. xenopi 
EccB5, EccC5, 
EccD5 and EccE5 

Transport of substrates across 
the outer membrane of the 
mycobacterial cell 
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4.4 Mycobacterium abscessus Virulence Factors 

 

The review by Victoria et al., (2021) has comprehensively detailed the recent developments 

which have taken place with respect to M. abscessus respiratory infections. These authors 

described a number of key points related to virulence. These are reproduced below and 

collated in Table 8. Whilst these have not been studied as part of this project, in describing 

the broad range of resistance and virulence mechanisms employed by this organism, they 

offer an insight into the clinical challenges faced in the treatment of infections caused by M. 

abscessus. 

 

Table 8. Review of immune response and virulence factors for Mycobacterium abscessus 

antimicrobial resistance. Taken from Victoria et al., (2021) 

Immune Response Outcome 

(i) Type I interferons (IFN-I) such us 

IFN and IFN play a critical role 

during MABC infection 

(Ruangkiattikul et al., 2019) 

 

(ii) Activation of toll-like receptors 

(TLR), specifically TLR2 and TLR4 

results in MyD88/TRIF/IRF3 

dependent IFN-I induction 

(Ruangkiattikul et al., 2019 Peignier 

and Parker, 2021)   

 

(iii) IFN-I production in infected 

macrophages activates inducible 

nitric oxide synthase (NOS2) and 

nitric oxide (NO) production which 

can kill or induce dormancy. IFN-I 

plays a key role to induce NO 

production and intensify the ability 

of macrophages to clear MABC 

 

 

 

 

 

 

Data suggest that persistence of M. abscessus infections in CF 

patients could be explained by a limited IFN-I response. 

Interferon gamma (IFN-), a type II IFN is also required to 

control M. abscessus infection, there have been several reports 

of disseminated disease in patients with defects in the IFN- 

pathway (Rottman et al., 2007) 
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infection (Ruangkiattikul et al., 

2019) 

(i)M. abscessus induces a strong 

TLR2 mediated TNFa response 

(Tumour Necrosis Factor), a key 

inflammatory cytokine that 

mediates mycobacterial killing, host 

defence and granuloma formation 

(Bernut et al., 2016; Kim et al., 

2017). 

 

(ii) TNF/IL8 signalling pathway 

activates macrophage bactericidal 

activity, restrict extracellular 

growth, and increase neutrophil 

recruitment and mobilization which 

is required for granuloma formation 

(Bernut et al., 2016). 

 

(iii) highly virulent isolates 

stimulate TNF secretion by 

macrophages (Medjahed et al., 

2019) 

 

 

 

 

 

 

 

 

Impairment of this TNF/IL8 signalling pathway correlates with 

disseminated disease and lethal infection (Bernut et al., 2016; 

Bernut et al., 2019).  

 

However, excessive levels of TNF- can lead to detrimental 

effects in the host secondary to tissue damage (Kim et al., 

2017). 

  

Virulence Factors  

(i)M. abscessus from clinical isolates 

have shown a rough vs smooth 

colony morphology and is able to 

shift between these forms 

(Medjahed et al., 2019) 

A zebrafish experimental model has been recently used for the 

study of M. abscessus virulence, using this model, researchers 

observed that the rough morphology forms serpentine cords 

and large bacterial clumps, the formation of large cords allows 

M. abscessus to escape the immune system as the extremely 

large size of cords might prevent M. abscessus from being 

internalized as they are larger in size than macrophages (Bernut 

et al., 2014; Bernut et al., 2017) 
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This also promotes spread to other tissues and extracellular 

replication that results in abscess formation and tissue damage 

(Bernut et al., 2014). 

 

The rough morphology is also associated with increased 

apoptosis leading to increases in extracellular bacteria and 

promotion of cord formation (Bernut et al., 2014) 

 

Rough morphology induces higher levels of TNF-I 

(Ruangkiattikul et al., 2019) 

 

Smooth morphology induces lower levels of IFN-I which favours 

persistence (Ruangkiattikul et al., 2019). 

CFTR (CF transmembrane 

conductance regulator) defects, 

such as those seen in CF, has been 

associated with impaired NADPH 

oxidase production.  

This leads to increase intracellular growth and reduced 

neutrophil chemotaxis, compromising granuloma integrity 

(Bernut et al., 2019) 

(i)The absence of glycopeptidolipid 

(GLP) has been associated with 

rough colony morphology.  

 

(ii) Defects in the mmpL4b gene are 

associated with the loss of GLP, 

leading to conversion to a rough 

phenotype showing morphological 

plasticity (Nessar et al., 2011; 

Bernut et al., 2016) 

 

 

 

 

The GLP loss unmask lipoproteins that produce a strong 

inflammatory response (Nessar et al., 2011). 

Intra-macrophage survival of the 

smooth morphology of M. 

abscessus 

Due to phago-lysosomal fusion block and resistance to 

apoptosis, the phagosome shows membrane disruption at early 

stages of infection leading to phagosomecytosol 

communication and phagosomal escape allowing extracellular 

replication (Bernut et al., 2017) 
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Phagosomal escape is independent of ESX-1 mechanism as M. 

abscessus only has two ESX gene clusters (ESX-3 and ESX-4) 

which differs from M. tuberculosis (Kim et al., 2017). Cord 

formation is a unique and new immune evasion mechanism in 

M. abscessus infection 

The three subspecies of M. 

abscessus are separated based on 

multi-locus sequencing of 

housekeeping genes (Harris and 

Kenna, 2014)  

 

M. abscessus has a single ribosomal 

RNA operon 

 

Unlike other rapidly growing mycobacteria, M. abscessus has a 

single ribosomal RNA operon, making the phenotypic 

expression of single mutation more likely. 

The reference strain of MABC  

(ATCC19977) includes an  

81- Kb full-length prophage,  

five insertion elements, and a 23 

Kb- mercury resistance plasmid,  

(Cortes et al., 2010; Medjahed et 

al., 2019). 

Associated with infection in young patients with CF 

The resistant plasmid is highly similar to an episome present in 

M. marinum, suggesting that these species may have 

exchanged the plasmid (Medjahed et al., 2019). 

M. abscessus contains unique genes 

not present in other mycobacteria 

that appear to have been acquired 

by horizontal gene transfer from 

different species such as 

pseudomonas species and 

streptomyces species 

(Howard, 2013; Medjahed et al., 

2019) 

These shared genes are thought to contribute to the 

pathogenesis of Pseudomonas sp. and MABC-PD (M. abscessus 

pulmonary disease) facilitating respiratory tract colonization in 

CF patients (Nessar et al., 2011). 
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4.5 Secondary metabolite biosynthetic gene clusters  

 

Microbial secondary metabolites are low molecular weight products of secondary 

metabolism. They are typically produced during the stationary and/or late growth phase and 

have varied chemical structures and biological functions. They are not essential for growth of 

the organism (which led to the designation secondary metabolites) but do play a key role in 

the interaction of the microbe with its environment (Sanchez & Demain, 2011).  

Gokulan et al., (2014) have covered the principal synthetic pathways of secondary metabolite 

production in bacteria e.g., -lactam, oligosaccharide, shikimate (Shikimic acid), polyketide 

and non-ribosomal pathways in their review  in the Encyclopedia of Food Microbiology. This 

review illustrates that these metabolites have various biological functions related to 

antimicrobial substances, toxins, anti-cancer agents, pesticides and more. Sharrar et al., 

(2020) also examined understudied phylogenetic groups with great biosynthetic potential, 

reviewing the most common Biosynthetic Gene Cluster types and their possible functions. 

 

antiSMASH (antibiotics and Secondary Metabolites Analysis Shell) (Medema et al., 2011; Blin 

et al., 2021) is a fully automated pipeline which searches the genomes of bacteria and fungi 

for secondary metabolite biosynthetic gene clusters (BGCs). antiSMASH was initially 

developed in a collaborative project between Tübingen University (Tilmann Weber, Kai Blin), 

Groningen University (Eriko Takano, Rainer Breitling, Marnix Medema) and UCSF (Michael 

Fischbach). Currently, antiSMASH development is coordinated at Wageningen University and 

the Novo Nordisk Foundation Center for Bio-sustainability/ Technical University of Denmark.  

 

Glycopeptidolipids (Ripoll et al., 2007) play a major role in creating the mycobacterial cell 

surface which is exposed to the host cell.  They are often strong antigens but also modulate 

the immune system response. Many mycobacterial BGCs produce glycopeptidolipids.  

 

The sequence reads generated for the genomes of M. abscessus (ATCC 19977) and the clinical 

isolate M. chelonae HPA 006 from the PPanGGOLiN gene classification study, were aligned 

against the AnnoTree protein database (Mendler et al., 2019) using DIAMOND (Buchfink et 

al., 2015) eggNOG. (evolutionary genealogy of genes: Non supervised Orthologous Groups) Powell 

http://www.wageningenur.nl/en/Expertise-Services/Chair-groups/Plant-Sciences/Bioinformatics.htm
http://www.biosustain.dtu.dk/english
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et al., 2012), InterPro (Mitchell et al., 2015) SEED (Overbeek et al., 2013). and KEGG (Kanehisa 

& Goto, 2000) classification systems.  

 

4.6 Materials and Methods PPanGGOLiN 

 
4.6.1. PPanGGOLiN 

(see Chapter 3 Section 3.3.3) 

 
4.6.2 Installation of Diamond + Megan  

 

A binary executable for Windows was downloaded, to a folder Diamond, from the Github 

releases page at https://github.com/bbuchfink/diamond and the Visual C++ redistributable 

package was installed from https://www.microsoft.com/en-

us/download/details.aspx?id=48145 the official Microsoft Download Center. The nr protein 

database from ncbi was downloaded from ftp://ftp.ncbi.nlm.nih.gov/blast/db/FASTA/nr.gz 

together with prot.accession2taxid.gz and nodes.dmp from 

ftp://ftp.ncbi.nlm.nih.gov/pub/taxonomy/accession2taxid/prot.accession2taxid.gz and 

ftp://ftp.ncbi.nlm.nih.gov/pub/taxonomy/taxdmp.zip. 

 

A Diamond index was created in Powershell: 

PS  C:\programs\Diamond>./diamond makedb --in nr.gz -d nr --taxonmap 

prot.accession2taxid.gz --taxonnodes nodes.dmp 

 

Megan6 was downloaded to a folder Megan from the Megan6 download page at Tuebingen 

from the link  MEGAN_Community_windows-x64_6_23_2.exe  and the mapping file megan-

map-Feb2022.db.zip which maps NCBI-nr accessions to taxonomic and functional classes 

(NCBI, GTDB, EC, eggNOG, InterPro2GO, SEED). Instructions for analysis are detailed in Bagci 

et al., (2021). 

 

The Annotree database (Mendler et al., 2019) provides an alternative protein database for 

gene assignment by Diamond and Megan (Gautam et al., 2022). The Diamond index is created 

with annotree.FASTA.gz downloaded from the Megan-Annotree download page and Megan 

is run with the mapping file megan-mapping-annotree-June-2021.db.zip. 

