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Abstract
Behra, P. R. K. 2022. Comparative genomics of the genus Mycobacterium. Genome evolution,
phylogeny and diversity. (Insight into the evolution of the genus Mycobacterium). Digital
Comprehensive Summaries of Uppsala Dissertations from the Faculty of Science and
Technology 2179. 73 pp. Uppsala: Acta Universitatis Upsaliensis. ISBN 978-91-513-1576-8.

The genus Mycobacterium includes more than 190 species, and many cause severe diseases
such as tuberculosis and leprosy. According to the "World Health Organization", in year
2019 alone, 10 million people developed TB, and 1.4 million died. TB had been in decline
in developed countries, but made its reappearance as an opportunistic pathogen targeting
immuno-compromised AIDS victims. Also, non-tuberculosis mycobacteria (NTM) infections
have emerged as a major infectious agent in recent times. NTM occupy diverse ecological
niches and can be isolated from soil, tap water, and groundwater. This thesis has investigated
the Mycobacterium species from a genomic perspective, focusing on the biology of virulence
factors, mobile genetic elements, tRNAs, and non-coding RNAs and their evolutionary
distribution and possible relationship with phenotypic diversity.

As part of this study, we have sequenced 153 mycobacterial genomes, including type strains,
environmental samples, isolates from hospital patients, infected fish, and outbreak samples in an
animal facility at Uppsala University. We have provided a phylogenetic tree based on 387 (and
56) core genes covering most species (244 genomes) constituting the Mycobacterium genus.
The core gene phylogeny resulted in 33 clades. Subsequently, we have covered different clade
groups, such as, M. marinum, M. mucogenicum, M. chelonae and M. chlorophenolicum and
investigated the NTM clade-specific genome diversity and evolution.

Our examination of non-coding genes showed that the total number of tRNA genes per species
varies between 42 and 90. Among the species with more than 50 tRNAs, additional tRNA genes
are likely acquired through horizontal gene transfer (HGT), as supported by the presence of
closely linked HNH endonuclease gene and GOLLD RNA. We have explored the presence
of selenocysteine utility and the gene for selenoprotein "formate dehydrogenase" among 244
mycobacterial genomes.

For the M. chlorophenolicum clade, we have explored genes with a role in the bioremediation
process. Comparative genomics of M. marinum and M. chelonae clade groups suggest new
clusters or subspecies. Mutational hotspots are relatively higher in M. marinum compared to that
in M. tuberculosis and M. salmoniphilum. Relatively higher number of hotspots in M. marinum
is likely related to its ability to occupy different ecological niches. Finally, the thesis uncovered
IS elements, phage sequences, plasmids, tRNA, and ncRNA contributing to mycobacterial
evolution.
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Introduction  

In the text below, I have attempted to present the main biological questions 
addressed in my research and summarised results of the papers included in 
this thesis. This includes: 

 
1. general introduction to microbes with emphasis on bacteria,  
2. an overview of the genus Mycobacterium, species identification, 

classification of mycobacteria based on pre-genomic and genomic 
era followed by importance of studying the non-tuberculosis 
mycobacterial genomics,  

3. introduction of different categories in mycobacteria describing 
pathogenicity, virulence factors, and strain diversity and 
comparative genomics approach for the genus Mycobacterium in 
relation to evolution. 

 
The general introduction is followed by a summary of the aims, results and 
future perspectives for continuation of the research. The attached versions of 
papers do not contain supplementary material, given that some of the 
supplementary material items are large tables or figures and would not comply 
with the required format. However, supplementary material for the published 
papers is available online at the publisher’s websites. As for unpublished 
Paper I and Paper VI, supplementary data has been provided with an activated 
temporary link. 
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Microbes and their life styles 

The world of microbes remained beyond the pale of human sensory perception 
and hence unrecognized until their discovery by Anton von Leeuwenhoek in 
1676. Until then humanity was blissfully ignorant of this unseen majority of 
life form that shared the earth with them. In nature, prokaryotes are ubiquitous 
and occupy diverse ecological niches. Microbes can be isolated from sea, soil, 
groundwater, tap water, drainage systems, hospitals, volcanoes and also 
integrated into the lives of living organisms. Based on their biochemical 
and/or physiological differences, prokaryotes are classified into two domains 
Bacteria and Archaea. The impact of their metabolic activities affect almost 
every aspect of human lives from waste recycling to regulation of the earth’s 
atmosphere, where decomposition plays a significant role in contributing to 
the earth’s biota. Abundance and significance have raised questions about 
their quantity, variety, origin and diversity of functions (Whitman et al., 1998; 
Ward, 2002). 

Estimation of the actual number of microbes is not possible without 
knowing their habitats. Research based on ecological studies shows habitats 
such as seawater, soil and sediment soil/subsurface contribute significant 
portions. Based on these three habitats, Whitman estimated the number of 
microbes on earth as 4−6 ×1030 (Whitman et al., 1998). Other researchers have 
shown that every millilitre of water or each gram of soil contains millions of 
cells (Ward, 2002). The estimated abundance of microbes differs in human 
beings, depending on the size of the body and the part that is analysed. For 
example, on human skin the total estimation abundance of microbes is 3 ×108 

(cells/g), whereas, at the colon it is 3 ×1011 (cells/g) (Whitman et al., 1998). 
This abundance extended questions about how many species and the numbers 
of individuals per species are there? Nevertheless, an accurate estimate of the 
quantitative number of each is still an almost impossible goal (Curtis et al., 
2002; Ward, 2002).  

So far, the identified prokaryote species with the stand-in nomenclature are 
19717 species for the year 2017 (Parte, 2018). Currently, it stands 30238 
species (as of 24th February 2022) available at the https://lpsn.dsmz.de/. 
Similarly, species data information can also be retrieved/obtained from 
sources such as namesforlife.com and www.gbif.org. This identified species 
number is much lower than the predicted number of species (Youle et al., 
2012). Since many bacteria thrive in natural ecosystems/reservoirs and 
possibly benefit from co-existence with other species (commensalism), it is 
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not possible to grow and maintain these under laboratory conditions due to 
their niche-dependency or need for environment with the specific nutrients. 
Niche diversity demands a specie’s adaptability as essential for its survival. 
For example, Escherichia coli (E. coli) is a commensal saprophyte in human 
intestine. However, if it passes from the intestine to the bladder and inhabits 
extra colonic sites, it will act as a pathogen (Isenberg, 1988; Dutta and Paul, 
2012; Hugon et al., 2015). It is interesting that though prokaryotes constitute 
an essential component of the biosphere, are responsible for the 
transformation of the earth’s atmosphere making it suitable for the emergence 
and survival of the higher order oxygen-dependent species including humans, 
bacteria were first recognized as infectious disease causing agents responsible 
for widespread suffering and morbidity.  

Among the diseases caused by bacteria, leprosy and tuberculosis (TB) from 
mycobacterial infections have been most feared and lethal through recorded 
history. According to “World Health Organization” (WHO), Tuberculosis 
(TB) is listed among the top ten single infectious agent causing death. As per 
the WHO reports for the year 2019, a total of 10 million people developed TB, 
and 1.4 million died (Global Tuberculosis Report, 2020).  

TB has been known for ages and is considered an ancient disease as shown 
from studies on skeletal remains from 4000 BC and from Egyptian mummy 
linked to 2000-3000 BC and 100 AD according to American archaeologists 
(Konomi et al., 2002; Zink et al., 2003). Earlier in 1868, TB was thought to 
be caused by agents from different sources including “virus” and named as 
“white plague” or “consumption” or hereditary disease (Jacobs, 2014 and 
references therein). In the year 1882, Robert Koch described tuberculosis to 
be caused by tubercle bacilli (rod-shaped bacteria), the name continued since 
then (Koch, 1882; Jacobs, 2014).  

During the year 1735, the Swedish botanist Carl von Linnaeus, came up 
with taxonomic classification by grouping similar families together. Though 
originally it was created for plants, later it was extended to be used for animals 
and all organisms. Linnaeus had introduced a binomial nomenclature for 
naming the species, i.e., the family name followed by the unique species name; 
and this was quite widely accepted and is still in use (Linné, 1735). 
Accordingly, the pathogen “tubercule bacilli” is placed under the name 
Mycobacterium, became Mycobacterium tuberculosis; where Mycobacterium 
is a family name and tuberculosis describes the species name. Later on, due 
to the research advancements, several species were identified, and their 
nucleotide sequence profiles were sequenced. The collection of all these 
sequences is maintained as a database at the National Center for 
Biotechnology Information (NCBI) or European Molecular Biology 
Laboratory (EMBL), and these provide data for constructing phylogenies and 
classifying species by taxonomy. The taxonomy of scientific classification is 
provided by the NCBI database, maintained by updating sequence information 
at regular intervals. For example, based on the 16S rDNA gene phylogenies, 
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M. tuberculosis (Mtb) belongs to the genus Mycobacterium under the family 
Mycobacteriacea that follows the order Corynebacterials and the phylum 
Actinobacteria (NCBI taxonomy). In the genus Mycobacterium, certain 
animal pathogens grow inside host (human) such as Mtb and Mycobacterium 
leprae (Mlep) are the causative agents of tuberculosis “TB” and Hansen’s 
disease (leprosy), respectively. Studies at genus level provide significant 
insight in terms of mycobacterial evolution, pathogenicity and antibiotic 
resistance.  
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The genus Mycobacterium  

In 1896, Lehmann and Neumann first described the Mycobacterium spp.; only 
two species were included as tubercle and leprosy bacilli, during that time; 
followed by Chester, in 1897 who named the family Mycobacteraceae based 
on the morphological and staining properties (Whitman et al., 2012). Later on, 
many researchers identified several more Mycobacterium spp. Forty-one 
species were included in the approved list of bacterial names (Skerman et al., 
1980). Today the genus Mycobacterium comprises more than 190 
mycobacterial species. Many of these species inhabit diverse ecological niches 
such as soil, water, milk, food products, animals and humans (Koch, 1882; 
Hosty and McDurmont, 1975; Grant, 2003; Primm et al., 2004; Vaerewijck et 
al., 2005; Whitman et al., 2012). Majority of the described species are 
environmental saprophytes, and some are pathogens. Also, some 
environmental, opportunistic pathogenic mycobacteria were shown to grow 
within amoebae and protozoa (Strahl et al., 2001).  

The WHO statistics on TB death rate in 2019 has been mentioned above. 
In the 20th century, several initiatives were taken to control TB. Due to these 
efforts, the overall annual number of TB deaths shows a 35% reduction 
between 2015 and 2020, #EndTB has planned to eradicate TB by 2030 
(Global Tuberculosis Report, 2020). Mycobacteria infections transmitted 
from person to person are common for TB, but less evident among 
environmental mycobacteria. Because the environmental mycobacterial 
species occupy diverse aquatic niches, majority of their infections are spread 
via water, food, environment or contact with animals (Pedley, 2013). Humans 
interact with the environment daily, people worldwide are exposed to different 
environmental mycobacterial species, and the exposures vary significantly 
among different age groups, people or geographic locations or cultural 
diversity. Altogether, especially in developing countries, people are highly 
exposed to environmental mycobacteria and thus may be conferred upon with 
some resistance to infection with M. tuberculosis also, it seems to reduce the 
effectiveness of the BCG vaccine (Pedley, 2013).  

Mycobacteria are tolerant to many types of stress, including detergents; 
which has been attributed to the presence of an unusually thick cell wall and 
mycobacterial cell envelope accounts nearly 40% of dry cell weight (Whitman 
et al., 2012; Pedley, 2013). Mycobacteria are proposed to be Gram-positive 
but they also share common features with Gram-negative bacteria. Due to the 
thick cell wall, most mycobacterial species were difficult to stain by Gram’s 
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method (Whitman et al., 2012). Interestingly, phylogenetic studies based on 
16S rDNA gene shows them to be close to Gram-positive bacteria, whereas 
genome-based phylogenetic approach display characters close to Gram-
negative bacteria (Fu and Fu-Liu, 2002). Further studies showed that 
phylogenetic approaches were not conclusive about the ancestral cell type, 
major bacterial classification describing the Gram-positive or Gram-negative 
character for mycobacteria remains uncertain. However, losing an external 
membrane is easier than to acquire them individually at multiple times 
(Gribaldo and Brochier, 2009).  

The unusually thick mycobacterial cell wall is rich in lipids where mycolic 
acid and long chain C60 - C90 fatty acid are dominant (Brennan and Nikaido, 
1995). A bacterium that contains mycolic acid in the cell wall composition is 
referred to as acid-fast and mycobacteria are indeed acid-fast and resistant to 
disinfectant and dry conditions (Whitman et al., 2012). In order to identify 
directly from clinical samples or from contaminated sources common 
techniques such as microscopy or culture-based methods (e.g. isolation of pure 
culture) could be used (Böddinghaus et al., 1990). The culture-based approach 
takes time, as it is dependent on cell growth which is slow for most 
mycobacterial species, while microscopy examination is quicker but lacks 
sensitivity due to the presence of many contaminating organisms in the 
clinical sample. But use of Carbol Fucshin dye stains the acid-fast bacteria red 
due to the presence of mycolic acid, which cannot be washed away by the 
acidic decolourising solution and remains red or purple while the non-acid fast 
cells turn blue with methylene blue making it easier to histologically identify 
mycobacterial cells. 

 Nucleic acid technology began a new era in clinical microbiology with the 
amplification of specific DNA sequence. The 16S rDNA gene and its function 
are conserved, resulting in the usage of amplification of 16S rDNA 
sequencing. Also, the 16S rDNA contains highly conserved stretches and 
variable regions; a good maker gene for finding evolutionary path was 
available (Stackebrandt and Woese, 1984; Woese, 1987). Usually, rRNA is 
high copy number i.e., 103 to 104 per cell and with specific nucleotide 
sequence; so one can distinguish species directly based on phylogenetic 
relationships (Böddinghaus et al., 1990).  

The change of cell shape in mycobacteria happens commonly during the 
growth as the culture gets older or might be connected with the stages of the 
life cycle of the bacteria. It might be attributed to its adaptation to stress or 
due to ageing. In some cases, mycobacteria can form long filamentous 
branches or spore-like cells and also biofilms (Ghosh et al., 2009; Kirsebom 
et al., 2012; Lamont et al., 2012; Whitman et al., 2012; Richards and Ojha, 
2014; Ramesh, 2021). Changes also occur in colony morphology from smooth 
to rough phenotype or vice-versa. Several studies showed colony morphology 
variations in connection with virulence, i.e., due to the presence/disruption of 
genes related to ESX-1 or ESX-5 region (in M. marinum) or lipidbiosynthesis 
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genes (e.g. GPL locus) among different mycobacterial species (Bosserman 
and Champion, 2017; Das et al., 2018; Gutiérrez et al., 2018; Behra et al., 
2019 and references therein). The rough morphotypes were shown as more 
virulent compared to the smooth morphotypes (see, paper IV). Furthermore, 
changes in cell-shape from rod to coccoid occur naturally or due to 
dissociation (McCarter and Hastings, 1935; Whitman et al., 2012; Das et al., 
2018; Gutiérrez et al., 2018; Ramesh, 2021). 