 

https://github.com/bbuchfink/diamond
https://www.microsoft.com/en-us/download/details.aspx?id=48145
https://www.microsoft.com/en-us/download/details.aspx?id=48145
https://ftp.ncbi.nlm.nih.gov/blast/db/FASTA/nr.gz
ftp://ftp.ncbi.nlm.nih.gov/pub/taxonomy/accession2taxid/prot.accession2taxid.gz
ftp://ftp.ncbi.nlm.nih.gov/pub/taxonomy/taxdmp.zip
https://software-ab.informatik.uni-tuebingen.de/download/megan6/MEGAN_Community_windows-x64_6_23_2.exe
https://software-ab.informatik.uni-tuebingen.de/download/megan6/megan-map-Feb2022.db.zip
https://software-ab.informatik.uni-tuebingen.de/download/megan6/megan-map-Feb2022.db.zip
https://software-ab.informatik.uni-tuebingen.de/download/megan-annotree/annotree.fasta.gz
https://software-ab.informatik.uni-tuebingen.de/download/megan-annotree/megan-mapping-annotree-June-2021.db.zip
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4.6.3 AntiSMASH The antibiotics and secondary metabolites analysis SHell 

 

AntiSMASH analysis (Medema et al., 2011; Blin et al., 2021) is available as a web service at 

https://antismash.secondarymetabolites.org/#!/start and data is returned through a browser 

interface and as annotated sequence files and links to databases. 

The sequence data for both strains were submitted to the database, to identify the potential 

function of biosynthetic gene clusters.  

 

Previously, the discovery of natural compounds produced by microorganisms which could 

have potential as new antimicrobial agents, was a protracted process of extraction, chemical 

isolation and purification from the natural source (Blin et al.,2021). The accessibility of whole 

genome sequencing means that this process can now be enhanced by the subsequent mining 

of genome and metagenome data to determine biosynthetic pathways for these potential 

antimicrobial products (Ziemert et al., 2016). Software tools to support these process have 

included packages such as PRISM (Skinnider et al., 2020) and TOUCAN (Almeida et al., 2020).  

antiSMASH (Medema et al., 2011; Blin et al., 2021) 

 

The secondary metabolism of bacteria and fungi constitutes a rich source of bioactive 

compounds which play a key role in the interaction of the microbe with its environment 

(Sanchez & Demain, 2011). The genes encoding the biosynthetic pathway responsible for the 

production of any given secondary metabolite are often spatially clustered together at a 

certain position on the chromosome (Skinnider et al., 2020); this collection of genes is referred 

to as a secondary metabolite biosynthesis gene cluster (BGC). Therefore, locating their gene 

clusters simplifies the detection of secondary metabolite biosynthesis pathways. 

 

Based on profile hidden Markov models (HMM) of genes that are specific for certain types of 

gene clusters, antiSMASH is able to accurately identify the gene clusters encoding secondary 

metabolites of all known broad chemical classes. antiSMASH not only detects the gene 

clusters, but also offers detailed sequence analysis . 

 

The workflow of an antiSMASH analysis is illustrated in Figure 46. Cluster detection is achieved 

using CASSIS (Cluster Assignment by Islands of Sites), generic analyses is carried out using 

Minimum Information about a Biosynthetic Gene cluster, (MiBiG) a specification which 

https://antismash.secondarymetabolites.org/#!/start
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provides a robust community standard for annotations and metadata on biosynthetic gene 

clusters and their molecular products. Specific analyses using modules which annotate 

domains with polyketide synthase (PKS) and non-ribosomal peptide synthase (NRPS) related 

functions are also carried out. Output data is returned through a browser interface and as 

annotated sequence files and links to databases. 
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Figure 46. Workflow utilised by antiSMASH for the analysis of bacterial and fungal genomes. Illustrating the cluster detection using CASSIS, generic 

analyses using MiBiG and specific analyses using modules which annotate domains with polykeytide synthase (PKS) and non- ribosomal peptide synthase 

(NRPS) related functions. Output data is returned through a browser interface and as annotated sequence files and links to databases. 
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4.7 Results 
 
4.7.1 Comparison of the genomes of M. abscessus (ATCC 19977) and the clinical isolate M. 

chelonae HPA 006 

 
Genome size is reflective of lifestyle, with genome size reducing as an organism specialises in 

a pathogenic lifestyle compared to one in which they are managing the more diverse 

challenges required to survive in the environment. e.g., compare Mycobacterium ulcerans 

with Mycobacterium marinum (Stinear et al., 2007; Tan et. al., 2020) Further studies by 

Murray et al., in 2020 showed that a reduced genome size correlated with a pathogenic 

lifestyle in bacteria. The Tuberculosis Database (TBDB) is an integrated database providing 

access to mycobacterial genomic data and resources, particularly where it pertains to 

tuberculosis. Currently it has genome sequence data and annotations for 28 different M. 

tuberculosis strains and related bacteria which includes information on genome size (Reddy 

et al., 2009; TB Genomes Database (bu.edu) 

 
Table 9 shows that the genome size of Mycobacterium abscessus is intermediate between that 

of the obligate pathogen Mycobacterium tuberculosis, and the environmental species 

Mycobacterium smegmatis, but there is no appreciable difference in the genome sizes of 

Mycobacterium abscessus and Mycobacterium chelonae. 

 

Table 9. Genome size of the M. chelonae HPA 006 study strain and three mycobacterial 

species representative of an obligate pathogen M. tuberculosis, an opportunistic pathogen 

M. abscessusT and an environmental strain M. smegmatis. 

Mycobacterial species Genome size in base pairs 

M. tuberculosis H37R  4,411,709 

M. abscessus T  5,067,192 

M. smegmatis  ATCC 19420 6,983,767 

M. chelonae (HPA 006) study strain 5,116,005 

 

 

 

http://tbdb.bu.edu/tbdb_sysbio/MultiHome.html
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4.7.2 Comparison of the functional classification of genes in M. abscessus (ATCC 19977) and 

the clinical isolate M. chelonae HPA 006 

 
Many genes code for the synthesis of enzymes whose actions are the basis for cell function. 

There are 5 gene classifications available to analyse in Diamond + Megan (Bagci et. al. 2021) 

• Interpro2GO (https://www.ebi.ac.uk/GOA/InterPro2GO  Camon et. al. 2005; Gene 

Ontology Consortium. 2021)  

• eggNOG (http://eggnog5.embl.de/#/app/home Huerta-Cepas et. al. 2019) 

• SEED (https://www.theseed.org/wiki/Home_of_the_SEED Overbeek et al., 2005) 

• KEGG (https://www.genome.jp/kegg/  Kanehisa. 2000) 

• EC Enzyme commission numbers. 

          (https://web.archive.org/web/20180910045839/http://www.sbcs.qmul.ac.uk/iubmb/enzyme/)  

         accessed 25/05/2022) 

 

The genomes of M. chelonae HPA 006 and M. abscessusT (CU458896) were exported from 

Geneious as FASTA files and submitted to Diamond for assignment of genes in either the nr 

database or the AnnoTree database using the long read option. The assigned genes were 

saved in a .daa format file. Megan 6 was used to classify the assigned genes by taxonomy and 

functional classification using Interpro2GO, EggNOG, SEED, KEGG and EC. The KEGG 

classification was only freely available with the AnnoTree gene assignments. The number of 

genes classified for M. chelonae HPA 006 is shown in Table 10. 

 

Table 10. Number of M. chelonae HPA 006 genes assigned in each of the different 

classification systems applied in MEGAN 6. 

System Total  number of genes 
assigned 

Percentage coverage of the M 
chelonae HPA 006 genome 
achieved 

Interpro2GO 2,461,418 52.8% 

EggNOG 739,311 16.3%  

SEED 1,481,104 31.7% 

KEGG  1,412,255 30.31% 

EC 1,469,160 31.5% 

 

Interpro2GO classified most genes from M. chelonae HPA 006 but the Gene Ontology (GO) 

hierarchical levels mix specific categories and are very general e.g., flagellar motility and 

https://www.ebi.ac.uk/GOA/InterPro2GO
http://eggnog5.embl.de/#/app/home
https://www.theseed.org/wiki/Home_of_the_SEED
https://www.genome.jp/kegg/
https://web.archive.org/web/20180910045839/http:/www.sbcs.qmul.ac.uk/iubmb/enzyme/
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Metabolic process are categories at the same level. At level 1 there is a category Carbohydrate 

binding but it isn’t a subcategory of Carbohydrate metabolism. Carbohydrate metabolic 

process is at level 2 under Metabolic process. So, the GO annotations do not produce such a 

useful high-level summary of gene categories.  

 

The proposal to classify the activities of enzymes hierarchically, in what became the Enzyme 

Commission nomenclature, was published in 1961 and subsequently updated, now only on-

line (https://web.archive.org/web/20180910045839/ and 

 http://www.sbcs.qmul.ac.uk/iubmb/enzyme/ accessed 25/05/2022). Assigning genes in the 

whole genome to the 7 top level classes and 63 subclasses provides an enzymic profile of the 

strain. However, the assignment of genes e.g., to the category transferases, which differ as a 

percent of enzymes between M. chelonae HPA 006 and M. abscessusT, does not address 

function.  

Uniprot (The Universal Protein Resource) is a comprehensive resource for protein sequence 

and annotation data and function. Each protein field name has a link to the EC data for that 

entry. . Diamond + Megan (Bagci et al., ,2021) annotates genes with their EC classification.  

 

The KEGG classification (Kanehisa, 2000) encompasses the enzyme classification in that it 

assigns proteins to the reactions that they catalyse within a metabolic pathway (and they are 

labelled with EC numbers). This classification is much more directly linked to function than 

classification by enzyme type. The top level categories are shown in Table 11.  

Table 11. Top level categories assigned by KEGG database (Kyoto Encyclopaedia of Genes 

and Genomes). 

K1001100:  Metabolism 

K2000011: Genetic Information Processing 

K2000016: Environmental Information Processing 

K2000020: Cellular Processes 

K2000025: Organismal Systems 

K2000034: Human Diseases 

 

https://web.archive.org/web/20180910045839/
http://www.sbcs.qmul.ac.uk/iubmb/enzyme/
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The last two top level categories (organismal systems and human diseases) are directed more 

toward human and eukaryote systems and therefore not relevant to this project. The first four 

categories which are directed at both prokaryote and eukaryote organisms, could, when 

examined in greater detail potentially explain putative variations in virulence and antibiotic 

resistance between M. chelonae and M. abscessus. Each of these top level categories is further 

broken down into sub categories as described in Table 12.  

Table 12. KEGG level 2 classification headings. 

Top level KEGG classification Classification sub-headings 

Metabolism Carbohydrate metabolism                                                                          

 Transcription                                                   

 Lipid metabolism                                                      

 Energy metabolism                                                  

 Nucleotide metabolism                                           

 Amino acid metabolism                                          

 Metabolism of other amino acids                        

 Membrane transport                      

 Glycan biosynthesis and metabolism                   

 Metabolism of co-factors and vitamins                

 Biosynthesis of polyketides and terpenoids       

 Biosynthesis of other secondary metabolites    

 Xenobiotics biodegradation and metabolism 

Genetic Information Transcription 

 Translation 
 Folding, sorting, degradation 

 Replication and repair                    

Environmental Information Membrane transport 

 Signal transduction 

 Signalling molecules/Interaction 

Cellular processes Transport and catabolism 

 Cell motility 

 Cell growth and death 

 

It was also useful to compare the data for M. tuberculosis as a representative human pathogen 

and M. smegmatis as an environmental strain from the same genus as M. chelonae and M. 

abscessus, and finally E. coli I and S. coelicolor as well studied model organisms. Each KEGG 

category for each organism was created and a bar chart generated (Figure 47). 
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.  

Figure 47. Assignment of genes to top level KEGG categories for the human pathogen M. tuberculosis  H37Rv, the type strain of M. abscessus, the 

clinical isolate of M. chelonae HPA 006, the environmental strains M. smegmatis and S. coelicolor A3(2) and the model organism E. coli 
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In this comparison of genes assigned to the top level categories of KEGG (expressed as a 

percentage of the genome size)  M. tuberculosis  and M. abscessus do show a slight increase 

in genes assigned by AnnoTree to metabolism compared to M. chelonae HPA 006. There are 

two interesting categories not present in other classifications, Genetic Information Processing 

and Environmental Information Processing. As may be expected M. smegmatis (and S. 

coelicolor) is, relatively, higher in Environmental Information Processing than M. tuberculosis.  

M. abscessus and M. chelonae HPA 006 as opportunistic pathogens are also lower than those 

more environmental strains, but they are the same as one another. (The E. coli data is 

distorted relative to the other strains because it is so well studied that far fewer genes are 

unassigned). 

Figure 48 illustrates the level 2 categories for Metabolism for all the strains. These high-level 

summaries of gene categories, including those in the other top level categories, show little 

difference between M. chelonae HPA 006 and M. abscessus or even other Mycobacteria 

including M. tuberculosis. 
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Figure 48. Assignment of genes to KEGG categories under Metabolism for the human pathogen M. tuberculosis H37Rv, the type strain of M. abscessus, 

the clinical isolate of M. chelonae HPA 006, the environmental strains M. smegmatis and S. coelicolor A3(2) and the model organism E. coli. 
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The most interesting category of genes which differ between M. chelonae HPA 006 and M. 

abscessusT is secondary metabolism (Figure 48) – Biosynthesis of Polyketides and Terpenoids. 

 

Polyketides are biosynthesised by sequential condensation of simple two-carbon acetate units 

derived from malonyl-CoA with an acyl starter. These reactions are catalysed by polyketide 

synthases (PKSs), a family of multi domain enzymes or enzyme complexes that produce 

polyketides, a class of secondary metabolites which are present in bacteria, fungi and plants. 

Polyketide synthases are classified into three types (I, II and III) on the basis of their domain 

structures and subunit organisations (Shimuzu et al., 2017).  

 

These complex secondary metabolites act iteratively or are linked through directed substrate 

transfer into modular groups (Herbst et al., 2018). They are one of the largest groups of natural 

secondary metabolic products and have been shown to play an important role in the life cycles 

of organisms which produce them, notably serving as chemical defence agents (Pfeifer & 

Khosla, 2001; Funabashi et al., 2008 ; Zeng et al., 2012). Type III polyketide synthase genomic 

clusters have been associated with diverse bio-functionalities such as conferring antibiotic 

resistance in Streptomyces species (Funabashi et al., 2008), the development of decay 

resistant outer coatings, exines, in dormant Azotobacter cells (Funa et al., 2006) , and the 

survival capability of mycobacteria in anaerobic biofilms (Anand et al., 2015). A large number 

are also biologically active with concomitant pharmaceutical potential (Singh et al., 2018).  

 

When the complete genome sequence of M. tuberculosis became available in 1998 it showed 

an unexpectedly high number of open reading frames encoding proteins with homology to 

polyketide synthases (Cole et al., 1998). A study carried out in 2005 by Jenke-Kodama et al., 

further indicated that PKS and fatty acid synthases (FAS) have passed through a joint evolution 

process, in which modular PKS have a central position. Mega-synthetic polyketide synthases 

alongside fatty acid synthases, have been shown to generate a range of polyketide lipids that 

coat the M. tuberculosis cell envelope, enhancing the organism’s virulence (Trivedi et al., 

2005).  

 

The majority of the PKS encoding genes of M. tuberculosis have been linked to specific 

biosynthetic pathways required to produce unique lipids or glycolipid conjugates that are 
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critical for virulence and host pathogen interactions (Quadri, 2014). The availability of 

comparative published genomes and their analyses has demonstrated the conservation of 

several biosynthetic PKS genes across various mycobacterial species (Kneitz & Dandekar, 

2006). Many are clustered in biosynthetic operons and are uniquely conserved in genomes of 

pathogenic mycobacteria (Parvez et al., 2018).  

 

The M. marinum genome has 34 open reading frames (ORF) homologous to PKS genes, with 

four being Type III (Stinear et al., 2008). Type III polyketide synthases have shown potential to 

biosynthesise structurally diverse and distinctive metabolites, such as spirolaxine, isolated 

from Sporotrichum laxum ATCC 15155, which exhibits many biological activities including 

promising anti-Helicobacter pylori properties (Sun et al., 2016) and germicidin synthase from 

Streptomyces coelicolor (Chemler et al., 2012), germicidin is known to act as an autoregulatory 

inhibitor of spore germination.  

 

A study carried out by Parvez et al., 2018, analysed the functional characteristics of two novel 

Type III PKSs, namely, MMAR_2470 and MMAR_2474, in M. marinum. MMAR_2470 and 

MMAR_2474 belong to a unique PKS genomic cluster found exclusively in pathogenic 

mycobacterial species. The MMAR_2747 protein was shown to play a key role in the survival 

of mycobacteria in stationary biofilms. 

 

4.7.3 AntiSMASH analysis of M. chelonae HPA 006 and M. abscessusT 

 

AntiSMASH analysis (Medema et al., 2011; Blin et al., 2021) shows 19 Biosynthetic Gene 

Clusters (BGCs) for the M. abscessus T (ATCC 19977) but 15 BGCs in M. chelonae HPA 006 

(Figures 49, 50 and 51) Figure 51 shows 5 BGCs in M. abscessus not present in M. chelonae 

and 2 BGCs present in M. chelonae HPA 006 and not present in M. abscessus. At least 5 BGCs 

are linked to glycopeptidolipids which are important in evading the immune response.  

 

A study which examined the natural biosynthetic gene products of the actinomycetes 

(Doroghazi & Metcalfe, 2013) concluded that these bacteria have a large number of natural 

product gene clusters. They noted that there were very similar repeated domains in the most 

common biosynthetic machinery, namely polyketide synthases (PKSs) and nonribosomal 

peptide synthetases (NRPSs) making comparative genomics of these areas challenging. 
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Additionally, the study found that conservation of these natural gene products within 

Mycobacteria (Streptomyces and Frankia) indicated key roles for these products within the 

genera.  

 

For many of the genera examined, the most conserved secondary metabolite clusters were 

siderophores (NRPS products). Within the mycobacteria, many of the PKS gene clusters were 

well conserved in large phylogenetic groups. This was in contrast to NRPS clusters which were 

either unique or shared with a close relative. One exception to this is the gene cluster for 

mycobactin synthesis, a characterized siderophore, which was found in all strains of 

mycobacteria examined except M. leprae. The M. abscessusT strain analysed in this study had  

approximately 5,000 genes and 15-17 BGCs identified comprising NRPS and PKS classes. 

 

 

Figure 49. antiSMASH analysis results for M. abscessusT.  

Each region is colour coded e.g., Region 3 in this figure denotes an NRPS like region, the 

location in nucleotides (645,754 to 689,125) and that it shows 100% similarity with a known 

isonitrile lipopeptide cluster. 

 

antiSMASH gives an overview of all the output results in a single page, showing all the detected 

biosynthetic gene clusters (regions) with their type classifications and nucleotide positions. 

Gene cluster types are signified by specific colors with green denoting regulatory genes, blue, 
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transport related genes, orange, additional biosynthetic genes, burgundy, core biosynthetic 

genes and grey, “other” genes. 

 

 
Figure 50. antiSMASH analysis results for M. chelonae HPA 006.  

 

In this figure Region 13 denotes an NRPS like region, the location in nucleotides (4,286,578 to 

4,341,763) showing 94% similarity with a known glycopeptidolipid cluster. 

 

 

 

 

Figure 51. Comparison of Biosynthetic Gene Clusters (BGC) in M. abscessusT and M. chelonae 

HPA 006. 

 

Each of the colour coded regions indicate a type of BGC, as determined by antiSMASH. The 

presence of the same sized block in the same colour in a corresponding position in the genome 

(given the 82% identity established earlier between matching regions of M. chelonae HPA 006 

and M. abscessusT) implies a strong likelihood that these BGCs correspond to one another. 

Table 13 also illustrates this and highlights some differences e.g., Region 6 (M. chelonae HPA 

006) and Region 8 (M. abscessusT), appear to be corresponding regions (colour coding matches 

(Figure 51)) which should have similar functions. However, Region 6 in M. chelonae HPA 006 

M. chelonae HPA 006 

Ectoine 

Mycobactin 
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is a BGC which codes for mycobactin, whilst Region 8 (M. abscessusT) is a BGC coding for 

ectoine. Region 6 in M. chelonae HPA 006, however, shows only a 50% similarity to the to the 

most similar known cluster, implying that these differences could be due to issues with 

detecting BGCs, and do not represent differences between the strains as described in Figure 

52 

The presence and absence of BGCs detected by antiSMASH is summarised in Table 13 and 

discussed in section 4.7.4 

 

Table 13. AntiSMASH BGC regions present in M. abscessusT and M. chelonae HPA 006 with 

red highlighting those present only in M. abscessusT and blue highlighting those present only 

in M. chelonae HPA 006. 

BGC 
Region 

Description  M. abscessus HPA 006 (Corresponding BGC  
Region) 

1 T1PKS M. abscessus HPA 006 (1) 

2 NAPAA M. abscessus HPA 006 (2) 

3 Isonitrile lipopeptide M. abscessus  

4 RiPP M. abscessus HPA 006 (3) 

5 Glycopeptidolipid M. abscessus HPA 006 (4) 
6 Nocobactin M. abscessus  HPA 006 (5) 

7 T1PKS M. abscessus  

8 Ectoine M. abscessus HPA 006 (6) Mycobactin 

9 NRPS-like M. abscessus HPA 006  Glycopeptidolipid 
(7) 

10 RiPP M. abscessus HPA 006 (8) 

11 Glycopeptidolipid M. abscessus HPA 006 ( 9) 

12 NRPS  M. abscessus  
13 Macrotetrolide M. abscessus  

14 4-hexadecanoyl etc M. abscessus  

10 Butyrolactol A   HPA 006 (10) 

11 Caldonamide   HPA 006 (11) 
15 Salinomycin  M. abscessus HPA 006 (12) 

16 Glycopeptidolipid M. abscessus HPA 006 (13) 

17 Betalactone  M. abscessus  

18 RiPP M. abscessus HPA 006 (14) 

19 Glycopeptidolipid M. abscessus HPA 006 (15) 

 

4.7.4 Isonitrile lipopeptide BGC 

 

The first BGC of interest is the isonitrile lipopeptide present in M. abscessusT but absent in M. 

chelonae HPA 006 (Figure 52). This BGC is 100% identical (antiSMASH calculation) to the 



147 
 

reference BGC (MiBIG BGC0001627) from M. tuberculosis for isonitrile lipopeptides (Harris et 

al., 2017) whose role may be in metal transport. The genes responsible for isonitrile peptide 

synthesis are significantly upregulated in biofilm formation by M. abscessus in synthetic cystic 

fibrosis medium (Belardinelli et al., 2021).  Two NRPS-encoding gene clusters (mbt and 

Rv0096-0101) have been identified from the genome of Mycobacterium tuberculosis, mbt has 

been characterized to biosynthesize mycobactin, a virulence-related iron siderophore (Harris 

et al., 2017). Rv0096-0101 has been shown, to be essential for virulence and is present in 

pathogenic mycobacteria but not non-pathogens like M. smegmatis (Wang, et al., 2007; Harris 

et al., 2017). It has been shown to be responsible for the biosynthesis of a family of isonitrile 

lipopeptides probably involved in metal transport with zinc being the most likely candidate 

(Harris et al., 2017).  