Pre-genomics era 
In the early 1930s, researchers around the world identified many species and 
reported species information. The species names were given by the identifying 
person often based on the source of isolation. Species were isolated from 
different habitats. A common problem arose as the same species was given 
different names as wide range of habitats were the source. In 1935, Gordon 
classified several acid-fast mycobacteria into three main groups based on the 
consideration of growth characteristics; tolerance to temperature (by the 
criterion of which strains survive after incubating at 60°C for 1hr or at 47°C 
for 2 weeks); and using the carbohydrate utilization (arabinose or sorbitol) 
(Gordon, 1937). The separation of saprophytic mycobacteria based on 
temperature was first showed by Thomson (Thomson, 1932). Runyon 
classified mycobacteria into different categories based on pigmentation. 
Among these group I-III belonged to slow-growing mycobacteria (SGM) and 
the other to rapid-growing mycobacteria (RGM), see below for SGM and 
RGM. The exception from Runyon’s classification is M. leprae. Because of 
its extreme slow growth rate, the source of infection for M. leprae (leprosy or 
Hansen disease) was difficult to trace back or identify. It thrives at cool 
temperatures and was possibly spread from armadillo as the main reservoir 
(Whitman et al., 2012; Pedley, 2013).  

With the advancement of DNA sequencing technologies, classification or 
grouping of species were based on genomes and rRNA structural gene and 
spacer sequences, insertion elements and other markers became reliable tools 
to be used for genotypic classifications (Pedley, 2013). 

Mycobacteria are divided into rapid and slow-growing mycobacteria based 
on the time taken after inoculation for the appearance of visible colonies on 
solid nutrient medium (plates). Usually, SGM take 7 or more days while RGM 
take less than 5 days of incubation at optimal growth temperatures (Whitman 
et al., 2012). Phylogenies based on the 16S rRNA gene showed a clear 
separation between the members of SGM and RGM (Stahl and Urbance, 
1990). Interestingly, the majority of SGM are true pathogens or opportunistic 
pathogens whereas the majority RGM are non-pathogens or opportunistic 
pathogens. For example, in RGM, M. abscessus-M. chelonae complex 
members include opportunistic pathogens and pathogens; also species such as 
M. smemgatis and M. phlei are among non-pathogenic mycobacteria 
(Whitman et al., 2012). Most of the SGM contain only one rrnA operon 
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whereas RGM contain two rrn operons i.e., rrnA and rrnB (Cook et al., 2009) 
and see, Paper I. The exception among RGM is M. abscessus-M. chelonae 
group members which contain single rrn (rrnA) operon per genome. 
Exceptions among SGM are M. terrae, M. celatum and M. marinum which 
contain two rrn operons per genome (Cook et al., 2009; Das et al., 2018 and 
references therein). Comparing SGM and RGM, researchers initially assumed 
some influence on the rRNA copy number with the growth rate but this could 
not be confirmed. For example, M. smegmatis showed unaltered growth even 
after inactivation of either of the two rrn operons (Bercovier et al., 1986; 
Sander et al., 1996; Cook et al., 2009; Whitman et al., 2012). Interestingly, in 
the SGM species M. marinum comparison between the strains “M versus 
CCUG20998” showed that the presence of single and two rrn operons, 
respectively (likely due to duplication), did not affect the growth rates (see, 
Paper IV). Also, there were speculation about the single rRNA gene clusters 
being SGM due to the energy requirement in synthesis of long chain fatty 
acids (C60 –C80), lipids and waxes, and the impermeability of lipid-rich cell 
wall (Pedley, 2013).  

Slow growing Mycobacteria 
Most of the slow growing mycobacteria are pathogenic to humans and 
animals. For example, the source of infections known to cause disease in 
human hosts are Mtb (TB), Mlep (leprosy), M. ulcerans (the agent of Buruli 
ulcer); sources of infection in animals include M. bovis that causes TB like 
infections in cattle and humans, M. caprae (goats and deer), M. microti 
(voles), M. pinnipedii (seals and sea lions) M. avium (birds), M. marinum 
(fish), M. asiaticum (monkey) (Gordon et al., 2009; Whitman et al., 2012).  
The pathogenic species have been identified in sputum, urine and from pus 
(Cancik and Mazepova, 1925) and blood, liver and other organs in humans 
and different animals. Sometimes certain infections can occur from exposure 
to specific environment/niche and later it can spread to other geographic 
locations. For example, person-to-person spread of infection of Buruli ulcer 
by M. ulcerans (Loftus et al., 2018) is very rare but it can spread by mosquitos 
(Wallace et al., 2017). 

Several of the SGM have the ability to grow/survive in water including M. 
marinum, M. avium and M. kansasii etc. M. avium grows slow in tap water 
but this is not due to its slow growth metabolism; the species has the ability to 
adapt to diverse environments including nutritionally deprived tap water and 
thus grows slowly and also dies slowly. M. avium and other SGM (e.g. M. 
marinum) can survive starvation stress, antibiotic stress, and exposure to 
disinfectants, and heavy metals by forming biofilms (Whitman et al., 2012; 
Pedley, 2013) and see, Paper IV. 

By applying Runyon’s classification to SGM, for example, the two species 
M. marinum, M. kansasii were photo chromogen, i.e., in the presence of light 
the colonies turned yellow with orange pigment; whereas no pigmentation was 
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seen in dark; M. ulcerans did not show any pigment i.e., nonchromogen 
(Whitman et al., 2012; Pedley, 2013). Though M. marinum is a photo 
chromogen, it grows optimally in dark and, with exposure to light, has a 
relatively slow growth rate due to formation of colour pigment (Gao and 
Manoranjan, 2006).   

Rapid growing Mycobacteria 
Majority of the rapid growing mycobacteria are non-pathogens/ opportunistic 
pathogens obtained from environmental sources. Non-pathogenic related 
species M. smegmatis, M. phlei are environmental related species. Some 
species are involved in bioremediation process such as M. chlorophenolicum, 
M. chubuense (Whitman et al., 2012) (see, Paper III). Species like M. 
mucogenicum, M. phocaicum are opportunistic pathogens. M. mucogenicum 
is abundant in tap water and is often reported in catheter-related infections 
(see, Paper II).  

The first identified and isolated pathogenic RGM is M. chelonae, followed 
by the identification of M. abscessus and M. fortutitum. These three species 
together contribute about 80% of clinical isolates among all RGM and are 
emerging as infectious opportunistic pathogens (Brown-Elliott and Wallace, 
2002; Brown-Elliott and Philley, 2017). Infections due to M. massiliense 
isolates from different geographic regions share high genetic relatedness and 
thus suggest person-person transmission (Tettelin et al., 2014; Brown-Elliott 
and Philley, 2017).  

Pathogenicity of mycobacteria 
In genus Mycobacterium, species such as M. tuberculosis (Mtb), M. bovis 
(Mbov), M. leprae (Mlep), and M. marinum (Mmar) are well known for their 
pathogenicity, i.e., causing tuberculosis (humans), tuberculosis-like infections 
in cattle (and in humans), leprosy in humans, and tuberculosis-like infections 
in fish, respectively. Species like M. chelonae (Mche) causes tuberculosis like 
infections (mycobacteriosis) in fish living in cold water (Zerihun et al., 2012; 
Austin and Austin, 2016); while M. salmoniphilum (Msal), M. abscessus 
(Mabs) are emerging as fish pathogens (Whitman et al., 2012). The species M. 
mucogenicum (Mmuc), M. phocaicum (Mpho) and M. aubaganense (Maub) 
are water-borne. Mmuc, one of the most abundant non-tuberculosis 
mycobacterium (NTM) in tap water can also be found in sewage and hospital 
water systems. Whereas species like M. smegmatis (Msmeg), M. phlei, M. 
chlorophenolicum, M. chubuense, and M. obuense are non-pathogenic 
(commensal), environmental. Msmeg and Mmar are globally used as model 
organisms for Mtb (Whitman et al., 2012). 

Non-tuberculosis mycobacterium (NTM), usually refers to all 
mycobacterial species other than those that do not cause tuberculosis or 
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leprosy i.e., outside the members of Mtb-complex, Mlep and the species M. 
lepromatosis. NTM are mostly non-pathogenic and only a few NTM were 
pathogens; according to the WHO reports (see above) Mtb infections are 
decreasing #EndTB eradicated by 2030. But recently, NTM infections are 
increasing and becoming emerging infectious disease (Pedley, 2013). In the 
USA, during the period 1997-2007, alarming rise in pulmonary NTM 
infections were observed in both men and women (Adjemian et al., 2012). 
Similarly, another study from the Oregon State (USA) reported NTM 
infections; here the rise was specific to gender and age groups showing 
strikingly higher numbers in old age category people (Henkle et al., 2015). 
NTMs are increasing globally and their distribution differs among 
geographical locations (Hoefsloot et al., 2013; Ratnatunga et al., 2020). 

Based on the survey of NTM species isolates, the species M. malmoense is 
found more often in Northern Europe (~4 times higher) in comparison to 
Southern Europe, whereas M. xenopi found nearly 3.5 times more abundant in 
Southern Europe than in Northern Europe (Hoefsloot et al., 2013). The most 
abundant species in both regions, Northern and Southern Europe, is identified 
as M. avium but between these regions, distribution frequency differs by 
nearly 13% (Hoefsloot et al., 2013). Interestingly, the rise in NTM infections 
is proportional to decrease in TB as noticed among developed countries 
though the connection is not clear (Brode et al., 2014). NTM symptoms appear 
to be similar to those of TB, such as cough, fatigue and weight loss. NTM 
Mabs infections are known and isolated from cystic fibrosis patients (Olivier 
et al., 2003; Brown-Elliott and Philley, 2017). 

Human microbiome research studies describing the bacterial species 
identified by their phylum show that nearly 24.2% is related to the 
Mycobacteriacea family among Actinobacteria (Hugon et al., 2015). Another 
study led to the isolation of 11 mycobacterial species containing both 
environmentally related species as well as known pathogens (Lagier et al., 
2017). 

Also, some mycobacterial strains showing somewhat higher virulence than 
the others; e.g., Mmar1218R and Mmar1218S (Paper VI). Lesions are commonly 
found in liver and gastrointestinal tract, but can affect other organs (Pedley, 
2013). Several members of Mycobacterium species e.g. M. avium, M. 
marinum, M. mucogenicum etc, have the ability to form biofilms, tolerate 
disinfectants and survive at higher/colder temperatures in water. These species 
can invade a household by different exposure routes such as tap water, 
bathing, food preparation, toilet flushing, etc. (Pedley, 2013).  

Pathogenic mycobacteria in water 
Several mycobacterial species are of marine origin and naturally thrive in 
water and use cold-blooded animals such as fresh/sea water fishes as hosts. 
Previous research shows human diseases can also occur via waterborne 
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transmission. Infectious species include, M. avium complex, M. fortuitum, M. 
gordane, M. marinum, M. scrofulaceum, M. terrae, M. ulcerans, M. xenopi; 
recently identified M. chelonae, M. immunogenicum, M. abscessus, M. 
kansasii, M. szulgai, M. simiae, M. palsture and also include opportunistic 
pathogens like M. mucogenicum (Whitman et al., 2012; Pedley, 2013). The 
species M. franklinii was first isolated from infected humans and was recently 
shown to be similar to the M. franklinii strains in tap water or other water 
sources (Simmon et al., 2011; Nogueira et al., 2015). In 2012, bacterial 
infections were found among the mice populations in the animal facility 
laboratory at Uppsala University. In connection with this, we analysed tap 
water and sampled isolates at different time points (between 2011 and 2013). 
Our results suggested these new isolates/strains to be close to M. franklinii 
strain (see Paper V).  

Interestingly certain species from the above list show temperature 
dependent growth effect where water plays a role among species 
selection/abundance. For example, species associated with warm water 
systems include M. avium, M. intracellular, M. xenopi, and M. marinum; 
whereas cold water contains M. kansasii, M. chelonae, M. fortuitum and M. 
salmoniphilum.  

These kinds of species usually transmit infections when abraded skin 
comes in contact with water in swimming pools or from consumption of a 
raw/partially cooked fish (infected fish or contaminated water). These acid-
fast bacterial species can infect human, fish and insects and in nature it can 
also exist as a saprophyte (Mmar) (Runyon, 1971). Infections vary depending 
on the type of species and pathogenicity level. Curing from mycobacterial 
infections, generally requires long treatment, e.g., Mmar infections that 
usually result in skin lesions are poor-healing, take several months to cure with 
certain antibiotics combination. Mycobacterium avium complex (MAC) 
infections are diverse and are connected through undetectable environmental 
and nosocomial exposures (Pedley, 2013). M. salmoniphilum was previously 
isolated from kidneys of salmonoid fishes (Ross, 1960). 

High mycolic acid concentration in outer cell wall together with the 
hydrophobic surface characteristic are primarily responsible for 
mycobacteria’s resistance against chemical disinfectants i.e., these species are 
not only able to survive but thrive in drinking water containing chlorine 
disinfectants (Pedley, 2013). By using the 0.04% Cetylpyridinium chloride 
(detergent) in water, all non-acid fast producing bacteria could be destroyed 
efficiently whereas mycobacteria would survive and be isolated successfully 
(du Moulin and Stottmeier, 1978). The species M. avium can grow in water 
even after water treatment, albeit their numbers reduce without any further 
addition of nutrients (Bartram et al., 2003). 

Species such as M. avium, M. intracellular, M. xenopi are able to grow 
particularly better in hot water systems (45oC) whereas species M. abscessus, 
M. chelonae, M. salmoniphilum, M. mucogenicum, M. marinum, M. kansasii, 
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M. gordonae, M. fortuitum prefer to grow in cold waters. For example, at 
hospitals, where both hot water and cold water supply are available (i.e., tap 
water, showerheads and hospital ice machines etc.) and it is known that several 
mycobacterial species have been identified due to nosocomial infections 
(Pedley, 2013). 

The ubiquitous abundance and tolerance to diverse conditions non-optimal 
to other bacteria raised our interest regarding specific questions about the 
adaptability of water-borne mycobacteria. We approached the mystery of 
mycobacterial species diversity by sequencing complete genomes and using 
the comparative genomic approach. Species studied in this thesis include 
patient isolates, environmental isolates and type strains obtained from culture 
collections. These thrive in their natural environments as well as in water, such 
as species, M. marinum (Paper IV), M. salmoniphilum (Paper V), and M. 
mucogenicum (Paper II). We also attempted to have a general evolutionary 
overview of Mycobacterium genus by including 244 mycobacterial species in 
this study (I &VI). 

Strain diversity of mycobacteria  
NTM diseases are increasing globally, and the availability of sequenced 
genomes is necessary for understanding these newly emerging species. 
Several studies have initiated a comparative genomics approach focusing on 
diversity among the members in genus Mycobacterium (Stinear et al., 2000; 
Röltgen et al., 2012; Tettelin et al., 2014; Fedrizzi et al., 2017; Tortoli et al., 
2017; Gupta et al., 2018; Matsumoto et al., 2019; Morgado and Vicente, 2019; 
Tortoli, 2019; Bannantine et al., 2020). However, majority of these studies 
were limited to either phylogenetic studies or comparing protein-coding genes 
or noncoding RNAs. Here, we use the comparative genomics approach with 
the combination of phylogenetic, protein-coding genes, non-coding RNAs and 
explored sequence conservation, evolution and their role in regulating global 
functions.  

Genome, genes and proteins  
For a comprehensive understanding of an organism one must know about the 
complete set of genetic information of that species. In a series of ground 
breaking work the genetic material was identified as deoxyribonucleic acid 
(DNA) and its double helical structure of complementary strands was solved 
through pioneering crystallographic work (Dahm, 2008; Watson and Crick, 
1953 and refs therein). Double stranded DNA double helix constitutes the 
genetic material of most prokaryotic and Eukaryotic organisms excluding 
certain single/double DNA/RNA viruses and plants. All the necessary and 
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sufficient information for an organism is contained in the linear sequence of 
the four building blocks of two purines (deoxyadenosine (“dA”), 
deoxyguanosine (“dG”) and two pyrimidines (deoxycytidine (“dC”), 
deoxythymidine (“dT”)) designated as the genome. Inside the cell, the DNA 
mostly occurs in the form of a double-stranded helix, where strands are base-
paired between complementary, i.e. base pair as “A” with “T” and “G” with 
“C” held together with weak bonds (hydrogen and van der waals). The 
complete genome size of bacteria range between 0.5 ×106 bp to 9 ×106 bp 
(Konstantinidis and Tiedje, 2004). According to the NCBI Refseq database 
(genome browser, prokaryotes - complete genomes) it ranges between 0.1 
×106 bp to 16 ×106 bp (O’Leary et al., 2016).  