 

 

Figure 52. Isonitrile lipopeptide BGC in M. abscessusT aligned with M. chelonae HPA 006. 

 

Figure 52 shows that although antiSMASH does not identify an isonitrile lipopeptide BGC at 

this location in  M. chelonae HPA 006 (denoted in green), a significant part of the BGC is 

actually present and the core gene is identical as identified in PPanGGOLiN.   

There are 5 genes essential for isonitrile lipopeptide in M. tuberculosis (Figure 53), they 

correspond to MAB_0659 – MAB_0663 although PPanGGOLiN identifies 2 of these genes, 

MAB_0661 and MAB_0663 as missing, this is because, although the genes are present in M. 

chelonae HPA 006, they are low similarity. Genes HPA 006_000827 – HPA 006_000831 

annotated as TauD/TfdA family dioxygenase, FcoT family thioesterase, AMP-binding protein, 

acyl carrier protein, AMP-binding protein align with MAB_0659 – MAB_0663 but only at 74.2% 

across the BGC and only 71.5% for the major NRPS (Non ribosomal peptide synthase).  
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Figure 53. M. abscessusT query for isonitrile lipopeptide BGC vs MiBiG BGC0001627 in M. 

tuberculosis. 

 

Pangenome software is primarily designed for determining the pangenome of a species, so, in 

applying it to the M. abscessus/M. chelonae clade many proteins are about 82% nucleotide 

similarity (and higher protein similarity) and identified as homologous, but some genes are 

too distant. Similarly, in antiSMASH, the genes in M. chelonae HPA 006 (and other M. 

chelonae) are too dissimilar to identify as similar to BGC0001627, or as any putative BGC.  

Detecting homology in metagenome data (Diamond + Megan) and pan-genome data 

(PPanGGOLiN) are different problems. This explains the differences seen between 

comparisons performed by antiSMASH (Table 13) and PPanGGOLiN (Table 14) and the failure 

of antiSMASH to identify isonitrile lipopeptide BGC in M. chelonae HPA 006 

 

Table 14. PPanGGOLiN analysis results for the MAB_0659 – MAB_0663 gene region. 

 

This BGC appears to be present in all species in the M. abscessus/M. chelonae clade, with the 

NRPS (MAB_0663) most dissimilar. 
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4.7.5 Mycobactin   

 

A cluster of secondary metabolite BGCs are identified in M. abscessus (regions 6 nocobactin, 

7 and 8 ectoine) matched by only 2 BGCs in M. chelonae (regions 5 nocobactin and 6 

ectoine/mycobactin). Nocobactin is a lipid soluble iron binding compound similar to 

mycobactin, isolated from Nocardia. The genes in this cluster are annotated as mycobactin in 

M. abscessusT CU458896 (Figure 54). 

 

 

 

Figure 54. Comparison of the M. abscessusT Region 6 BGC with MiBiG nocobactin and 

mycobactin gene clusters. 

 

MAB_2119c and MAB_2123 are flagged as missing in all M. chelonae in PPanGGOLiN and 

others as somewhat variable across the strains. Comparing with these missing genes the M. 

chelonae HPA 006 cluster looks more like mycobactin. But alignment of M. chelonae HPA 006 

and M abscessusT (Figure 55) shows this alignment does not match the PPanGGOLiN analysis.  

 

The MAB_2119c and MAB_2123 genes are flagged as missing in all M. chelonae strains  

included in the PPanGGOLiN analysis. Carrying out a comparison against these missing genes 

the M. chelonae HPA006 cluster looks more like mycobactin. But alignment of M. chelonae 

HPA006 and M abscessusT (Figure 55 and Figure 56) shows this alignment does not match the 

PPanGGOLiN analysis.  

 

Missing in M. chelonae Variable in M. chelonae Missing in M. chelonae 

M. abscessus 

Nocobactin 

Mycobactin 
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Figure 55. Alignment of region 6 in M. abscessusT CU458896 with M. chelonae HPA 006. 

 

 

 

Figure 56. AntiSMASH description of region 6 in M. abscessusT and the corresponding BGC 

regions in M. chelonae HPA 006 and M. chelonae M77. 

 

Aligning the sequences which cover regions 5 and 6 in M. chelonae strains (HPA 006 and M77) 

and regions 6, 7 and 8 in M. abscessusT, with M. chelonae HPA 006 annotated with Diamond 

+ Megan, there is a region of mismatch just following the nocobactin protocluster in which M. 

chelonae HPA 006 has 2 genes more similar to M. abscessus than M. chelonae , these seem 

to be a regulatory protein and methionine synthase (metH) 

 

M77 has insertion sequences, which are not in M. chelonae HPA 006, and only in some other 

M. chelonae strains (and as a complication M77 has an assembly gap and a small DUF3329 

protein, not present in other M. chelonae strains). But M. chelonae HPA 006 and other M. 

chelonae do align contiguously across that gap. Figures 57 and 58 illustrate the variability in 

sequence, not only between species but within species.  
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Figure 57. ProgressiveMauve alignment (displayed in Geneious) of regions 6, 7, 8 in M. 

abscessusT and the corresponding regions in M. chelonae HPA 006 and M. chelonae M77. 

 

 

 
 

Figure 58. NCBI Basic Local Alignment Search Tool (BLAST) analysis of M. chelonae M77 

sequence against the NCBI nr-protein database showing that an IS3 insertion sequence is 

present in only some strains of M chelonae. 

 

M. abscessusT has 3 regions annotated by antiSMASH (6, 7 and 8) as nocobactin, a type 1 PKS 

cluster (T1PKS) and the BGC for ectoine. M. chelonae  HPA 006 has only 2 regions (5 and 6), 

annotated as nocobactin and mycobactin. However, the same 2 regions in M77 are annotated 

as nocobactin and ectoine. And alignment of the sequences covering these regions shows that  

M. chelonae HPA 006 and M77 region 6 extends over regions 7 and 8 in M. abscessusT. i.e. 2 

regions in M. abscessusT have been joined as 1 in the M. chelonae HPA 006 and M77 

antiSMASH analysis. 

 

The candidate cluster T1PKS (region 7 in M. abscessusT and the start of region 6 in M. chelonae 

HPA 006) begins with 6 genes in the cobalamin biosynthesis pathway which are conserved 
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across M. abscessus and M. chelonae. This is followed by 2 pyridoxime-5-phosphate (PPOX)  

F420 oxidoreductases and an fsxA-like membrane protein (exclusion of T7 phage from E coli ) 

only 1 of which is annotated in M. abscessusT (with 3 short deletions compared to M. 

chelonae). Three genes in M. abscessusT are then conserved across the strains but with 3 extra 

genes present in M. chelonae, between genes 2 and 3, with partial sequence matches in M. 

abscessusT (being deleted in M. abscessusT?). Then a Type 1 PKS gene, the basis for BCG region 

7 in M. abscessusT is conserved. After a run of genes, which seem to vary more in annotation 

than sequence, a CocE/NonD family hydrolase, which seems to be a dipeptide peptidase in 

some distantly related-organisms, is conserved followed by a tryptophan rich sensory protein, 

present in M. abscessusT but absent in the M chelonae. 

 

Then a run of 11 Type VII secretion associated proteins (Table 15) are conserved in M. 

chelonae and M. abscessusT (Figure 59). The first, annotated as Type VII secretion protein EccE, 

is not annotated in M. abscessusT but the DNA sequence aligns, but only at 73% similarity, and 

in PPanGGOLiN, its annotated protein in M. abscessusT at that location is absent from M. 

chelonae.  

 

 

Figure 59. Type VII secretion genes in M. chelonae HPA 006 compared with the M. abscessusT 

sequence alignment and the presence/absence of genes in PPanGGOLiN . The PPanGGOLiN 

sequences are denoted by the orange triangles. 

 

 

 

 

 

 

 

 

 

M. chelonae 

M. abscessus PPanGGOLiN 

sequences 



153 
 

 

Table 15. Type VII secretion system genes 

Type VII Secretion    Finding 

Type VII secretion protein EccE  This gene is not annotated in M. abscessusT 

CU458896, however the sequence is 73% 

identical to the same sequence in M. chelonae 

HPA 006 

  

Type VII serine protease mycosin MycP These genes are not annotated in in M. 

abscessusT CU458896, however the sequence is 

94% identical to the same sequence in M. 

chelonae HPA 006 

Type VII integral membrane protein EccD 
ESX secretion-associated protein EspG 

WXG100 Type VII secretion target 

  

Type VII secretion EsxS (ESAT-6 locus esx3) These genes are not annotated in M. abscessusT 

CU458896, however the sequence is 85% 

identical to the same sequence in M. chelonae 

HPA 006 

PPE family protein 

PE family protein 

  

Type VII secretion protein EccCa  
Type VII secretion protein EccB 
Type VII secretion AAA-ATPase EccA 
 

These genes are annotated as FtsK in M. 

abscessusT CU458896, however the sequence is 

86% identical to the same sequence in M. 

chelonae HPA 006 

 
These genes (Table 15) probably have a role in virulence (Bunduc et al., 2021), but they are 

present in both M. abscessus and M. chelonae so do not account for differences in the strains. 

The gene present in M. abscessus but absent in M. chelonae next to eccE is a regulatory 

protein, the pair of genes after eccA are a flavin-dependent oxidoreductase and LysR 

regulatory protein. 

 
Although the sequence at the start of M. abscessusT region 8 (Figure 54) is shown as 

mismatched with M. chelonae HPA 006, the sequences are annotated similarly (global 

alignments of long sequences such as whole genome sequences can show regions of 

misalignment in sequence alignment programmes such as MAFFT (Lee et al., 2021)).  

Extraction of these misaligned sequences and realignment with MAFFT gives a better 

alignment (Figure 60). 
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Figure 60. MAFFT alignment of misaligned sequences seen previously in Figure 52. M. 

chelonae HPA 006 annotated with Diamond + Megan. 

Key Taxonomic Assignment: 

 

 

 

 

 

This region has a lower similarity (78%) between M. chelonae HPA 006 and M. abscessusT (M. 

chelonae HPA 006 and M77 are >99% identical) compared to a typical value of 85%. The NRPS 

gene highlighted as present in M. abscessus but missing in M. chelonae by PPanGGOLiN is, in 

fact, present in M. chelonae but at lower similarity (74%). Pan-genome software is designed 

to determine the pan-genome within a species, so we are stretching the software using it to 

compare across all the M. abscessus clade species.  In metagenomes the detection of 

homologous genes may be based upon a threshold of about 40% but homology in 

PPanGGOLiN looks as though it may be based upon a threshold more like 75% (the actual 

comparison is made between protein sequences), which is probably appropriate within a 

species. So, the protein coding genes annotated as present in M. abscessus but absent in M. 

chelonae actually represent present/absent or significantly different. 

 
The antiSMASH results for these regions (Figure 56) indicate nocobactin, a T1PKS and ectoine 

as the BGCs for M. abscessusT but this low similarity mismatched NRPS follows the nocobactin 

BGC and a type 1 PKS gene, just before the type VII secretion genes. Following that is a putative 

salicylate synthase and a salicylate-mycobactin ligase and a partial match to mycobactin 

M. chelonae   

M. abscessus T    

Annotation - primary   

Alternative hits  

PPanGGOLiN  

M abscessus+/M. chelonae  
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(Figure 61f). In M. abscessusT this is followed by an unknown BGC, absent from M. chelonae, 

between the partial mycobactin BGC and the ectoine BGCs (Figure 61). 

 
 

Figure 61. a. M. abscessusT CU458896 annotation b. antiSMASH on CU458896 annotated 

genbank file c. antiSMASH on CU458896 FASTA (annotation by antiSMASH) d. alignment of M. 

chelonae HPA 006 to M. abscessusT showing deletion. e. M. abscessusT query sequence, from 

FASTA submission, displayed in matches to KnownClusterBlast. f. Matches to mycobactin and 

ectoine in KnownClusterBlast. 

 

This combined secondary metabolite region of M. chelonae HPA 006 antiSMASH regions 5/6 

and M. abscessusT regions 6/7/8 begins with a recombinase and ends with a long run 

(missing region) of genes present in M. abscessus but absent in M. chelonae as shown in 

Figure 62. 

 

 
Figure 62. MAFFT alignment of M. chelonae strains (M77 and HPA 006) and M. abscessusT, 

identifying BGCs in antiSMASH regions 5,6 in M. chelonae and 6,7,8 in M. abscessusT. 
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Genes classified as present in M. abscessus and absent in M. chelonae by PPanGGOLiN, begin 

4 genes downstream of the ectoine BGC, beginning with the DoxX gene (Figure 63). These 

genes are further collated in Table 16. 

 

 
Figure 63. Genes classified as present in M. abscessus and absent in M. chelonae by 

PPanGGOLiN which begin 4 genes downstream of the ectoine BGC, beginning with the DoxX 

gene. 

 

Table 16. M. abscessus specific genes in the DoxX cluster 

PPanGGOLiN MLCG01 CU458896 Description 

CDS_4108 BKG55_20425 MAB_2274c DoxX 

CDS_4109 BKG55_20430 MAB_2275 MMPL family transporter (Ferrell et al., 2022) 

CDS_4110 BKG55_20435 MAB_2276c Winged helix-turn-helix domain - regulator 

CDS_4111 BKG55_20440 MAB_2277 Aldehyde dehydrogenase 

CDS_4112 BKG55_20445 MAB_2278 Acyl-CoA/acyl-ACP dehydrogenase 

CDS_4113 BKG55_20450 MAB_2279 Aminotransferase class III-fold 

CDS_4114 BKG55_20455 MAB_2280 SRPBCC  

CDS_4115 BKG55_20460 MAB_2281 Hypothetical 

CDS_4116 BKG55_20465 MAB_2282 Flavin reductase – required by MAB_2284 

CDS_4117 BKG55_20470 MAB_2283 FAD-dependent monooxygenase 

CDS_4118 BKG55_20475 MAB_2284 Tryptophan 7-halogenase (Ye et al., 2005) 

CDS_4119 BKG55_20480 MAB_2285 Cation:proton antiporter - Na+/H+ antiporter 

CDS_4120 BKG55_20485 MAB_2286 DUF2156 - O-seryl-isobutylhydroxylamine esterase 

CDS_4121 BKG55_20490 MAB_2287 HD domain - metal dependent P-hydrolase 

CDS_4122 BKG55_20495 MAB_2288 Hypothetical 

CDS_4123 BKG55_20500 MAB_2289 Alpha/beta hydrolase 

CDS_4124 BKG55_20505 MAB_2290 TetR/AcrR transcriptional regulator 

CDS_4125 BKG55_20510 MAB_2291 SRPBCC 

CDS_4126 BKG55_20515 MAB_2292c Hypothetical 

 

This cluster of M. abscessus and M. immunogenum specific genes codes for an MmpL family 

transporter (Table 16), these proteins are important in virulence and resistance in 

Mycobacteria and are over-represented in M. abscessus (Ferrell et al., 2022). They transport 

lipids, glycolipids, glycopeptidolipids and siderophores to the periplasmic space where they 
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contribute to the functional integrity of the outer cell surface which forms a barrier to the 

immune system response and chemotherapeutic agents and modifies host-pathogen 

interactions. They have been implicated in the virulence of M. abscessus and resistance to 

isoniazid, clofazimine and bedaquiline (see Ferrell et al., 2022). There is no MmpL-associated 

regulatory protein MmpS nearby. There is also a flavin reductase and tryptophan-7 

halogenase, required for the regio-specific halogenation of tryptophan which can act as the 

substrate to incorporate a halogen into halogenated natural products (Ye et al., 2005). 

In M. chelonae (HPA 006/M. chelonae M77) these 19 genes are replaced with 24 different 

genes. These genes, the M. chelonae DoxX cluster, are mostly present, as a cluster, elsewhere 

in the M. abscessusT genome (Figure 64) in the reverse orientation. 

 

 
 

Figure 64. ProgressiveMauve alignment of M. chelonae region 5/6 to M. abscessusT. 

 

The corresponding 19 genes in the M. abscessusT genome are absent from the M. chelonae 

genome. There are also genes which are missing from M. chelonae HPA 006 in the alignment 

(Figure 61, between the partial mycobactin BGC and the ectoine BGC, but present in M. 

abscessusT. They are not flagged as present/absent, M. abscessus/M. chelonae, by 

PPanGGOLiN because these genes are present elsewhere in the M. chelonae HPA 006 genome 

(Figure 65). 

 

 

 

 

HPA 006 region 5/6 plus DoxX cluster 

M. abscessusT genome 
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Figure 65. ProgressiveMauve alignment of M. abscessusT region 6/7/8, plus 19 M. abscessus 

specific genes, to the M. chelonae genome.  

M. abscessus genes(denoted by ) are missing from region 5/6 in M. chelonae HPA 006 but 

present elsewhere in the genome. M. abscessus genes (19) (denoted by ) absent from M. 

chelonae HPA 006 and replaced by 24 M. abscessus genes from elsewhere in the genome 

(Figure 64).  

 

They correspond to antiSMASH region 10 in M. chelonae HPA 006 (Figure 66), which appears 

as an additional BGC compared to M. abscessusT (Figure 49 and 50).  

 

 

Figure 66. antiSMASH description of M. chelonae HPA 006 region 10. 

 

However, it is clear that this BGC corresponds to the unknown BGC (Figure 62) between the 

partial mycobactin and ectoine BGCs in M. abscessusT. I.e.  M. chelonae HPA 006 BGC at region 

10 is not missing from M. abscessus but relocated, the corresponding BGC is part of the 

complex antiSMASH M. abscessus region 6/7/8. 

 

4.7.6 PE and PPE Family Proteins 

 

PE/PPE family proteins are substrates for the type VII ESX export system and may be small 

molecule–selective channels analogous to outer membrane porins, which allow M. 

tuberculosis to take up nutrients while maintaining an otherwise impermeable barrier. There 

are over 168 PE/PPE (named for the proline (P) and glutamate (E) in the N-terminal) in the M. 

tuberculosis genome and they are widely thought to be important for virulence (Qinglan et al., 

2020; Qian et al., 2020). M. tuberculosis has 5 five ESX gene clusters, M. abscessus only has 

two ESX gene clusters ESX-3 and ESX-4 (Kim et al., 2017). There are 8 PPE family proteins 

M. abscessusT region 6/7/8 plus 19 M. abscessus specific genes 

HPA 006 genome 

antiSMASH region 10 

in HPA 006 
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annotated in M. abscessusT (CU458896) by Diamond + Megan and 11 in M. chelonae HPA 006. 

There is some difficulty annotating them in M. tuberculosis. 

 

PPE 1 

 

MAB_0046 – MAB_0047 (Figure 67) are annotated as (probable) PE and PPE, they are 

identified by PPanGGOLiN as present in M. abscessus and M. chelonae (HPA 006_00093, HPA 

006_00094) though they sit next to a region of difference MAB_0050c – MAB_0055c (Figure 

64) though with only 76.3% identity, significantly lower than most homologous genes 

compared between M. abscessusT and M. chelonae HPA 006. The next 2 genes MAB_0048 and 

MAB_0049 are shared EsxS type VII secretion and type VII secretion target genes at much 

higher similarity (89.4%). There are three patterns of similarity observed, genes with average 

similarity around 82%, genes with lower similarity, which PPanGGOLiN may not detect when 

homology is ~75% similarity or less and conserved genes with ~90% similarity. Both higher and 

lower similarity may reflect selection pressures, either for conservation of function or change 

in a specific function. 

 

 

Figure 67. PE1 - PE/PPE genes shared by M. abscessusT and M. chelonae HPA 006, MAB_0046 

– MAB_0049 (PE, PPE – 76.3% and EsxS, WXG100 – 89.5%)      denotes accepted gene 

annotations    denotes other alternative gene matches. 

 

Immediately preceding the MAB_0050c – MAB_0055c region of difference (this region of 

difference, present in M. abscessusT and absent in M. chelonae HPA 006, contains three 
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conserved hypothetical genes, a cytidine amidase, a cyanate hydratase and a LysR regulator) 

is a set of PE/PPE and type VII secretion genes. They are annotated by PPanGGOLiN as present 

in both M. abscessus and M. chelonae but the PE and PPE genes are much less similar than 

the associated type VII secretion genes (annotated as EsxS/WXG100 in M. chelonae but ESAT-

6 like in M. abscessus, despite sharing ~90% identity which may imply a different functional 

role for this type VII secretion system. This difference in PE/PPE between the strains is 

consistent with its presence in a general region of difference. The genes are preceded by an 

FAD dependent dehydrogenase present in M. chelonae but absent in M. abscessus and 

followed by the MAB_0050c – MAB_0055c region of difference. The LysR regulator 

(MAB_0055c) has been shown to play a role in the survival of M. abscessus in mice and a 

CRISPR based transcription knockdown shows it is involved in increased resistance to rifabutin 

(Nguyen et al., 2023). 

 
There are eight PPE genes shared between M. abscessusT and M. chelonae HPA 006 and three 

found only in M. chelonae HPA 006 (Table 17). The three in M. chelonae HPA 006 are not 

shared, at that location, by M. abscessus but the absence of PPE genes present in M. abscessus 

but absent in M. chelonae HPA 006 might be down to annotation. 

 

Table 17. PE/PPE genes in M. abscessus T and M. chelonae HPA 006 

PPE gene M. abscessus (MAB) M. chelonae HPA006 Type VII secretion 

PPE 1 0046 – 0047  000093 – 000094 EsxS WXG100 

PPE 2 0148c – 0149c  000184 – 000185 EspG 

PPE 3  000225 PPE  

PPE 4  000773 – 000774 EspG 

  000782 IS256  TNT EspG eccA mycP eccD eccCa 

   eccD eccB eccE 

PPE 5 0664 – 0665 000832 – 000833 EsxS WXG100 

PPE 6 0809c PPE 000946 PPE  

PPE 7 0664 – 0665 000832 – 000833 EsxS WXG100 

PPE 8 2230c – 2231c  002255 – 002256 eccE mycP eccD EspG WXG100 

   EsxS (PPE PE) eccCa eccB eccA 

PPE 9 4141 PE-PPE domain 004314 8 genes annotated MCE 

PPE 10 4783  004931  
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MAB_0809c PPE 6 

 

The two genes annotated as PPE only are conserved within a long sequence of hypothetical 

proteins (Figure 68), presumably acquired by recombination around the, also conserved, 4 

tRNAs. There is one gene annotated as a putative bacteriophage protein. This insert of 

hypothetical proteins is present in about 80% of M. abscessus subsp. abscessus and bolletii  

but only the occasional M. abscessus subsp. massiliense and none of the other species. At the 

end of this insert is the conserved (78% identity) PPEs immediately adjacent to a sequence 

present in all M. abscessus but absent in M. chelonae these include a putative choline 

oxidoreductase and a carnitine hydratase and are present in almost all M. abscessus subsp. 

abscessus and bolletii, 75% of M. abscessus subsp. massiliense and M. immunogenum. 