In Genus Mycobacterium, the genome size varies between 3.2 ×106 bp to 
8.1×106 bp, M. leprae is the smallest genome and M. dioxanotrophicus being 
the largest (Paper I). Early research on comparative of DNA content shows, 
DNA per mg of cells (dry weight or wet weight) of the Mycobacterium genus 
varies between species and in some cases even within the same species (eg. 
M. tuberculosis strains) (Tsukamura, 1961). 

The central dogma of molecular biology, first proposed by Sir Francis 
Crick (1957-58), generally accepted as the molecular description of the living 
process, is well established as a foundational principle of molecular genetics 
for many decades. For cells to survive, first the genetic information coded in 
its DNA sequence is copied into RNA through transcription, and then the 
messenger RNA (mRNA) sequence is translated into amino acid sequence 
producing the polypeptide protein chains – the major constituent of living cells 
providing both structure of the cell and catalytic functions for most living 
process. While reverse transcription of RNA to DNA is possible, no reaction 
producing nucleic acid from proteins had yet been discovered. Ribonucleic 
acid (RNA) consists of four nucleotides includes adenosine (A), guanosine 
(G), cytidine (C), and uridine (U), instead of thymine (T) in DNA. The main 
difference between DNA and RNA is the occurrence of a hydroxyl group 
instead of hydrogen at the 2'-position of the ribose. Each amino acid is coded 
by a triplet of nucleotides (codon) for proteins. Thus continuous, sequential 
reading of triplets on the mRNA leads to the synthesis of amino acid chain 
linked through peptide bonds known as protein. Most of these proteins 
functions as catalysts in metabolic reactions and are called enzymes involved 
in diverse biological pathways during growth, reproduction and adaption to 
stress confronting the organism while another group of proteins provide 
structural integrity and characteristic shape of the cell.  

In 1977, Allan Maxam and Walter Gilbert developed the Maxam-Gilbert 
DNA sequencing method (Maxam and Gilbert, 1977). The same year, Sanger 
(Sanger et al., 1977) introduced an alternative method for gene sequencing, 
and during the late 1990s, the first batches of complete genome sequence 
started emerging using the Sanger method. In 1995, Haemophilus influenzae 
chromosome was the first genome to be sequenced followed by several other 
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genome sequences including those of the well-studied model organism E. coli 
K12 and the pathogenic MtbH37Rv (Fleischmann et al., 1995; Blattner et al., 
1997; Cole et al., 1998a). Among mycobacteria, Mtb was the first genome to 
be sequenced followed by Mlep, M. bovis, M. avium paratuberculosis, Mulc 
and Mmar (Cole et al., 2001; Garnier et al., 2003; Li et al., 2005; Stinear et 
al., 2007, 2008). Later on, with the advancement of high-throughput 
sequencing technologies, sequencing was performed by using different 
technologies such as Illumina, PacBio, Iontorrent or Oxford Nanopore (Slatko 
et al., 2018 and references therein). Using these technologies, we and many 
researchers across the world, sequenced several mycobacterial genomes for 
exploring the Mycobacterium genus (Fedrizzi et al., 2017; Tortoli et al., 2017; 
Matsumoto et al., 2019 also see, Paper I-V). But many of these were left at the 
draft genome level, meaning the chromosome sequence was not in a single 
piece. The main cause for draft genome status was possibly the presence of 
genome repeats (duplicated genes) and transposable elements (Ricker et al., 
2012). 

Sequencing of a genome gets meaningful with the completion of the 
assembly process into a continuous sequence (genome sequence). For 
Illumina and Ion-torrent generated sequencing data we used assemblers 
spades and a5-assembly pipeline whereas for PacBio sequencing with the 
recommended SMART pipeline (Bankevich et al., 2012; Tritt et al., 2012; 
Chin et al., 2013; Coil et al., 2015; Antipov et al., 2016). 

The complete genome sequence of an organism is the plain DNA sequence 
and provides information such as genome size. Based on the sequence 
information, GC content, genomic repeat regions, transposable elements and 
total number of genes can be estimated which suggests genome complexity 
although the complexity may or may not depend on genome size (Holding, 
2003). Genome sequence would yield the big picture provided the sequence 
is annotated. Annotation is a feature that describes the part of the genome 
content available as coding (or non-coding) regions that have certain 
functions. The content here is related to the distribution of coding region and 
non-coding region (functional RNA, and intergenic region sequence (IGR)). 
By using the annotation programs, these features (coding and non-coding 
regions) are identified in the genome. Usually annotation pipelines allow 
identification of genes such as rRNAs, tRNAs, tmRNAs, and coding 
sequences (CDS). More recently, ncRNAs based on RFAM database were 
also included in the annotation pipelines (Lowe and Eddy, 1997; Lagesen et 
al., 2007; Aziz et al., 2008; Nawrocki and Eddy, 2013; Seemann, 2014; 
Tatusova et al., 2016; Kalvari et al., 2018; Chan and Lowe, 2019). In general, 
≈90% of a bacterial genome consists of functional regions (genes) (Field et 
al., 2004; Bohlin and Pettersson, 2019). In mycobacteria, the size of the 
genome and the number of predicted protein-coding sequences correlate and 
we also observed the same for the number of sigma factor genes (protein-
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coding genes). But the number of tRNA genes does not correlate with the 
genome size (see, Paper I and Paper II). 

 For many years genome sequence information had been used and is still in 
use for understanding the intra- and inter-species relationship among 
mycobacteria. Initial phylogenetic studies in mycobacteria were based on 16S 
rDNA marker gene; later, several additional markers (rpoB, gyrA, hsp6 and 
dprE1) were used for differentiating species along with other housekeeping 
genes (Adékambi and Drancourt, 2004; Adekambi, 2006; Incandela et al., 
2013). With the advancement in genomics, this approach was changed from 
single to multiple genes-, core genes-, whole genome-based phylogenies and 
further average nucleotide identity (ANI), genome-based nucleotide profile 
comparisons were also used to trace evolutionary pathways (Fedrizzi et al., 
2017; Tortoli et al., 2017; Gupta et al., 2018; Matsumoto et al., 2019).  

Non-coding sequence 
Non-coding segments do not contribute directly to the protein coding 
sequences (with the exception of tmRNA, part of which codes for a short 
peptide). Non-coding regions include intergenic region (IGR), non-coding 
RNAs (ncRNAs), which play crucial roles in controlling gene expressions in 
bacteria.  

Usually upstream and downstream regions of coding sequences contain 
other regulatory elements. The upstream regions of 5’-end sequence usually 
contain promoters and ribosome binding sites whereas the 3’-end contain 
terminators and/or polar modulators of expressions of downstream gene(s). 
Interestingly the species differ in proportion and distribution of coding and 
noncoding capacity. For example, nearly 91% genome sequences of both Mtb 
and Mmar contain protein-coding genes thus leaving ~8% as intergenic 
region. Whereas in the species Mlep and M. ulcerans (Mulc) only ~50 to ~72% 
of the genome sequences code for protein-expressing region thus leaving more 
non-coding region (Field et al., 2004; Sridhar et al., 2011). It is due to genome 
reduction in these strains that many of their genes were truncated and were 
left as pseudo genes (source, junker database, accessed 26th April 2021). The 
term ncRNA is broad; these are classified as for example, transfer RNA, 
ribosomal RNA and small RNAs. The main function of tRNA and ribosomal 
RNA is during translation whereas small RNAs were diverse depending on 
the function they regulate during transcription and/or translation.  

Transfer RNA 
Transfer RNA (tRNA) molecules are responsible for linking the genetic code 
with the amino acid sequences in proteins. tRNAs differ in sequence but 
maintain nearly similar structure to meet their functional needs. Each tRNA 
carries one unique amino acid for protein synthesis. Each individual tRNA is 
charged with a specific amino acid by the corresponding amino-acyl tRNA 
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synthetase. Other roles of tRNA exist outside of translation; for example, 
synthetic functions related to lipid aminoacylation, cyclic dipeptide (see, 
Paper II) and modification of cellular envelope (Katz et al., 2016 and 
references therein). Viruses interact with host genomes via targeting tRNA 
gene and thereby integrating a foreign DNA sequence into the host genome 
(Hacker and Kaper, 2000; Juhas et al., 2009; Katz et al., 2016). In MtbH37Rv 
three tRNAs were shown to be targeted by free active toxins (i.e., VapC-mt4 
a toxin-antitoxin pair) and thus cleaving tRNA into stable tRNA halves (at the 
anticodon stem loop) and halt translation (Cruz et al., 2015; Cruz and 
Woychik, 2016). 

The number and gene synteny of tRNA genes vary in bacteria; the total 
number of tRNA genes does not correlate with the genome size of the 
bacterium. For example, in Escherichia coli K12 MG1655, 4.6 Mbp long 
genome carries 86 tRNA genes (Blattner et al., 1997) while the 8.7 Mbp long 
Streptomyces coelicolor genome encodes 65 tRNA genes (Bentley et al., 
2002), and in mycobacteria such as Mtb H37RV (genome size, 4.4 Mbp) and 
Msmeg MC2-155 (genome size, 7 Mbp) the numbers do not exceed 50 tRNA 
genes (Cole et al., 1998; Mohan et al., 2015 and see Paper I & II). Given the 
low number of tRNA genes in Mtb and Msmeg, questions arise about how 
these genes vary and the significance of unusually large tRNA gene clusters 
found in mycobacteria (see, Paper I and Paper II). Interestingly, mycobacteria 
are aerobic and in some species we identified the gene selenocysteine tRNA; 
it is well studied in Escherichia coli (Leinfelder et al., 1988; Böck et al., 1991). 
Though the functionality of selenocysteine biosynthesis is dependent on the 
presence of additional selenocysteine related genes but this was not much 
known in mycobacteria and we uncovered overall distribution of 
selenocysteine tRNA in Paper I & PaperVI.  

Ribosomal RNA 
Ribosomal RNAs are conserved non-coding RNAs. In bacteria, it is estimated 
that 80% of total RNA present during the early exponential phase is rRNA; 
the quantity varies during the growth phase (Sykes, 1966). Among bacteria, at 
least one ribosomal RNA operon (23S, 16S and 5S rRNA) is present and their 
position is localised on chromosome with an exception of Auerimonas sp. 
AU20 where it is identified on a plasmid sequence (Klappenbach et al., 2001; 
Anda et al., 2015). These rRNA operons are needed during translation process 
and in bacteria the total number of operon copies varies from 1 to 15 
(Klappenbach et al., 2001). Multiple copies of rRNAs genes were identified, 
these are clustered. The gene 16S rDNA (~1500 bp) has been used as a 
phylogenetic marker for species identification.  

In mycobacteria, most of the SGM contain single ribosomal RNA (rrnA) 
operon whereas the RGMs usually possess two ribosomal RNA (rrnA, rrnB) 
operons with the exception of M. chelonae and M. abscessus, which contain 
one copy each. The phylogenetic tree based on the mycobacteria 16S rDNA 
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gene showed a separation between RGM and SGM (Stahl and Urbance, 1990; 
Whitman et al., 2012; Bittner and Preheim, 2016; Brown-Elliott and Philley, 
2017). Though 16S rDNA gene has been used and is in use as one of the best 
marker gene; although in some cases it could not differentiate between closely 
related species due to the fact that they share very high similarity in their 
sequences and required additional gene sequences for tracing evolution 
(Brown-Elliott and Philley, 2017). For example, 16S rDNA sequence of M. 
mucogenicum and M. phocaicum showed 100% similarity and this could not 
distinguish species separation without considering other genes (e.g. rpoB 
gene) for species discrimination (Adékambi, 2009). 

Small RNA 
Small RNAs (sRNAs) do not code for any protein and their size usually ranges 
between 17 to 500 nucleotides. These are widely known to play key roles in 
gene regulation. sRNAs control the regulation of transcription or translation 
either by directly interacting with their target mRNA via base pairing or 
indirectly through interactions with proteins (Waters and Storz, 2009). Most 
of the sRNAs are categorised into two types cis-encoded sRNAs and trans-
encoded sRNAs; cis-acting sRNAs are antisense to their target whereas trans-
acting are usually transcribed from intergenic regions (different site) and 
control many targets at different locations (Vogel and Wagner, 2007; Arnvig 
and Young, 2009; Waters and Storz, 2009). After the identification of many 
such conserved non-coding RNAs, these have lately been classified into 
different categories based on the RFAM data into these different groups: 1) 
small RNAs, 2) antisense RNAs, 3) gene, ribozyme (e.g. RNase P RNA), 4) 
cis-regulatory riboswitches, 5) cis-regulatory thermo regulators, 6) cis-
regulatory RNAs, 7) Introns, and 8) genes e.g. tmRNA. 

The discovery of small non-coding RNAs has revealed their involvement 
in global gene regulation and control. Different sRNAs are expressed at 
different stages as needed and hence it is difficult to identify such kind of 
genes from genomic data. In bacteria, with the emergence of “Next Generation 
Sequencing (NGS)” (genomics, transcriptomics), many new putative small 
non-coding RNAs have been predicted and their number is increasing 
exponentially. But, in the case of mycobacteria, the small RNAs and their 
identification are limited to a few particular species (MtbH37Rv, and Msmeg) 
(Arnvig and Young, 2009; DiChiara et al., 2010; Miotto et al., 2012; Pellin et 
al., 2012; Li et al., 2013; Arnvig et al., 2014; Wang et al., 2016). 

Protein coding sequence 
Protein coding gene sequence encode functions related to the enzymes or 
proteins involved in metabolism and structure; e.g., Secretion system, lipid 
metabolism, cytoskeletal structures. 
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Among the important protein-coding genes that are involved with all stages 
of growth in bacteria, are the sigma factor genes. These gene products interact 
with the core RNA polymerase and thus being part of the transcription 
machinery, are recognised as the third pillar in signal transduction (Staroń et 
al., 2009). Sigma factors are involved in promoter recognition and confer 
promoter specificity.  Sigma factor genes are known to be involved in 
controlling the expression of different sets of genes depending on the growth 
and metabolic needs. For example, SigA, the house keeping sigma factor 
needed during exponential growth phase and SigB which is highly expressed 
during stationary phase and under stress conditions (Pettersson et al., 2015) 
activate different sets of genes. Similarly, there are other genes that have the 
ability to control either transcription/translation or both, e.g., signal 
transductions or small non-coding RNAs. 

Virulence factors 
Among protein coding genes, the presence/absence of certain genes and their 
expression levels decides the impact of pathogenicity. Based on the validated 
set of virulence genes and their collection resulted  the 
virulence factor database (VFDB) (Chen et al., 2005). For example, the 
presence of certain secretion systems ESX regions: ESX-1 (ESX-6), ESX-3 
and ESX-5 system are involved in virulence and iron acquisition in 
mycobacteria (Chen et al., 2005; Siegrist et al., 2014; Ates et al., 2016; 
Madacki et al., 2019; Vaziri and Brosch, 2019). Similarly, sigma factor genes 
SigA, SigE, SigF and SigH are involved in regulation of virulence genes. 
Other genes involved in regulation are genes such as DevRS, HspR, IdeR, 
PhoP, MprAB. Also, genes related to the stress response (KatG, SodA and 
SodC) and mycobactin iron related genes etc all are present in VFDB 
database. By identifying any of these known VFDB homologs one can find 
virulence genes in the target species. The higher number of virulence factors 
genes identified for a given species implies a higher likelihood that it has 
tendency towards pathogenicity. Among mycobacteria, Mtb has more 
virulence factors (Chen et al., 2005) and Mtb is well known for TB 
pathogenicity.  

Functional classification 
Annotating all possible genes in a single genome results in an annotated 
genome. To improve the accuracy of annotation feature function, “subystems” 
were derived based on the collection of complete genomes and manually 
curated (Overbeek et al., 2005; Aziz et al., 2008). In E. coli, nearly 66% is 
classified into known subsystem whereas in mycobacteria only around 30-
35% is classified (see, RAST subsystem information) (Aziz et al., 2008). 
Many genes still need to be characterised and curated based on their function. 
Using the subsystem classification, we can identify genes specific for 
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involvement in one or multiple pathways. For example, SigB gene is 
categorised under RNA metabolism (required for transcription) and also 
involved in stress response. 

Genome evolution 
Bacteria evolve through natural selection of genome changes that help it adapt 
to change in environment. Here, the evolution is tracked based on their genetic 
information coded i.e., changes in their genomic sequence, which change 
occurs in many different ways such as: by acquisition of foreign DNA or due 
to spontaneous mutation and transposition, duplication or inversion. The 
transfer of genetic information is possible between donor and recipient due to 
the lateral or horizontal gene transfer and this can occur by three different 
mechanisms: conjugation, transformation, and transduction. 

These three mechanisms are well studied in model systems such as E. coli, 
or B. subtilis. Among the three, transformation is extensively used as a 
laboratory tool via electroporation but is unlikely to play a major role in HGT 
for mycobacterial species due to the presence of unusually thick outer 
membrane and cell wall. Studies based on the mycobacterial phages have 
shown the possibility of transduction. Recently, conjugation-like transfer in 
mycobacteria has been shown for the species Msmeg (Derbyshire and Gray, 
2014). Usually conjugation happens when two cells (donor and recipient) 
come into contact and transfer of genetic information from donor to recipient 
(final product is transconjugant progeny) takes place mediated by oriT-
mediated rolling circle replication and transfer of the single stranded product 
into the recipient for uptake into the chromosome by homologous 
recombination. In the case of mycobacteria, however, conjugative transfer is 
initiated in the donor from a random site different from oriT, and to distinguish 
this process from conventional conjugation it is termed: Distributive Conjugal 
Transfer (DCT) (Derbyshire and Gray, 2014).  

HGT could originate from the same species or different species or even 
across different kingdoms. In mycobacteria, plasmids have been identified in 
environmental species limited to particular strains as those identified plasmids 
were found to lack conjugal transfer genes. For example, Mulc pMUM1001 
plasmid and Mavi pVT2 plasmid both lack conjugation-enabling genes. In 
Mulc, pMUM1001 plasmid (of size 174 kb), contains genes related to the 
polyketide synthases producing macrolide toxin which confers pathogenicity 
upon the strain. It is tempting to speculate that plasmids might have novel 
mechanism for indirect chromosomal transfer between environmental species.  

The first possibility of conjugal transfer was shown in mycobacteria during 
the 1970’s in particular in M. smegmatis. Later with the advancement of 
molecular genetics it was proved that the transfer was based on chromosomal, 
not from plasmid- or phage-induced transfer. Different regions have been 
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identified with conjugative properties: ESX1 mutants are hyper conjugative. 
DCT can complement spontaneous mutation and it can also result in indels 
(inserts/deletions) (Derbyshire and Gray, 2014). Researchers identified that 
ESX1 region in M. smegmatis is somehow involved in transfer and also in 
secretion. So, we have compared the ESX secretion system of ESX1 loci 
genomic region between Msmeg vs Mmar strains and between Msmeg vs Msal 
strains in Paper IV & Paper V respectively, in order to identify the possibility 
of DCT among these species (HGT). 

Mobile genetic elements 
Mobile genetic elements can include plasmid, phage, and Insertion Sequence 
(IS) elements. These are usually obtained or acquired due to the HGT event. 
All these three can confer characteristics ranging from pathogenicity to 
antibiotic resistance based on the genes (locus) that are transferred by HGT or 
are silenced (become pseudogenes) due to the insertion of IS elements or 
transposition. This will affect evolution depending on the type and location of 
the insertion.  

Plasmids 
Joshua Lederberg coined the term plasmid a “generic term for any 
autonomous extra- chromosomal hereditary determinant” in 1952. The term 
gained popularity due to characterization of conjugative plasmids in the early 
1960s.  Plasmids are diverse and differ in size, G+C content, copy number, 
replication mechanism, transmission mechanism, host range etc. (Rodríguez-
Beltrán et al., 2021). Based on copy number, plasmids are classified into two 
groups: high copy number plasmids (HCPs) and low copy number plasmids 
(LCPs). LCPs are frequently conjugative, range from 10 to 100 Kilo bases 
(Kbp) whereas HCPs are smaller but maintain characteristic high copy 
numbers and lack functional conjugative system. Plasmids carry accessory 
genes that can benefit the host towards hostile ecological niches, by providing 
new synthetic or degradation pathways; providing it with virulence or 
antibiotic resistance genes. For example, some genes (ß-lactamases) present 
in both chromosome as well as in plasmids. But these show much higher 
expression levels from plasmids relative to the chromosomal gene fragment 
(Rodríguez-Beltrán et al., 2021).  

In Mycobacteria, the plasmids identified so far belong to the environmental 
species and in some cases plasmid providing pathogenicity e.g., Mulc, 
pMUM1001 plasmid (Yip et al., 2007; Röltgen et al., 2012). Some plasmids 
are known to carry secretion system related genes. The evolution of type-VII 
secretion system in mycobacteria is also possibly due to the evolution driven 
by plasmid sequences where ESX-4 is an ancestor giving rise to ESX-1, ESX-
2, ESX-3, and ESX-5 through evolution (Newton-Foot et al., 2016). 

With the advancement of NGS technologies, the detection of plasmid 
sequences along with the chromosome has been possible. For the plasmid 
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identification from NGS data requires specialised tools such as SPAdes 
(plasmid assembler) or regular genome assembling protocols. The generated 
FASTA sequences were subjected to the BLAST search against the NCBI 
plasmid database or PLSDB database (Johnson et al., 2008; Bankevich et al., 
2012; Tritt et al., 2012; Boratyn et al., 2013; Chin et al., 2013; Coil et al., 
2015; Antipov et al., 2016; Galata et al., 2019). In some cases, a tool such as 
cBar can differentiate between chromosomal fragment and plasmid fragment 
sequences (Zhou and Xu, 2010). In this work, we have identified the presence 
of plasmid sequences in our newly sequenced genomes (see, Papers I, II & 
III). 

Phages 
Phages are ubiquitous in nature but can only grow and reproduce in specific 
host. Their genetic material can be double stranded (ds) or single stranded (ss) 
forms of DNA/RNA. Historically, phages were known to play a major role in 
understanding the molecular basis of biology such as identification of DNA 
as a genetic material, triplet nature of genetic code, enzyme induction etc. In 
late 1970s phage genome sequences were sequenced (Phage MS2 - ssRNA, 
phage ϕX174 – circular ssDNA, and phage λ – linear dsDNA) (in review, 
Salmond and Fineran, 2015 and ref therein). The estimated number ~2 ×1016 

represent the occurrence of phage mediated transfer per second showing the 
major impact phages can have on bacterial evolution (Bushman, 2002; 
Salmond and Fineran, 2015). Prophages, when induced, can carry host DNA, 
pathogenic islands, and toxins. In cases of toxins, prophage induction can up-
regulate toxin genes and eventually cause cell lysis and release of toxins. 
Sometimes due to partial homology with host chromosome sequences these 
prophage sequences can create events such as insertion or deletions and also 
possibly genome rearrangements (Salmond and Fineran, 2015). Phage 
infections are usually specific to a host, but some promiscuous phages can 
infect several different hosts. 

As Mycobacterium spp. occupies diverse ecological niches, similarly 
myobacteriophages also share their hosts’ niches (e.g. soil, water, compost, 
etc). Mycobacteriaophages were first isolated in 1940s from Msmeg, followed 
by Mphl, Mtb, and other mycobacterial species (Hatfull, 2014). The isolation 
of mycobacteriophages and recovery methods are different for different 
phages. For example, some mycobacteriophages can be recovered at higher 
concentration by plating directly whereas some types have to be grown by 
enrichment method. The first complete mycobacteriophage genome was 
sequenced in 1990s and then over the time many new mycobacteriophages 
have been identified (more than 500) and this number continuous to increases 
with the detection of new phage (Hatfull, 2014). So far all identified 
mycobacteriophages are with dsDNA and the same applies to all species 
within actinomycetales order. Interestingly, some phages carry additional 
tmRNA gene and tRNA genes; the latter might be a legacy gene (single or 
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multiple tRNA genes) that probably enhanced growth of a particular host 
previously and/or has no role in current host (Hatfull, 2014). Mobile elements 
such as transposons and HNH endonuclease are frequent movers across 
genome but usually these are absent in phages. However, there have been 
cases of active and residual transposons identified among a few phages. 

During the last two decades all isolated and identified mycobacteriophages 
were sequenced and characterised. These complete phage sequences were 
gathered and their collection has been maintained as a phage database 
available as a webserver at www.phagesdb.org (collection of actinobacteria 
family) and a collection of all phages are available at the NCBI database. 
Sometimes these phage sequences are integrated into the host chromosome 
and known as prophage regions. Using the tools such as Profinder, 
Prophagefinder, Phage_Finder, Phast, and Phaster, it is possible to identify 
these prophage regions in chromosomes. We have identified such prophage 
regions in our newly sequenced mycobacterial genomes using the tools 
PHAST or PHASTER (discussed in Papers I-V). Among the genus 
mycobacteria in Paper I, 244 genomes were analysed for prophage regions 
and found that they differ among mycobacterial species. For example, genes 
such as tRNA and HNH-endonuclease in mycobacteria are identified to have 
resulted from possible horizontal transfer via PHAGE but the phages have not 
yet been identified. 

IS elements 
Insertion sequence (IS) elements are the simple forms of transposable 
elements. These are usually encoded transposase with one or two open reading 
frames to facilitate tracking transposition events. The recognition of an active 
IS element often comes from surrounding short inverted repeats and flanking 
direct repeats (Kleckner, 1981; Varani et al., 2011). IS elements are “jumping 
genes”, i.e., move from one location to a different location on the chromosome 
(and can also be transferred/exchanged via plasmids or phages) and often their 
numbers are underrepresented in draft genome sequences. Their number 
varies from single to many hundreds of copies and can only be estimated in 
complete genomes by annotation. At the protein level, these are often 
mislabelled with different product names, such as integrase, recombinase, 
hypothetical protein, etc. (Varani et al., 2011). IS elements are known to play 
a major role in the process of evolution in terms of genome diversity and 
sometimes contribute to virulence and/or drug-resistance. These IS elements 
are also used as markers to distinguish species-level variation. In prokaryotes, 
the frequency of transposition and rearrangements occur at a rate of 10-4 to 10-

6 per generation (Kleckner, 1981). This leads to a change in the organization 
and the expression of prokaryotic genomes at a frequency higher than the 
spontaneous mutation rate.  

In mycobacteria, the first IS element to be identified and sequenced was 
IS900 in 1989; the identification was achieved due to the homology with 
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IS110 in S. coelicolor A3 (2). Later IS900 was assigned to IS110 family. 
IS900 specific to M. avium was distinguished to identify M. avium pathogens 
(Green et al., 1989). Later, a new IS element, IS901 was identified which 
seemed to be specific for the animal pathogens of M. avium and can be easily 
distinguished into two separate groups of M. avium (Kunze et al., 1991, 1992).  

All the Identified IS elements were collected and classified into different 
families based on the transposase similarities and organization and maintained 
as a database (IS database). Later, a web application pipeline (ISSAGA) was 
developed to provide annotation of IS elements in newly sequenced genomes 
(Varani et al., 2011); we identified IS elements by using this. The number of 
IS elements varies from species to species and is recognized as one of the 
driving forces in the Mycobacterium evolution (Papers I-V). 

Phylogeny 
The number of identified mycobacterial species has increased with time 
showing diversity in terms of morphology, pathogenicity and growth. 
Knowledge of genetic information allows them to be grouped into previously 
existing data and assigned to a specific group for classification into different 
levels of taxonomy such as class, order, family, genus and species (see above). 
Charles Darwin proposed phylogenetic tree in his theory of evolution about 
the origin of species (Darwin, 1859). Using the phylogenetic approach one 
can understand the species’ lineage of evolution to that group of study. 
Initially, phylogenetic trees were constructed by using the single nucleotide 
sequence or morphological characteristics. Sequence information is the main 
source for constructing the species relationship based on phylogenetic tree. 
Due to the conservation and existence of genetic divergence in ribosomal 
RNA genes, 16S rDNA gene is used as a marker. Many phylogenetic studies 
have been studied based on single-gene sequencing (Cole, 1998; Cole et al., 
2001; Garnier et al., 2003; Li et al., 2005; Stinear et al., 2008). So far these 
16S rDNA phylogenetic tree studies has been categorised best at the genus 
level and sometimes this single gene evolutionary event is not sufficient to 
distinguish between closely related species (see, above). In addition to 16S 
rDNA, sequence information of genes such as rpoB, hspX heat shock proteins, 
dnaJ, gyrA, dprE1 and other housekeeping genes were used to classify closely 
related species (Adékambi and Drancourt, 2004; Adekambi, 2006; Incandela 
et al., 2013) also see, Paper I & V. 

In the late 1990s, phylogenetic trees based on a multi-gene approach had 
been used to classify species for evolutionary studies (Gribaldo and Brochier, 
2009). Housekeeping genes, concatenated set of core genes (genes 
present/identified in related group of species) were used to provide accurate 
resolution of evolution traces to track back the closest neighbour and the exact 
position in the evolutionary tree for a species. 
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 Phylogenetic studies are useful in understanding the molecular evolution 
of target species and their relatedness in the tree of life. Evolution is usually 
driven by mutations caused by: altered bases deletions, recombination, 
amplification of existing DNA and horizontal gene transfer driven by phages 
and insertion elements (Rocha, 2008). These events leave detectable clues in 
genome sequence and thus show some kind of traceable history for almost 
every gene; e.g., the 16S rRNA gene has been one of the best marker gene for 
creating phylogenetic tree at species level. Pre-genomic era, started by 
sequencing single gene or multiple genes (housekeeping genes), provided 
some insight into much better signals towards tracing species-level 
differentiation based on their shared evolutionary history (Rocha, 2008).  

During the 1990s, the first batch of bacterial genomes were sequenced and 
then in the late 2000’s several mycobacterial genomes were sequenced. Since 
then, with the emergence of new sequencing technologies, many new 
strains/isolates have been sequenced and are publicly available at the NCBI 
database (Cole et al., 1998a, 2001; Garnier et al., 2003; Li et al., 2005; Stinear 
et al., 2007, 2008; O’Leary et al., 2016; Fedrizzi et al., 2017; Matsumoto et 
al., 2019). With the availability of multiple genomes among genera drove 
multi-gene phylogeny approach. Then as NGS emerged, many more genome 
sequences became available thus allowing phylogenetic tree constructions 
based on core-gene sequences and later using whole genome phylogeny.  