 

Figure 68. Conservation of a PPE (MAB_0809c) in a region of insertion in M. abscessusT. 

 

MAB_2230c PPE 8 

 
The entire MAB_2230c PPE 8 cluster (eccE mycP eccD  EspG WXG100 EsxS PPE PE eccCa eccB 

eccA) is embedded in the complex secondary metabolite BGCs for ectoine and mycobactin 

(see section 4.7.5) overall the cluster of genes, with the PPE and PE in its midst, shows 83% 

pairwise identity, but the PPE gene is only 76.8% identical (Figure 69).  
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Figure 69. PPE 8 a. progressiveMauve alignment of M. abscessusT and M. chelonae HPA 006 b. 

M. abscessusT CU458896 annotated. 

 

MAB_4141 PPE 9 

 
This region of 3 genes, identified by PPanGGOLiN analysis as differing between M. abscessus  

and M. chelonae shows only 20% pairwise identity and only 40% identity between the PE-PPE 

domain proteins annotated on both M. abscessusT and M. chelonae HPA 006 (Figure 70). Both 

proteins match a C-terminal domain present in PE and PPE proteins and are shortened 

compared to blastp hits outside the M. abscessus/M. chelonae clade. 

  

 

Figure 70. Illustrating variable identity in the PE-PPE region between the MAB_4141 gene and 

the homologous gene in M. chelonae HPA 006. 
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4.7.7 Daptomycin Resistance 

 

Daptomycin (Baltz, 2009) is a calcium-dependent lipopeptide antibiotics which interacts with 

phosphatidylglycerol (PG) and other lipids such as undecaprenyl-linked cell wall precursors 

(Grein et al., 2018), compromising cell membrane integrity and leading to inhibition of cell 

wall synthesis. Resistance is linked to membrane structure and phospholipid composition 

(Wan-Ting et al., 2021) and overlaps with resistance to cationic antimicrobial peptides such as 

defensins (Montoya-Rosales et al., 2017). 

 

Two genes in M. abscessusT MAB_0123 and MAB_0573 are annotated as linked to daptomycin 

resistance, both are also present in M. chelonae HPA 006 at 83% nt similarity and conserved 

in all the M. abscessus clade species and strains. 

 

Resistance to cationic antimicrobial peptides, resistance to acidic conditions and daptomycin 

(Montoya-Rosales et al., 2017) has been linked to lysyl-phosphatidylglycerol in the outer 

membrane which can change the surface charge of the cell. MprF, in e.g., Staphylococcus 

aureus, and lysX in M. tuberculosis code for a lysyl aminoacyl phosphatidylglycerol synthase 

(aaPG). An aaPg transfers an aa from its cognate tRNA to PG. The N-terminal domain is 

transmembrane and acts a flippase to translocate aaPG from inner to outer membrane, the 

C-terminal domain is in the cytosol and catalyses the formation of the aaPG. Expression levels 

of LysX (rv1640c) in M. tuberculosis strains can be correlated with virulence (Montoya-Rosales 

et al., 2017). A lysX homologue is annotated in M. abscessusT and M. chelonae HPA 006 but 

not as daptomycin resistant, MAB_2319c and HPA 006_002335 (81% id) and is present in all 

the M. abscessus clade species analysed in PPanGGOLiN. 

 

 A specific aaPG synthease (LysX2 – rv1610) has been identified in M. tuberculosis and is found 

in pathogens and not non-pathogens (Boldrin et al., 2022). It is found in M. abscessusT 

(MAB_2639c) and M. chelonae HPA 006 (HPA 006_002643 – 91% id) by blastp of LysX2 and is 

present in all the M. abscessus clade strains for all species. 

 

This is typical of the pattern, M. abscessus and M. chelonae have evolved significantly, most 

genes show only about 82-85% nucleotide identity, and there is considerable insertion e.g., of 

bacteriophage genes, and gene deletion/change (655 genes deleted or significantly different 
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out of 5012 = 13%), yet most genes that can be linked to resistance and virulence are 

conserved.  

 

It is clear that many resistance/virulence mechanisms are not the result, simply, of the 

possession of a specific gene but also expression levels and single nucleotide polymorphisms. 

On that basis it is interesting that genes linked to resistance/virulence can fall into three 

classes: those that are strongly conserved (~90%), those showing the same similarity as the 

majority of genes (82-85%) and those showing greater variation (<78%)    

 

4.7.8 Aminoglycoside Resistance 

 

Victoria et al., (2021) identify aminoglycoside 2'-N-acetyltransferase and phosphotransferases 

as primary resistance mechanisms to aminoglycoside antibiotics. Deletion of the eis2 gene 

increased susceptibility to kanamycin B, amikacin, hygromycin B and capreomycin, but did not 

affect susceptibility to tobramycin, dibekacin, arbekacin, gentamicin C, isepamicin, kanamycin 

A, apramycin and streptomycin. 

Aminoglycoside 2'-N-acetyltransferase is MAB_4395c and the eis2 gene is MAB_4532c. Both 

these genes are conserved in M. chelonae HPA 006 (Figures 71 and 72) and M. chelonae 

(PPanGGOLiN). MAB_4395 Aminoglycoside 2'-N-acetyltransferase --> HPA 006_004561 GNAT 

acetyltransferase 

 

 

Figure 71. Aminoglycoside 2'-N-acetyltransferase (MAB_4395) in M. abscessusT and M. 

chelonae HPA 006. 
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Figure 72.  Aminoglycoside 2'-N-acetyltransferase (MAB_4532c) conserved in both M. 

abscessusT and M. chelonae HPA 006. 

 

MAB_0327, MAB_0951, MAB_3637c and MAB_4910c are aminoglycoside 

phosphotransferases (Nessar et al., 2012) except for MAB_0951, which is also annotated as a 

rifampin FADP-ribosyl transferase all these genes are conserved, in the same genomic context, 

in both M. abscessusT and M. chelonae HPA 006, and present in both species (PPanGGOLiN).  

MAB_0951 is absent from M. chelonae HPA 006 and the PPanGGOLiN analyses shows it is one 

of 4 genes present in all M. abscessus strains but absent in all M. chelonae (Figure 73). 

 

Figure 73. MAB_0951 gene present in M. abscessusT but absent from M. chelonae HPA 006. 

 

Similarly the beta-lactamase Blamab MAB_2875 is present in both species (Figure 74). 
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Figure 74. The Blamab beta-lactamase gene present in M. abscessusT and M. chelonae HPA 006, 

and all other M. chelonae genomes. 

 

4.7.9 whiB 

 

MAB_3508c, resembles (75%) of the M. tuberculosis whiB7 gene, and is present in all strains 

in the M. abscessus/chelonae clade. Exposure to sub-inhibitory levels of tetracycline 

upregulates whiB7 and a cluster of regulated genes. Deletion of whiB7 M. tuberculosis makes 

it hypersensitive to multiple antibiotics (Morris et al., 2005). Deletion of MAB_3508c makes 

M. abscessus highly susceptible to erythromycin, clarithromycin, streptomycin, 

spectinomycin, amikacin and tetracycline (Hurst-Hess et al., 2017). There is 90% similarity in 

the sequence identity between M. abscessusT and M. chelonae HPA 006. Seven whiB-like 

genes in M. tuberculosis are similarly induced by antibiotics and stress conditions (Geiman et 

al., 2006). Recent studies on tigecycline resistance in M. abscessus uncovered the involvement 

of the MAB_3508c gene which encodes the transcriptional activator whiB7. The deletion of 

whiB7 has been observed to cause a 4-fold decrease in the minimum inhibitory concentration 

of tigecycline (Ng and Ngeow, 2022). 

 

There are 9 whiB annotated genes in M. chelonae HPA 006 and 7 whiB in M. abscessusT. 

The whiB HPA 006_004489 (Figure 75) is missing from M. abscessusT, replaced by MAB_4302 

(hypothetical) and MAB_4303 (α-galactosidase). 
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HPA 006_004910 (Figure 76) is annotated as whiB in M. chelonae HPA 006 but it is not 

annotated in M. abscessusT (CU458896). The intergene region between genes MAB_4762 and 

MAB_4763c is annotated by Diamond + Megan as a hypothetical but is 80% similar to the whiB 

gene annotated in M. chelonae HPA 006.  

 

 
Figure 76.  M. chelonae HPA 006 whiB annotated gene region HPA006_004910. 

 

MAB_ 

MAB_1756 is in a long region absent from M. chelonae HPA 006 beginning with MAB_1723, a 

phage integrase and multiple hypothetical and phage-related proteins including another 

integrase, finishing at MAB_1834. In the middle is a conserved tRNAmet (MAB_t5028). It is 

preceded by a shorter region, present in M. chelonae HPA 006 but absent in M. abscessus 

containing an IS3 transposase (HPA 006_001828). 

 

The proteins in the region MAB_1723 – MAB_1834 are sporadically present, almost 

exclusively in M. abscessus and subspecies, at low levels (10/20/30% to absent). 

 

MAB_4762 MAB_4763c 
Annotated by Diamond + Megan 

Figure 75. M. chelonae HPA 006 whiB annotated gene region HPA 006_004489. 
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MAB_4343c is at the start of a long region absent from M. chelonae HPA 006 beginning with 

MAB_4342c – MAB_4375 with no phage or integrase-like proteins 

CDS_1173 – CDS_1208 in the PPanGGOLiN analysis in M. abscessusT, corresponding to 

MAB_4343c – MAB_4375 are shell proteins present in about 60% of M. abscessus subsp. 

abscessus and a few in M. abscessus subsp. bolletii (25%) and only the odd protein in the odd 

strain in M. abscessus subsp. massiliense. Alsarraf et al., 2022, demonstrated that whilst 

MAB_4324c is not essential for in vitro growth of M. abscessus, overexpression of the protein 

enhanced the uptake and survival of M. abscessus in THP-1 macrophages. 

 

MAB_3446 (Figure 77) is in a region of poor similarity, it is not annotated by Prodigal (Hyatt et 

al., 2010) within the PPanGGOLiN analysis as MAB_3445 and MAB_3447 are annotated in 

MLCG01 as CDS_0272 and CDS_0273.  

 
Figure 77. MAB_3446 gene (whiB) conserved within a region of variation between M. 

abscessus and M. chelonae. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

whiB Trehalase 
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Table 18. provides a summary of six additional MAB whiB regions and their corresponding 

status in M. chelonae HPA 006 

 

Table 18. whiB regions present in M. abscessus T and their corresponding status in M. 

chelonae HPA 006 

MAB whiB region Status in M. chelonae HPA 006 

MAB_3508c Not annotated as whiB but the sequence shares 90.5% sequence 
identity to whiB HPA 006_003669 

MAB_4715c 
MAB_4716c 

This inter-spacer region shares 79.9% sequence identity with whiB 
HPA 006_004858 

MAB_0409 This region shares 92% sequence identity with HPA 006_000450 

MAB_3539 This region shares 96% sequence identity with HPA 006_003700 

MAB_3606c This region shares 96% sequence identity with HPA 006_003700 

MAB_3726 This region shares 91% sequence identity with HPA 006_003860 

 

The whiB-like genes at MAB_1756 and MAB_4343c are candidates for differential resistance 

between M. abscessus strains as well as M. chelonae (Burian et al., 2012). There is a whiB 

present in M. chelonae HPA 006 but absent from M. abscessusT (HPA 006_004489). 

 

4.7.10 Gorzynski Mutants 

 

Gorzynski et al., (2021) generated a transposon knock out library of M. abscessusT (ATCC 

19977) and screened it against minimal inhibitory (MIC) or bactericidal (BC) concentrations of 

the antibiotics amikacin, clarithromycin, or cefoxitin. Knock out strains showing an increased 

resistance (BC) or decreased susceptibility (MIC) were sequenced to identify the gene location 

of the transposon. Selected genes with changed resistance from Table 3 in Gorzynski et al., 

(2021) are listed in Table 19 below 
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Table 19. Presence/absence of gene knockouts changing resistance to amikacin, 

clarithromycin, or cefoxitin in Gorzynski et al., (2021) 

Gene Function MIC/BC MIC/BC 
(%) 

Gene 
Identification in 
HPA 006 

Status in members of M. 
abscessus/chelonae Clade 

MAB_0734  MspA porin  BC 82.0 HPA 006_000907 Present in all  

MAB_0937c MmpL MIC 86.7 HPA 006_001027 Present in all 

MAB_1137c MmpL MIC 0.0 - M. abscessus 42% 

MAB_1170 TauE * MIC 81.8 HPA 006_001250 Present in all  

MAB_1171c Hypothetical MIC 86.5 HPA 006_001251 Present in all 

MAB_1839 GGDEF † MIC 0.0 - M. abscessus subsps 

MAB_2421c  Hypothetical BC 68.8 HPA 006_002438  M. abscessus subsps 

MAB_2435 Mo transport MIC 76.0 HPA 006_002452 Present in all 

MAB_2787c Mo transport MIC 0.0 - NOT M. chelonae/M. 
salmoniphilum 

MAB_3384c Mo transport MIC 84.7 HPA 006_003464 Present in all 

MAB_3465 SO4 transport MIC 0.0  M. abscessus subsps 

MAB_4036  Hypothetical MIC 72.1 HPA 006_004204 only 87% M. ab abscessus 

     57% M. salmoniphilum 

     NOT M. immunogenum 

MAB_4117c  MmpS BC 86.5 HPA 006_004290 Present in all  

MAB_4116c MmpL - 85.0 HPA 006_004289 Present in all 

MAB_4237c GlnQ MIC 86.1 HPA 006_004408 Present in all  

MAB_4691c NRPS 

antiSMASH 19 

ǂ 

MIC 73.5 HPA 
006_004833-5 

Present in all 

MAB_4915c Hypothetical BC 62.9 HPA 006_004971 M. abscessus subsps 

Key : *TauE sulfite exporter   

          † GGDEF Diguanylate-cyclase (cyclic di-GMP)   

          ǂ antiSMASH region 19 glycopeptidolipid        

          bold genes not present in M. chelonae but in all M. abscessus clade species 
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4.7.11 PPanGGOLiN Analysis 

Compared to other software PPanGGOLiN can produce more cloud gene partitions than other 

software but for this analysis the focus is on persistent and shell genes. PPanGGOLiN is easy 

to install and run, and will accept FASTA and multi-FASTA genome files and annotate all the 

genomes consistently, using Prodigal (Hyatt et al., 2010). 

The 1526 genomes downloaded as members of the M. abscessus clade required too much 

RAM to analyse with PPanGGOLiN (Bazin et al., 2020; Gautreau et al., 2020) in a 32 Gb RAM 

linux computer, so the genomes were reduced to 870 M. abscessus subsp. abscessus, 119 M. 

abscessus subsp. bolletii, 362 M. abscessus subsp. massiliense, 53 M. chelonae, 12 M. 

franklinii, 7 M. salmoniphilum and 12 M. immunogenum. Genomes which were identical or 

highly similar and multi-contig whole genome sequences (WGS) with large numbers of contigs 

were reduced. 

Analysis of 1435 genomes was successful and generated a tab separated matrix of locus tags 

for each genome with each row containing the homologous genes from each genome, 

calculated from the annotated genes. The genomes were submitted, ordered to cluster the 

M. abscessus clade species together, so that the columns in the matrix were ordered by 

species. This tab separated matrix was read into Excel and the number and percentage of each 

gene in each species and subspecies calculated (Figure 78).  

 

Figure 78. Calculation of the number and percent of each gene in genomes of M. franklinii, M. 

abscessus subsp. abscessus, M. abscessus subsp. bolletii,  M. abscessus subsp. massiliense, M. 

chelonae, M. salmoniphilum and M. immunogenum. 

 

The matrix was sorted on the percentage of each gene in M. abscessus subsp. abscessus. Those 

genes contained in more than 95% of M. abscessus subsp. abscessus strains were sorted on 

their percentage contained in M. chelonae. The genes present in more than 95% of M. 
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abscessus subsp. abscessus and absent in M. chelonae were selected. The list of genes is in 

Supplementary file (S3) “Ppanggolin_diff_Mab_Mchel.xlsx” 

 

The type strain of M. abscessus was sequenced in 2007 (CU458896) but was re-sequenced in 

2016 (MLCG01) this later, multi-contig sequence and assembly was chosen to include in the 

pangenome analysis.   This genome was annotated and the genes assigned locus tags within 

PPanGGOLiN. These locus tags were used to label each gene row but most of the literature 

uses the locus tags (MAB_xxxx) from the CU458896 genome. The genes annotated in 

PPanGGOLiN, for each genome, are identified in a tab separated file (tsv) containing the 

PPanGGOLiN locus tag, the start and end position, and the containing contig. The tsv file for 

MLCG01 was used to determine the genes in the MLCG01 WGS contigs and these were 

mapped to the CU458896 genome to determine the corresponding MAB locus tags for all the 

genes present in M. abscessus but absent in M. chelonae.  These genes were added, as an 

annotation, to the M. abscessus CU458896 genome using Geneious software (Biomatters Ltd).   

 

The descriptions, in the annotations, of the 655 differential genes identified were sorted and 

duplicates merged to generate a list of gene types e.g., hypothetical, transcriptional regulator. 

The number of genes matching each type was counted in Excel using COUNTIFS(). Most genes 

had a unique annotation (Figure 79) but the largest category was hypothetical and proteins 

with domains of unknown function. 
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Figure 79. Categories of genes present in M. abscessus but absent in M. chelonae from the 

gene annotations. 

 

Many of the gene descriptions are solely generic so transcriptional regulators may be defined 

as TetR or LysR but the genes they regulate are usually unknown. Often the transcriptional 

regulator will be clustered on the genome with an adjacent gene, also absent from M. 

chelonae, frequently hypothetical. 

The reference gene sequences from PPanGGOLiN were submitted to Diamond + Megan and 

the SEED classification determined. Given the significant evolutionary difference between M. 

abscessus and M. chelonae the differences between these two species are not likely to be 

restricted to differences in antibiotic resistance and virulence. The SEED classification shows 

the major category, consistent with the gene annotations, is unassigned.  Nevertheless, the 

assigned categories are informative. 

 

An example of a difference, probably not relevant to resistance or virulence is Galactose 

Utilisation, midway down the SEED classification figure (Figure 80). Near the top, biosynthesis 

of arabinogalactans, which may change the cell wall and surface structure may affect uptake 
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of antibiotics and immunomodulation, influencing survival and virulence (Faller et al., 2004) . 

Similarly: outer membrane porins (de Moura et al., 2021); biofilm formation (Szomolay et al., 

2005; Dokic et al., 2021); putrescine utilisation and polyamine metabolism (El-Halfawy & 

Valvano, 2014; Tkachenko et al., 2012); folate biosynthesis (Morgan et al., 2018); heme 

acquisition (Choby & Skaar, 2016) and siderophores (in several categories) (Khasheii et al., 

2021; Ribeiro & Simões, 2019); glycerolipid metabolism (Yu et al., 2019); cholesterol 

catabolism (Abuhammad, 2017); tRNA aminoacylation (Fields & Roy, 2018); para-

aminosalicylic acid resistance; and protection against reactive oxygen species (Ma et al., 

2016); all seem categories with potential links to antibiotic resistance mechanisms or 

improved survival in the host environment, which are present in these differential genes. 

 

 

Figure 80. SEED classification of genes present in M. abscessus genomes and absent in M. 

chelonae genomes. 
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Chapter 5.  Conclusions and Potential for Future Studies 

 

Systematists will always strive for taxonomic exactitude when defining a species or an 

individual organism, but in many clinical situations the precise identification of a bacterium 

causing an infection is less important than its antibiogram. This is understandable since the 

predominant imperative for clinicians is the health and well-being of their patient. Thus, the 

antibiotic susceptibility of a bacterial strain will always take precedence over any taxonomic 

niceties. The clinical objective is to affect a remission of symptoms and wherever possible a 

cure. This may not always be true; frequent occurrences of a particular infecting organism in 

certain definable situations can be significant (Chiappini et al., 2021). Thus, epidemiological 

markers may be needed to follow and, if possible, intercede in transmission events. Similarly, 

chemotherapeutic markers may come to define a strain. There are several examples of this, 

such as MRSA (methicillin resistant Staphylococcus aureus); and MDR-TB (multi-drug resistant 

tuberculosis). However, accurate speciation can have implications in clinical prognosis. The 

long-term clinical management of progressive fibrocystic disease may be profoundly affected 

by species assigned to the so-called Mycobacterium abscessus/chelonae clade. Differentiation 

of Mycobacterium abscessus from Mycobacterium chelonae can have considerable 

significance in these circumstances. Empirical clinical experience suggests that when lung 

damage has reached the point where transplantation is the only recourse, the ensuing 

prognosis is poorer if the patient is colonised with a variant of M. abscessus rather than M. 

chelonae (Orens et al., 2006). 

 

The initial objective of this study was to select a clinical isolate of Mycobacterium chelonae 

and to derive  a whole genome sequence (WGS). The sequencing of M. chelonae HPA006 with 

early adoption sequencing technologies (both Ion Torrent and Nanopore) meant higher errors 

and, in the case of Nanopore MinION, lower sequence coverage than would have been 

achieved currently. Subsequently, access to these sequencing resources was limited. 

Assembly of a complete genome was challenging and depended on the ongoing 

improvements in software. Nevertheless, subsequent ANI and pangenome analyses have 

given confidence that the M. chelonae HPA006 genome is robust and representative of 

clinically significant M. chelonae isolates. 
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There have been several recent publications which have assessed genome assemblers both 

for short and long read assemblies. A study carried out by Wick and Holt, 2021 reported on 

the benchmarking of current popular long-read assemblers (which included two used in this 

study, namely Canu and Flye, the remaining assemblers being Miniasm/Minipolish, 

NextDenovo/NextPolish and Raven) on various prokaryotic genomes. The authors simulated 

500 long-read datasets to reflect various genomic features such as repeat length as well as 

several key sequencing parameters such as sequencing depth and read length.  

 

Concluding that each of the different assemblers had pros and cons and that no single 

assembler emerged as the perfect choice for prokaryote genome long-read assembly. Flye 

was found to be reliable and was the best performing assembler at low read depths making 

the fewest large-scale sequence errors.  Canu was found to be the most configurable with 

hundreds of adjustable parameters. Canu also created corrected and trimmed reads in its 

pipeline which had low error rates and which were, for the best part, free of adapters and 

chimeric sequences. As such Canu can considered as both an assembler and a long-read 

correction tool  as used in this study. 