Species with high recombination rates showed greater discrepancies in 
their core genome phylogeny than genomes with lower recombination rate. 
Over time, sequences diverge and thus lower the recombination rate as highly 
similar sequences favour recombination without any phenotypic change 
(Rocha, 2008). Though some regions diverge faster due to selection and 
mutation rates they are lower in recombining rates due to divergence events. 
Mobile genetic elements lead to an increase in gene turnover resulting either 
in deleterious consequences as for example with phages or it can also undergo 
selective diversification as in case of virulence factors (Rocha, 2008).  

In order to find core genes (one or several genes identified and found 
common among the selected group of genomes), one should identify them first 
and then align them before computing phylogenetic tree construction. The 
main differences between 16S rDNA and core gene-based phylogenies are that 
the former has limitation where sequences are highly conserved whereas the 
latter one has the advantage of distinguishing such close species. Due to the 
availability of many new genomes, the previously proposed clade groups 
(Whitman et al., 2012) according to the 16S rDNA sequence have changed 
based on the trees generated using the core-gene(s) approach or average 
nucleotide identity (ANI values, ANI-divergence)   (Fedrizzi et al., 2017; 
Tortoli et al., 2017; Gupta et al., 2018; Matsumoto et al., 2019). Recently, 
Gupta et al., 2018 proposed considering the re-naming/grouping of 
mycobacteria species/clades into fewer than those in previously listed species 
naming/clade groups in Bergy’s manual (Whitman et al., 2012). Recently, 
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Tortoli and his colleagues suggested using the previously existing names for 
mycobacteria in order to avoiding confusion for health care and harm for 
patients (Tortoli et al., 2019). We focused on the Mycobacterium genus in the 
paper I, covering 244 mycobacterial genomes including our 114 newly 
sequenced genomes. Among 244 genomes, there were 119 RGM, 112 SGM, 
and 13 with unknown growth information. The work represents the 
Mycobacterium genus phylogenetic tree covering 244 genomes based on core 
proteins identified using the pipelines PanOCT (ncore=56) and SCARAP 
(ncore=387) and we proposed clade groups based on Bergy’s manual clade 
naming (see, Paper I).  
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Aims 

The overall aims of this study were:  
i) to delve into the Mycobacterium genus using a comparative 

genomics approach and identify and studying factors that 
contributing mycobacterial evolution;  

ii) to explore the genome- and mobilome-diversity and their 
functional classification among different groups of rapid-
growing and slow-growing mycobacteria and among 
different categories covering non-pathogenic, opportunistic 
and pathogenic mycobacteria;  

iii) to examine how the transfer RNA- and non-coding RNA- 
genes are distributed among mycobacteria and across their 
genomes; followed by investigation into the overall 
distribution of selenocysteine metabolism.   
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Results and Discussion 

To explore the Mycobacterium genus in this thesis, we sequenced 152 
mycobacterial genomes and annotated functional genomic features.  In 
Paper I, III-VI, we analysed our newly sequenced and publicly available 
genomes and identified species-specific core and accessory genes. Their 
evolutionary relationships are identified based on the positioning of the 
phylogenetic tree (using the conserved core protein-coding genes) and  
the pairwise genomes’ average nucleotide identity (ANI) values. Our 
analyses led to assignment of several unnamed species and/or new isolates 
to known mycobacterial species and new species. 

Paper I 
In Paper I, we have sequenced 114 mycobacterial species including type 
strains obtained from different culture collections databases (such as 
ATCC/CCUG/DSMz). Most of our newly sequenced genomes (106) were 
sequenced using the Illumina sequencing technology, four genomes 
sequenced with Ion-Torrent, and four genomes using Pacific Biosciences 
(PacBio) sequencing technologies. All these raw read sequences were 
assembled using denovo genome assembly approach. For this, we have used 
the A5-assembly pipeline (for assembling the Illumina dataset), Spades 
assembler (for Ion-Torrent) and the SMART analysis HGAP3 pipeline (for 
PacBio long reads), respectively (Bankevich et al., 2012; Tritt et al., 2012; 
Chin et al., 2013; Coil et al., 2015). Together with our 114 genomes, with an 
additional 130 genomes publicly available at the National Center for 
Biotechnology Information (NCBI), a total of 244 genomes comprising the 
genus Mycobacterium (192 known species) data were analysed from several 
aspects including genome quality (O’Leary et al., 2016). First, the estimated 
genome qualities of all 244 genomes were good. Comparison among 
the Mycobacterium genus genome sizes resulted in average genome size of 
5.7 Mbp. The largest genome was M. dioxanotrophicus (~8.1 Mbp), and the 
smallest is M. leprae (~3.2 Mbp). 

Based on the available literature for all 244 species (Goodfellow et al., 
2012; Hatfull and Jacobs, 2014; Tortoli, 2014; Bittner and Preheim, 2016; 
Schlossberg, 2017) and the references therein, we classified mycobacteria into 
three pathogenicity categories and two growth rate categories.  Pathogenicity 
categories are classified into a) Pathogens (P); b) Opportunistic pathogens 
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(OP) and c) Non-pathogens (NP). Growth categories are: a) rapid growing 
mycobacteria (RGM) and b) slow-growing mycobacteria (SGM). By 
comparing the size of genome sequences among these categories, we observed 
that the genome distribution is similar for OP and NP species, whereas, for the 
P group of mycobacteria, the average genome size is significantly smaller than 
OP/NP mycobacteria. Similarly, the comparison between growth categories 
(RGM and SGM) resulted the size of average genome of SGM is smaller than 
that of RGM (Fig 1a). 

All 244 genome sequences were annotated using the PROKKA annotation 
pipeline and for the functional classification we used the RAST webserver 
(Aziz et al., 2008; Seemann, 2014). The tRNA and rRNA gene sequences were 
predicted using the tools tRNAScanSE and RNAmmer (Lowe and Eddy, 
1997; Lagesen et al., 2007). The small non-coding RNAs were identified by 
using the Rfam database along with Infernal (Nawrocki and Eddy, 2013; 
Kalvari et al., 2018). The total number of predicted protein-coding sequences 
correlates well with the genome size whereas the total number of tRNA (or 
rRNA) genes does not correspond with the genome size. 

Homologous and non-homologous genes among 244 genomes were 
identified using an all-versus-all BLASTp search of the protein sequences and 
were clustered using the tools PanOCT and SCARAP pipelines (Altschul et 
al., 1990; Fouts et al., 2012a; Boratyn et al., 2013; Wittouck et al., 2019). For 
the PanOCT, we followed query coverage (60%) and percentage identity 
(45%), and e-value 1e-100; this resulted in finding 56 genes present in all 244 
genomes. For the SCARAP tool, we used core-pipeline setting parameters “-
e 245, -f 245 and –i 1” and identified 387 orthogroups among the 
Mycobacterium genus.  The main difference between these two approaches is 
that PanOCT considers sequence identity and gene synteny approach and 
produces best results among closely related species whereas SCARAP tool is 
based on sequence identity and can be applicable to distantly related species 
for finding ortholog gene sequences among the genomes compared (Fouts et 
al., 2012b; Wittouck et al., 2019).   

To understand the evolution of the Mycobacterium genus, we constructed 
two core gene phylogenetic trees i.e. PanOCT (56) and SCARAP (387) "core" 
protein-coding genes and considering the Mycobacterium’s closest ancestor 
Hoyosella subflava genome as an outgroup (Cai et al., 2011; Hamada et al., 
2016). All these concatenated protein sequences were aligned using the tool 
MAFFT, and the phylogenetic tree computation was performed using the tool 
FASTtree with 1000 bootstrap support (Price et al., 2010; Katoh and Standley, 
2013). The phylogenetic tree is visualized by using the tool interactive tree of 
life (ITOL) webserver (Letunic and Bork, 2019). 

Both (387 and 56) core gene trees resulted in agreement with pairwise ANI 
values though some species’ phylogenetic placements were not clear in 56 
core gene tree (Fig 2, Figs S2 and S3). For comparison among the 
Mycobacterium genus, we focused on 387 core gene phylogenetic tree and 
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sub-divided into 33 clades and six species as single-member clade groups. The 
naming of clade groups was based on the definitions of Goodfellow et al 2012 
and we further compared the 386-core gene tree species positioning with the 
56-core gene tree and by others recently published phylogenetic trees 
(Fedrizzi et al., 2017; Tortoli et al., 2017; Gupta et al., 2018; Matsumoto et 
al., 2019). The core gene phylogenetic tree (387) resulted in the relocation of 
some clade members and formation of new clades. In some cases, we noticed 
that discrepancies arose due to incorrect species labelling and or also possibly 
due to difference in strain selection. For example, we used M. litorale type 
strain whereas Tortoli et al. and Gupta et al. used different strains (Tortoli et 
al., 2017; Gupta et al., 2018). Overall, the SGM showed good agreement 
across different phylogenetic trees compared to the RGM. We also observed 
the when same comparing the phylogenetic trees 387 and 56; few clades 
relocated and some moved out and represented as single-member clade groups 
e.g., M. smegmatis and M. parmense (Fig 2 and Fig S2). Here we have 
explored in details four different clades using comparative genomics approach 
covering RGM and SGM. These clade groups range from environmental 
mycobacterial species to waterborne pathogenic species. 

Paper II 
Clade groups: M. mucogenicum and M. neoaurum 
The species among the Mmuc- and Mneo- clade members were isolated from 
humans, lakes and soil. In Paper II, we sequenced five type strains M. 
mucogenicum (MmucT), M. phoacicum (MphoT), M. aubagnense (MaubT), M. 
cosmeticum (McosT) and M. neoaurum (MneoT).  Among these species, Mmuc 
is one of the most abundant NTM in tap water, sewage and hospital 
wastewater systems (Primm et al., 2004; Vaerewijck et al., 2005; Whitman et 
al., 2012). Along with our five sequenced genomes, we included 12 genome 
sequences close to Mmuc- or Mneo- clade members that are publicly available 
at the NCBI genome database. Overall, we studied 17 NTM species close to 
Mmuc to understand the evolution of Mmuc- and Mneo- clade groups by 
comparing the genome and mobilome diversity. 

Among our five sequenced genomes, MmucT represented complete 
genome, which was sequenced using the PacBio technology whereas other 
four type strains (MphoT, MaubT, McosT, MneoT) were sequenced using 
Illumina technology and are represented in multiple scaffolds (Table 1). The 
whole genome alignment among these five type strains revealed conserved 
large homology segments and also chromosomal rearrangements detected 
among Mmuc- and Mneo- clade groups (Figure 1). The overall genome size 
of Mmuc- and Mneo- clade members range between 5.4 and 6.5 Mbps, 
where Mneo is the smallest genome, and Mcos is the largest in this group.  
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We could not detect any plasmid sequences in our five type strains. We 
identified prophage regions in three strains MmucT, MaubT, and McosT (Arndt 
et al., 2016). For the complete genome MmucT, we predicted 23 IS elements 
using the tool ISSAGA and curated them manually (Varani et al., 2011). We 
also predicted IS elements in the remaining four type strains and found that 65 
IS elements in MphoT is the highest we identified among these five species. 
Both the total number of phages and the total number of IS elements detected 
varied among species, thus suggesting roles for both phages and IS elements 
for the evolution of these species. 

 To understand the evolutionary relationship of the 17 species (including 
five type strains), and for the reconstruction of the phylogenetic tree, we first 
detected orthologous genes using PanOCT and identified core and accessory 
genes. Core genes are genes present in all 17 species (ncore=2226) and 
accessory genes represent entire functional repository excluding core genes. 
For example, the accessory genes contain species specific genes or HGT 
acquired genes after the divergence from their ancestors (Fouts et al., 2012b; 
Seemann, 2014). By aligning (MAFFT aligner) the concatenated sequences of 
core protein-coding genes and the phylogenetic tree computed with the tool 
FASTtree; the tree visualised with the FigTree (Price et al., 2010; Katoh and 
Standley, 2013) (http://tree.bio.ed.ac.uk/software/figtree/).  The species on the 
phylogenetic tree are divided into two groups: the first group represented the 
Mmuc- clade (seven species) and Mneo- clade (six species) whereas the M. sp 
URHB 0044 was placed outside these two groups to be represented as an 
outgroup. These 17 genomes were further classified based on the pairwise 
genome comparison of average nucleotide identity (ANI) values calculated 
using the tool Jspecies (Richter and Rosselló-Móra, 2009).  

The core gene phylogenetic tree and the classification of ANI dendrogram 
based on unsupervised clustering both reveal the same relation for these 17 
species (Figure 2b-c). Interestingly, the species M. mucogenicum strain 
LZSF01 (MmucLZSF01) is positioned close to MphoT strain on the basis of core 
gene phylogeny (Figure 2b); the pairwise comparison of ANI values showed 
92.19% (MmucLZSF01 vs MmucT) and 95.3% comparing MmucLZSF01 to MphoT 
(increased ANI value). According to genomic gold standards of bacterial 
species classification MmucLZSF01 is considered as Mpho subspecies, not as 
Mmuc species (Richter and Rosselló-Móra, 2009). Similarly, we noticed that 
the species M. neoaurum VKM strain (MneoVKM) with 92.3% ANI value 
compared poorly with any of the three Mneo type strains (Figure 2c) with 
nearly 99.9% ANI. MneoVKM should therefore be considered as a different 
species or as Mneo sub-species.  

The total number of predicted tRNA genes among mycobacteria varies 
between 45 and 79; notably, a higher variation is observed among the Mmuc- 
clade group (Table 1 and Figure 2). Based on tRNA gene clustering, 39 tRNA 
genes are represented as a core (present in all species), covering the twenty 
amino acids. Since the total number of tRNA genes varied, we compared 
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tRNA genes as operons considering the two genomes M. tuberculosis H37Rv 
(MtbH37Rv) and M. smegmatis MC2-155 (Msmeg) as reference. Examining the 
operons in MtbH37Rv and Msmeg, we noticed that many tRNA genes are likely 
transcribed from single genes, and two-gene operons (four times), three-gene 
operons (two times) transcribed. Comparing the tRNA operons and tRNA 
gene positioning we detected additional tRNAs in MmucT, MphoT, and MaubT 
are 11, 14 and 32 respectively (Paper II, Figure S4). Interestingly, additional 
tRNA genes in MmucT, MphoT, and MaubT formed single large cluster 
(unusual in mycobacteria) together with the genes encoding HNH-
endonuclease and/or with the non-coding GOLLD RNA (Figure 3 and Figure 
S4). 

The transcription of tRNA genes generates precursor tRNAs, i.e., 
transcripts contain some extra nucleotides on both sides (upstream and 
downstream) which need to be processed to produce tRNAs. The 
endoribonuclease RNase P (RNase P) takes care of processing the 5’ end of 
tRNA precursor (upstream sequence), and tRNAse Z is responsible for the 
downstream sequences. In E. coli, for the tRNA precursor sequence and the 
RNase P RNA, it has been suggested that “A at 248” position of the RNase P 
RNA interacts with the “-1 region” of the 5’ end of tRNA (Kirsebom and 
Trobro, 2009). In E. coli, nearly 60% of tRNAs have “U” at the -1 position 
(Kirsebom and Trobro, 2009). Similarly, for mycobacteria our results showed 
the occurrence of “U at -1” is below 20%, and the nucleotide “G at the -1 
position” is 30% abundant for the tRNA genes (and C at -1 is ~20%) (Figure 
S15). But in the case of extra tRNA genes, we noticed ≈50% U at -1 position. 
This suggests that additional tRNA genes in MmucT, MphoT, and MaubT, were 
possibly obtained via horizontal gene transfer.  

Since the tRNA genes present in these species, are more in number, we 
asked questions about the distribution of Amino Acyl tRNA synthetase 
(AARs) genes among Mmuc- and Mneo- clade members. We found eighteen 
out of the twenty AARS genes (Figure 5a). The two AARS, asparaginyl tRNA 
synthetase (AsnRS) and glutaminyl-tRNA synthetase (GlnRS), were not 
found. The absence of these two AARS is in agreement with previous findings 
(Gurcha et al., 2014; Ravishankar et al., 2016). In bacteria that lack these 
(AsnRS and GlnRS) genes, tRNA charging of asparagine and glutamine can 
be accommodated using the tRNA dependent amidotransferase pathway (Adt) 
including GatCAB (Sheppard and Söll, 2008), and we have found these genes 
to be present in Mmuc- and Mneo- clade members and also for all the species 
in the Mycobacterium genus (Paper I, Figure 5).  

 Next, comparing the predicted number of non-coding RNAs (ncRNA) 
among Mmuc- and Mneo- clade members using the Rfam database resulted 
into 18 out of the 46 were found to be present in all members. Some ncRNAs 
are unique to particular species, such as: Giant, Ornate, Lake- and 
Lactobacillales-Derived (GOLLD) RNA in MaubT (Weinberg et al., 2009), 
Sar RNA (MmucT), and Intron gpII RNA (MphoT). The size of these ncRNAs 
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ranged from 50 (Ms_AS-5) to roughly 400 nucleotides (RNase P RNA, 
tmRNA) and > 400 nucleotides (GOLLD RNA). In MaubT, we noticed that 
GOLLD RNA is located close to the tRNA gene cluster (31 tRNA genes), and 
a pseudo tRNA gene is predicted inside the GOLLD RNA. 

Among the core ncRNAs, the two ncRNAs Ms1 RNA and 6C RNA are 
separated by a single gene. Comparison of the Ms1 RNA locus from 
mycobacteria with the 6S RNA locus from Streptomyces coelicolor, revealed 
conserved genes, including 6C RNA. The gene 6S RNA binds to the sigma 
factor 70 (SigA) in the RNA polymerase holoenzyme and thus prevents its 
binding to the SigA promoters required for transcription; whereas Ms1 RNA 
directly binds to the RNA polymerase core enzyme and not to any of the sigma 
factors (Hnilicová et al., 2014; Mikulík et al., 2014). This suggests that 
Mycobacterium Ms1 RNA had likely evolved from the 6S RNA of S. 
coelicolor ancestor. Functions of Ms1 RNA and 6C RNA are not clear in 
mycobacteria. So, we predicted the secondary structure model for the Ms1 
RNA and 6C RNA in MmucT using the M-fold tool/RNA-fold (Zuker, 2003) 
combined with manual folding. By comparing the models of Ms1 RNA 
structures from MmucT, MphoT, MaubT, McosT, and MneoT, we found several 
nucleotide variations and some unconventional base paring, such as G-A 
distorting the helical structure; these distortions might be part of protein 
binding site(s).  

RNA was extracted from MmucT, MaubT to detect the transcript levels of 
selected genes using the northern blot technique. Based on the northern blot 
analysis, GOLLD RNA was detected in MaubT, and the transcript levels 
showed higher in the stationary phase relative to the exponentially growing 
cells. The RNA levels from Ms1 RNA and 6C RNA have been identified in 
MmucT during the exponential and stationary phase, and the relative levels 
show higher levels in stationary phase and these data suggested that these 
mRNA are expressed in these mycobacteria.  

Overall comparative genomics Mmuc- and Mneo- clade members revealed 
how tRNA genes and noncoding RNA genes contribute the evolution along 
with the phages, phage derived non-coding RNAs, IS elements and plasmids. 
This work also contributed to correct the species naming for MmucLZSF01 and 
MneoVKM. Our gene synteny analysis showed that both the Ms1 RNA and 6C 
RNA are conserved and Ms1 RNA is likely the evolved 6S RNA gene among 
mycobacteria.  
 
Paper III 
Clade group: M. chlorophenolicum 
The species from M. chlorophenolicum clade members are RGM and are 
environmental species. These species can be isolated from water, soil and 
patient isolates. Strains related to this clade group can degrade 
polychlorophenol or chlorinated aliphatics. Also, during growth, these species 
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shows morphological transitions (i.e. changes from rod- to coccoid- or vice 
versa). To explore these species, we sequenced type strains of M. 
chlorophenolicum (Mchl), M. chubuense (Mchu), and M. obuense (Mobu) in 
Paper III.  

All strains are sequenced using Illumina technology and assembled with 
the A5-assembly pipeline. Based on the final assembly, the scaffold genome 
sizes for these three species (Mchl, Mchu and Mobu) were 6.2 Mbp, 5.9 Mbp, 
and 5.5 Mbp, respectively (Fig 1). Among these three species, Mchl is the 
largest genome size; the predicted number of coding sequences is also higher 
than the other two species (Mchu and Mobu). In our analysis, we have also 
included the M. chubuense NBB4 strain (MchuNBB4) complete genome from 
NCBI.  

Comparing the two Mchu strains, the genome size of MchuNBB4 showed 0.4 
Mbp, smaller than the type strain Mchu (Fig 1b). We identified plasmid 
sequences in Mchl (454 Kbps) and Mobu (133 Kbps) and not detected in 
our type strain Mchu. The majority of predicted proteins among plasmid 
sequences are hypothetical proteins (i.e. 59% in Mchl). Sequence related to 
the prophage regions were identified in Mchl, Mchu and MchuNBB4 but not 
noticed in Mobu. Overall, the whole-genome alignment of four species shows 
large conserved blocks and some rearrangements due to IS elements (Fig 2a). 

We have noticed two ribosomal RNA operons in MchuNBB4 and one 
complete operon and one partial operon in our type strains. Based on the 
sequencing coverage (Fig S2), we confirmed the presence of two rRNA 
operons in our type strains i.e. 2-fold higher coverage compared to other 
scaffold regions. Comparing the total number of predicted tRNA genes among 
the three type strains (Mchl, Mchu and Mobu) and the 
MchuNBB4 strain revealed different copy number for Cys-tRNA isoacceptor. In 
MchuNBB4, only one Cys-tRNA gene was detected whereas in the three type 
strains we detected two copies. Multiple sequence alignments of all Cys-tRNA 
isoacceptors (cysT and cysU) show sequence variation between two copies 
and these differences possibly imply differences in charging of the amino 
acids between the two isoacceptors. Further, the gene synteny analysis of Cys-
tRNA shows possibly deletion of cysU from the MchuNBB4 strain (Fig S3). 
Interestingly, mapping all tRNA genes and their positions in relation to the 
chromosome displayed tRNA genes positioned close to the oriC site were 
conserved compared to tRNA genes positioned at other genomic locations 
(also see, Paper I & III).  

To understand the evolution of Mchl- clade members, we constructed 
phylogenetic trees based on single-gene and core genes (i.e. concatenated 
sequence of multiple homologous genes). For the single gene, we used gene 
sequences 16S rDNA, rpoB, and dprE1. For core gene phylogenetic tree 
construction, we used panOCT ortholog clustering tool for protein coding 
sequences and identified core genes (ncore=3254) present in all four species 
(Fig 3). The concatenated protein-coding sequences of 3254 core genes were 
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aligned using the tool MAFFT and phylogenetic trees computed using 
FastTree with 1000 bootstrap support. The final tree is visualised with 
FigTree. We calculated pairwise ANI values for these four species using the 
tool Jspecies and constructed heatmap plot along with the dendrogram based 
on unsupervised clustering. Based on the different phylogenetic trees and ANI 
analysis, we conclude that Mchu and Mchl strains are closer 
than MchuNBB4 and Mobu (Fig 4 and Fig S4). Interestingly, MchuNBB4 seems 
different from the Mchu type strain and we suggested a change of name 
for MchuNBB4 to M. ethylenense NBB4 (originally isolated on ethylene) (Fig 
4 and Fig S4).  

Next, we analysed all genes (core and unique genes in Fig3) for their 
functional classification i.e. based on RAST subsystem categories; we 
observed nearly similar pattern in all four species (Fig 5a). As these species 
were known to involve in degradation we analysed for the presence of 
degradation genes and identified 2-fold higher in Mchl. For example, the 
category "Metabolism of aromatic compounds" showed presence of genes 
involved in the degradation of different organic compounds (Fig 5b). 
Similarly, we compared all mono- and di-oxygenase genes and identified 
several gene copies among these species (Fig 5c).  Comparing the unique 
genes and their functional categories, we detected higher number of virulence 
genes in Mchl strain in comparison to other strains (Fig 5d). By further 
comparing these virulence categories, we detected 28 putative genes related 
to copper homeostasis in Mchl (Fig 5e). In general these copper related genes 
were detected more often among pathogenic species and these genes are 
known to be involve with virulence. Our comparative genomics approach and 
phylogenetic analysis data suggest Mchl likely acquired these 28 copper 
related genes after the divergence of Mchu.  

As these species showed differences in total number of unique genes (Fig 
3) and their functional categories (Fig 5), we next looked for the presence of 
putative HGT candidate genes and identified ~250 candidate genes (Fig 6a) 
using the tool HGTector; i.e., considering both the taxonomy and sequence 
homology (based on blast-searches). Among these putative candidate HGT 
genes, 81 were found to be common and present in all four species (Fig 6b). 
Also, we noticed ~25 % of the HGT genes displayed lower GC-content than 
the average genomic GC-content. Based on the taxonomy, our HGT results 
suggest that these genes might have originated from different bacterial 
species; and the main hits belonged to Rhizobiales, Pseudomonadales, 
Burkholderiales, Solirubrobacteriales, and Bacillales. In Mchl, we detected 7 
copper related genes that were predicted to be horizontally transferred. Also, 
interestingly, we identified proteorhodospin gene (light absorbing protein) 
identified as a putative HGT candidate in Mchl also to be present in Mchu and 
in some Actionobacteria species (Fig 6f and Fig S8c).  

Overall, based on core gene phylogeny and ANI analysis it is clear that 
MchuNBB4 should be considered as a separate species. We identified several 
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genes encode proteins involved in degrading functions (e.g., aromatic 
compound degradation) and also mono-/di-oxgenase genes, which are 
involved in bioremediation.  

Paper IV 
Clade group: M. ulcerans  
The members of M. ulcerans clade group belong to SGM; and it comprises 
mainly two species M. ulcerans (Mulc) and M. marinum (Mmar), which 
together constitutes the M. ulcerans-M. marinum complex (MuMC). The 
species Mulc is a human pathogen causing Buruli ulcer, whereas Mmar, 
mainly a fish pathogen (TB-like), can also infect humans (skin lesions) and 
occupies diverse ecological niches. The species Mmar is used as a model 
organism to study M. tuberculosis (Mtb) but information about the genomic 
diversity of Mmar is limited. To understand the Mmar evolution (progenitor 
of Mulc and the model organism for Mtb), in Paper IV, we sequenced 
15 Mmar strains, including isolates from infected human and fish 
samples. Among 15 genomes, two M. marinum strains (CCUG20998 and 
1218R strains) genomes were sequenced using the PacBio sequencing 
technology and the remaining thirteen Mmar strains were sequenced based on 
the Illumina sequencing technology. For the comparative genomics approach, 
In addition to our 15 Mmar strains sequenced, we have included NCBI 
genomes of four other Mmar strains (M, Europe, E11 and MB2). 

The overall genome sizes of 19 Mmar strains range between 5.7 Mbps to 
6.6 Mbps, and the average GC content is 65%. Depending on the strain, the 
total numbers of tRNA genes and noncoding RNAs vary between 46 to 53 and 
45 to 74, respectively (Fig 1a). Among the complete genomes, the 
strain MmarM contains one ribosomal RNA operon and for other complete 
genomes (MmarCCUG20998, Mmar1218R, and MmarE11) we detected two rRNA 
operons. Similarly, we observed single/two copies of 5S rRNA genes among 
these draft genomes depending on the closeness of their relation to the 
MmarM strain or another group (MmarCCUG20998), respectively (Fig 1b).  

Whole-genome alignment between 19 Mmar strains shows large segments 
of highly conserved regions without any major rearrangements (Fig 1c). The 
fragments of prophage sequences identified in 19 Mmar strains share 
conserved homology at similar genomic locations 1.5-2 Mbp region or 3.5-4 
Mbp regions (Fig 1c). The majority of the Mmar strains were observed to have 
plasmid sequence except for Mmar1218S (DE4381), MmarDE4576, 
MmarMB2 and MmarEurope. The plasmid sizes range between 127 Kbp to 181 
Kbp. Based on the homology search of plasmid sequences, these were 
arranged into four different groups (Fig 1d). Interestingly, one of the plasmid 
groups (type I) carried genes related to mycobacteria type VII secretion 
system (ESX-4 and ESX-1), and the homologoues of these ESX-1 genes have 
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been suggested to impact virulence.  Though there is no clear relation for the 
presence of plasmid and virulence in Mmar strains, but for the strain 
Mmar1218R carries type-1 plasmid whereas Mmar1218S strain (smooth variant of 
1218R) has lost the plasmid and also disrupted ESX-1 loci, the later Mmar1218R 
is more virulent than Mmar1218S and thus required more detailed genetic and 
molecular analysis for confirming the presence of plasmid and virulence. We 
predicted the presence of IS elements in all 19 Mmar strains. For the complete 
genomes, we used ISSGA (Fig S2), and for the draft genomes, we estimated 
IS element types based on the raw reads and MmarM IS elements used as a 
reference. Comparing the complete genome sequences and IS element 
positions reveal the divergences in these genomes to be due to IS elements 
(Fig 4a).  

The core gene phylogenetic tree is constructed based on 4300 core genes 
present in all Mmar genomes that resulted in two clusters (Fig 6b). Also, to 
classify species/strains, we calculated the average nucleotide identity (ANI) 
values using the tool Jspecies. All the 19 Mmar strains fell into two clusters 
based on ANI values of hierarchical clustering (Fig 2). Cluster-I represent 
the Mmar strains “M, Huestis, MB2, DL240490, BB170200 and MSS2” 
strains, while cluster-II comprises the remaining strains “Davis, VIMS, KST, 
EU, CCUG20998, NCTC2275, 4344, 43519, E11, DE4381, 1218R, MSS4, 
and 43518”. Both core gene phylogenetic tree and ANI clustering showed the 
divergence between the two groups. Based on the pan-genome analysis of 
19 Mmar strains (Fig 3a), we estimated that nearly 100 new genes could be 
identified upon sequencing an additional Mmar strain (Fig 3b). Similarly, the 
pan-genome analysis of clusters-I and II (Fig 3c) reveals 85% and 89% of total 
sequence coverage (conserved genes) within their groups, respectively. 
Overall, we noticed higher genomic variation in cluster-I versus cluster-II 
strains (Fig 3c).  