 

Neubert et al., 2021 also assessed assembly strategies for short-read, long-read, and hybrid 

assemblers in genome studies of Francisella tularensis. They assessed the correctness, 

contiguity and overall completeness of the assemblies. Short-read sequences of F. tularensis 

were generated by MiSeq, HiSeq, and Ion Torrent sequencing technologies, these were then 

evaluated with eight de novo assembly tools focussing on short-read sequencing data; ABySS, 

A5-miseq, IDBA, MaSuRCA, MIRA, SGA, SPAdes, Tadpole and VelvetOptimiser. A5-miseq did 

not apply to Ion Torrent data. Neubert et al., concluded that optimal results were obtained by 

using assembly platforms which are adapted to the characteristics of the sequence platform 

producing the reads, and that the MIRA assembler performed best on Ion Torrent data. 

SPAdes gave good contiguity of the assembled F. tularensis genome with very few assembly 

errors. The study also assessed hybrid assemblies for each combination of long reads (PacBio, 

ONT) and short reads (HiSeq, MiSeq, Ion Torrent) using Canu/Pilon, Flye/Pilon, SPAdes, and 

Unicycler. SPAdes and Unicycler were found to be less prone to sequence errors such as 

mismatches, and indels. 
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Overall, in the choice of assembly tools for this study (Flye, Canu, Spades, MIRA and Unicycler) 

were appropriate choices. 

 

A recent review by Kerkhof 2021 acknowledged that since its introduction in 2014 the MinION 

has made major improvements in both read quantity and accuracy. Oxford Nanopore 

Technologies have specifically addressed and improved sequencing chemistry, pore design 

and algorithms for base calling. Additionally, there is now a quantifiable and predictive signal 

from the MinION with respect to target molecule abundance and a simplified graphical user 

interface-based pathways for data analysis (Kerkhof, 2021).  

 

The central aim of this study was to consider if the poorer prognosis for cystic fibrosis sufferers 

colonised with M. abscessus (in contrast to those colonised with M. chelonae) could be 

explained by identifying differences in the annotated genomes of these two species which 

could support this putative variation in virulence.  

 

Additionally, these studies aimed to clarify the confused picture presented by the species 

covered by the umbrella term Mycobacterium abscessus/chelonae clade. Since it is now clear 

that there are three subspecies of M. abscessus (M. abscessus subsp. abscessus, M. abscessus 

subsp. bolletii and M. abscessus subsp. massiliense), there may be variation in the clinical 

impact of each of these. It is also apparent that several species have been validly named on 

the basis of phenotypic similarity to M. chelonae but differentiated due to somewhat limited 

variations in housekeeping genes. 

 

The whole genome sequence of M. chelonae HPA 006 was compared to the deposited 

sequence of the M. abscessus Type strain (ATCC 19977T) using a series of functional 

annotation and taxonomic tools. Genome annotation was performed with PGAP (Tatusova et 

al., 2016) and Diamond + Megan (Metagenome Analyser) (Bagci et. al., 2021). Megan 6 was 

used to classify the assigned genes by taxonomy and functional classification using 

Interpro2GO, EggNOG, SEED, KEGG and EC.  

 

The annotated sequence data for both the M. abscessus Type strain (ATCC 19977T) and M. 

chelonae HPA 006 strains was also submitted to the antiSMASH database (Medema et al., 
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2011; Blin et al., 2021), to identify the gene clusters encoding secondary metabolites of all 

known broad chemical classes. 

   

The differences seen in the KEGG (Kyoto Encyclopedia of Genes and Genomes, (Kanehisa, 

2000)) profile of M. abscessusT and M. chelonae HPA006 were minimal, there was also a high 

level of unassigned genes. Indeed, even in those genes which were assigned a KEGG category, 

the category was assigned in a very general way, a feature which made it difficult to ascribe 

such differences as the potential source of enhanced virulence or increased resistance in M. 

abscessus compared to M. chelonae. 

 

The most interesting category of genes which differed between and M. abscessusT and M. 

chelonae HPA006 were those associated with secondary metabolism.  The study identified 19 

BGCs in M. abscessus T and 15 BGCs in M. chelonae HPA006. 5 BGCs in M. abscessusT were not 

present in M. chelonae HPA 006, and 2 BGCs present in HPA006 not present in M. abscessusT. 

Secondary metabolite gene clusters are part of a mobile pan-genome in the species of the M. 

abscessus/M. chelonae clade. The antiSMASH BGCs are, intentionally, much larger than the 

core BGC (to ensure capturing all relevant genes even in poorly identified BGCs) and seem 

associated with regions of variation and regions associated with virulence and resistance. 

However, differences seem to be variation more than presence/absence and shuffling of 

genomic regions makes comparison difficult. 

 

 

The whiB-like genes at MAB_1756 and MAB_4343c are candidates for differential resistance 

between M. abscessus strains as well as M. chelonae (Burian et al., 2012). There is also a whiB 

present in M. chelonae HPA 006 but absent from M. abscessusT (HPA 006_004489). 

 

A putative isonitrile lipopeptide is present in both M. abscessus and M. chelonae strains, but 

with some significant differences in sequence. 

 

Of the 16 genes identified in Gorzynski et al., (2021) affecting resistance to the clinically 

significant antibiotics amikacin, clarithromycin, and cefoxitin 7 were identified as present in 

all M. abscessus but absent in M. chelonae (2 on the basis of low similarity), shown in bold in 

Table 19, and are candidates for contributing to the increased resistance of M. abscessus.  
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MAB_1137c and MAB_4036 are not present in all M. abscessus strains and might be 

responsible for some variation in resistance between M. abscessus strains and the subspecies 

(M. abscessus subsp. bolletii and M. abscessus subsp. massiliense). 

 

In summary, the pangenome study using PPanGGOLiN (Gautreau et al., 2020) identified 655 

genes present in M. abscessus (ATCC 19977) but absent from M. chelonae strains. antiSMASH 

analysis highlighted differences in the overall number of Biosynthetic Gene Clusters (BGC) 

present in each species and identified BGCs present in one species but absent in the other. 

Of the 655 differential genes identified the largest category was hypothetical, including 

proteins with domains of unknown function. Despite annotation other genes proved 

challenging to correlate with known mechanisms of resistance or virulence. 

 

Clarification of the taxonomy of the organisms assigned to the M. abscessus/chelonae clade 

was carried out by performing and Average Nucleotide Analysis (ANI) with Pyani (Pritchard et 

al., 2016). It was also an opportunity to examine the relatedness of the species in the M. 

chelonae clade and the M. abscessus clade 

 

ANI values of > 95% are commonly used as a tool to measure prokaryotic species delineation 

(Goris et al., 2007; Richter and Rosselló-Móra, 2009), furthermore, if supported by other 

phenotypic and epidemiological values between 95 and 98% reasonably infer subspecies 

status (Turenne, 2019). To date ANI values cannot be used as a genomic standard for 

prokaryotic genus delineation, and more than 60% of interspecies ANI values within a genus 

are around 68–72% (Qin et al., 2014). 

 

The M. chelonae strains studied form a relatively compact cluster of closely related strains 

(see Figures 44 and 45). Nevertheless, the type strain (ATCC 35752; NCTC 946), isolated from 

turtle tubercle, is well recognised as not representative of the majority of isolates assigned to 

this species, probably a prime candidate as the nucleus of a distinct subspecies. There are also 

some strains which appear even more distinct than the type strain but there is no clear break 

in the chain of relatedness, nor clustering of strains to justify grouping them together.  
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Two subspecies have been described, M. chelonae subsp. gwanakae (Kim et al., 2018) and M. 

chelonae subsp. bovis (Kim et al., 2017) for which there is no whole genome sequence 

deposited. Based on limited sequence data, M. chelonae subsp. bovis may be related to the 

strains indicated in the Minimum spanning tree (Figure 45). Neither the ANI data nor the 

whole genome relationships based on presence/absence of genes (see Figure 45 would 

support these 2 subspecies designations and they are not designated as such in the proposed 

new genus Mycobacteroides (Gupta et al., 2018). 

 

The ANI data of the M. abscessus subsp abscessus, M. abscessus subsp massiliense and M. 

abscessus subsp bolletii strains studied show all 3 variants to be very closely related but very 

distinct from all the other species and, in particular, from M. chelonae. However, if 95% ANI is 

accepted as an appropriate cut off for species and 95-98% as the range for the description of 

subspecies (Figure 39), this delineation into separate subspecies holds up well. 

 

This study has demonstrated that separation of the species listed as part of the M. 

abscessus/chelonae clade may be difficult using phenotypic methods and indeed with more 

commonly applied genomic analyses such as 16S rRNA gene comparisons. However, the ANI 

analyses demonstrate that all species listed as part of the M. abscessus/chelonae clade are 

indeed separate species. There is evidence however that M. stephanolepidis aligns better with 

M. salmoniphilum.   

 

ANI analyses of M. abscessus “variants” has allowed a supportive contribution to the 

taxonomy of the subspecies of this organism. These taxonomic issues are undoubtedly linked 

to an improved understanding of virulence and drug resistance. These studies have 

demonstrated that average nucleotide identities (ANI) derived from deposited whole genome 

sequences and analysed using R and RStudio allow a more definitive classification of these 

species 

 

Standard empirical identification based on phenotypic characters and rapid assessment of 

some genetic markers via PCR techniques, is currently supported by sequencing of 

housekeeping genes (notably 16S rRNA sequence data). These approaches need to be more 

actively supported by emergent genetic techniques, particularly when species or strain 

identities are of greater significance. These techniques may be complex at present but these 
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studies suggest that new software and easier access to dedicated IT facilities can provide this 

new approach to determining species designation. Such approaches also raise new questions. 

Does the empirical belief that M. abscessus (sensu lato) suggest a poorer prognosis in 

fibrocystic disease hold true for all the subspecies now identified? Similarly, in this context, 

does this subspecies variation have any bearing on clinical significance? The ability to reliably 

classify these subspecies needs to be allied to research on clinical occurrence and outcome. 

To determine whether there is such variation a progressive investigation with taxonomic 

characterisation of strains allied to clinical findings would be necessary. 

 

Allied to the taxonomic discussions is the finding that there are differences in gene content 

between M. abscessus (and variants) and M. chelonae. Do these gene variations explain 

subsequent variations in virulence? Additionally, a further question would be, do these genes 

confer enhanced resistance to chemotherapeutics? Side by side with this is the possibility that 

they suggest potential targets for development of new antibiotics. In an era of gene therapy 

is it possible to reduce/limit the virulence of the infecting organism, not by eradication but by 

inhibiting the gene expression. Once again, these questions cannot easily be answered 

without marrying detailed strain assessment and subsequent clinical occurrence and 

outcome. In terms of future studies there are many potential areas of supplementary 

research.  

 

Perhaps most valuable would be further characterisation of those members of the Pro-Glu 

and Pro-Pro-Glu (PPE) family of proteins which may have significance in organism resistance 

and virulence. Equally important would be utilising these approaches alongside a dedicated 

clinical interface. 

 

The rapid development of DNA sequencing and the ease, relative cheapness and portability of 

nanopore sequencing suggest that identification of these strains in a clinical setting by 

nanopore sequencing would be fast and accurate. It is also not dependent upon prior 

identification of the causative organism and would identify unexpected, and unknown, 

organisms in clinical samples generically. There could also be consideration of a nanopore 

based sequencing service using the MinION platform to provide a respiratory metagenomic 

service to identify other respiratory targets regularly implicated in causing infection in cystic 

fibrosis patients.  
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