The homologous and nonhomologous genes of protein-coding sequences 
among 19 Mmar strains reveal 227 unique genes in the MmarM strain, and 
most of these are hypothetical proteins and are part of phage regions (Fig 1c 
and Fig S3). Duplication of esxA and esxB genes was observed in all 19 Mmar 
strains. Our analysis shows that the genes esxB and esxA are possibly from the 
ESX-1 region that underwent a second duplication event, which led to the 
formation of ESX-6 (Fig 4b-c and Figs S4-S5). The two rRNA operons in 
cluster-II (Aronson–lineage) of Mmar strains seem to be due to duplication 
event whereas cluster-I group of Mmar strains had only one rRNA operon (Fig 
1b). Also, the closet neighbours of Mmar, i.e. Mtb and M. kansasii etc all 
contain single rRNA operon and the same is true for the majority of SGM. 
Though these two clusters showed different rRNA operons, our growth rate 
analysis between MmarM (cluster-I) and MmarCCUG20998 (cluster-II) showed 
similar (~8hrs) generation time and thus, the presence of extra or single rRNA 
operons do not affect the Mmar growth rate. 
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We used MmarM as a reference strain to predict the single nucleotide 
variations (SNVs) for all Mmar strains. In cluster-I (genomes, n=6), the 
number of SNVs ranged between 45000 and 56000, while for cluster-II 
(genomes, n=6), members showed significantly higher, between 70000 and 
89000 SNVs (Fig 5a). In a comparison of SNVs frequency to the genomic 
background, we calculated mutational hotspot regions for cluster-I (180 
hotspots) and cluster-II (253 hotspots) but the average number of SNVs per 
genome region showed higher in cluster-I (~18) and for cluster-II (~8) and 
thus consistent with cluster-I has more divergence than cluster-II (Fig S7). For 
the overall Mmar strains, we identified 176 hotspot regions (Fig 5b). By 
mapping these 176 hotspot regions together with PROKKA predicted genes, 
we identified 621 genes (mapped in hotspot regions) of which 300 are 
hypothetical genes, and the remaining 321 are classified into different 
functional categories. By comparing the functional categories of genomic 
region versus hotspot-region functional categories, were "Fatty Acids, Lipids 
and Isoprenoids" covering nearly 20% of hotspot regions. Since Mmar strains 
occupy diverse ecological niches, this would be consistent with an 
evolutionary pressure on genes involved in building the outer boundaries. 

This work concludes that Mmar strains are grouped into two clusters as 
cluster-I represents “M strain lineage” and the cluster-II strains are related to 
the “Aronson lineage”. We noticed more genomic variation among cluster-I 
strains than to cluster-II strains. Overall, considering the Mmar diversity and 
the divergence of the cluster-I M-strain lineages should be considered as a 
separate M. marinum subspecies instead of representing M. marinum.   
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Paper V 
Clade group: M. chelonae  
The members of the M. chelonae clade group species belong to the RGM and 
are also considered as M. chelonae-abscessus complex (MCAC). Species in 
this group include human, animal, and fish pathogens. The species included 
in this group are M. chelonae, M. absessus, M. salmoniphilum, M. 
stephanolepidis, M. franklinii, M. saopaulense, M. massiliense and M. 
immunogenum. To understand the genome diversity of MCAC members, we 
sequenced 15 strains (this includes tap water isolate samples in connection 
with the outbreak in an animal facility at Uppsala University). Overall, we 
sequenced seven isolates of M. salmoniphilum (Msal), and five isolates of M. 
salmoniphilum like strains (Msal-like) and for comparison, we additionally 
sequenced three type strains M. salmoniphilum DSM43276 (MsalT), M. 
chelonae subsp. chelonae DSM43804  (MchelT), and M. 
franklinii DSM45524 (MfraT). Bacterial infection in the animal facility among 
the mice population led to the sampling of tap water, which revealed 
Mycobacterium species. Based on the partial 16S rDNA sequence and 
biochemical tests, these were considered as Msal and Msal-like strains. Also 
based on the partial 16S rDNA, it is not clear if these isolates representing the 
Msal or Msal-like and are also possibly to represent different species. It is 
known that MCAC members are considered the earliest mycobacterial 
lineage. For comparative study, In addition to our newly sequenced 15 
genomes, we have included NCBI complete genome M. abscessus 
ATCC19977 (MabsATCC19977) and 36 additional MCAC-complex member 
genomes.  

Our newly sequenced genomic sizes range between 4.7 Mbps to 5.4 Mbps, 
with an average GC content of 64%. The total number of tRNA genes varies 
between 47 and 61, and the total number of predicted noncoding RNAs range 
from 31 to 45 (see, Table 1). We considered MsalT, McheT, MabsATCC19977, 
and Msal-likeCCUG64054 strains as representative strains in this work. The 
whole-genome alignment of four representative strains revealed high 
homology (Fig S1a). Prophage sequences were identified in all species, and 
they contribute less than 1% to their respective genome size except 
MsalCCUG62472, which is 2.2% (Fig S1a and Fig S3). Plasmid sequences were 
only identified in MsalT and are not present in any other strain. IS elements 
were identified in all species and varied from 2 to 54 were the highest is in M. 
sp. D16Q20, and the lowest is observed in MsalT. Also, more number of IS 
elements identified in Mfra strains than in MsalT or McheT (Table S4).  

To classify the Msal and Msal-like strains, we calculated average 
nucleotide identity (ANI) values and constructed unsupervised hierarchical 
clustering. The heatmap clustering clearly separated the Msal and Msal-like 
strains with ANI values varying between 84-87%. The ANI value percentage 
between Msal and Msal-like species is significantly lower than the threshold; 
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to be considered as the same species, the pairwise ANI value should be above 
95% (Richter and Rosselló-Móra, 2009). Also, Msal strains can be subdivided 
into two groups based on ANI values: group I (MsalCCUG60883, MsalCCUG60885, 
MsalDE4587, MsalDE4585), and group II (MsalT, MsalCCUG62472, MsalCCUG60884). 
The pairwise ANI values for intra- and inter-group species follow >95%, and 
≈92%, respectively (Fig 2). Expanding our analysis with the additional MCAC 
members revealed that M. sp. D16 strains cluster together with Msal group I 
(D16R12, D16R18), Msal group II (D16Q15), and a few M. sp. D16 strains 
are close to these two groups (D16Q13, D16Q14, D16Q20, and D16Q24) and 
can be considered as Msal group III.  Also, we noticed that Msal-like strains 
are closer to Mfra strains, with pairwise ANI scores higher than 96% (Fig 2).  

We further compared the percentage identity of protein sequences 
among Msal strains, Msal-like strains, McheT and MabsATCC19977 using the 
MsalT as a reference genome. This analysis suggested the separation 
Msal and Msal-like strains into two groups, in agreement with the ANI data 
(Fig 3a). Overall the majority of the amino-acid percentage identity 
comparison between MsalT and Msal strains follows >95% and between MsalT 
and Msal-like strains range 85% to 95% (Fig S4a), further supporting that both 
Msal and Msal-like are two different groups. Comparing the homologous and 
nonhomologous protein sequences among four representative strains reveals 
3494 core genes (present in all four species) (Fig 3d) and accessory genes 
comparison revealed unique genes between Msal and Msal-like strains (Fig 
3b). The pairwise comparison between MsalT and Msal-likeCCUG64054 reveals, 
834 and 1048 unique genes, respectively (Fig 3c).  

Comparing the 15 genomes along with the 14 MCAC-members genomes 
protein-coding sequences, we identified 927 core genes i.e. present in all 
MCAC-members. Based on the core genes identified we subsequently 
constructed core protein phylogenetic tree of MCAC-members, considering 
the RGM MforDSM46621 and SGM MmarM and Mulc as outgroups. The core 
gene phylogenetic tree also supports the separation of Msal and Msal-
like strains (Fig 4a). Additionally, all our Msal strains are positioned close to 
the McheT, whereas Msal-like strains are close Mfra strains and 
to MabsATC19977 (Fig 4a). Similarly, we re-constructed the phylogeny based on 
recently published strains M. immunogenum (Mimm), M. sp. H strains along 
with the Msal, Msal-like, MchelT, MabsATCC19977, Mabs subsp. bolletii and 
Mabs subsp. massiliense and thus identified 623 core genes. The phylogenetic 
tree based on these 623 core genes revealed that Mimm and Mabs are close 
and Msal-like strains were diverged before the separation of Mimm and Mabs 
(Fig S5b).  

Based on the RAST functional classification, we analysed four 
representative species i.e. MsalT, Msal-likeCCUG64054, MchelT, MabsATCC19977 
core genes (core genes functional categories), unique genes (unique genes 
functional categories) and similarly clade-specific categories (Fig 3d, Fig 5a-
c). Comparing the four representative species in two groups (as Msal-
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likeCCUG64054-MabsATCC19977, MsalT-MchelT) we noticed more genes related to 
categories of “Sulfur metabolism” and “Stress Response” in MsalT-MchelT 
than compared to the species Msal-likeCCUG64054-MabsATCC19977 (Fig 5b). For 
Msal-likeCCUG64054-MabsATCC19977, we noticed three genes (copper homeostasis 
proteins) with subsystem functions mapped to “Virulence, Disease and 
Defense”, and these genes are missing in the MsalT-MchelT group (Fig 5b). 
Comparing the unique genes, we identified “Copper homeostasis” genes 
present in MchelT and missing in MsalT (Fig 5c).  As, it is known that MCAC-
complex members cause disease for humans and fishes, we were interested in 
our Msal/Msal-like outbreak samples and identified virulence factors among 
Msal and Msal-like strains based on VFDB database (Chen et al., 2005). The 
overall distribution of virulence factors was similar among Msal, Msal-like, 
MchelT and MabsATCC19977 strains. Several of the type VII secretion system 
related genes (ESX-1 loci) are observed in MsalCCUG60884. All Msal/Msal-like 
species contain genes related to ESX-3 and ESX-4 genes and are required for 
mycobactin (iron related uptake) and intracellular survival, respectively 
(Siegrist et al., 2014; Laencina et al., 2018). We also detected few genes 
related to ESX-1, ESX-2 and ESX-5 in Msal and Msal-like strains (Fig 6a). 
MCAC-complex members related species are considered as earliest 
mycobacterial species and these species contain ESX-3 and ESX-4 related 
genes. As it is known, previously that ESX-4 genes are considered to be 
ancestor of ESX-systems (Dumas et al., 2016). Also, the majority of ESX-1, 
ESX-2 and ESX-5 loci genes is absent in these species and thus suggests 
possibly these secretion systems likely evolved after divergence.   Among 
other virulence factors, several of transcription sigma factor genes are 
involved in regulation (Manganelli et al., 2004; Rodrigue et al., 2006; 
Sachdeva et al., 2010; Pettersson et al., 2015).  Comparing all the sigma factor 
genes, we noticed sigL and sigF ortholog genes were missing in Msal-like 
strains. Interestingly, among MCAC members the gene sigC is present which 
is known to contribute to virulence in Mtb and is absent among RGM M. 
smegmatis (Fig 6b) (Chang et al., 2012; Pettersson et al., 2015). 

We predicted the single nucleotide variations (SNVs) for all Msal strains 
using MsalT as a reference strain. The identified SNVs ranged between 
136702 and 291755 for different Msal strains. By comparing SNVs frequency 
to the genomic background, we calculated mutational hotspot regions and 
identified 69 hotspots and the average number of SNVs per genome region 
14.7/Mb. By mapping these 69 hotspot regions together with PROKKA 
predicted genes, we identified 168 genes (mapped in hotspot regions), of 
which 49 were hypothetical genes, and the remaining 53 genes are in different 
subsystem categories.  Compared to all categories,  “Virulence, Disease and 
Defence” contribute 26%. Among these genes, we identified espR gene, which 
is known to be involved in controlling the expression of ESX-1 system (Fig 
5d). Though several of these ESX-1 loci genes are absent, this espR gene also 
controls the expression of genes involved in cell wall synthesis. Along with 
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PhoP, it regulates expression of many virulence factor genes thereby this 
possibly impact the virulence of different Msal strains.  

The total numbers of predicted tRNAs vary between 47 and 80 (Fig 6c). 
Clustering all these tRNA genes, we identified 38 (“core tRNAs”) that 
represent all twenty amino acids (Fig S9a). Comparing four representative 
species, based on their tRNA gene positioning in relation to chromosome 
displayed similar pattern (Fig S9 b-d). We identified for Msal and Msal-like, 
the extra tRNA genes are clustered and HNH-endonuclease gene is present. 
Similarly, we analysed M. sp. D16Q14 that contains 80 tRNAs of which 34 
appear as single cluster and this region is similar to Maub tRNA gene cluster 
(Paper II), including the presence of HNH-endonuclease gene and GOLLD 
RNA and thus suggest these extra tRNA genes are likely acquired due to 
horizontal gene transfer. 

Overall, this work concludes Msal-like strains should be considered as M. 
franklinii strains rather M. salmoniphilum. Also, Msal strains are separated 
into sub-groups and all are close to MchelT. The extra tRNA genes are 
clustered together and are likely horizontally transferred. In Msal, the 
predicted mutational hotspot regions showed overlap with genes having roles 
in virulence, disease and defense.  

Papers I &VI 
As discussed above, we have compared different species and different clade 
groups (in Papers II-V) and identified species evolutionary relationship within 
clade groups. We identified possible factors that are likely to influence 
genome evolution; for example, we detected: (a) clustering of tRNA genes 
possibly due to horizontally gene transfer, (b) genome inversions related to 
the IS elements, and (c) several prophage regions that acquired different HGT 
genes from other phages all of them contributing to genome diversity. In paper 
I, we analysed 244 genomes representing the Mycobacterium genus, and 
focusing overall distribution and presence of plasmid sequences, phage 
sequences, IS elements, tRNA and non-coding RNA sequences in relation to 
their species relatedness (ANI) and phylogenetic placement.  

For presence of plasmid sequences in our 114 genomes, we first analysed 
raw reads and then generated plasmid sequences using plasmid assemblers. 
All these plasmid sequences were inspected manually and homology 
performed for sequence identity with previously characterized or putative 
plasmid sequences.  This resulted in discovery of 20 plasmid sequences; of 
which six were previously known and the remaining 14 were new plasmid 
sequences (Table S5a). Annotating these plasmid sequences reveals many 
hypothetical genes as well as some well-known genes (e.g., house keeping 
gene sigA, transcriptional factor whiB6) (see, Table S5c). We also verified 
NCBI draft genome sequences and our assembled genomes for plasmid 
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fragments using homology against PLSDB database, thus succeeded in 
finding 30 previously known plasmid sequences (Table S5b). We detected 
multiple plasmids in M. chimaera, M. nebraskense and M. parascrofulacuem. 
Overall, this analysis identified 14 new plasmid sequences and likely several 
species M. chimaera, M. nebraskense exposed to different plasmids that might 
have affected their evolution.  

Phage sequences are predicted in 244 mycobacteria using the Phaster tool 
and all identified phages are categorized based on the score and these as 
follows intact phages, questionable phages and incomplete phages (Arndt et 
al., 2016). We identified 30 mycobacteria carrying single intact phage and 
remaining 16 mycobacteria carried multiple phages (Fig 3 and Table S6).  In 
total 238 genomes carrying either questionable or incomplete phages, we did 
not detect any phage sequences for 6 mycobacteria e.g. M. leprae (Table S6, 
Fig 3). Among mycobacteria, on average we noticed 0.7% of genome carries 
phage related sequences and for 26 mycobacteria it is more than 1.4% were 
M. immunogenum, carries highest fraction 4.64%. Further, we did not find any 
significant differences, comparing the percentage of phage carried in relation 
to the categories growth or pathogenicity comparisons. By comparing clade 
wise, M. chelonae clade members carries nearly ≈1.75% phage related 
sequences (with statistical value, p=0.000002; Table S6). As phages evolve 
rapidly and the amount of phage distribution among mycobacterial species 
differs appears that phages may have had a larger impact on the evolution of 
these species. 

Insertion sequence (IS) elements are predicted in 244 mycobacteria using 
the ISSAGA tool, and their total numbers range between 1 and 290 (Table 
S7a) (Varani et al., 2011). Among these predicted IS elements, we could not 
find one such universally distributed in mycobacteria. On average, 28.3 IS 
elements were detected for mycobacteria and comparing at the clade level 
reveals M. ulcerans clade and M. gadium clade members represent the highest 
average with 88 and ~69 IS elements, respectively. The six most commonly 
detected IS elements are IS3, IS110, IS256, IS481, and ISL3. Among all IS 
elements, the most repeated IS element is ISAs1, represented ~210 times in M. 
liflandii and M. ulcerans. IS elements are related to growth rate and 
pathogenicity, we detect variation in pathogenic mycobacteria, which have a 
higher number of IS elements than opportunistic pathogens and no difference 
for other categories (see, Table S7). We have also noticed these IS elements 
range differently between strains, for example, M. marinum M with 41 IS 
elements whereas M. marinum CCUG20998 (26) and M. marinum 1218R (20) 
IS elements (also, in Paper IV). In contrast, for the type strains of the earliest 
mycobacterial lineage, M. chelonae clade members we detect fewer IS 
elements (Table S7, Fig 3). Nevertheless, due to the draft genome status, these 
(IS elements) are most likely underrepresented and it is challenging to 
determine the accurate numbers. All together, this analysis suggests that IS 
elements possibly impacted the evolution of the Mycobacterium genus.  
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Comparing the 244 mycobacteria, the total number of predicted tRNA 
genes is not correlated with their genome size. Overall tRNA genes range 
between 41 and 87, where M. chimaera MCIMRL2 and M. saopulense had 
the lowest and the highest tRNA gene content, respectively. But the type strain 
M. chimaera carried 47 tRNA genes and possibly the lower number in the 
MCIMRL2 strain is missing probably due to the draft genome character 
(Table S1a, Table S8 and Fig 4). The smallest genome in mycobacteria, M. 
lepromatosis and M. leprae contain 46 and 45 tRNAs, respectively. For the 
complete genomes (47), we compared the order of tRNA gene positions using 
M. chelonae as reference. This revealed chromosomal positioning of tRNA 
gene similarities and relocations, which suggests possible genomic 
rearrangements (compared to M. chelonae) (Fig S4a). Interestingly, we 
noticed conserved tRNA genes at the origin of replication, oriC i.e. 
tRNAIle(GAT), tRNAAla(TGC) and tRNALeu(CAG). In MtbH37Rv, positioning 
of few tRNA genes (or certain regions) were accessed for optimal growth and 
by comparing these locations we identified several tRNA genes were 
conserved (Fig S4a) (Zhang et al., 2012).  

On average, mycobacteria were equipped with ~49 tRNA genes and for 16 
mycobacteria, we noticed the presence of an additional 17 tRNA genes 
compared to the mycobacterial tRNA gene average (Table S8). Also, the 
majority of these species belong to RGM and for this, we compared tRNA 
gene content in relation to growth and pathogenic categories. This analysis 
revealed the average number of tRNA genes in RGM (~51) to be more than 
in SGM (47.5; p=0.0016) and no significant differences were detected for 
pathogenic categories. Next, comparing the clade groups we detected on 
average more than 55 tRNA genes for four clade groups all of which belong 
to RGM i.e. M. chelonae clade, M. fortuitum clade, M. mageritense clade, and 
M. mucogenicum clade (Table S8a, Fig 4). Remarkably, for mycobacteria with 
more than 50 tRNA genes present, species also carried HNH-endonuclease or 
GOLLD RNA genes. Often these genes are observed near or within the regioin 
of tRNA gene clusters and are likely horizontally transferred via phages (see, 
Paper II, V). Some tRNA isoacceptor’s are only present in certain species 
(often not required) and those are rare tRNA genes e.g. tRNAIle(TAT) in M. 
mucogenicum (see also, Paper II).   

Among mycobacteria, some of the RGM and SGM species carried the 
tRNASeC(TCA) gene, which is important for selenocysteine (SeC) 
metabolism. Selenium is an essential trace element for humans and a bit varied 
(low/higher) levels can influence human health. In nature, selenium is mainly 
available as SeC and is known to be present in three kingdoms (archaea, 
bacteria, and eukaryotes). SeC is the 21st amino acid and in bacteria, it is 
known that about 20% of sequenced bacteria are capable of incorporating SeC 
(Böck et al., 1991; Lin et al., 2015; Mariotti et al., 2015; Santesmasses et al., 
2017). In Paper VI, we explored SeC utility among mycobacteria and 
identified the distribution of SeC related genes. For the identification of SeC 
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genes, we followed different methods (see, Paper VI), and combining all these 
methods by manual inspection we identified the tRNASeC gene to be present 
in 103 mycobacteria. Similarly for other SeC related genes such as SeC 
synthase (selA) in 98, SeC-specific elongation factor (selB) in 102, and SeC 
selenophosphate synthetase (selD) in 105 mycobacteria. We identified 
structurally conserved stem-loop structure, selenocysteine insertion sequence 
(SECIS) element in 105 mycobacteria and selenoprotein in 93 mycobacteria 
with the possibility of SeC (U) amino-acid insert in formate dehydrogenase 
protein. Usually, the inframe UGA is a translational stop codon, but with the 
presence of functional SeC machinery and SECIS element the amino acid SeC 
(U) is incorporated during translation and are known as selenoprotein. 
Together, our results provide support to nearly 43% of mycobacterial genomes 
containing SeC related genes (Paper VI, Figure 1 and Table S1). The 
distribution of SeC genes related to growth categories (RGM/SGM) showed 
even distribution. Similarly, among the pathogenic categories we noticed 
these genes to be present in non-pathogenic and opportunistic pathogenic 
mycobacteria. The total numbers were different for different SeC related 
genes e.g. selD (105) and selA (98) possibly missing due to draft genomes and 
in some cases certain genes turned as pseudo gene or lost completely (e.g. M. 
liflandii, and M. ulcerans). For selected SGM and RGM mycobacteria, we 
analysed transcript levels based on RNA sequencing and detected varied 
transcript levels for SGM and RGM.  

Overall, for mycobacterial species with more than 50 tRNA genes, possibly 
these species acquire additional tRNA genes due to horizontally transferred 
via phage. Some of these acquired tRNA genes are expressed based on mRNA 
levels detection, e.g. Ile-TAT in M. mucogenicum. Also, selenocysteine 
related genes were present in both RGM and SGM, and we detected varied 
mRNA levels depending on species or ageing of species.  
 
Next, comparing the distribution of ncRNAs, we identified 12 ncRNAs that 
are present in mycobacteria, whereas average mycobacterial genome encodes 
~39 ncRNAs.  Comparing the ncRNA distribution among clade groups, 
revealed higher numbers for certain SGM clades i.e. M. gordonae clade (~53), 
M. interjectum clade (~49), M. kansasii clade (~54) and M. ulcerans clade 
(~52). For two clades i.e. M. sphagni (~27) and M. haemophilum clade (~28.8) 
groups displayed on average less than 30 ncRNA genes. Comparing growth 
and pathogenicity categories, higher number of ncRNAs were detected in 
SGM than RGM, and pathogenic/opportunistic mycobacteria carried more 
ncRNAs than non-pathogenic mycobacteria (Table S10a).  

Altogether, this work provides various factors that contribute the evolution 
of the genus Mycobacterium. Also, we provided Mycobacterium phylogenetic 
tree based on 387 core genes and classified clade groups and summarized in 
accordance to pathogenicity and growth information.   
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Concluding remarks 

The main objective of this thesis was to explore factors that influence the 
evolution of the genus Mycobacterium and species diversity in relation to 
categories growth and pathogenicity.  

Overall this work contributes sequences of several (152) new 
mycobacterial genomes and altogether comparative genomics analysis 
revealed the following statements  

 
Ø We provide the Mycobacterium genus (244 species) 

evolutionary tree based on 387 core-genes along with the 
average nucleotide identity species classification.  

Ø Genome size distribution in relation to growth rate revealed 
SGM had a smaller average genome size than RGM. For 
pathogenicity categories, on average pathogenic 
mycobacteria are smaller compared to opportunistic/ non-
pathogenic mycobacteria. 

Ø In genus Mycobacterium, the presence of additional tRNA 
gene clusters including the GOLLD RNA and HNH 
endonuclease genes are likely horizontally transferred. 

Ø Among 11 universally non-coding RNAs, we have shown the 
Ms1 RNA is conserved gene for mycobacteria and it is a 
possible variant of 6S RNA in Streptomyces coelicolor.  

Ø We predicted mutational hotspots in Mmar, Msal, Mtb and 
compared them. Our study showed that Mmar evolved faster 
in comparison to Mtb and Msal strains based on hotspot 
frequency.  

Ø We showed that nearly 43% of genus Mycobacterium, 
contains selenocysteine related genes. For the selected 
species, these transcript levels varied between RGM and 
SGM. 

Ø Overall, this study identifies several factors contributing to 
mycobacterial evolution, such as tRNAs and non-coding 
RNAs in addition to the phages and IS elements. Also several 
unnamed species or wrong species descriptions were 
identified and suggested new/re-naming labels based on 
phylogeny and ANI values. 
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Svensk sammanfattning 

Släktet Mycobacterium innehåller mer än 190 arter. Flera arter är kända för 
sin patogenicitet, t.ex. M. tuberculosis och M. marinum, vilka orsakar 
tuberkulos (TB) eller TB-liknande sjukdomar för människor respektive fiskar.  
Nyligen har infektioner med icke-tuberkulösa mykobakterier (NTM) orsakat 
oro på grund av deras ökade frekvens av infektioner. Flera NTM-arter har 
isolerats från olika miljöer och rapporterats som Mycobacterium sp. (icke 
namngivna arter). Detta har öppnat upp för artklassificering. Det övergripande 
syftet med min avhandling är att förstå artens mångfald och faktorer som 
påverkar evolutionen av mykobakterier. I min avhandling har jag fokuserat på 
släktet Mycobacterium och genererat mykobakteriella fylogenetiska träd för 
att förstå evolutionära samband. För 244 mykobakterier jämförde vi 
genomsammansättning för släktet Mycobacterium och analyserade deras 
arvsmassa med avseende på tillväxthastighet och patogenicitet. Jag har 
specifikt jämfört fylogenin för grupperna M.  mucogenicum och M. neoaurum 
(för att förstå opportunistiska patogener), M. chlorophenolicum (miljöarter), 
M. marinum och M. salmoniphilum (fiskpatogener) för att i mer detalj förstå 
dessa mykobakterier. 
 
Vidare visar mina resultat att släktet Mycobacterium, där vi konstruerade ett 
fylogenetiskt träd med 387 kärnproteiner som hittas i samtliga analyserade 
mykobakterier, kan delas upp i 33 grupper eller klad. Baserat på detta 
fylogenetiska träd och med hänsyn till den genomsnittliga 
nukleotididentiteten (ANI) grupperar vi flera namnlösa arter och felmärkta 
arter.  
 
Vi visar att gruppen M. mucogenicum kladen har flera tRNA-gener jämfört 
med genomsnittet bland mykobakterier. Efter mer detaljerade studier 
bekräftade vi att de extra tRNA generna är grupperade tillsammans och 
sannolikt är resultat av horisontell genöverföring vilket stöds av närvaron av 
de bakteriofagrelaterade generna HNH-endonukleas och GOLLD-RNA. I 
denna studie visar vi också att M. mucogenicum LZS01 sannolikt är en M. 
phocaicum-stam/ underart. Båda dessa mykobakterier innehåller ett högre 
antal mobila IS-element i genomet jämfört med andra mykobakterier och är 
också nära besläktade enligt det fylogenetiska trädet. Sammantaget har IS-
element, fagrelaterade tRNA- och icke-kodande RNA-gener sannolikt 
påverkat evolutionen av M. mucogenicum-kladen.  
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Liknande fylogenetiska studier där vi jämförde närbeslaktade mykobakterier 
i gruppen M. chlorophenolicum visade att M. chubuense NBB4 skiljer sig från 
typstammen M. chubuense. Baserat på dessa resultat föreslår vi att M. 
chubuense NBB4 bör betraktas som en separat art och inte en M. chubuense 
stam. I dessa studier identifierade vi också flera gener relaterade till 
metabolismen av aromatiska föreningar med potentiella roller i biologisk 
nedbrytning. Bland dessa mykobakterier påvisade vi också förekomsten av 
gener relaterade till kopparhomeostas (virulensrelaterade) om vilket vår 
kunskap är begränsad.  
 
Vidare, bland släktet Mycobacterium idenfierade vi selenocysteinrelaterade 
gener i både långsam- och snabbväxande mykobakterier såväl som i icke-
patogena och opportunistiskt patogena mykobakterier. Selenproteinet som 
hittas i mykobakterier är   formatdehydrogenasgenen som även har 
identifierats bland bakterier som kan växa i frånvaro av syre. Då 
mykobakterier inte kan växa i frånvaro av syre men de kan anpassa sig till att 
överleva i miljöer där syretillgången är begränsad t ex i granulom som 
relaterar till mykobakteriella infektioner. Funktionen för selenproteinet 
formatdehydrogenas hos selenocystein kan därför möjliggöra överlevnad i 
syrefattiga miljöer såsom granulom. 
 
I min avhandling har jag dessutom analyserat 15 M. marinum-stammar. M. 
marinum förorsakar infektioner bland fiskar och människor och utgör ett 
modellsystem som används att studera faktorer som orsakar tuberkulos. 
Baserat på våra fylogenetiska studier kan M. marinum stammar indelas i två 
grupper: den första gruppen är närbesläktad med M. marinum M-stammen 
medans den andra gruppen är närbesläktad med den mer ursprungliga M. 
marinum stammen som isolerades av Aronson. Jämförelse av enskilda 
nukleotidvarianterna (SNV) i de två grupper avslöjade mer variation för grupp 
I ("M"-härstamningen) jämfört med grupp II ("Aronson"-härstamningen). 
Sammantaget visar våra data att dessa två grupper sannolikt bör betraktas som 
två underarter av M. marinum. Förutsägelse av de genomiska regioner som 
utgör "hotspots" för genetiska förändringar/mutationer (dvs där SNV-
frekvenserna är högre jämfört med bakgrunden) visade att för M. marinum 
stammarna är frekvensen "hot-spots" högre jämfört med andra mykobakterier 
t ex M. tuberculosis. Detta är i linje med att den grupp som M. marinum utgör 
en grupp bakterier som kan användas för att identifiera faktorer och studera 
deras betydelse för bakteriell evolotion.   
 
En annan grupp mykobakterier som jag analyserat i mitt avhandlingsarbete är 
fiskpatogenerna M. chelonae och M. salmoniphilum samt M. salmoniphilum-
liknande isolat. De M. salmoniphilum-liknande mykobakterierna hade tidigare 
isolerats från kranvatten i samband med ett utbrott i en djuranläggning vid 
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Uppsala universitet och syftet var att undersöka hur dessa relaterade till 
tidigare kända mykobakterier. Jämförande studier av arvsmassan från dessa 
mykobakterier samt fylogenetiska analyser visade att de M.  salmoniphilum-
liknande isolaten representerade M.  franklinii stammar och är nära besläktade 
med M. salmoniphilum, M. chelonae och M. abscessus. Denna grupp utgör de 
fylogenetiskt tidigaste mykobakterierna. Då dessa mykobakterier kan 
förorsaka sjukdom hos både djur och människa kartlade och identifierade vi 
ett flertal gener som påverkar och orsakar mykobakteriella infektioner.   
 
Sammantaget så har min avhandling bidragit till ökad förståelse för 
sammansättning av mykobakteriernas arvsmassa samt deras evolution där 
bakteriofager (bakterievirus), IS-element, horisontellt överförda tRNA och 
icke-kodande RNA gener spelat roll. Mina resultat har även ökat vår insikt i 
mykobakteriernas fysiologi samt deras förmåga att förorsaka sjukdom och 
klargjort artidentitet för ett flertal mykobakterier. 
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